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PREFACE

Advances in information technology have revolutionized aspects of shipbuilding, from preliminary
design to assembly and shipyard management This technology will continue to be an important factor
in future productivity and performance. ICCAS '99 at the Massachusetts Institute of Technology
brought together a broad cross section of the international academic and industrial community to
address these issues The papers presented ranged the fuH spectrum, from reviews of operational
experience with existing computer applications to discussions of emerging advances in information
technologies destined to become the basis for the next generation of shipyard computer systems.

Papers were grouped into the following areas:

CAD/CAM/ClM Sj,stems
Operafi on and Management
Product Modelling
Emerging Information Technologies
Information Technology Infrastructure
Detailed and Production Design
Prelimi nary Desi gn
Assembly and  ;onstruction

In all, 86 papers were presented at ICCAS '99, and they are all published in these three volumes.

We deeply appreciate the efforts of the committee members, contributors and participants, all of whom
have helped this conference to be a success. We also thank the 0%ce of Naval Research for their
generous support.

C. Chryssostomidis
K. Johansson

June 1999
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KNABLIN , THI". SHIPRI!ILDING VIRTIlAI. EWTiERPRISE

Richard M. Roiton, NIIIP Consortium, Stamford, CT
Dr. Paul Horstmann, IBM', Poughkeepsie.VY

Dr. T!mme Rando, Ci'eneral Dynamics Marine Systems, Groton CT

Introduction

The National Industrial Information Infrastructure Protocols  NIIIP!' Consortium, in part»crship
with fhe shipbuilding operatiotis at I.lectric Boat Corporation, Bath Iron Works, Natinrutl Steel and
Shipbuilding Company  NASSCO!, I odd Pacific Shipyard. Nevvport News Shipbuilding, and i»galls
Shipbuilding is working jointly to establish Virtual l.nterprises  VE's! ertcnntpassing the shipbuifdin i
community. The US Shipbuilding VE is composed nf'customers, partners, subconfr;tctors, and
supplr'crs using National Industrial Information Inf'rastructure I'rotocols  N1[JP! technology tn ettable
electronic-based business interoperations that are transparent of the uttderlying processes and
cotnputing environments of the participants.

The establishment of a shipbuilding virtual enterprise capability v ill:
~ Enable the itnplententation of Advanced Business Practices in requirements analysis, supplier

relations, material procurement, resource managetnent. and financial rnanagemettt by cn;tbfi»g
information technology internperatinn amongst shipyards and their integrated product teams.

o Enable Total Process Systems by establishing system-wide integrated design and prnduciiott
capabilities, thereby reducing the total tinte and cost of ship design and construction,

This effort is called thc National Industrial Information Infrastructure Protocols  NIIJJ'! ft>r
Shipbuilding Partners and Suppliers  SPARS! - 'NIIIP SPARS" Project. Nllll' SPARS is futtded hy
DARPA tvJARITECH tn extend and enhance single-shipyard-oriented information techno!ogy tn
coordinate the interactions of the larger shipbuilding community, collectively referred to as the
"Shiphuila'irtg Virtual Entcrprice  SVE!', Figure 1 shows that NIIIP SPARS establishes infnrmatit>»
cnnnectivity and process management by deploying Virtual Enterprise Servers  VESs!;uid Virtual
Enterprise Clients  VECs! that provide common access points and internperability services f't>r all
participating organizations. NIIIP SPARS creates "sockets' f' or iniercon»ecting nrganiz;ttion.t!
 shipyard-centric! infrastructures in a well-defined and controlled manner. The NIJIJ' Sl'ARS I'rnje«t
was launched October I, 1997 and will co~elude on September 30. 2000.

NIIIP SPARS will provide s ate-of-the-art technology that is key to revitalizirtg the I!nited Stat<s
shipbuilding industry and increasing its share of the international shipbuilding market. In thc mid-
1970s. IIS shipbuilders produced, on average. twenty �0! large oceangoing commercial vessels pcr
year; this production rate has been steadily decreasing, with fewer than twenty �0! cotnt»ercial vessels

The Nny  'onsoructm is n non t>rot>t ioint research ttnrt vccclot>tncnt consort>tnt> I'»nndcd in 1994 to Jc>ch>it in«rot>cr >h>l>lx nroloco s
to cnnhlc thc creation of'>ndttstri<>l t irtnaf cntorprtscs Plcnsc inter to >sv»..niiip.or .



ordered from United States shipyards since 1982 . This decline in international market share has
translated into an estimated loss of 180.000 jobs.

Major
Shipyard

NIIIP
Hll P
VEC

Figure 1. Shipbuilding Virtual Enterprise

To regain lost market share. United States shipbuilders must dramatically improve:
Customer interaction to be more responsive during conceptual design, have a better understanding ot
part availability and the configurations of standardized options, and exercise more control over
construction costs and delivery dates.
Subcontractor interaction to increase competitive advantages by focusing on core competenci»..
increase cost efficiencies by relegating secondary competencies to specialized outsourcing agreement..
and absorb sporadic workloads by having access to reserve production resources,
Supplier interaction to optimize subsystem costs by arranging long-terin sourcing agreements
iniprove ship designs by establishing Integrated I'roduct Teams  IPTs!, and  nore efficientI> utilize
capital by minimizing the costs of storage facilities and part inventories.

NIIIP SPARS addresses these key requircinents by establishing shipbuilding virtual enterprises th ti
allov, people to interact, applications to interoperate, and computing platforms to intercom monica t:.
Morc specifically. the NIIIP SPARS I'roject will create:
~ Virtual Enterprise Servers  VtzSs! and Virtual Enterprise Clients  VFCs! that will provide

cornrnon computing platforms and affordable erttry/access points for shipbuilding vir u;tj
enterprises, A common infrastructure is important because shipyards, subcoiitractors, and supplier.,

Sort. -1ntornationnl Shinhnildin. Aid - Shiphniltting Aid Practices of the rnp Or'CD Snhiidiztna Ntttions and i heir  tntittctL on LiS
 hi iynriti,- Shiphnt!der~ Cnun«t Of Amer On  SC.t!. Arlingtun. VA.  993.



will participate in multiple projects both concurrently and over tinie and start-up costs for the
creation of new shipbuilding teams are minimized.
Information Management, including electronic data interchange  ED1!, technical data interchange
 TDI!, and Product Data Management  PDM!, that will enable users to directly access aiid sh ire
enterprise-wide information in real-time. Data is entered once by the originator and used ma»y
tiines throughout the shipbuilding virtual enterprise without the penalties of reenteriiig data.
Change and configuration control are managed in real-time; information remains current a»d
consistent across the SVE.

Process Management, including session, and workflow that will enable distributed shipbuilding
specification, design. assembly, and repair. An overall integrated/interopcrable process .»id
schedule is maintained throughout the shipbuilding virtual enterprise.
Mobile Computer-Aided Assembly to merge the information space describing the assembly ot'a
large vessel with the workspace of technicians performing the assembly. I'.nterprisc-wide
information is brought dov n to the deckplates where it is needed.

NIIIP SPARS Innovations

The NIIIP SPARS project is innovative in the inanner in which it faci7ilares and acceleruicv the
implementation of shipbuilding virtual enterprises for United States shipyards by:

Establishing shipyards as virtual enterprise gateways to provide near-turnkey shipbuilding
business processes to their supply chains. thus enabling product teams to cost effectively work a»
integrated units,
Establishing interoperability mechanisms to link together heterogeneous computer, application.
and data systems of different companies to enable rapid coinniunication, accurate monitori»g, arid
responsive control of shipyard activities ranging froin personnel adininistration to manufacturiiig
logistics.
I'roviding secure and easy-to-use Internet-based on-line access to supplier i»l<irmati»»
 qualifications and product! by prime contractors and prime contractor information  solicitatIo» a»d
procurement! by suppliers.
Providing accurate and cost-cAective sharing of design information using MARlTECI-! and Nll IV
sponsored part representation, translation, and exchange technology.
Establishing proof-of-production feasibility of mobile computer-aided asseinbly and disassemhl!.

NIIIP SPARS Impacts

The NIIIP SPARS project has pervasive impact on advancing the United States dcfeiise a»d
commercial shipbuilding industry because;

NIIIP SPARS facilitates partnering to enable United States shipyards to establish strategic alii»»c»
and joint ventures to aggressively pursue new international business engagement» and producti»»
deployinent.
NIIIP SPARS allows shipyards to niore easilv reconfigure their resources io address production»t
high-mix, low-volume vessels and, consequently, pursue niche or specialty markets that are e;isier



5EHP SPARS Pro'cot Pirhci am' '
Roles/Contributions
End-User

Member Or anizations

I'.lectric Boat
End-User

End-User
Bath Iron Works

I odd Pacific Shi vard
National Steel and Shipbuilding Company End-User
 NASSCO!

End-User

End User

Su lief

Su liers

Technolo ~ Provider

Technolo Provider

Technolo Provider

Technolo ~ Provider

New ort News Shi buildin ~
In aHs Shi ards
Allied Si nal Submarine Systems

Marine Machine Association  MMA!
International Business Machines IBM!
STEP '1'ools, lnc. /'echnieai approach

International 1 echnc irou Inc,  ITI'!
Carne ie Mellon I Jniversity

to penetrate than the larger markets ol bulk carriers, tankers. and container ships where
international competition is well entrenched.
NIIIP SPARS is an advanced technology initiative, recognizing that new ship designs are not
readily patentable and. thus establishing and protecting market share requires investing in
technology to continuing improve cost and perforrnancc.

~ NIIIP SPARS is based on an o en information s stem architecture supported by leading
commercial application and system vendors:

NIIIP SPARS is not point-to-point integration;
~ NIIIP SPARS is not a "one-off project
~ Nllll' SPARS is not proprietary.

~ NlllP SPARS protmotes and leverages procurement, qualification, and part information standards
using Accredited Standards Cornrnittee  ASC! standards for electronic data interchange  El	!,
International Standards Organization  ISO! standards for technical data interchange  TDI'!. and
Marine Machinery Association  MMA! standards for part ontologies/libraries,

~ NIIIP SPARS has minimal impact on organizational information systems; shipyards will continue
to use existing processes and practices. Bridges are used to link to existing computing
cnvironrments; applications arc "wrapped" to instantiate appropriate NIII Protocols,



Technical Approach

To compete in international shipbuilding markets, the United States shipyards must decrease
production time. On average, thc dcsign-through-construction cycle of an ocean-going vessel is 1..', to
2 years in the United States and 1 to l.5 years in Asia countries  South Korea and Japan!', One of the
major factors influencing ship production time is the ability to rapidly bring together worldwide
integrated product teams and to responsively deploy the teams to pursue international husi»css
opportunities, as illustrated in Figure 2,

Figure 2. Global Deployment of Integrated Product Teams

The challenges of assembling and deploying integrated product teams worldwide ar« tiot »»icl»c
to the shipbuilding indust~. Increasing international competitive pressures are motivating all
industrial corporations to continually improve return on assets and reduce working capital. In addilio»
to improving internal production efficiency efforts, corporations are turning to external factors. s«cli as
subcontractors and suppliers, to achieve new cost savings and higher profit margins. Ship co»sir»ctton
and repair are assembly-intensive opcratioris that involve high level,s ot logistics; supplier part
production can account for approximately 50 percent or more of total production costs. Itnptovi»g
Integrated Product Team  IPT! managenient can help corporations better understand their product. on
enterprises and these insights can be used to optimize processes and products. Overall production
strategies can be reengineered and streamlined to make optimuni use of in-house skills a»el o»t-
sourcing resources. Thus, integrated product teams are emerging as a pivotal opportunity for gaining
nev competitive advantages and markedly improving overall production costs.

A key element to improving the efficiency of shipbuilding product teams is to iinprov«their
integration; organizations operating within a product team need to "talk to each other ." The NIIIP
SPARS project presents a coinprehensive solution to significantly improve product team integraiio» hy
organizing and instantiati»g the product tean> as a virtual enterprise. Virtual enterprise tcchnoltigi

' Kcmpfer, I., "Competitive Shiphnildini:." Cornpnter Aided L'nginccring, Vol. l5, No. 7, Jttl> l 996. pf,. 8-9

National Research Council, shiphnifd ng 'I'echnoiii~ end I:dnca ieger, '8'ttshinton l!C, f 996. ps 2.



enables electronic-bascd business engagements that are transparent of the underlying processes.
computing environments, arid data structures of the participants. In other words, a virtual enterprise
supports organizational interoperability within a controlled context, which precisely addresses thc
rcquirenients for efficient product team integration.

l'hc organizational interoperabilih  " Corporate Plug-and-Play'! focus of NIIIP SPARS, illustrated
in I igure 3, is aligned with current industry directions, as the most dominant trend in stale-of-the-an
product team management is the move toward fully integrated systems .5

Figure 3. NIIIP Organizational Interoperability

Companies are interested in replacing duplicate and incompatible information processing
s~ stems with consolidated and common computing platforms and inforination processing>
environments.

The infrastructure focus ot NIIIP SPARS is also aligned with current industry directions, as
managing product teams cannot bc accomplished by a single closed-form, analytic optimization
process; this is too siniplislic of an approach . Product teams are too complex and involve too many
independent and pertinent variables. Managing product teams requires the collective efforts of several
individuals/tools, which. in turn, requires complete visibility into the status of all participants and their
work. Tools provide potential optimization capabilities, but the 'fuel" that drives these tools is
infortnation - getting the right data at the right time. NIIIP SPARS establishes inforination sharing
throughout a shipbuilding i irtual enterprise by using the National Industrial Information infrastructure
Protocols that are based on open, widely endorsed industry standards. Moreover, the staiidards are
interlocked within a reference architecture that accommodates diversity, i.e,, heterogcrieous
env ironments.

NIIIP SPARS enables advanced shipbuilding by realizing integrated product teams as
instantiations of virtual emerpriscs, linking management, engineering. customers, and suppliers. l'he
high level architecture of' NIIIP SPARS is shown in Figure 4. The following paragraphs discuss
general features; individual services and components are discussed in detail in subsequent sections.

' Macleod, M,. "Vv ha  a New in Suppli Chain Software", l ogiatica. June l99 i, V 22-23.
" .wrntzcn. u, arnis n, Ci . unrri~on. r, untt 'I'ral'ton. i . "Cdohal Suppl> Chain Maoagentent at Digital Fciuipment Corporation,"

Intcrracei, W ul. 25. Ivo. I. Jcnuaru-Fcttruarp 1995, pp. 69-93
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Figure 4. High Level Architecture of MIIP SPARS

To describe the high level architecture of NIIIP SPARS, it is convenient to view the NIIIP
SPARS system as an "information broker." To dramatically improve shipbuilding integrated product
team and supply chain efficiency, the role of the brokers inust evolve into the computer networks
linking the producers and consuiners; this is precisely the role of NIIIP SPARS. NIIIP SPARS series
as an intermediary broker to enable prime contractors to quickly and easily integrate their team
members into a shipbuilding virtual enterprise that appears like a custom and private electronic
commerce network. In this brokering role, the NIIIP SPARS-VES sits largely outside organizational
firewalls as a non-invasive buffer, but can, at the discretion of an organization, readily extend into an
organization's information processing systems via NIIIP component-oriented in eropcrabi J i ti
technology, Figure4 shows that NIIIP component-oriented interoperability is modular to accommodate
a wide variety of inforination technology, including distributed object systems  Object Request Broker
 ORB!; Enterprise JavaBeans EJB!, and Distributed Component Object Model  DCOM!!, distributed
file systems  Network File System  NFS! and Andrew File System  AFS!!, and software environmeflis
 Java!. In this manner, NIIIP SPARS makes no assumptions about organizational information systems.
nor the desired degree of product team integration and management. Fach shipyard will likely purstic
unique and tailored information brokering applications of NIIIP SPARS, ranging from hinhlv
empowered emissaries to more restricted proxies.



NIIIP SPARS is extensible because the underlying NIIIP Reference Architecture is mediated,
rather than integrated, The mediated architecture recognizes the practical reality that wide area
networks of organizations cooperating within a product team involve a diverse and continuousl~
changing mix of old and new' applications and computing environments. Diversity is accommodated
b> providing wrappers and bridges; for instance, Figure shows bridges linking a Virtual I'nterprisc
Server to ORB and DCOM organizational computing environments. Supporting DCOM enables
shipyards using low-cost, desktop-based personal computing environments to be readily integrated into
product teams, NIIIP SPARS is broadly implernentable because thc implementation is client,'server
oriented, as shown in Figure 5.

NIIIP SPARS
Virtual Enterprise
Servers  VESs!

Nlll p SPARS
Virtual Enterprise

Clients  VECs!

Figure 5. NIIIP SPARS Virtual Enterprise Client/Server Implementation

Such an approach provides a 'near-turnkey" integrated product team management solution; the
server supports pre-packaged core virtual enterprise information and process management features and
the client supports an easy-to-use, 'light-weight" interface. The heavy lines in

Figure5 denote server/server communication and are object-oriented transactions. The lighter
lines denote client/server communication and are file-oriented transactions. This physical partitioning
optimizes performance/cost tradeoffs by offering extensive integrated product team management lor
prime contractors and economical registration and participation for customers, partners, subcontractors.
and suppliers. Cornpames vvill be more disposed to implement NIIIP SPARS integrated product tean>
management for advanced shipbuilding production because it can be delivered as a solution rather than
a "do- it-yourscl f toolkit,"

NIIIP SPARS is scaleable because the architecture is object-oriented. The object-orientc<I
architecture supports partitioned. modular interfaces that promote the development of "plug-and-plai'.
reusable soltware components. NIIIP SPARS distributed object network is based on Java, l;ntcrpris
JavaHcans  EJB! and CORBA, a c*nrputable object modeling paradigm that decomposes traditionally
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large corporate applications into smaller, reusable functions that can be exploited by n»v visual
software engineering practices to quickly compose custom shipbuilding applications'.

Solution Architecture

The SPARS Alpha Architecture represents the initial prototype instantiation of NIIIP SPARS
concepts that will tested in I 999 at participating shipyards.

The SPARS solution is a service point, called a Virtual Enterprise Server  VES!, providing
access and services to shipyards and suppliers. The VFS is a logical entity made up of a collection ol
servers which may be installed on one or more machines, depending on the individual requiretiients of
the shipyard and its suppliers, and the platforms that the required soAware is available on. It is
anticipated that the VES inay be in an extra-nct outside of a shipyard firewall.

The SPARS Alpha Architecture contains the follow ing set of major elements:

~ Desktop  Tier I! - Provides access to the SPARS VES frotrt within shipyards and suppliers. I he
desktop contains objects that represent access control, documents, folders, workfiow activities, and
other items within the shipyard processes. The Desktop is a first tier element, 'I'he objects of th»
desktop interact with the EJB server objects of the second tier via RMI,

~ Web Server  Tier 2/3! - Provides the Web interface to the SPARS VES for initial loading of the
desktop HTML and Java, and provides the portal through which Java Servlets and underl> ing
applications are accessed as needed within the VI..S infrastructure.

Server EJBs  Tier 2! - Provide services  Workflot4 - process control, People Directory-
people group/role information query/manipulation, Documenf Direcfory - document information
query/manipulation, Documenf Vattlt - document manageinent! for operations of the VE'S. These
server EJBs are second tier elements, The EJBs interact with third tier implementations  typically
COTS products providing underlying functionality! eithe~ via CORBA object calls  if within the
VES! or via HTTP niessages  within the VES or to third tier iinplementations outside the VI.S. t'or
example within a shipyard!. The use of HTTP messaging facilitates navigation of firewalls
between the VES and the shipyard. The HTTP messages are handled directly by the
implementation or via a v, eb server/servlet interface in front of the application.

~ Implementations  Tier 2/3! - Implementations  usually COTS products! provide underlying
functions in support of th» server I.JBs. For Alpha these include a workflow system, document
vault, and LDAP directories. For any given shipyard, some iinplernentations may reside within the
shipyard firewall while otliers reside inside the VES.

It should be noted that each VFS instantiation niay contain one or more logical or physical
instances of the above elements.

Kao, C., Li, D.. Wo, C, Lyo, I., Shaw. H, "Plantnng 1'or Automation for Shipyards - An lltnatrativc Study," Comptttars in Indtiatr,
vol 27., 1995, pg. 33-41.
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'l'he Collaborative Desktop provides for visualizing and operating the entire integrated product
tcant, hiding the distributed nature of the supported services and participants,

The Collaborative Desktop uses World-Wide-Web  WWW! technology and associated
browser interfaces to organize a complex integrated product team as a conceptually uniftcd
developmenIJdcmand network, Such a network provides dynatnic and adaptable information
connectivity rc luired to support global shipbuilding ventures.

'I'he Collaborative Desktop also uses Internet technology to provide open, broadly availablc,
and economical wide area network communication. Internet communication protocols are public and
widely endorsed by the general computing industry.
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1VllIP SPARS Collaborali 've Desktop
The Collaborative Desktop is the user's window into the shipbuilding virtual enterprise thai

transparently extends beyond the physical boundaries of local facilities and resources. Th<
Collaborative Desktop presents to the user the integrated product team services authorized for that
user; users include prime contractors, subcontractors, suppliers, customers, and trading partners.
Resources are accessed. Organizational policies and production processes are enacted. Application:;
are invoked. Applications may be end-user tools or other NIIIP SPARS components that, in. turn,
invoke end-user tools. As an example of the latter, the Workflow component may be invoked. which.
in turn, may invoke the Technical Data Interchange  TDI! Agent to retrieve and translate enginecrint!
data for an application. The Collaborative Desktop can be specialized to accotnmodate corporate
policies and personal preferences.



Finally, the Collaborative Desktop uses Java technology for exchanging progranis or
computable objects. Downloadable computable objects, such as Java applets, allow servers to marshal.
route. reinstantiate, and execiite objects on clients and vice versa. Java applet execution is platform
independent because applets are interpreted by an underlying "Java Virtual Machine" that sets on top
of host platforms. Java presents new opportunities for interactions and integration between compa»ics
in a supply chain. When team members need to work with new information or v ish to use a new
application, the necessary code can be quickly and automatically distributed to avoid interrupting
overall production. Such an approach has the advantages of local versus remote execution ot code, and
the ability to more efficiently transfer high-level representations of objects that are rendered localI>
rather than transferring Iow-level presentation data that is computed remotely. Java can also enable
intelligent supplier parts and libraries; computaMe parts can invoke additional applications to render,
analyze, or modify the specifications. Finally, Java enables service brokering within supply chains, as
suppliers can offer their products and services on-line as portfolios of horizontally and vertically
organized applets, also called "Java widgets."

tVIIIP SPARS Object Access and Transport
NlllP SPARS Object Access and Transport provides the application-level interoperabilits

technology to:
Build Virtual Enterprise Servers  VESs!,

~ Tie the Virtual Enterprise Servers  VESs! back into their respective parent organizations, anri
~ I ink the Virtual I'.nterprise Servers  VESs! together to forin a shipbuilding virtual enterprise.

Virtual Enterprise Servers are optimized configurations of the NIIIP Reference Architecture aiid, as
such, use distributed object network technology. An object can be a simple subroutine, a prograin. or
collection of programs constituting a inajor software system. Both static and dynainic object service
invocations are supported; dynamic object service invocations allow the discovery of new object
services, or even new objects. Constructing object coinmunications at runtime enables NIIIP SPARS
to accominodate shipbuilding virtual enterprise changes, such as new participants or new applic«iioiis.
during operation.

1V1IIP SPARS Information Management
NIIIP SPARS Information Management provides the ability to share information throughout «»

entire shipbuilding virtual enterprise. Sharing information involves storage and exchange. Stori» >
information within a shipbuilding virtual enterprise involves Product Data Manageinent. Exchangiiig
information within a shipbuilding virtual enterprise involves Electronic Data Interchaiigc and
Technical Data Interchange.

Product Data Management  PDM! provides controlled access to persistent data, optimized for
product-oriented Bill-of-Material  BOM! structures. Query and retrieval are content and context based.
Configuration and version control, respectively, support data modification and status upgrade across
levels of security, quality and.'or integrity. Product Data Management also operates across v ide area
network organizational gateways, commonly called "firewalls." I irewalls interject intermedi«q
computers between users or applications inside an organization and the larger environment accessil.le
via thc wide area network to control information access and services. Commercial firewalls generally
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act as 'information diodes" by allowing "out-going" actions by an organization accessing external wide
area network resources. hut limiting or disallowing "inconiing" actions by an external user accessing an
organization's internal resources. In other words, firewal ls typically permit users within an
organization to "pull"  retrieve! inforrnatiori from a wide area network, but restrict users on the wide
area network from "pushing'  sending'! information into an organization. Product Data Management
across Internet flrewalls is supported by using the "SOCKS" versions of the Internet protocols" and a
'post-and-pickup" exchange procedure. A post-and-pickup exchange procedure transfers information
between organizations by first posting the information to a neutral repository  Virtual Enterprise
Server! connected to the Internet and then notifying intended recipients. The recipients then pull the
information in through their respective organizational frrewalls to complete the transferal.

Electronic Data Interchange  EDI! provides standards for cornrnunicating business-orienterl
transactions. Typically, a business application, such as accounting, generates a transaction. such as an
invoice, Since the transaction is usually in the proprietary format of the particular business application.
there is thc need to translate the transaction into a standard, interoperable format amenable to electronic
transmission and processing, EDI standards  ASC X12! and associated software provide such a
capability. Applicable FDI Transaction Sets include X12-840, X12-841, X12-843, XI 2-85 f, and X12-
997. 'I o interface to the Collaborative Desktop, NIIIP SPARS EDI also provides translation between
ASC Xl'2 transaction set format and the World-Wide-Web  WWW! Hyper Text Markup l.anguagc
 HTMI.! format.

Technical Data Interchange NIIIP SPARS Information Management leverages Standar.f tor
Exchange of Product Model Data  STEP! technology to provide uniform part data representation. lov-
cost distributed part library management. and fine-grain part data application interface interoperation.
I,niform part data representation is supported by providing the ability to capture, annotate, and convert
2-dimensional,'3-dimensional part design information  STEP AP 203 Configuration Controlled Design
and AP 202 Associaiive Drafting! to feature and process manufacturing information  STI.P AP 213
Process Plans for Numerical Control and AP 224 Form Features for Numerical Control!. This part data
representation capability will be derived from the Application Protocols  APs! developed by the
Navy/Industn Digital Data Excharge Standards Committee  NIDDFSC! that provide staridard
descriptions of produci model data for incorporation into the International Standards Organization
 ISO! Standard. Translation between these STEP Application Protocols  APs! and proprietary
computer-aided design/manufacturing systems will leverage MariSTEP technology  AP 215, AP 216.
AP 217, AP 218!.

ts/llIP SPARS Process Management
I'.'stablishing the ability to communicate and share information throughout an entire integrated product
team is necessary, but not sufficient, to realize advanced shipbuilding, In other words, in addition to
enabling communication between applications X and Y, the conditions under which application X may
communicate with application Y and the expected nature of the transaction must also be definetl. NIIIP
Sl'ARS Process Mairagement provides a controlled context for conducting integrated product tcani
operations. NIIIP SPARS provides interoperability within a higher-level context that recognizes

Cheswic'k. '4'. and Belle~ itu S.. F'uuNalts hand fntrruet Security, Addison Wesley, 1 994.
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participants and expected actions. NIIIP SPARS Process Management consists of a hierarchy of
control contexts, involving session, workflow, and application management.

Session management provides administrative control for each participant of the integrated
product team, i.e., virtual enterprise. Session management defines the concepts of users, groups, rnles,
and workspaces to specify user log-in and access privileges. The state of a user's account i» managed
by servicing synchronous and asynchronous events and transactions. User-directed command» and
system directed messages are recorded. Session management services work  task! requests by invoking
workflow management,

Workflow management controls the actions required to accomplish a task. Workf low
management defines integrated product team processes and associated personnel activities in a
computable form that enables enactment and enforcement. Workflow provides supervisory capabi 1ities
to assist in coordinating people and resources, initiating actions, and monitoring ia»k
progress/completion. Workflow management also maintains an audit trail of runtime activities: this
inforination provides valuable metrics for continuous process improvement. Workflow management
services software innovation requests by invoking application management.

Application management, also called tool management, provides support for executing software
prograins. Applications are registered and invoked. adhering to proper authorization control» aiid
licensing procedures. Required data is accessed, locked, and, if necessary, translated into target
format s!. Also, soflware program suspeiision, activation, and error recovery are provided.

NIIIP SPARS Virtual Enterprise Management
NlllP SPARS Virtual Enterprise Management encodes the information that collectively defines

what eons itutes a shipbuilding virtual enterprise. Prime contractors. subcontractors, pari ner s.
suppliers, and customers are registered to define participants and associated responsibilities aiid
authorities. Applications are also registered to define resources and associated capabilities, constraints,
and dependencies. Participants and resources collectively form the "state' of an integrated product
team, also more generally called the virtual enterprise object.

State inforination is used to support the efficiency and integrity of forniing, operating, arid
dissolving shipbuilding virtual enterprises. State information also supports understanding what aspects
of a shipbuilding virtual enterprise should be changed to aecomniodate new requirements, such a»
integrating new applications. Having such a single repository ! or integrated producl. teani
organizational information alleviates thc need for each participant or application to keep private copies
of global configuration in formation.

Shipbuilding virtual enterprise state information is encoded as rules and inanagcd bi a rule»
service. Rules support declarative-style information modeling that avoids the complexities ol
procedural-style infortnation niodeling and facilitates upgrades or changes, Also. rules arc readily
interpreted by conventional computer parsing technology. Finally, rules can encode "active state"
information, in which actions are initiated under certain conditions to update state information. prohibii
illegal transactions, or enforce business policies.
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~VIIIP SPA RA Mediated Application Irt teroperability
NIIIP Sl'ARS Mediated Application Interoperability couples select applications into

shipbuilding virtual enterlxise. Integrated product team application suites will generally differ,
depending on the participants and the level of integration, i.e., how extensively the participants desire
the product teain to be connected into their respective operations. Major classes of applications
impacting integrated product team operations include coinputer-aided design  CAD!, enterprise
resource planning  ERP!, and product data management  PDM!.

NIIIP SPARS enables intcroperability of both old I legacy! and new applications, NIIIP SPARS
interoperability is perniissive and makes no assumptions about prerequisite access and knowledge ot
the internal workings of applications. Indeed, most commercial off-the-shelf  COTS! products do not
provide any visibility into their internal, proprietarv technology, NIIIP SPARS interoperabiiity is based
on external, application-neutral intertaces. New applications can be upgraded to directly support the
interfaces; old applications can be "wrapped" to indirectly support the interfaces,

NIIIP SPARS supports syntactic and semantic application interoperability. Syntactic
interoperabiliiy is achieved by object encapsulation and translation, Semantic interoperabiiity is
achieved by object encapsulation and mediation. Mediation resolves local schemas into a global
schema that defines a shared ontology for operating the integrated product team. Syntactic and
semantic interoperability allows product team participants to retain a degree of autononiy and for
applications to "speak different dialects." Thus, all participants do not have to agree on a single object
representation schema before initiating a shipbuilding virtual enterprise.

XIIIP SPriRS Mobile Computer-Aided Assembly
Mobile Computer-Aided Asseinbly addresses another key integrated product team operation.

Illcrg i ng the information space describing the assembly of a large ship with the workspace o f
technician in the shipyard performing the assembly, Shipbuilding is an assembly intensive process.
constructing, outfitting, and repairing activities involve scheduling and coordinating thousands oi
items. Consequently, material handling within a geographically dispersed shipyard is a major cosi.
driver of ship construction. NIIIP SPARS Mobile Computer-Aided Assemb!y reduces materia
handling costs by streamlining parts flows and developing more efficient building strategies ano
construction sequences,

NIIIP SPARS Mobile Computer-Aided Assembly uses light-weight mobile computers
integrating wireless telecommunications, real-time soflware, and battery-operated low-powei.
electronics worn by technicians to provide automatic. portable access to shipbuilding assembli
information, Visualization is provided by a small head-mounted eyc display. Bills of Material are
transformed into construction sequences; the viability of required construction procedures arc
coriflrmed, including tools, fixtures. and huinan access. Human access addresses whether a techniciari
has appropriate visibility, reach, grasp, and dexterity to execute construction procedures, Position and
motion sensing enables information to be accumulated as the technician interacts with and inodifies thc
environment, thereby providing data acquisition for inspection checklists and user feedback fo-
trouble-s hoot i ng proc ed u res.



Mobile Coinputer-Aided Assembly for advanced shipbuilding is another significant technical
challenge in NIIIP SPARS, involving the development and integration of' technologies not presently
established. To mitigate develop risks, the development schedule defines several interim milestones
for establishing an initial proof-of-production feasibility and assessing the benefits of continued work.

SUMMARY

The NIIIP SPARS Project will provide the US Shipbuilding Cornrnunity with an inforination
infrastructure that will facilitate significant advances in timeliness and productivity,

NIIIP SPARS is built upon an open architecture and uses industry standards to facilitate v idc
acceptance by both shipyards, their suppliers, and by the information technology industry. Inforinzti<in
will be entered once and used multiple times by the participants in the shipbuilding supply chain.
Consistent, accurate and timely information will be widely available, Redundant inforniation can be
eliininated. Errors due to manual data re-entry can be eliminated. Cycle time can be reduced.
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THE INDUSTRY-WIDE INTRANET FOR SHIPS AND OCEAN ENGINEERING

Jongirap Lee, Wonsoo Kang,,Jaeseon I'urn, .Juemin l im, Byungsae Yoo, Jinhyoung Parlr, Kyungho l.ee,
Dongkon Lee

Korea Research institute of Ships and Ocean Engineering. Taej eon, Korea

Introduction

The emerging information and communication technologies are rapidly changing the industrial
cnvirorunent. The shipbuilding business processes are changing too. CJlobalization of markets and
production, decentralized work, moving toward the flexible organization, growing use of outside
services are some of these realities. Now the information and communication technology is not n>erely
a tool to strengthen the competitiveness but a strategy to survive in the near future.

Since the introduction of management information system  MIS! and NC technology for the
manufacturing system in the late 70's, Ihe major Korean shipbuilders have made a lot of investments
on computerization and automation of the design and manufacturing processes. Drawing boards have
been replaced by CAD workstations in the 80's, the efforts to integrate design and production process
with information are being proceeded on the basis of 3D CAD product model in the 90's. But these
efforts are being made only by large shipbuilding companies independently. In 1995, th» Korea
Shipbuilding Research Association  K S RA! planned a five-year project, Computer Integrated
Shipbuilding System, not only for the productivity but also for cooperative attitude in the shipbuilding
community.

From the feasibility study of the project, the conceptual model with some topics has been
defined as shown in Figure 1. The project started in December I 995, Four major shipyards and V RISO
 Korea Research Institute of Ships and Ocean I:ngineering! lead each topic.

Ksnet  Korea Shipbuilders' Network! is one of the initiatives coordinated by KRISO. The goal
of this study is to establish the information infrastructure for Korean shipbuilding community to
communicate and share information. Also KSnet is aimed to build a framework for the Implementation
of internet-based collaborative engineering and electronic commerce.

The Industry Wide Intranet for Shipbuilding

Conception
With the growth of the Internet, the construction of contpany-wide Intranet is brisk. The

essential difference between Internet and Intranet is the range of information sharing and exchange. In
Internet, the exchange of information is open to external world, but it is closed tn Intranet. Internet
provides WWW  World Wide Web! service on the WAN  Wide Area Network! but Intranet provides
CWW  Company Wide Web! service on the LAN  Local Area Network!. The advantage of Intrancl is
sharing of information between heterogeneous platform while protected frotn public access.

By using the Internet-based technology, we can establish a new engineering environment, called
as Industry Wide Web  IWW!, to realize the collaborative enginccring and the electronic commerce
inside the shipbuilding community  Figure 2!,
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Korean ShipbniltIers ' Network KSnet!
Within the Korean shipbuilding community, there are about 120 shipyards including small and

rnediuni sized ones, about 2 } consulting coinpanies. more than 200 marine equipment suppliers. 20
shipping companies, eight classification societies including Korea Register of Shipping  KR!, research
institutes, and universities  Figure 3!.

7}

Figurc 3. Layout of Korea Shipbuilding Network  KSnet!

KSnet provides co~munication services, information services, education services and
engineering service as follows,

This service provides many facilities such as electronic bulletin board system  BBS!, mailing
list, and electronic data exchange. They enable to share and exchange the tcchnical inforniaiion
between related partners.  ;ommunication service is a backbone for the electronic cour}nerce
and collaborative work.

This service provides on-line information such as industry trends. news, events, RED projects,
and links to related web sites.

This is a kind of education-on-demand service. 1 ducation-on-demand can ovcrconie the time
and location limitations of on-site education. This service can be useful and practical for sniall
and medium sized shipyards and marine equipment makers, v hich have financial and technical



ditIIrcul ties.

lCC5:
The collaborative engineering center can be implemented on the basis of KSnet, This center
can provide engineering see ices for organizations and companies that lack technical expertise

Churrghaejirr: The Prototype System of KSrret
 'hrrngharjin is wcb-based shipbuilding information service system, designed for realizing the

concept ot KSnet, and tor validation and accommodation of evolving Internet and Intrancr
technologies into shipbuilding system. As shown in Figure 4,  :hrrrrghaejin consists of seven nrodules,
KS-Netv ork, KS-Library, KS-News & F vent, KS-R&D, K!-I.;niversity, KS-Museum, and KS-Mart '..'

follows: ~ ~=VXV>y~:
KS-Network aims to provide an environment and devices for communication and collaboration
within Korean shipbuilding community. Especially the utilities for various Small lntcre	
Crroup like study circles are provided. Through this module the users can link to shipyard»
marine equipment suppliers, shipping companies, government organizations, classiircatiori
societies, universities, and other related sites, Currently. over than 200 sites are linked.

'I'his module aims at cyber broadcasting center which provides useful information for tl e
maritime domain. It also provides a variety of information such as policies related to ships and
ocean engineering. international market trends, academic events, and exhibitions. The utilities,
uploading, archiving, and searching of news and events are available I' or the users,

~ ggg~~v:
This nrodule facilitates sharing of technical information and aims at a virtual library that allow.;
users to search, register, and utilize all the information. Currently, it provides a technic.rI
information service of the Korean maritime library and public technical libraries.

~ K~+~:
This rtrodulc provides information about R&D projects and also aims to establish virtu>I
laboratory for collaborative research project. Currently. it has links to related R&D projects. It
is used for managing the KSRA projects.

I'his system aims ar a cyber university specialized for ship and ocean engineering technolog~
education with concept of education-on-demand  EODI. Currently, it provides materials for thc
small and medium-size shipyards and thc dislocated education service program is availablc.

~ Y 'mMart:
This module aims to build a cyber mall, which provides digital environment for collaborati~»
work and electronic data interchange  EDI! between shipyard and marine equipment suppliers.
Currently, the database for standard equipment of the Korea Shipbuilders Association  KSA! is
available to the ship designers and equipment manufacturers.
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~ KS=&uscttm:

Jt aims at the cyber museum of ships and ocean engineering. At the moment this site provides
the general information, for example, history of ships, links to historical sites and pubiic
museums.

KSnet is a user driven system directly operated and managed by users, so we mainly develop
utilities that makes it easier to use KSnet rather than to provide contents. For example, KSRA provides
technical trends, and organizers directly register the event information, The entire file formats, such as
HTMI., SGML, VRML, and AVI are available. Every module provides searching facility and th» users
can download data. Figure 5 shows the title page of C'hunghaej in.

Figure 4, Configuration of the Shipbuilding information System  C.'hunghaeji n!



Figure 5, Title Page of Chunghaejin

KSnet-Based CoHaborative Engineering

BacAgroa ad
The quantity of product information related to development and production increases in

proportion as an enterprise enlarges a»d products are diversified. In order to prevent conflicts and to
improve productivity, knowledge shari»g arno»g departments and companies through electronic
communication are importa»t. In this viewpoint, the information sharing to generate and maintain the
product information becomes an important issue for collaboration.

As shipbuilding industries need close cooperation among the related companies such as
shipbuilding company, ship owners, classification society, marine equipment suppliers, and consulting
companies over the life-cycle of a ship, the sharing and exchange of technological information are
important factors so as to enhance productivity and competitiveness, I specially, the growth of the
technology of inforr»ation and tclccor»munications expedites the progress of globalization of
shipbuilding and related industries. 'I hc engineering process maintained for the design and production
of ships and marine structures must be restructured.

In this study, the construction of KSnet-based collaborative engineering system to cope with
the change of engineering environr»ents and to support distributed engineering environments is
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considered. Especially, this system supports not only for small and medium sized shipbuilding
companies that have insuAicient engineering capability, but also for the request of government.
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Figure 6. Configuration of Ship Initial Design and Planning System  The Frame System!

The Frame System
In Internet-based collaborative works for shipbuilding, close cooperation is the key factor

among the distributed organizations, such as ship owners, classification society, marine equipmcnt
suppliers, model basin, and subcontractors around shipyard. In order to realize internet-based
collaboration and to verify and integrate the related technologies and sub-systems, the frame systenr is
presented for the planning stage of ship design.

As shown at Figure l, the basic planning of ship design covers many activities before the
contract of a new ship. In which the specifications to meet owners' requirements are determined. and
modeling and performance analysis to support the design decisions are performed repeatedly. '[his
stage is important m shipbuilding life-cycle, because in which not only the performance, price, and
building period are determined, but also a lot of information for the activities of post-contract such as
detail design and production are generated, Nevertheless, tools to support work activities and process
for the planning stage of ship design is rare. Hence this frame system has been developed for the
practical use of concurrent planning support system. Figure 6 shows the configuration of the basic
planning support system. As shown at this figure, the system is composed of components, for examples,
various CAE technologies  hydrostatics, hydrodynamics, etc.! to be used by the basic planning stage,
ship price estimation system. process planning system, generation/maintenance system t' or
technological documents, object-oriented product modeler, database for integration, and S l El'
interface system to interface with a detail design system.

To perform all sorts of functions under the distributed design environments, new design
environments and tools are required. Figure 7 depicts the new environment for the ship basic planning.
As shown at this figure, a new environment means the Internet-based collaborative work environment.
To realize this Internet-based collaborative work environment for the ship basic planning stage. the
following technologies are needed. SGMI. to exchange and share the technological documents, STEP
to exchange and utilize the product model data, video conferencing to cornrnunicate with each other,



and CORBA to share knowledge. The frame systein is a tool to adopt these technologies from
viewpoint of ship design and engineering concept.
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Figure 7. Technologies for Internet-based Collaborative Engineering

Scenario for KSnet-based CE
Figure 8 shows a scenario to be realized within the frame system. We focused on the activities

of ship owner, classification society. model basin, and rnarinc equipment maker centering around a
shipbuilding company, The technological information which should be handled in this system are
owner's requirements. basic calculation sheet, hullforrn model. machinery drawings, and specifications
In addition, this prototype system verifies not only the adaptability of all sorts of standard technologies,
such as SCjMI�VRML, HTML, S I EP for the construction of Internet-based collaborative work
environment, but also the integration of ship modeler, STFP viewer, and document managemerii
system based on SGML.

Table I is a system environment to be implemented according to the scenario shown in Figure
8. As shown in the table. PCs for Windows NT, and workstations for LWIX are linked by the network.
In addition, a word processor for thc generation of technical documents, a ship basic calculation
program  SIKOB!, a CAI! system  I/VDS! for 3-D modeling of hull and inachinery are adopted
Netscape Coininunicator is used for the Internet browser.

k atnre Directions
In this project. the establishment of KSnet-based collaborative design concept, the frame

system for the basic planning system, the definition of core technologies, the scenario of prototype, the
construction of system environments, and thc adaptability of standard technologies are carried out,

CORBA, agent technology. and STEP application technology will be adopted t'or the frame
system. And also new concepts and emerging technologies are continuously accumulated based on
the frame system. Apart from this project, the development of object-oriented ship modeler and model-
based CAE. and simulation technology have been studied. By merging the results into this frame
system, a practical remote collaborative design and engineering support systein v ill be realized soon.
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Figure 8. Scenario for KSnet-based Collaboration

Table l. Components and Environment for the Frame System
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Conclusions

The development of the intorrnation and communication technologies changes the shipbuilding
industry in the 21st century into the knowledge-based industry. The Internet-based electric commerce
and concurrent engineering environments will be settled down. Ship design and production process
will be converted into the computer supported collaborative work system with distributed agents.

The aims of this project are to establish the infrastructure for shipbuilding industry based on
information and communication technologies, and to establish the framework for collaboration, As a
result of the study, thc Internet-based network for Korean shipbuilders  KSnet! and the frame system
of KSnet-based collaborative engineering have been designed and implemented. This project will be
t>nished in the cnd of 2000, and not only the knowledge related to ships and ocean engineering can b
shared, accumulated. and succeeded, but also the cooperation among the shipbuilding cornrnunity will
be promoted through the project. I'h» emerging information technologies will be transferred to the
shipbuilding industry.
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Abstract

Today the Hyper 'I'ext Markup Language  HTML! is a universal format for docuinentation aiid
intranets, We describe the successful migration frotn paper-based documentation to an on-line,
intuitive and interactive presentation ot information. 'I'his new type of documentation is used as u
design and training aid within the technical departments of Harland & Wolff  H&W!, O'I Ml arid a
browser are used for the presentation of documentation oti a company wide intranct, There are
similarities between our intranet and the Internet as we adopted some of the principles of the Vv'WV'
 World Wide Web!. At present, the user of the intranet has company wide on-line acc»ss to
documentation that contains shipbuilding and off-shore discipline specific topics, This ncw type ot tool
gives the users access to information about best practice and makes extensive usc of cxaniples, lh»
design information tool can be used by the draftsmen concurrently with the actual design they are
working on.

Harland & Wolff transformed the idea of an intranet into a workable tool for the designer. I'hc
designer can use this tool on a day-to-day basis and contribute to its contents and appearance. Iri thc
process of establishing the intranet, we used conversion tools and a toolkit to create a suitable
environment for our ship-building and offshore company, There are distinct differences between setting
up an intranet and publishing web pages. In Harland & Wolff s case, both were dev»loped
simultaneously.

I ntrotj Uction

This paper v ill give background information about the cotnpany and describe the nature of th»
business. We will define the terms used in the context of the paper, The aims of the project and
benefits to the business w'ill be described. The paper will present details on the irnplcrnentation of  he
project and lay out the individual steps we followed to realise the intranet, We wilt conclude, by
presenting the results.
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Company Background

Since 1861, over 1700 ships and marine structures have been built by Harland k Wolff at its
Queen's Island site. Front offshore structures, huge oil tankers, naval ships and luxurious cruise liners,
the Harland and Wolff name has long been associated with innovation and quality. Many vessels were
at the leading»dge of technology at their time of construction. Today, alar}and and Wolff is established
as a major contractor to the offshore oil and gas industry [HW l.

Set C'p of Technical Departments
ln th» technical departments approximately 200 designers v ork on CAD stations. Thc last

dravving board v as made obsolete about three years ago. This means a full corninitnient to an electronic
representation of the design information. l hese designers are working concurrently in disciplines hke
I lull,  !uttit., Machinery. El»ctrical, HVAC 1'I-Ieating, Ventilation and Air-Conditioning! and I'iping
and Instrumentation Diagrams  PAID's!. They all contribute and maintain a wholI> CAD-supported
full product model, Designers share all modelling information as they work on the same databases for
hull panels, equipment, HVAC and piping. Only 2D drawings as a matter of preference are kept in
directory structure according to discipline.

Within the past five years, there has been a gradual transition from core draftsmen to contracted
designers. This required a shift of knowledge and tasks for thc designer. More than at any tim» in the
past training, sharing of company standards and easy access to help and documentation on the system is
vital.

Definitions and Discussion of Terms

bt fr an et Definition
An intranet is the impleinentation of Internet technology within a business. Technically. an

intranct is a client/server computer system. It differs froin typical client~server systeins because it uses a
wcb server program on the server computer and a browser program on each user  client! coniputer.
lntranets allow user to search for. retrieve and display documents, to use electronic mail  e-mail!, and
to collaborate on projects [INTRA].

3 Company-wide Xntranet
A company-wide intranet is the ultimate goal of the project. At present we have restricted

access to the intranct to those in the technical departments. This is because most of the engineering
knowledge of the company is held within the disciplines ol the above nientioned technical departments.
Another reason is thai, publishing conipany internal information on finance, personnel or oth»r private
ntatters would have compromised the security of the company.
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Definition and Advantages of HTML Against Paper Based Documents
The first Hypertext application, v hich was developed ai CERN  European Laboratory for

Particle Physics! [CERN], initially targeted an intranet application. It was aimed at sharing documciits
and scientific results in a heterogeneous and distributed environment,

Publishing information for global distribution requires a universally understood language that
all computers can interpret. The publishing language used by the World Wide Web is HTMI..

H'IML gives authors the means to:
~ Publish documents on a computer that includes headings, text. tables, lists, photos,

etc.

~ Retrieve online information via hypertext links at the click of a button.
~ Design forms for conducting transactions with remote services, and searching for

information, making reservations, ordering products, ctc.
~ Include spreadsheets, video clips, sound clips, and even other applications in their

documents.

H'IML was originally developed by Tim Berners-Lee while at CERN. It was popularised by the
Mosaic browser developed at NCSA  National Center for Supercomputing Applications!. During the
course of the 1990s, it has blossotned with the explosive growth of the Web and has been extended in a
number of ways. The Web depends on Web page authors and vendors sharing the same conventions tor
HTMI.. This has motivated joint work on specifications for HTML [HTMj.

Paper based documentation in contrast, has got the follwing disadvantages:
~ Paper copies are not consistent and therefore hard to update and revise.
~ Paper copies are spread out and are held by different departn>ents.
~ Illustrations might have different sources. The original source could be hand

drawings, photocopies. drawings from design systcin etc...
~ Cannot be brov sed

~ No full text search possible

Most of these features are available using HTML and a browser.
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Aims

The inain aiin of'the project v as the successful substitution of existing paper-based inforniation
v ithin a simple, easy to access. flexible and comprehensive alternative.

I'irst, we had to identify appropriate technology and hardv are for the hest usc of an intranet.
Next. we agreed on th» usage of a well known and widely used standard to gain the advantag»s of a
platform-independent protocol.

The chosen standard of HTML accommodates the company's tv o main operating systems of'
OpcnVMS and Windows Y I.

We wanted to explore the possibilities and limitations of a company-wide intranet. Finally, w»
were interested in finding oiit to what extend and by which disciplines an intranet could be used.

Implementation

The irnplenientation was carried out in three major steps, These steps were
first to migrate froin paper based documents to digital format. Then the second step was to convert thc
documents to HTML . The third step v as testing and publishing.

Migrating Paper-based Documents to Digi tal Format
The first step v as to migrate the paper-based copy to a consistent electronic foritiat. Fo

accomplish this, the documents were compiled and the existing paper-based documentation was
converted into digital tiles. f',xisting illustrations and figures were scatuied into a word-processing
application.

Converting to HTML
This was done by either using two utilities: RTf toHTM conversion utility [RTV] or hiternet

Assistant which is an add-on for Microsoft Word [IAS!, The hypertext references were created
according to the HTML language specification with a standard text editor on the particular operating
system. Figurc I shows the appearance of the hypertext in a browser. Figure 2 shows the underlyin
text according to the HTML language specification, The page shown is a top level overview of the
FMW intranet. Below that, the docuiiients are organised in a directory structure according to discipline.
'fhe operating systein used is Windows NT or OpenVMS. depending on where the tests are caiTicd out
and the hypertext is publislied. Illustrations within the documents are automatically coriverted into GIF
 CompuServe Graphical Image Format! files and references to these files are generated bi the
conversion so ftware.
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Figure 1: Appearance of Hypertext in a Brov ser

<HTML>
Document Name<HEAD>

<META HTTP-EQUIV="Content-Type" CONTE � "text/html; charsct=ISO-8859-1">
<T1TLF>17/10/96 11:01 oVerview.htm< TITLE>
<META NAME="GENERATOR" COVI'ENT=-"Internet Assistant. for Microsoft Nord 2.04z"

4Heading<BQDY>
<Hl><A NAME="RTFToCI'>OverView </A></Hl>

<H2><A NAME= "RTFToC7 ">1 < /A><A href=-"best~ra/cont.ent Ijest~ractice.htm" >BeSt
P actice</A>

-Hypertext Link to Page<BR>

2 <A href="procedur/ccindex.htm" >C~WAM Procedures</A> <BR>
<A NAME="RTFToC8">3 </A><A href~~misc/acronyms.htm">Miscellaneous </A>
<BR>
</H2>

~Embedded Figure
<IMG SRC="hw logo.GIF'>
<P>

 c! Copvright of Harland and Wol f Shipbuilding and Heavy Industries
Limited.
</BODY>

</HTML> Figure 2: Underlying HTML Code for Page in Previous i-'igtIre
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A first round of testing was di>ne locally on a PC with Netscapc running under Ms XVittdov s
N'I . The HTML files and the associated directory structure were then copied over to the Test Alpha
server. After successl'ul testing on Oper>VMS. the 11TML l iles were then, placed on the live  !penVX<S
cluster Thc current situatioii is that th» main docuincnts of every discipline «rc stored as IITML tiles
on the l cst Alpha server and niirrorcd on the live cluster. At the moment wc are running demos that
illustrate thc appearance and help us to agree on a common ouili»e. To assure thc consistent
appearance of all document», wc n»cd a style guide that must be followed during the developincnt of
the intranct and v.bile writing thc documents. After streamlining the documents and loading a n»v
version ot DEC 't>>rindows. the sam» browser will be available  >n the main Alpha cluster. At that st«gc,
the documents will be available for all dcsigiiers working at a CAB station.
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Figure 3: System 1'.nvironment
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Testing anrI PublishingDuring testing, a brt>v ser that was compatible with the operating system was used. That was
Nctscap» P El Sj for 5'ind<>ws NT side and Spyglass Mosaic [MOS] for OpenVM'S.



Usage

Usage of the Brorvser
The usage of the browser is very simple and straightforward, so there is no need for trainin > on

how to brov se the documentation. However, some time should be spent on showing users hov to
apply thc full text search. This will aflo~ thc user quick. access to very specifi topics.

'I he presentation of the documentation in free text flow  no end of line marker! allows thc user
to have documentation displayed in parallel with a CAD session on the screen, Document templates
and e-mail templates can be spawned from the browser. We use the spawn function to assist nev CAD
engineers in following a step-by-step procedure to fill in error report forms to then assign these forms
to the helpdesk of our CAD supplier by e-mail.

Indexirrg
The implementation ol an index in combination with a comprehensive full text search on all

indexed documents v ill result in fast and successful searches on any topic or keyword.

Figure 4: Search App let
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Results
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The project facilitat»d a team-v orked solution among the designers and close co-operation with
engineers. The technical staff was given a versatile tool to document their work and procedures, We
developed a structure and test case for th» successful implementation of a conrpany wide intranct.. All
processed documents are now available to all relevant personnel with a quick and easy-to-use full text
search across both operatin systems.
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Abstract

The authors have been involved in the application of Virtual Working Fnvirontnents to slap
design, construction, and acquisition management. The follow'ing sutnmarizes the authors' experie aces,
the benefits derived from the approaches taken, and
future applications derived from those experiences.
The emphasis is on practical near-term application
using current technolog> in contrast with larger scale
architectures using future technolog>. Under a 27
month DARPA Maritech Project, Wichols Advanced
Marine, Intergraph, Avondale Shipyard, Raytheon,
and Orincon systematically reengineered the early-
stage ship design process. The resulting information
technology .solution was developed to: accelerate the
design process; enable a distributed enterprise;
impr ove customer interaction; support concept
development using a product model; uti ize legacy
data; and permit smooth transition to later stages of
design and construction without re-entry of data.
The approach was applied during a Pilot Project and
has been tailored for application to other programs, Experiences are discussed to highlight comnutn
infrastructure and processes.

Introduction

Web Enabled Management for shipbuilding is the application of web technologies to provide
information to a group of participants, and manage their information access, in order to expedite and
document the ship design process. It is an overlay above engineering calculations, modeling, «nd
design software that takes the form of extra- and intranets and newsgroups in order to communicate
critical information in a controlled yet readily accessible format. Web enabled management is vital  o
the success of virtual shipbuilding enterprises and other distributed enterprise efforts. It is particula. ly
important to shipbuilding enterprises dealing with unique or special purpose ships. Integrated
enterprise approaches do not require expensive software solutions. They require a comrnitrnent to new
processes and the application of common cornrnunications and data management. tools. Web enabled
management incorporates and strengthens the advantages of product modeling and information
management tools. Key points to be addressed include:
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~ Virtual Enterprise approaches are required in shiphuild>ng;
~ Information technology oflers continuouslv improving capability for ship design;

Wcb enabled management is key to effectively using infornJation technology;
~ Special purpose ships are the most attractive candidates for Web Enabled Virtual Enterprises;
~ Commercial-off-thc-shelf software is sufficient to achieve these benefits; and
~ Business processes must evolve to suit these approaches.

The Cilohal Fconomy, the business Case for Working Together
Ship design and consttuction, like all complex ptocesse», is un<lergoing a period of rapid and

acceler;>ting change, caused by world events and new technology, The globalization of the econon>y.
the presence of the In crnet, new product modeling and management software, and advances in
inforn>ation technology, are factors contributing to this new business environment, Overcapacity
forces shipyards into tighter cotnpetition. Cog>orations are forced to concentrate on their n>ain
business and are increasingly reliant on subcontractors or parlncrs. Alliances previously unheard of
are becoming common and range from mergers of entire companies, to cooperative joint ventures
focused on a specific product. In this business environn>cnt it is more appropriale to think in terms of
an enterprise, rather than a single shipyard. The enterprise >nay include a variety of design, fabrication,
assembly, and supplier companies that together can offer the best product, The motivation for working
together is clear; the collective talents of an enterprise often can produce a better product than a single
business. For the business case to be clear, we must enable the enterprise to work together without
suffering inefficiencies or del;ty. The distributed talent must work together as a Virtual Enterprise.

The Need for Web Enabled ManagementExchange of information is central to the function of any business. Barriers to communicat.ion
exist betv een corporations and even internally within single companies. Communications
technologies and protocols such as STEP continue to advance and provide for improved data
exchange, making it easier to share information across cotporate boundaries. The small supplier that
depends on AutoCAD can exchange data with the shipyard that uses high-end product modeling
software such as Intergraph'» ISDP or GSCAD system. Object oriented approaches allow direct
incorporation of documentation, calculations, ancl inforntation into product models. IIardware
improvements increase prc>cussing speed, reliability. and the amount of data that can bc managed.
Effective use of this inl'rastructure requires business practices. policies, and procedures to coordinate
the Virtual Enterprise. This is true for any industry in which distributed teams develop complicated
products; the following quote highlights one example: "Tcr reduce the cost of collaboration with
contractors, Robert Stephens, Lockhec'd's >nanager of joint strike fighter  JSFJ information resource
>nanage>nent, turned to an extranet...,Stephens says when the contract was out for bid back in I996,
the Doo saw the plan fr>r Internet-based communications ber>vee>i team members as a differentiaTing
factor that helped Lockheed >pin a berth in the next round of the JSF contract competition,'"

Program Manageincnt of a Virtual Enterprise has all of the challenges of traditional, face-to-
face program rnanagemcnt of a collocated team, compounded by the need to overcotnc the separation
of participants, Professor Tom Allen of MIT studied the efficiency of collaboration as distance
increases, finding that beyond a radius of fifty feet, the people might as well be in another country,
because people will nol walk that distance to talk face-to-face. Shipbuilding companies tend to be
large and distributed, and the trend seems to be continuing. For example, as this is written, Avondale,
Newport News, and General Dynamics are considering mergers to form a shipbuilding conglotnerate

' CIO Feb I, 1999
Virtt>.tl Teat>>s, Jussiea Lip>>aet. antI Jeffrey Stamps, John Wiley tc Sons, 1997
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in the United States, Nichols Research Corporation boasts of 27 offices in l5 states.' In that counting,
"Crystal City, VA" i» grouped as I office, yet it actually occupies 7 floors of 3 buildings, as Mell a»
many more 1 and 2 person offices. So, even when looking internally at just one company,
collaboration is complicated by separation.

Consider the case of a shipbuilder discussing the potential design and construction of a new and
unique ship with a ship operator, The shipbuilder will apply its expertise to design a ship that meets
the customer's requirements, using any of several powerful ship design software packages to perforin
the design effort. During the first days of the concept design effort, details are not addressed. Many
alternatives are quickly evaluated and compared. Performance predictions are made to validate the
concepts. Cost estimates are made and production planning is conducted, The concept developnient
process is conducted in weeks rather than months. Possibly, the entire effort can bc conducted in-
house. More likely, the shipbuilder will utilize other companies to either supplement their workforcr
or to provide specialty expertisc, Often the team will be forced to collocate to a common site. The
supporting organizations may not have the identical »oftware or capability. However, they require
access to the»amc information. A range of data transfer alteinattves exists, from hard copy inaterial to
direct digital transfer of information. Contrast this with an environment in which: partners contribute
from their home offices; team members work in parallel, accessing data from a common site; data is
immediately available to anyone that needs access to that data; new team member» are added quickly
and efficiently; and design decisions are documented automatically as the design progresses. Web
enabled management offers these advantages through the application of relatively inexpensive
soft ware.

Web enabled rnanageinent unites business processes with the infrastructure of intorination
technology to provide leadership, efficient execution, and accountability within a Virtual Enterprise.

Leadership, Execution, & Accountability
Within a Virtual Fnterpri»e focused on shipbuilding, there i» a core group that has thc grcate»t

amount of risk and potential reward. It is this Core Virtual Shipbuilding Enterprise  CVSE! that
provides the leadership to unite an effective team. A Web Enabled approach minimizes travel,
minimizes comntunication barriers, and makes it easy for the CVSE to add new team members.
Execution is improved through wcb enabled management because decisions are made more rapidly
and information related to design decisions is immediately available to the entire enterprise.
Requirements are clearly defined, Design products and internal communication are linked directly to
the requirements, Design efforts are carried out concurrently with results visible to the teani tor
comment and further action. Product modeling approaches can he an integral component of Weh
enabled management, minimizing rework and re-entry of data. Legacy data is used morc effectiveiy
and information generated will carry forward with greater efficiency, Consistent visual representations
of the final product are provided to the enterprise, including those participants not equipped or trained
to use the product modeling capability. While forrnal design reviews should still be encouraged, v:eb
enabled management provides for continuous review of the entire product, Interaction v ith the
customer is enhanced. Custonier access to design information is provided on a continuous ha»i».
Comments are provided to the Enterprise at the convenience of the customer. The connection between
design results and requirements will be much clearer; web links tie results immediately to the
associated requirement, Productivity, or lack thereof, is immediately visible. Accountability is
enhanced because the assignments of work to, and respon»ibility held by, each participant is well
documented and accessible to all team meinbers. With web enabled management, the right team i»
brought together to rapidly perform engineering in support of a ship design project.

Nichots Research Corporation '97 annual rcport
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,'specialty ships and Web enabled managemen 
Enterprises producing special purpose ships are in the hest position to benefit front the

application of integrated enterprise approaches to make their products more competitive and to make
their enterprises hetter able to.

~ rapidly oft'er new products,
~ bid and negotiate contract» with confidence, and then
~ conduct detail design, construct, and deliver the desired ship,

Design effort is mininial for repeat designs and engineering effort is focused on production
cfl'iciencies. Con»truction costs are welt understood and pricing can be aggressive, Even in this
segment of the shipbuilding industry, alliances and joint ventures are pursued. When an existing
design is unavailable for a particular owiier'» requirements. the scope of the design effort is obviously
increased. The»hipbuilder marketing a specialty ship must conduct concept development, drawing on
experience, knowledge of engineering and production processes. and supplier information, i» order to
define the product, plan the ettort, and establish a reasonable price. Rapid, confident response to lhe
cus orncr is essential. The special purpose aspects of the design rninitnize the extent to which existing
designs can be used, althougli re-use of component» of existing designs is attractive. The enterprise
that can nio»t effectively respond may include many participants. Web enabled managettient is
particularly valuable for speci;ilty ships because it. facilitates rapid design development concurrent with
rapid team forming»o that, i» the early week» of conceptualization and customer interaction, the hest
possible enterprise is formed as the dcsig» i» developed.

Web Fnahled hfanagement C'cnnponenrs
It is the authors' experience that existing comniercial sottware products can provide the

necessary infrastructure for effective wcb enabled ntanagement. While shipbuilding specific softv are
is e»»cntial for many fu»etio»» within the ship design process, Web enabled management does not
demand custom software. Advantage can be. obtained by using products that serve the broad
information technology market. International software suppliers invest far more in product
development, maintenance, and support than an individual shipbuilding enterprise could ever invest.
These products can eft'ectivcly interact with specialty shipbuilding software and can be selected to
adapt to specific enterprise preferences. The core elements include:
~ Product niodeling softwaie, capable of digitally modeling thc entire ship;
~ internet based communications infrastructure, providing sufficient bandwidth and secure access for

distributed participants;
~ A brovv»er based approach for providing access to and managing design infortnation;
~ Newsgroups for logically tracking contmunications and decisions made by the design team.

A modest technical solution or a robust technical solution can support web enabled
management. In its simplest form, web enabled management requires only a web server, web pages,
an FTP site, discussion group». and busine»s rules that standardize the use of the technology. At its
most robust, the technology is an integrated web-ha»ed front end to an Integrated Data Environment.
Table l lists the technology that could be involved, depending on the level of sophistication required
by the team.
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Table J: Web Enabled Management Functionality
Server

Functionalit
Framework

Functionalit
Applicatioas
Functionalit

As shown in Table 1, the functionality falls into three categories. The first is the web server
technoJogy. These functions are commo~ to most intranets and extranets. The web server technoJogy4

acts as an intermediary between the information and the clients. The second set of functions pertains
to document management, including conf'iguration management and workflow. Document refers to
any collection of information, including memos, spreadsheets, drawings, pictures, and databases. The
third set of functionality is specific to the particular problem. In the case of ship design, the CAE tools
and the analysis tools come to mind. One could well imagine a similar set of tools being used to
discuss automobile design, software design or surgery preparation, but in those cases the tools wou1d
be specific to those particular problems.

MAAST Project

A DARPA MARITECH project called MAAST  Maritech Agile Shipbuilding Toolki !
provided a recent opportunity to apply web enabled management to the concept design of a rolJ-
on/roJI-off ship concept. The MAAST project started in July 1996, ended September 1998, and
focused on the early team-building stages ot ship production. Hughes  now Raytheon!, Orincon,
Avondale, Intergraph, and Advanced Marine Enterprises,  now a business unit of Nichols Research,
Joing business as Ntchols Advanced Marine! teamed together to perform systems and business process
eengineering of early stage ship design. Early on, Avondale set the goal for the team; accelerate early
ltage ship design by 100%. This was taken to mean achieving a defined level of concept definition
tarting from "a blank sheet of paper" in six weeks rather than twelve. By setting the pace of early

Intranels are web sites that only onc organization can access, Exrranets are web sites thai a r;ontrolled group of
rganizations can access, Though lhc network could bc. a private and therefore more secure nciv ork, generally thc
iformation is passed over the Internet, in encrypted form.
For morc information, see www.nsnel.corn, Marrtech
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Web-Page Viewmg
~ HTML
~ GIF, JPEG
~ VRML

~ movies  e.g. AV ls!
~ CGI Scripts
~ JAVA applicaiions
~ + next generation
File Transfer
Ne wsgroups
Security
~ Certificates
~ Secure Socket

Layer
~ Encryption
Backups
User Lo s

Document Managemen 
~ Config Control
~ Multi-Level User

Access

~ Docuinent Hist< >ry
Documents Mapped lo
Applications
Document Caialogs
Document Libraries
Document Vaults
Workllow

Requirements
Management
Action items
Calendar
Schedule
Case History
Design
Visualization
Analysis Tools
Redlimng Sessions
Collaborati vc
Model Review



»tage»hip design, the t»am would gain a competitive advantage. This advantage may manifest itself as
an e irlier delivery of a bid package to thc customer. Though the 50~r< cut in calendar time do»» not
iniply a saving» in re»nurce» and cost an increase in the pace is often ihe first step in making a process
morc efficient.' There i» less tim» to «'aste, and therefore only the value-added processes are
emphasized.

After thc goal s»tting and team lormation process, the group went through an extensive
system engineering process. At first thc process v as narrowly focused on early stage ship design, A»
tiine went hy, the tcain beg;in to realize that the focus solely on the mechanics of ship design missed
the point. Thc team broadened its focus to include the virtual enterprise formation process as well,
Experts from the Iacocca Institute at I~high University counseled the team on agile team forming,
Agility mean» rcsporiding competitively to a customer's needs in an environment of continual and
unpredictable change. The final IDEFO Diagrams were titled "Execute a Virtual Agile Shipbuilding
Enterprise." The new proces» dc»cription started with  hc creation of a web of relationships that an
organization could draw upon when a new opportunity presented itsell. Next, it focused on the process
of creating a virtual enterpri»e that will respond to the opportunity. Then, the virtual enterprise
produces a ship. I'inaily, I.he enterpri»e distributes risk and reward, and disbands or goes into a
dorinant state.

I.cpa . Rcthu!J.<<sry C o<Lstr d«its

B 0

Figure 1: Top I~vel Virtual Shipbuilding Enterprise Process

The ML4S T Pi7ot Project
To test the MAAST infrastructure and process, a six-week long, unscripted Pilot Project wa»

conducted. There werc only a fev' ground rules. The Pilot focused on a Roll-On / Roll-Off ship, since
thi» ship type represented a specialty ship requiring considerable concept. development to meet owner
requirement». To make the design a» cotnmercially meaningful as po»sible, a commercial operator

S h t rrb.«etl." rAt.«» Crate t C mb~t. Ch; t 5. Addi Vat b Sebi t~ ~ ~ ''<fi i e e,b cite. 6 idma .
an<1 NagCi, V«<h lstob<r,h«u Rb.<nh<a<t, 1996
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was invited to participate, providing design requirements and reviewing the results. Norman Gauslow,
General Manager, Marine Operations, of Crowley American Transport, Inc., accepted the role of
customer during our Pilot Project. Before the Pilot, the MAAST core teain approached MacGregor.
York Marine Systems, and Harris Fire Protection Company. These three suppliers were brought
onboard before the Pilot statted, reflecting a cotnmitment on the part of the team to design ships with
equipment from these companies. Other suppliers, such as Wartsipa, were not integrated beforehand,
so that Crowley had some choice and influence of the design. Crowley expressed an interest in
Intering Stability systems. These gave the team opportunities to integrate important suppliers duriiig
the six weeks. The participants in the project are shown in Figure 2, clearly an exainplc of a
distributed enterprise,

Lou

Figure 2: MAAST Pilot Virtual Shipbuilding Enterprise

Membership
Membership is the inosi. powerful control that leadership has over a virtual enterprise.

Choosing the right partner, supplier or customer will improve the performance of the team drastically.
The new member must share the appropriate ainount of risk, responsibility and reward. At the Iacocca
Institute of Lehigh University, the three dimensions of performance are supplier reward, customer
benefit, and technology. Membership is the appropriate time to address these three dimensions.
Mission-critical members command hi h reward and are integrated in a technically advanced way.
Non-critical members will be less integrated into the virtual enterprise, on any of the three axes. The
central insight of Lehigh is that these three axes have to be in balance, or the situation is unstable,7

The mirror image of the new inember process is the member exit process. Members who are
not world-class at any of the tasks no longer add any kcy value to the virtual enterprise. They must be
asked to not participate in this program, Strategically, these rneinbers inight still be very important io
other programs that the virtual enterprise is pursuing. Therefore, these members will be inactive or
dormant for this particular prograin, but remain connected for other programs. Enterprise formation
must be conducted with an eye on the conclusion,

Cooperate to Comttete, Preiss. Goldman, and Nagek Van Noatrand Reinhold 1996.
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Members of a Virtual l;nterprise will demand appropriate security protocols to protect business
sensitive data. Typically, security is more of a procedural problem than a technical one. It is
becoming easier to provide a reasonable level of security, as evidenced by the increasing number of
people willing to risk shopping online. l' or projects like MAAST, more thought and effort must go
into the security plan for access to inf'orrn«tion. It is hard to divide the information into separate
classes. where all the right ptople have acces» and all the other team metnbers do not,

MAA,'>T applied during the f'ilot
The heart of thc MAAST infrastructure is the Extranet, the Product Model Database, and the

CAE tools. shown in Figuic 3. The three-tiered approach to the infrastructure reflect» the co»ts
associated with adding knowledge. It was cheapc»t and quickest to have an engineer propose a
solution on the Exttanct. It wa» more expensive to create the list of parts that this solution entails.
Finally, it was mo»t expensive to rt>odcl the parts in 3D CAD. Once the int'ormation i» modeled in 3D
CAD, it is the rriost accurate, and th» C'.AE»ystem wa» used to update the Product Model database.
C>raphics frotn the CAE environment «nd Bill of Materials created from thc Product Model database
were posted back to the wehsitc for dissemination to tean> mernbcr» who could not access thc CAE
en v ironmen  .

The appropriate u»e ol the riglii. technology will greatly improve the performance ot' the team.
A range of solution» exist», from c-mail through Integrated Data Environment», each with
characteri»tic cost and benet it. The cost-benefit equations niust be optimized to maximize value. The
MAAST Extranct made it very easy to add new members to the team when the direction of the design
shifted, This feature is particularly attractive during the initial weeks of concept design.

Kriawi Figure 3: MAAST Infrastructure
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The MAAST cxtranet was a set of web pages and discussion groups. The summary web pageis shown in Figure 4, and is typical ol' the pages on the Extranet." There is a table of docurnen s,  hcir
respective authors and published dates. The documents were often stored in two formats, one that was
web-ready  e.g. h rnl! and another in the native for nat of  he appropriate application  e.g.: WORD,
EXCEL, or other programs accepted by the enterprise.! The web-ready for iiat was often a sum naryof the more de ailed document stored in a native forrna[. The last column was a crude configuratio i
control tool. Documents were applicable to a current iteration, denoted by the "lh" reference, arid
were at a certain level of certainty or completeness, denoted by the "lll" Maturity Assessrnen .

i'igure 4: Summary Page
f:one uration Conirol

Coordination and configura ion control become increasingly important as the number o iarticipan s and their distribution increases. In addi ion to utilizing any version controls or workflow'catures inherent in the chosen modeling sof ware, the distributed enterprise should apply web enabled
nanagement  echniques to insure that all participants understand what information they are using and
vhat they should be doing. The users wi hout direct access to the high-end modeling capabilities stilf
eed to understand what configuration they are looking at. In the early stages of conceptualization
zany parallel paths may be addressed in parallel with significant changes occurring hourly.

:on en  is avaiiable online dor>ng  hc con i.'rcnce. ar waaa .nichoils.corn. Lookin name and pasavvord are "demo" andcmo" reapec ive y.
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Parallel Effort
In a par;illel design process with online communication, it bccomcs the responsibility ot the

team t11embers to keep up with the p;tce of the design. Each team member must understand the cut rent
state of the design and vvhai issues are raised by changes, lf thc design is not satisfactory in an area,
the area expert is expected lo speak up. Silence implies agreement, Engineers hate to he proven
wrong, particularly in a visible forum like the discussion groups. Olten, people will not speak up with
their tentative Iindings because they are not completely certain of the results. Management must work
Io encourage people to put their initial conclusions and concerns on the table, even if mistake» arc
niadc,." Discussion groupsprovide a mechanism for promoting and documenting this interchange.

Discussion Groups
Discussion groups. as shown in Figure 5, are an organized form of e-mail. Instead of sending

the e-mail froin one person Tt> another, or froin oiie person to a list of people, the e-mail i» sent to a
centra] persistent public location. The physical parallel is an office bulletin board. Everyone who has
access rights can visit the discussion group and see the message, taking whatever action they deem
necessary in response lo the c-mail. Because the audience is determined by the system rights, «nd not
hy the author of thc inessage, it is more likely that the right people will see the information. For
example, the author of'an e-ntail might ask the customer a technical question. If this is done through

LrBI. xLNestt.. Qo +Dssttigs'. Qgpnttasfttaha: '~

Design

Suh3ecrp Deckhouse Design
Date; Wed 11 Mar '198B 13 3B.17 -050'
i .. ~rsli si~e.d,

Organization: Ntchots 3. searci
N s' i: ~I

lcT in coopecar ion wir h Jkeff has berfur the .ayout of a preliminary
deckhousr whir h shs ild occur wr ll for any coneset'r xa l ship. Unr xl the
Ueb Publishet 4 Intergraph 11 connect. ion curses back on- line, the only
way to view the initial dr sign xs ro phys t cally be at an ICT or LSE
sire, I have attached some cotenenrs on the ek i sting layout, as well as
some guidance iu rhe forxn of a worrt desex tptxon of the ttid-Term Sealifr.
ship Techno logy Developmerr, Progcam composite Deckhouse I tfyssTDPl . caD
1' x les of r lie Tt TSSTDP Deckhouse are a lso available.

Figure S: Discussion Groups

' "ln tftts ctsrninttn>, Sou'll hc Ilreil for not making fnivtaket." Steve Rttvt, late  .I'.0 of Ttme Warner.
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standard e-mail, only the author and the customer will participate in the conversation. If this is done
through a discussion group, then a third party who had the same question can benefit frotn the
customer's response. Discussion groups present the information in many ways, The messages can be
threaded together, so that the conversation threads are consistently grouped, as is shown in Figure 5.
The messages can also be sorted by read and unread, sorted by date or author. Discussion groups
naturally create a thorough design history. Often, a casual scan of the subject headings gives a good
description of the project. In traditional e-mail, the same information may exist, but it will he
dispersed over everyone's inboxes, and may be deleted by the partictpants. Because deliverables were
on the web server, users could quickly and easily reference the calculations that had driven the new
changes, This approach of referencing documents into other documents was used throughout the
project. Figure 6 shows the General Description and Design History document. The use of discu»»ion
groups i» simple, but has a rem;irkable impact on enterprise effectiveness,

Enterprise Member Credentials
When working in a web enabled inanagement environment, soine coworkers may be unfamiliar

with one-another, Features may be incorporated to create a "virtual reputation," In person, physical
appearance and credentials help to establish the reputation of a person. In addition, colleagues can
vouch for a person's reputation, credentials and expertise. When a recommendation or comment i»
made online by an unfamiliar enterprise participant, other engineers benefit from information on the
team-mate's background. For the virtual office to really be effective, it is important that each new
member post a biography of past accomplishments and credentials. This should be posted along with
the information regarding as»igned responsibilities.

Modeling and Reviewing Models
The MAAST extranet was very simple. In the future, it would be appropriate to u»e a more

rigorous web server architecture, perhaps supported by Microsoft Active Server Pages and Microsoft
Back-Office. With more elegant web-solutions, the engineers can be directly responsible for entering
deliverables into the docutnent management system, whereas during MAAST only one person w;is
able to author content onto the websitc. This became a choke point in the system. There i» nov a
range of solutions to the extranet problem, some custom and some that can be purchased as
commercial off the shelf software,

The Product Model database was an Intergraph product called Product Model Environtttettt.
PME, built on top of an Oracle database, and developed for the US NAVY. PMF. is the repository tit
physical parts in the ship, organized in a logical manner. For the Pilot, PME was organized in the
Generic Product Work Breakdown Structure. ' which breaks the ship down according to sy»tern,
construction block breakdown, and worktype. A piece of deck plating would exist as an entity in
PME, with attributes about the weight, center of gravity, surface area, thickness, material type and so
forth, In the last stages of ship design, the entities of the ship are well known and modeled, ln the
earliest stages of ship design, the entities are less concrete, PME addresses the uncertainty in tv o
ways. First, a collection of entities can be entered as an aggregate, or collection of item», v ithout
being placed individually. Second, an entity can be entered into PME tnanually, before it is modeled
in the CAE system. When the entity is finally modeled in the CAE system, the exact attribute» can be
posted back to PME. MAAST engineers used Intergraph's CAE tools, the Integrated Ship Design
Product software, ISDP. The Virtual Design Review software was also from Intergraph; Collaborative

10Two cxatnples, picked at randvtn. arc Windcliill and ProjectWi»e.
Koenig, et. al. "Towards a Generic Product-Oriented Work Breakdown Structure for Shipbuilding," SNAME Ship

Production Symposium, l 997.
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Figurc 6: General Description and Design History

MoDel Rcv icw, or CMDR. CMDR presents thc same graphical view of the ship as in the ISDP
environment, but in a read-only way, much as if a VRML file had been niade of the 3D CAE model.
Because of this, the CMDR view of thc ship is less data-intensive and less demanding of the system
hardware. CMDR allows for simultaneous viewing of the model from multiple distributed sites, a
feature used on multiple occasions during  he Pilot. Files of walkthroughs can also bc generated, to
create a permanent record of the configur;ition. MAAST Vi]ot walkthrough files were typically 3-S
Mh in siIe. Output such as v alkthrough files were generated in formats suited to broad access via the
Fxtranct. Future appticatiorrs vr ill incorporate automatic posting of such files to the site, ensuring that
thc latest model is represented. CMDR was an easy way to lct the customer see the 3D CAF. ship
without having to buy and Ie;irn how to use the CAE sottw;ire.

Beginning of the Pilot
On March l 1. two members of the team flew down to visit with Norman Gauslov in his

3acksonville ot fice to "iegin a design exercise referred to as the Pilot. This travel period would prove
to be the last major bit of tr,ivel performed during ihe Pilot. At the end of a two-hour meeting, they
had a list ol' one p'igc ot ri quirerricrit» for a ship carrying l70 trailers at i7.5 knots, This was the

't'tia unb trip taken af sr this initial visit was whcrr an Inrergraptr person visited Crowley iir Jacksnirvitle, ro help ins at! a
uc'iv lorna>tE Elf rhea Ct4DR aottv:arr..



starting point for the design. The team initially explored four designs, two with Integrated Electric
Drive and podded propulsion, one low speed diesel, and one medium speed diesel. Tht. 'group pursued
the four different solutions in a parallel fashion, as part of an effort to experiment with set-bascd
design." In set-based design, the team pursues several design concepts in parallel, without locking
into any one design too early. Common elements were included in all configurations. Even if one
design is initially promising, the set of designs is pursued until the options clearly prove their merits.
This gets away from thc design spiral mentality. Web enabled management inakes true parallel,
collaborative design possible for virtual enterprises even when participants have differing levels of
capability and hardware.

Customer Influenc
A revolutionary aspect of web-enabled manageinent is the constant and rich communication

between the customer and the team, The team gets quick resolution and clarification on requirements
issues and continual feedback about the direction of the design, The customer gets continual
reassurance that the design is proceeding well and in the right direction. If course corrections need to
be made, they can be made earlier, where they are cheaper, instead of later. This continual reassurance
is much different from delivering a paper ship or proposal at the end of the effort. The lean> is
designing "his ship' from the start.

During the first three weeks of the Pilot, the team evolved the initial configurations into
feasible concepts. At this time. the medium speed diesel option became the leading concept, Though
the customer had been following the discussion groups and the website, the comments had been inure
inquisitive than requests for change. However, the ship largely reflected the team's solulion to the
design problem, and not the customer' s. This changed at the first virtual design review, The first
design review was supported by a conference call among the team, while looking at the website. The
website had a set of documents and pictures that collectively described the ship. During the three hour
conference call, there were 32 coinments by the customer, of which approximately half were
comments that affected or changed the direction of the design. It was this type of feedback through
three virtual design reviews that made the l'inal ship design into a shared solution, better than any one
participant could have created.

The MAAST infrastructure made it possible to respond quickly when the customer decided to
influence the design. Figure 7 shows the configuration of the deckhouse during the first design review
and during the wrap-up session. Perhaps most striking is the refinement in the product model over the
last three weeks of the Pilot. Further, the deckhouse has been elevated in the second screen capture.
During the first design review, the customer requested that the deckhouse should be elevated, to inore
efficiently make use of the weather deck. Working through the website discussion groups, the le;irn
arrived at a new wingwall configuration, uptakes and ladder arrangements that met the structural and
stability considerations.

The final arrangement of the ship is shown in Figure 8. The characterization of the design
included hullform geoinetry  developed using FASTSHIP!; structural modeling of all plate, stiffeners,
and major openings  no end connections or details!; cargo hold arrangements, including 3-D stowage
plans for required loadouts; modeling of all major cargo access equipment; cargo hold ventilation
systems; cargo hold fire protection systems; wheelhouse configuration, including 3-D layout of
integrated bridge equipment; deckhouse space arrangements in 3-D; Main Machinery Space
arrangements �-D envelopes of major components!; and supporting naval architectural and marine
engineering calcu! ations.

"The Second Toyota Paradox: How Delaying Decisions Can Make Better Cars Faster," Ward, et. al. Spring l995, glean
Management Review. http.//m>tstoan. >I>it.edu/smr/past/archive/smr3634.t>tt»l
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Figuie 7: Custotuer l3riven Change

Figure 8: Final Product of the MAAST Pilot

Current and Future Work

After completing the VIAAST project we have continuously sought to apply the techniques of
v'eb enabled management to other projects. XVe have tound;ipplications both interrially and
externally: identifying applications v here thc approach would improve our own productivity; and
fin<ling customers v ith projects for which we could establish and tnaintain the infrastructure for more
effective nianagenieni.

V'ithin Vichol» Advanced Marine ive are tipplying wcb management techniques to project
manageinent of sot'tware taxi's. lv1ultip!e individuals in morc than one department are involved in a
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Conclusion

Web Enabled Management is the process and business changes that take advantage of current
technology. Proper Web Enabled Management addresses:

v Customer Pre»ence

Leadership, Execution, and Accounting
Mernbersh i p
Parallel Design
Online Reputati on»

Scalable Architecture

Security
Configuration Control
Document Management
Support Project from "Lust to Dust"

Businesses involved in shipbuilding invariably have a fundamental computer capability that i»
sufficient for the proposed web enabled rnanagernent techniques. Today's shipbuilding marketplace
demands cooperative efforts between organizations. Web enabled rnanagetnent techniques improve
the formation, integration. and design efforts ol' these enterprises. Wcb enabled management can
become the means for orchestrating the virtual enterprise. The challenge is not in developing the
technology for this purpose but in changing processes to use technology effectively,

"CEQ Hatin Tyabji is an avow ed technologist. Yct he insists the key to success is '5 percent technology, 95 percent
psychology and altitude.' That is, a company can spend a king's ransom on 25,000 l.otus Notes hcenses...but that still
doesn't mean that there will be any forin ot' automatic sharing of information." Tom Peters. The Circle of innovation,
Alt'red A. Knopf, Inc, 1997.
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series of software development ta»ks, These include tasks for outside customers and internal I,R,kD
projects to develop software for the open market. Nichols follows a rigorous Software Product
Irnprovetnent Program for such tasks and managing resources for the tasks is a key element of out.
Software Process Improvement Plan. Using web enabled management, the participants and line
managers can access information on resource assigntnents and schedules. Software requirements
documents, specifications, and other SPIP documentation is readily available. Interaction on related
issues is organized by secure new»groups, Regardless of organizational boundaries, software
engineers can view management information. Division managers can audit task status and evaluate
backlog for planning purposes. As this project demonstrates the advantage of the approach, we expect
to see other parts of our organization use web enabled management to coordinate projects.

The U,S. Navy is a vitally itnportant customer for the authors, We are involved in early stage
concept design development for a number of ship types, On one project, we are creating a web based
infrastructure to manage ship requiretnents and concept descriptions. Many governmen 
representatives require access to the information as well as having an interest in the concepts
generated. The web based approach provides a convenient means of ntanaging the information and
providing controlled access. The United States Coast Guard Deepwater project is a signil'icant
undertaking. Currently, three teams are under contract to develop concepts in response to Deepwtttet
requirements. In addition. the Center for Naval Analysis is devetopittg concepts. All four t<.am» tnu»t
produce the required design products in response to the USCG requirements. A team of USCG
engineers must evaluate the response» and provide direction. A web enabled management approach
has great potential in this aequi»ition program. The four teatns are required to maintain websites and
post specific information for USCG review, Superimposing a web enabled tnanagernent system above
these contractor managed sites v,ill facilitate efficient evaluation and comparison of the parallel effort»,
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Abstract

Today's mid-size shipyards depend more and more on computer-aided approaches to
shipbuilding. Not only is this fouiid in the areas of dcsig» and engineering, where CAD/CAR
systems are widely accepted, but also in areas such as marketing, sales, estimating, materials
rnanagcrnent, production control and production, One commonly sees computer-aided
approaches in at least several areas of virtually all competitive i»id-size shipyards. These yards
continue to advance technologically, and at least some have embarked on the next step, which is
to enhance the flow of informatio» from one area of the shipyard to another in a standardized,
integrated manner. While a fully integrated, electronic svstem with a single database may be thc
u]timate vision, most yards' present goals are more»iodest, though nonetheless capable of
dramatically enhancing thc flow of information, and in turn improving yard productivity. This
paper presents a case study of information flow at Alabama Shipyard, a rnid-size LI.S. shipyard.
Included is a description of information flow needs, the resulting computer-aided systems, and
examples of information flow paths.

Introduction

While large shipyards have depended on computer-aided approaches to shipbuilding for
many years, only recently have most U,S. mid-sized yards started to introduce such syster»s.
Typically, these vards begin the process by iinpleinenting computers into payroll and accounting.
Then they adapt coinputcr-aidcd design  CAD! for developing 2D drawings in the dcsig»
department. The more advanced yards nov. use 3D "product niodel" systems in their design und
engineering departments, and other sophisticated, coniputer-aided software in areas such;is sales
and marketing, materials manageinent, estimating, production control and production. At times,
these systems are developed in house, but oflen they are commercial off-the-shelf systems that
meet the needs of shipyards.

This paper addresses computer-aided shipbuilding froin the perspective of informatio»
flow in a rnid-size shipyard. l»formatio» flow implies a certain level of integration. One i»ay
view integration as being in four levels:
1. Manual Inte ration � The results of one software program  e.g., C.;AD dravvings! must be

keypunched to another program  e.g., bill of materials!. In reality, there is "no integration "
2. Module Inte ration Various modules of a program sharc data with one another. For

example, hull form data is commumcated to the module that calculates ship stability. 1 fscr
interfaces may differ f'rom module to niodule, and cornino»ly this type of integration cannot
support coinbini»g results from among thc various inodulcs to make a unified presentation.
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Often, interfaces miist be spccraliv tailored and data conversiori from one modu'lc to another
may bc dif'ticult. h program with tliis level of inicgration is sometimes characterized as an
"interfaced" system rather than an "integrated" system. Typically, each module has its ov<ii
database.

3. Product Model Intc ratiori A morc advanced level of iiitegration is by means of a product
niodel,:i detailed, 3D description oi the ship and its major systems, The product mod«1 has a
«onirnon <latabase i!iat is sliarcd by all the modules; that is. there is rio need tor data
coni ersion among tlic modules.
Eirte risc Int«. ration Morc advanced yet is integration of thc design, engineering and
construction aspects eric<rmpas»ed with thc product model program with other programs
ad<lrcssing areas such as mana ernent, accounting, busiries» development, human resources,
and entities outside thc shipyard, Eriterprise integration may focus on a single shipyard or
may extend to several shipyards and their associated veridors, customers and regulatory
organizations,

This paper addicsses irriegratiorr it the fourth level, Enterprise Integration. In this case
the «nrerprise is Jefin«<l to be a singic shipyard at the depart<neural level of detail. 6erreral
aspects of infbrmation flow are discu»s«d, followed by a discussion of the specific case of'
Alabama Shipyard, a ncv construction yard located in Mobile, Alabania.

Information Needs

Within;»hipyar<f, dit'f'=rent departments have vastly different inf'ormation needs. F' or
example, the sales an<1 markctirig d«par%merit needs only a summary specification and a iimited
sct ol drawings o-.'a ship in ord«r to approach potential customers, yei thc production departnrcnt
ri««ds a coiiipletc defiriition of tiiat ship, and also scheduling information. One can vien ttiis in a
simplified a<ay b~ cxarniiiing information needs of six typical sfripyard departments:
~ Sales and Marketing

~ Estimating

~ Engineering
~ Materials Management
~ Production  'ontroi

~ Production.Tvpical int'orrnation needs for these dcpartincnis during the conduct of a ship constructioii
project niay include thc lollow ing:
~ 'Sales and Marketin � Ship information at varying I«vels of detail  concept, contract and

detail designs! for marketing meetings, negotiations, and contract signing with the owner
~ Estiniating Ship irrformation on iiuli and outfit at varying levels of detail during the ship

design process
~ Erigineering � O~vner'» requirements owner's feedback during design stages, and

production input  to help make the design easier to produce!
~ 'Mirtcriais Manag«rn«nt Siiip infnrmation on hull and outfit to a level of detail sufficient to

place orders ivith vendors and subcontractors
~ Production   ontr<il � Ship iniormation, owner's schedule constraints
~ Production Sliip information. schedules. ivork packages, and materials.



These six departments may participate in a ship construction project hy means of the
following 14 steps:
1. Initial Discussions with Owner, carried out with standard shipyard brochures, exarnplc design

documents and on the 'back of the envelope"
2. Conce t Desi n Develo ment, using input from initial discussions and information from past

similar designs
3. Initial Estimate, based on inforniation gleaned from the owner and froin thc concept design
4, Further Discussions With O»vner, with the concept design and initial estimate as a biiseline,

resulting in owner cornmittnent and further design direction

the shipyard and the ov. ncr
6. Materials Cost Estimate, based on the contract design
7. Production Cost Estiinate, for facilities and labor, based on the contract design

Contract Cost Estimate, reflecting the information contained in the contract design
9. ~Si .ontt act at a price reflecting production and cost estimates
10. Detail Desi Develo ment, carried out to a level of detail sufficient for development of bill

of material, production schedules and work packages
11. Production In ut to thc detail design, to help make thc design easier to produce
12. Materials Order, based on the detail design
13. Schedulin and Work Packa ges to reflect the detail design

The information inherent in these 14 steps flows between departments as shown in Figure
l  in actual practice. departmental organizations vary among dill'ercnt shipyards; thus, the si»
departinents of Figure 1 may be thought of as "shipyard functional areas"!. The six departments
are listed along the top of the figurc. Below' the departments are their relevant ship construction
steps. Each step is connected to the next, showing the flow of information from department to
department as the project maturcs froin initial discussions with the owner to actual construction
of the ship, In this example, not all shipyard departinents and functions are included. For
instance, contracting and upper management participation in negotiations with thc owner sire
omitted for simplicity, and folded into Sales and Marketing.

Thc information flo»v is shown in a different manner in Figurc 2. While Figure
illustrates the timeline, Figure 2 highlights the fact that all six departments arc linked during thc
various steps of the ship construction process. Although this figurc is rather simple, oiic can
easily intagine the case in an actual shipyard, where information flo»» among these and other
departments is much more complex.
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ENGINEER II4G ESTIMATING MANAGEMENT CONTROL PRODUCTION[ MATERIALS PRODUCTIONSAI ES 8,
MARKETING

1, INITIAL DISCUSSIONS ~ E CONCEPT DESIGN ~ 3 INITIAL ESTIMATE

4. FIJRTNER DISCUSSIONS ~

~* ~
ESTIMATE

7 PRODUCTION COST
ESll MATE

ESDMATE

9. SIGN CONTRACT

10 DETAIL DESIGN

*

~ 13 SC7IEDIJLING ~ 14 CO73STRIJCT SNIPAND WORK

11 PRODLICllON INPUT

PACKAGES

Figure I. Sequence of infoirrratron I'lo«Between Depanments I!uring a Ship Constrrrction
Project

Computer-Aided Information System heeds and Challenges

l'hc inlornralioii flow dcs«ribed in the previous sectio«has traditionally been achieved
through in ;thods involving inanual transr»issioii of information fronr one department to another,
inanual reformatting to meet the particular needs of each dcpartnient, and a resultant loss of time
and often a loss of information where it is most needed  such as «hich drawing issue is pertinent
for construction!.

There are a nuriib«r of'g«neral needs ot a successful computer-aided system for enhanced
information flo«, including:
~ Compliance with industry standard interface and data exchange formats, such as ANSI,

SQI., MAPI. TC/IP, CORBA, and ODBC;.
~ Easy integration « ith legacy, best-of-breed, and third-party sofbvarc products

Operation in a "network centric' and "data centric" environr»ent, that is, sharing data
throughout the shipyard «ith easy;Ic«css loi all authorir-.ed users

~ Ability to usc imaging for documents riot received by the shipvard in electronic format, such
as certain Rccrnviiig and Accounting docur»ents.

example, the Materials Manag7em«nt Dcpartmeirt is interested in tracking gross steel plates,
thc Engineering T!epartineili is interested in tracking the piece parts resultant from tliosc
plates, and the Production C<llrtrol Depart»rent is interested not only in tracking the plates,
but also the result;int panels, »abassemblies, asser»blies and blocks.
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Unfortunately, ihere arc iinportant potential pitfalls inherent in moving from a manual to
a computer-aided systein for intormatio» Ilov . includirig:
~ Different information Nee<l» f'rom Onc De artm«nt to Another for the Same Material For



Figure 2. Information Flow Between Departments During a Ship Construction. Project
Different Software Amon Di fferent De artrnents, some of which may be quite
sophisticated  such as a product model CAD/CAM/CAE system in thc Engineering
Department! and some quite simple  such as a spreadsheet program for thc Estimating
Departinent to make an initial estimate of ship cost!, and which often cannot readily
exchange in formation.

Different Hardware Amon ~ Different De artments, again, some complex and others basic.
The considerable challenges of developing a successful flow of' inforination among

different computer systems arc refiecied, for example, in the necessity of addressing possible
inconsistencies in semantics between the "same" data located in multiple databases. At least
eight such inconsistencies may arise [I j:

Name confiicts

~ Data type/representation coiifiicts
~ Primary/alternate key conflicts
~ Referential integrity behavior confiicts
~ Missing data and nul I values
~ Level of abstraction

~ Identification of related concepts
~ Scaling conflicts.
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IVluch v.ork has heeii and continues to bc carried «ith the goal of improving integration.
Representative»x;iniples of sucli efforts iiicludc STEP  STandard for the Exchange of Product
Ivlodcl Dat;i!, SEASPRITE  Software Architectures for Ship Product Data 1ntcgtatioii k.
Exchange!, MariSTEP;ind MARIS. Progress has been made, but for most applications in
today's IJ.S. mid-sire shipyani, integr;ition is an exercise requiring care and resources.
Fortunately, integration it a useful level is w ithin the rcairn oi practicality,

I.', lernents for Enhanced Information Flow

Enlianced ini'ormation flow at practical level m iy be carried out by integrating thc
following elements:
~ Sales end Merketitr~Su trt � A Sales and Iv1urketine Support System includes contact

nianagenient and a numb«r oi databases containing iiiformation about potential customers,
such the status of their fleets. shipping !ancs, and economic trends in their businesses. Input
conies from»xteruai refereiices such as Lloyds Registry and from direct contach with
existirlg and potential custoniers. Besides custoiner iilforlnation, this database contains
slupyard productiott eapacitv iniormation  c.g., construction capacity, dock availability!.

~ I'roduct Model � A product model program supports the analysis and informational neo<is
for th» engineerini.;. design, construction and maintenance of ii ship. The product model
database contains 31! gcoinetric information such as hull form definition, and non-geometric
information such as «quiprnent weights. Th« inforinatloii is contained in a central database
and is available as graphica1 klispiays, hardcopy priiitoiits, and as electronic files for use by
ViC' production equipntent. I he database provides a sin Ie source for complete, updated and
consistent information to ail involied in tlie design and production processes [2, 3], 'Ship
design and production iniormation flows front the product model to the six departments as
shown in Figiirc 3,

~ Bid and Estimatin S stem - A bid arid estimating system supports the company's need to
furnish a potential customer with a highly reliable, Iow-risk bid quotation based on
information supplied by thc customer  c.e... ship dimensions, cargo capacity, ship speed! and
thc concept design from thc Engineering Departrncnt. The computer-aided Bid and
Estini.iting System is parent»tri», and estimates costs for material, labor and subcontractors.

~ pro cet Mana cirient S stern � A I'roject Management System supports the planning and
execution of thc ship buiI<I strategy. It assists in tlte management of materials,
subcontractors and productioii personnel by a set of schcdulcs and plans. The schedules and
plans are tiered in sck eral levels of detail. Figure 4 shown inlormation flow associated with
thc Project Managt.ment Systeni.

~ Business Iniorniation S 'stem - The Business Information System is comprised of modules
to assist in areas such as payroll, 1>utnan resources, personnel, general ledger accounting,
fixed assets. accounts rcc«iiable, accounts payablc, financial reporting, job cost, purchasing,
and receiving, VI rior arc;is of information flow to and from the Business Information
System and the six example d»partrnents arc shov n in Figure 5.
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Figure 3. 3D Product Vfodel and Enhanced Intorrnatton Flow
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Figure 4. Project Management System and Enhanced Information Flow
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Figure 5. Business Information Systein and Enhanced l»formation Flow

~ Workfiow Module � A Worktlow Module  norinally part of a larger system! has the ability
to exchange, track and control working documents  e.g., payroll, financiai reporting,
engineering change orders! among shipyard departments. Because workflow is integral to
the ongoing functioning of the shipyard, the computer-aided system must be co»sistc»t,
accurate, and well docur»ented. Figure 6 illustrates an approach to workt1ov, for affected
example departments,

~ Document Control S stern � Document control is the ability of the shipyard to control the
massive accumulation of documentation associated with the marketing, design, engineering,
materials management, pla»iiing, and construction of a ship. Importantly, a computer-aided
Document Control System helps ensure that only the current versions of docu»ie»ts
 including drawings! are used in the shipbulding process,

electronic images of shipyard documents, including drawings, requisitions, purchase orders.
receipts, schedules, estimates, specifications, manuals, instructions, and drawings. In certain
situations, the Imaging System may not directly store images, but will serve as a central
clearing house for queries a»d retrieval  for example, with ship drawings, which may bc
stored in the Product Model database!, Figurc 7 depicts information flow to and from aii
Imaging Systein.

~ Electronic Data lntercha» e � Electronic Data Interchange  EDI! is mainly used to
communicate with organizations outside of the shipyard, such as customers and vendors.
EDI is typically handled through a third party that provides a "store and forward" delivery
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seii,icc for packets of information  e.g., specifications, requests for quotation, purchase
orders, and drawings!.

~ InternetfIntranet � IVhile Fl!I is used primarily to conimunicate packets of information with
external organizations, the Internet arid the lntranet are used for shorter, more informal. and
person-to-pcrson coinmunications within the shipyard  Intranet! and outside the shjpyard
 internet!. In recent years, the Internet is assuming more of the role traditionally held by
EDI, while the lntranet  Figurc 8! is augmenting telephone conimunication, paper memos,
and face-to-face meetings.

Vigure 6. Ãovkflow and Enhanced Information Flow
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Figure 7. Imaging and Enhanced Information Flow
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Figure 8. lntranet and Enhanced Information Flow

Enhanced 1nformation Flow  '.ase Study

Alabania Shipy:ird  ASI!. a mid-size newbuild shipyard located in Mobile, Alabama,
serves as i case study 1' or enhanced inforni;il.ion flow. 1 his yard, presently undergoing a multi-
ycar moderniz;itioii program, has made substantial progress toward impletnenting elemcrits oi
enhanced information flow. A	 hus leamcd that commercial software is responsive to the needs
oi enhanced information 1'low, hut an entire information system i» not available from a single
vendor  notivithstandin ~ the enthusiastic claims of certain vendors!. Each vendor is an expert in
its own field, with some overlap among fields. There is sufficient overlap to interface the varinu»
niajor systems, although the interfaces usually inust he tailored to the specific information
exchange needs of the shipyard applications.

ASl has learned that a»tandardizctl irifrastructurc of common hardv, are and software can
addies» nearly all ol thc needs of the different deparlmcnts. 1'herc is a sniall sacrifice in
functional capability for ceriaiii specialized users hut this i» more lhan counterbalanced by
tremendous gains by avoiding iiiterface misrnatchcs between diiTerent hardware and so1tware
systems. The information Services Department analyzed the conncctivity and information needs
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of the various ASI departments and established standards for hardware, sothvare, and netv orks.
The resulting infrastructure provides all departments with access to shared hardware resources
such as the main host computer  an IBM AS/400!, file and mail servers, CD reference libraries,
standard operating procedures, ISO procedures, manufacturing standards, modems, internet
service providers, and imaging services. The network is managed hy an MS Windows NT"
network operating system and is linked with a combination of fiber optic and category 5 cabliiig.

The AS/400 computer was selected as the host computer because it is certifled to be year
2000 compliant, can support the yard's present host-based needs, and can support the prolccted
client-server applications. The AS/4 ! ! is electronic commerce enabled. for Internet applications.
ln the future, ASI hopes to equip production personnel with web browsers capable of accessing
the Internet to retrieve drawings from the yard's FORAV CAD/CAM/CAE system. The yard
also plans to obtain the capability to use hypertext to allow a user to click on a reference to a
standard procedure  e.g., end cut detail d'or a structural profile! and have the browser open the
most recent version of the procedure.

The following paragraphs address particular applications that address major elements of
enhanced inforniation flow. Most ot these applications are already in place and functioning «t
the shipyard.

~ Sales and Marketin ~ Su i ort � Sales and Marketing personnel use Personal Data Assisi«nts
equipped with %indows CF, ' to inaintain connectivity to electronic mail, electronic
calendars, and contacts when away from the office. In some cases, their Outlook" databases
have been enhanced with addition«I fields tailored to support their sales efforts. 1 uture
integration with production scheduling is planned to provide updated resource availability.
and to provide access to ilocuments such «s Lloyds Registry and the Thomas Register.

~ Bid and Estirnatin S stem � ASI is investigating corrunercial software to support the bid
and estimating processes. Present candidates include the Mc' system from Management
Computer Controls. Inc.. and the FstiiM«tc system from SPAR Associates. Presently, an
Excel spreadsheet using a complex set of maeros is used to develop estimates. These arc
then re-entered into the Business Information System to track estimates to actual costs. AS1
estimators are presently satisfied with their Excel" spreadsheet solution. A near-term future
step is integration ot the spreadsheet with the Business information Systems for direct
i~formation flov'.

~ Product Model � The shipyard uses the FORAN 3D C"AD/CAM,'CAE product niodel
program for computer-aided design and production. FORAN provides graphical displays
and hardcopy drawings to support the production crafts, and electronic tiles for NC
production equipment. Thc shipyard plans to link the FORAN database with the Project
Management System  for build planning and scheduling! and thc Purchasing Systcrn  for bill
of materials!.

~ Business ihiforrnation Systems � Payroll, human resources, personnel, general ledger
accounting, fixed assets, accounts receivable, accounts payable, flnanci«l reporting, job cost,
purchasing, and receiving are all addressed by soflware lrorn .1.D, Edwards Enterprise
Solutions. The shipyard has acquired the .1.D. Edwards World software This is essentially
an IBM AS/400-based system with «graphical user interface  C'OUI! placed over the standard
"green screen" user interface, resiilting in a system with Windows" type features. Thc
shipyard plaiis to upgrade io the One World version of the software, One World is a clieiit-
server-based sct of Business Information Systems with a native GUI. It niay also be used



through the I»terrier or intra»et. enabling One WorM to take full advantage of ffles created
and stored i» the Ii»agirig System and the Docume»t Control System. This software is
cquippcd with application program interfaces 1'APIs! to accept data from inany of the
components of' ASI's enhanced inforination flow systems, including the Project
Xilanagcmerit Systei», Pro<I»et Model, and Fstirnating

~ Pro'ect Mana~~cment S 'ster» Alabama Shipyard uses Primavera' software for schcduli»g,
as»eli as MS project'" »'ith the pro Chain add-on. In the riear terni the shipyard v ill select
one of thcsc syster»s for use, and develop interfaces to the 3,D. Fdwards software,
Work I'low � When irnplcriiented;it ASI, the One Wor ld software will iriclude a Work I loiv
module, Work flo»s are provide<1 to control purchase requisition approvals and oilier
stanrlard»ork flo» business f'unctions. 'I'hc Work Flo» rriodule allows users to develop
their ow» work flo»is, with simple-Lo-usc tools. Custoin work flows niay bc developed to
support engiiieering change control, 1SO procedures. productio» standards dcvclopmeiit, arid
other functio»al flows. 'I h» Work Flow module uses MS Exchange" electronic inail for
haudliiig work f]o~v notificatioiis, saving the user from having to log oil to ti separate
electronic mail net»ork.

for future retrieval from server-based disks, Write Once Read Many  WORM! disks, optical
storage, and other iiicdia. 'I his systcni provides the shipyard»ith a liuge capacity for the
storage of inforniaiion. including work papers, spreadsheets, testing procedures, drawings,
and specifications. I» additio», tire soft»'are is used to scan hardcopy documents and store
the resiiits as MS Word" documents. Onc World iias the ability to retrieve documents under
the control of the Imagirig System.
Document C ontrol � While the imaging System provides limited revision control, the hest
solution is to obtain a dctlicatcd system. The shipyard is considering PC Docs from PC
Docs, I»c., and FiicNet from FileNet Corporation.
Electronic D;ita 1»tcrchan ~e � 'I o date. Alabama Shipyard has not had a neerl to
communicate with external entities through EDl. Instead, electronic facsimile direct from
thc IBM AS400 has been a suitable substitute.
Internet!'Intrariet - Every work station at AS [ has access to thc Intranct. Selected
workstations have;recess to thc Internet. Alabama Shipyard's use of an Internet service
provider has proved to be a sai ings over dial-up internet access. Thc shipyard hosts a home
page with hypcrlkinks to job posti»gs..l.D. Edwanfs One World uses the sanie Internet
conncctio» to allow direct access to weh sites cMctronic;illy attached to records in its
Business Inforrnatio» System.

Conclusions

Information flo», always .i need in shipyards. is of'ever increasing importance in todav's
global, competitive shiiihuildi»g aiid ship repair corrrnruriity. Enhariced information flow is kcy
to decreasing cycle ti»ie and decreasing rework»hile i»ere;ising the efficiency bv which
shipyard dcpartme»ts»ork together. This paper 'has set forth examples of the»ccds of shipyard
comniunicatio» arid has introduced a vision of such a system, using today's technoiogv iii a
practical riianrier. In particular, thc Al;ihaiiia Shipyard case study has proven that mrd-size
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shipyard integration can be achieved through careful planning and the use of off-the-shelf
commercial soflware. The key to success is to build the right infrastructure and to select modular
components from vendors who understand their core competencies and limitations and who plan
for integration with other vendors.
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Abstract

How well shipyards iniplernent  he design for production philosophy influences shipbuildirig
efficiency. Design for Production is the extent to which the produc  is designed for ease of production.
lt is employed throughout the ship development cycle, starting with  hc shipyard's prelimimuy build
strategy to information evolving after detail design, to ensure the best compatibility  o the produc ion
facility,

This paper presents a generic framework necessary to implement design for production in a
CAD design environment. The critical information modules are presented as in a common product
information database. Highlight» are the module for data exchange that enables total integration. As i»
reported in the updated Design For Production Manual, the approach to early incorporation of these
principles in design involves the development and evaluation of common generic blocks. Discussioil,
including future directions, is provided to enable inass custornization hy developing necessary
techniques in conjunc ion with a CAD systein.

Introduction

CAD/CAM/CAE dcveloprnent is one of many attemp s to enhance the design process hy
providing the capability to generate, utilize, store, and  ransport design information electronically.
CAD/CAM/CAE technologies were first applied in shipbuilding in the late 1970s, s arting froin a
manual drawing �-dimensional sketch' >, to a 3-dimensional scale model, io a CAD/CAM sys em data
exchange, with the primary purpose of transferring design information to production. Since thcri  hc
CAD/CAM system has grown from 3D-produc  draft to 3D-product inl'ormation model. The product
information database is a system that not only has geometric enti ies, but also contains non-geometric
information, such as material, connectivity type, production schedule, etc. To be competitive.
shipbuilders must now move in the direction of use of a product inforniation database.

The production information database  Figure I! is a single database. which can be considered
to act as an incremental knowledge base system for producing the ship. It is responsible for containing
all design, production and other relevant information. There are two fundamental approaches of
developing a common product information database, The first is the neutral data sharing approach,
where all types of information are managed in a centrahzed database. This approach has the advan age
of minimizing the amount of data transfer because there is less network connection. Information
accessing is also consistent because the exact same database is shared. The shortcoming of this
approach is the difficulty of irnplernen ing future upgrades. To add another type of database. for
exainple, will require a major effort. This approach requires iinpleinenting a central database. lt'.s also
possible if all the applicable databases share the same data scheme. The second corninon product
information database scheme involves a direct networking approach, where an interface is needed f>>r
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each database pair. Thi» al>proach has more tlexibility in terirLs of system modification. However, it i;
diffit:ult to maintain»ysteit»ntegrity because of the numerous interfaces,
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Figurc L Common Product Inform;ttion Database

Product Information Database: A Review

Work done by Pcdcrson and Ilatling [ IJ describes a CLM solution at the shipyard and
information complexity i» ship pt'oduction. Thc authors started by identifying necessary inI'onnation
and pointing out the need  o optimize the use of information technology in order to balance the
infornuttion flow, how t<i "reuse and update" the product information database. Rcquiremettts
identified include management »tructure for the success of CAD/CAR integration and the nece»sity fcr
a»ingle, yet cotrtplctc, pn>duct. infortrtation model database. Similar work with regard to studies r>f
product information model» is ahso reported in Johansson [2].

There are nuinerou» ca»e studies reported from practical implementations, These papei»
reported the benciit of ituplementing product informaiion database technology in two contrasting
plolects �!; otic w;1» a sllipbuilding project in .i small shipyard and the other was a ship conversion
project in i large shipyarcl. I.es»ons learned indicated the success iind capability of thc U, S. shipyarc»
in implementing product information iiiodel technology evert though these yards are u»ing typic;il
production technology, nc>t Icading edge automation. Another similar work [4] emphasizes the role  tf
CAD/CAM/C AE in shipbuilding by reviewing the contribution of cornputcr applications to ship desigr.
and production, ba»cd. on the experience ot' an engineering cotttpanv with several shipyards during .i
concept design and detail design. It stresses the importance of corroborating more design detai Is
earlier, by taking advantage of nev, technology. Information needed for design and proces» de»igr>

68

This paper describe» a general framework for a product information database that supports
dc»ign for productioii. Thc critical eleinent» arc dc»cribed as 'i CAD module. The paper is organize>i
;is follows. First there i» a bi ief review of product information database». Next, the recently published
design for productioi! inanual is hiiefly summarized, and the implementation of design for productioa
in a CAI3 environment i» explained. Then, the CAD components needed to achieve thc design for
product philo»ophy are presented, Tool rnanagemcnt, the integration module, and data cxchang:
standard manage>vent;tre highlighted, Lastly, a discussion of future research on identified standard
components iit the block level is provided. including a recommended approach for handling product
vaiicty. 'The notion of the cominon generic block  CGB! i» presented and proposed for utilization in
Ihc CAD environment.



should be available during all the ship design Iife cycle, From the author's design for production
philosophy, every necessary document for each design task is identified.

DeJius [5] reported th;it in order to provide the means to implement design for production in
shipbuilding, emphasis must be placed on management reorganization. The stra egy proposed v as io
gradually implement the systenr, especially for a shipyard with a linii ed amount of computational
resource. He characterized the working methods in a small shipyard and proposed steps in installation
strategy for a product information model, including integration for using a CNC automatic cuttiiig
rnachine, for structural parts, and to integrate 3D modelling with total outfitting. A case ol' a snr«IJ
shipyard was presented [6] using team-building techniques to integra e CAD, iVC Cutting, a»d
Numerical Control Lofting with production. The use of performance-based management,  he u»c of
process management techniques and the result of productivity improvement. are reported. Blc»
presented [7] another case study of the success of implementing CAFJCAM in a small shipyard using a
product information model, the NUPAS system, at Engineering Centruin Groningen B.V.

VanDevender [8] preseiited research in shipbuilding design organization from a study at lngalis
Shipyard, Mississippi. They recommended a design organization in the form of a design/operation
team, which includes naval architecture, marine engineering, and craft s rpervisors, etc. Thc proIcc 
coordina or was assigned as a lender for inforrna ion distribution. The benefi s of  his impJerrtentatio»
included an increase in access of ship information and better instructions for manufacturing processc».
Also addressed are the steps taken to increase effectiveness in design and production integrarion by
using a product information model. The Mid-Term Sealift Ship Technology Development Prograiii
[9], conducted by NAVSEA with industry participation, identified four iroportant requirerncnt» for the
success of irnplementi»g a design for production philosophy. These include use of a generic huiJ J
stra egy, continuing the use of product work breakdown »true ure, implerncn ing a production oric»ied
cost-cstima ing model to optimize the use of resource, and development and application global
standards.

Data Exchange Standard Management

Data exchange standards have existed in the inarine industry for several year». Often,
information is exchanged practically using neutral files, which mostly can be operated at a low level
and can induce errors and inconsistency. There have been coopera ive programs na ionally «nd
internationally attempting to standardize produce data models. IGES  Initial Graphics Exchange
Specification!, the i»os  popular standard, is the standard geome ric representation scheme. JGES
allows multiple correct representations of the identical information, bu  lacks validation steps for
translator and translation processes. Ye , because of the Jack of capturing non-geometric entities, thc
evolution of product modeling evolved from IGFS to PDES, which i» mostly used for a feature-hase»I
product model. Additional progress has bee» made because of the need to incorporate non-gcometiic
inforination in product information. STEP  Standard for the Fxchange of Product Model Data! wa»
first developed when a Navy Industry Digital Data Exchange Standards Committee  NIDDESCl t>cga»
developing application protocols, This product of Navy/marine ind~stry collaboration later bccarnc
part of the STEP standards. The STEP Program was initiated in 199l a» a project to stand«rdizc
product data structures to be platform independent. Although not new, ISO 10303 is still continuing to
develop to include all the facets of produc  data. Examples of experimental s andards for STEP are
found in the NEUTRABAS and MARITIME projects.

The SEAWOLF project has made a significant contribution to design/production integration in
shipbuilding and the use of a standard produc  modeJ. SEAWOLF, a NAVY sponsored projeci., i»  he
first FuJI-scale project to use 3D»olid modeling for production integratiori. Part» of the SEAWOLF
project are presented in [10, 11], The DDGSI Project [12] reported on a standard product model based
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on STEP protocols applied to this class destroyer. The NAVY developed the DDG51 digital translato
to translate ship data between Cotrtputervision and Calma system». DDG5l is reported as the flrs[
Navy ship designed and engineered totally in CAD,

Presently, each part of STEP is proposed and approved independently by ISO TCIS4/SC4
 Industria}-Automation Systems and Integration / Industrial Data!. Background and progress of the
development of STEP application in shipbuilding, along with the AP protocol initiative and approval,
is presented in [I3, 14, l5!. Current STEP status can be found in [http: //www.nist.gov/»c5/soap],

Design for Production Philosophy

The traditional role of the ship designer is the preparation of;ui overall design of a ve»»el whicli
will have a perforrnancc satisfying the owner'» operational or fUnctional requirements while complying
with the statutory rules and regulations. The concept of design for production, however, requires thai
in satisfying these requirements, the ship designer must also give attention to ease of production,
There are thus several rnaior aspects to design, namely, design for performance, including de»igri fo'
safety and profitabilily and design for production. There are other aspects also, considered later in th~
development cycle, including design for overhaul, repair and maintenance. The overall objective of
design for production can be defined as follows [ l 6]:

"Design to reduce production costs to a minimum.
compatible with the requirements of the vessel to
fulfill its operational functions with acceptable safety,
reliability, and efficiency."

Clearly, there will be areas ol interaction. The role of the ship designer can be seen in this
context as one of arbiter. having the ultimate responsibility of deciding whether performance o
production considerations shall take precedence in any particular case or of deciding the nature of the
con>promise to be reached. The organization of the design agents 'ind shipyards must allov a rational
resolution of the interactions following full discussion and analysis. These considerations become
particularly important. when design agents arc widely distributed geographically and represent different
interests e.g. builder, owner, consultant and governtnent. IJnder such circumstances the use of
Standards for the Exchange of Product Model Data  STEP! is essential.

The extension of thc design process to include the design lor production activity has thc
following primary objectives;
~ To produce a design which represents an acceptable cornproinise between the deniands ol

performance and production and, where appropriate, takes into account the needs of overhaul,
repair and maintenance.
To ensure that all design features are compatible with known characteristics of the shipyard
facilities.

~ To apply the individual de»ign tor production principles and procedures insofar as they are
relevant to the particular ve»»cl and to the particular shipyard vvhere the vessel is to be built..

~ To co-ordinate the inter-rel;uion»hip between the machinery, electrical and outfitting work witit
thc»tructural work. in order to create a fully integrated design model.
It is, of course. vital that thc design for production effort starts carly in the design proces». The

designer has the greatest influence on the cost of the vessel during the earliest design stages when
primary parts, materials and equipntent and the basic configuration are being decided. The influencc
the designer has on cost drops off quite rapidly in the later dc»ign stages. It is the ability ot moderii
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databases such as object-oriented databases to hold large amounts of data in a format which represents
the product model in a manner consistent with production and nianagement processes that ensurei
accurate representation and thus costing accuracy during the earliest stages of the design proces».

Framework: CAD Based Design For Production

This framework is presented as a means of irnpleinenting a design for production philosophy
using the approach of a product information database. Information can be presented as a deiign d;ita
structure and a production data structure at the same time. Currently, most product information
systeins utilize object-oriented technology, meaning that information is stored as "objects" in the forin
of shipbuilding components  i.e. panel, plate, stiffener, bracket, etc,!. The properties of scti of
coiriponents are then used to derive a graphical representation. A discussion of shipbuilding
CAD/CAM systems can be found in Ross's review of modern ship design systems [171, and
comparative evaluation of commercial CAD/CAM systems [Lg]. The general conceptual framework isillustrated in Figure 2. USERS

External [
Datab~as

Figure 2. A CAD Framework

The, product information database combines the CAD tooli and product management system,
The structure and configuration of the proposed CAD based generic framework are: 1, User databaic
interface module � the CAD syitem should be developed to .support the user in accessing data»torcd in
the database. The objective is to give the designers from different disciplines appropriate acceis to thc
inforination. This module should maximize the communication between designers and the product
information database. 2. Product definition, design tnanagemcnt, and database management � the main
responsibility for this series of modules is to get information from the user interface for data
inanipulation. Thc module acti as an interface among product definition, database, and CAD tool. 3.
Computer aided manufacturing � this part contributes to tool management and integration, 4. Data
exchange standard management � because of the variety of product models in various shipyard», th»
product information is shared in the shipyard and with close subcontractors, Currently, unless
developed from the »aine platform, there is no siniple way to share product information. To be able io
fully utilize the integration of design and production, data exchange standard management is needed.
lt» primary task is to provide a means of exchanging design information between product data systeins.



For product data models, using international standards to better couple PDM systems with thc CAD
systems is one requirement for future product data models [18].

A necessary of requirement of CAD systems utilizing the design for production philosophy in a
modern ship design system is the ability to aide the designer in utilizing preferred production
approaches. Additionally, data exchange standard management is necessary for implementing a totally
integrated system, Research reviews show that the product information database plays a signif'icant
role in ship design, especially concerning data sharing between different design disciplines, lt i» now
viewed as a critical element for productive shipbuilding information development. Some of th-
benefits include, easy generation, maintenance, and updating of design information, reduction in the
amount of error and rework in both design and production, encouraging the consideration of t rucial
production factors during earlier stages in design, and assisting coordination with production
automation, such as NC cutting and robotic welding.

In the current market, comtnercial shipbuilding i» critical to industry survival. Therefore, the
ability to handle a larger variety of products is necessary. The philosophy of mass customization i» a
potential solution. Mass customization is the mass production of individually custornizcd good» and
services [19], It obtains economics comparable to mass production but also provides the flexibility
needed for individual customers [2 !]. According to Pine, one of' the design principles for «ffective
mass customization is a product that is comprised of standard, independent modules th;tt can be
assembled to form different final products, Ship blocks should have the character of rnttdular tI«sign
and common platform in order for the mass cu»tomization concept to be thoroughly executed in
shipbuilding. The comtnon platform concept must extend to both higher and lower levels of as»embfy.
ln shipbuilding, the comtrton platfortn is initially established at the block level  Figure 3!. Thi» i»
called a common generic block, To date, this "type" block concept i» implemented by a»htpyard
based on empirical or experience based analysis. CAD systems have not been able to aid thc d«»igner
in identifying when a design conforms to the chosen common generic blocks.

PRODUCT
IN FOR M AT IO N

Ship type II ! Ship Iype III ~ ~ ~ I 0 0 0Ship type I

epecel »
Iamk !

i
J

IV /

Common Genenc Block Database

Figure 3. Cornrnon Generic Block Database

The cotnmon gen«ric block database will have to have a direct interface with the CAD systcrrl
shown in Figure 2. This external database must bc queried by the design definition module to indi«a:e
to the designer how well the developing design fits with current production practice and preferences, a»
identified by the existing common generic block database.
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Design Using The Common Generic Block Concept

Another related issue is how to bring inforination about how well the design conforms to the
common generic blocks to the designer earlier in the design process. Figure 4 shows the arrangcinent
of ship design information flow. When developing the approximate ship definition, the design team
performs functional design calculatioiis for optimizing ship system performance. Transition design
takes the results of these functional designs, and organizes de~ign components based on a block
breakdown definition.
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Figure 4. Information Feedback froin Transition Design and Production Instructions

In order to utilize the design for production philosophy, early transition design results must he
compared with the common generic block database to develop an understanding of how well the
progressing design conforms to production preferences. Early in the design, information from ihc «nd-
product level  transition design! is limited or non-exislent in current CAD systcrns. The interacting
effects among design components that form the high-level subassembly are incorporated only through
experience. The feedback of information from high-level subassembly is lacking, CAD systems in the
future must overcome this deficiency.

Furthermore, approaches to remove the empirical nature of coinmon generic block formiilatI on
and evaluation inust be developed, Two inain qualities of a CGB are coininonality and utilization of'
preferred production practice, The CGB needs to be able to be used in different sections of a ship and
in different ship designs with minimuin modification required. This quality will bc cxainined
primarily during final block asseinbly and the erection processes. In production planning, it is
extremely desirable if thc CGB can inaintain workstation sequencing or ininimize rerouting of process
lanes as inuch as possible. The organization of product family analysis will be the key to find
commonality. The development of product family analysis for possible common features is a m;ijor
link in design for mass custornization and context coherent integration. The finding is about what are
the common features for a group of related products. Additionally, CGB production should reflect
current shipyard capability in manufacturing and assembly. Establishment of the CGB catcgorics
should represent preferred production practices based on the principles of design for production.

Using a hierarchical structure, a technique is currently being developed using a matrix approach
to allow a comparative evaluation between different block design~. The Block Complexity Matrix is
comprised of three inatrices, ihc S matrix, C matrix, and J matrix. The hierarchical concept is linked
with accumulative assembly, The S matrix shows the degree of stage assembly difficulty. The J
matrix represents the joining difficulty of each of the C matrix components. The mcasijrenient
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approach isolates the stage and sequencing effect on the product, while allowing the integration of
interaction effects among design components.

Block complexity matrix = Z Block dr'Nculty of attribute q! = S C J
where

.ii I I : l q

.i

cu cl2 - cia

o~  t ii ~ c2rs

c~r  c~ii ' c~

SCS � [s, s, . s�,] Block dilfioulty

S = a row matrix of the degree of stage as»embly difficulty where s�, i» a degree of difficult of stage
m  ordered from start to finish!

C = a matrix representing block components, c,�� identifies individual component n at stage m. The
components are identified based on CGB theoretical definition,

1 = n x q matrix shows the sum of joining difficulty with q attributes. j�, is a suin of joining
difficulty of component n with attribute q

The result should permit identification for each block that reflects production difficulty of that.
particular block. Therefore, the ongoing design can be compared with common generic block type X
to establish their affinities; the block design may be within the common generic block category X.
close to common generic block category X, or not compatible with common generic block category X.
Designs that are not compatible with any of the common generic blocks of a shipyard inay be
inappropriate for production by that shipyard. The comparative tools for testing product compatibility
in transition design are not available at this time, but are under developinent and will be presented in
the future,

Conclusions
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In this paper, a product model for de»ign for production is illu»tratcd, with the emphasis on tool
managetnent and data exchange standard management modules. We proposed a shipyard specific
CGB database, based on the mass customization principle, to address the increasing demand» in
commercial ship production, One of the future research areas is to develop techniques to rationally
rather than empirically formulate and evaluate CGBs. The CGB, as presented here, acts a» a modular
design component and common platform. The CGB database is linked to CAD system as an external
database. Feedback to the design team during transition design and work instruction design is required
to tell how well the design fits the current CGB». It is proposed that the Block Complexity IVfatrix,
following further development, will provide a methodology tor achieving this feedback loop.
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IlVTE 'RATION OV IT SYSTEMS IN SHI VBUILDING

Henrik 0 M Hzcltin, Koc'l'ums C'czr»putz r S>stc'zzzs AB, .Valznci, .SWFDFt'sl
And

Lars R Bczrglzczn, 1.czgizzzaticA/5, Aalborg, DFVAfARK

Abstract

ln shipbuilding today the requirements for»hots delivery tiztte and reduced cycle are under
close scrutiny. A vital part of nieeting thc»c rcquircrzzcnt» is having lT-systents supporting thc dit'lerent
business processes involved. Since concurrent engineering is one of  he ch zractcri»tic» of »hipbuddizz,
it is also very important t<z have aood integration bezwccn the different 1T-systettt» in tlic procc»». Tlii»
paper discusses some different principles for systein integration, zhc relation to»hipbuilding ho»ines»
processes and also gives an exaznple czf zzn ongoing integration project,

Process � information flow

Thc price competition in the shipbuilding indu»try is traditionally»rrong and is pos»ibly even
getting stronger during thc la»t years. To keep the niarket position and gain thew contract» evez'y
shipyard is working hard to become tziore productive and cutting down any possible overhead. To
achieve these goal» short delivery time zincl reduced cvclc time is a very zzzzportant factor.

Shorter delivery time and reducetl cycle time i» clo»cly ccznnccted to the business proces»c»
involved in handlizzg a ship project. The ntain pha»cs arc:

~ Basic design
o Detailed desigzz
~ Mct tericzl Defi»i lio»  Prcj zec z or 5tanc czrd Mcztericzls!
~ Procureznezzl  Proc tcrc ment Plazzzzizzz,, Ezzqtciric'», Pzcrchase Oz'cler>', L:.zpeclizizzg!
~ Production planning  Frcnzi zzziticzl lzlczzz to tvork czzdc.rs!
~ Produc, ti ozz  otic n faahri catiozz czzzd czar ter zzbl v!
~ Deliver> to custo»zc.r

Besides the phase» mentioned herc tliere. are other pha»c» involved in a shipbuilding project hzzt
these will not be handled in tliis paper a» the znain focus is for the phase» involved in engineezin",
procurement and prodtzction.
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Bid for ship

Figure 1. Miiin proce»»e» in»hiphuilding.

In figurc I the seven inaiii proces»es '<ire illustrated and a» it can bc»c«n th«re i»;i grc;it de il of
ovcilapping <>I th«processes, i.e. the problems and i»»ucs with concurrent engin«cring h:ive;i very Iiigh
focus in a shipbuilding project.

To handie these issues it i» therefore very important to h;ive a good organ i»ati<>n;ind very g<>od
tool» supporting the business proces»cs. One of the to<>l» needed is th« IT»y»tcn>. Thc Inost succc»»feil
way forward includes good IT systen>»»upporl;is well as good bu»inc»» proc«»»c». 'I'her«fore tli«
architecture and functionality of the IT systems should go hand-in-hand with thc bu»ine»» proce»»e»
and information flow both within the different organi»ational units and a» in<era«i ioii between them.

lri thc following chapters, the seven main proces»«», tlic inforniidioi> flov. anti key issue» I'or
good IT support will be described.

Basic design
Thc basic design is performed in a very «arly stage;ind for' »on>e parts even before thc tin'il

contract with thc sliip owner ha» been signed. In this phase the main geometry i» defined arid even
some of the key outfitting cornponcnts are defined. At the same time ncgotia ion» with potential
»upplier» will start to be able to give final price ofter for the ship.

A lot of dcpartn>ents tire involved in this proce»»; 13c»ign, Procurcrn»nt, Planning, Finance and
in»<>i>i« c i»»s as Production and external partie» could well be involved too.

1n thi» procc»s < lot ol valuable inf'orrnation i» colic<.tcd and will really be the h;isis for the I'inal
offer and also the start up of the further project, 'I'her«fore it is very iinportant that v'ithin thc different
departments there are good IT systems where thi» vital inf'ormation can he»torcd and haridlc<l.
Furthermore it i» important t.hat thc other departinent» have access to this information and can use thi»
t'or their part of thc. job.

Thc idcntificati<>n and definition of the main cLIuipmcnt can hc u»cd;is;in cxantple of thi».
These will ii» a first step he defined in the design department. '1'h» purch i»e department will ha»ed on
this and the initial plan from planning create cn<fuiric» to potenfial »<<pplier» a»king for price», d«livery
tern>» and deadline». 'I'hc»upplier» will respond with offers th«t »houid hc regi»tered and compar»d and
final »election should hc inadc.
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Based on this information flow it is therefore important that Design, Planning and Pur«liusc in
this phase works on the same core da a and the IT sy»tcins support this procedure ol' working.

Detailed design
Some parts of the detailed design will also begin in  he bidding phase as a ba»ii for the final

offer for the ship. After getting the contract the detailed deiign will be c<intinued and will reui<'. all the
inforination collected and defined from  he earlier phases. Therefore ho h the dciign system a<id the
administrative systems should be able to directly reuse this information and gradually refine the
inforination as well as adding new information.

One characteristic i» that from the beginning of a project very little information is kn<iwn and
during the life «ycle of thc project niore and more inf'ormation becoines avaiLable. Thii also appliei i.oeach individual material or part, iee figure 2. Pleat

Finish

Figure 2. Project li1'e cycle.

In the detailed design phase thc complete modelling of the ihip is performed and thc ai»einbly
structure is defined according to the building»tra egy made in the initial planning phai«. Much
information for the project in  his phase ii generated for Material Definition, Procurcmcnt, Pl;iiiniiig
and Production and it is therefore vi al tha  the IT systems support this process and all »ystemi uie the
same core data. If on  hc other hand the sys erns are stand-atone sy»tern» there has to be a lot of re-
typing of data with the risk of niaking errors and thi» clearly re<luire» more resourcei in all
departments,

As discussed bef<ire a ship Project is a concurrent process and therel'ore changes in dc»ign
happen all the  inie. Having go<id IT systems the consequences of changes can much morc easily bc
foreseen and actions can he taken to minirnise the probleins.

Material Definition
For the s ratcgic material needed for a project only a very smalJ part can be considered «s

ordinary stock material and reordered based on regular con»ump ion. Mo»t of the inaterial is define<i
speci ically for each individual project although they might be itandard inateriali. The materi il
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definition are performed as a part of the engineering process and concurrently when building up the
part lists for the As»embly Structure.

When the engineering process is performed as;t concurrent process it is not pos»ible to
complete the material definition and material requirements before the purchase proces» c;in bc
initiated. By reason of this it is important to focus on the right material and quantity rather than
focusing on trying Lo bulk the material requirement which most likely will change at a later stage due
to changes in plan and/or design.

The Material Definition phase mainly involves persons from design but also from purcha»ing
department. As all tnaterials defined should go through the purchasing department t'or cnquirte»,
purchase orders etc. it is important that the IT systems are integrated, i.e, all definitions made bv
design will be available for Purchase without having to retype the information.

Procurement

For the procurement process there are some characteristics for h indling a shipbuilding pioject:

~ /Veed for early purchasing of "key" items
~ /nformation required is created iteratively and fiina ntfortnation t's often only avai able a ter a

purchase contract is placed.
~ The purchasing process is very technically driven and requires tean»vork between designers and

huyers.
~ Purchase of material is ofien made before the fi'nal need-date in product'ion is decided,

The procurement process is dependent on the category of inaterial to purchase.
For project components and standard project material the purchase process is initiated by the

designers creating the technical purchase orders. The buyer can then decide to perform;in enquiry
process.

At a very early stage it is also, in some cases, necessary to do a planning of the prociirement for
the key items, i.e. based on the key ii>ilestones defined in the planning, thc need dates of the key iicrn»
can be identified, Important information for this process is therefore the definition of the key >Lcm», the
milestone planning and knowledge of lead-tiines from the Suppliers. All this information i» vital to
have available f' or the process.

For other categories of material the purchase process is initiated by dealing with requisition»
from designers and by checking the material status.

The overall philosophy is that this proces~ is partly manual perforincd. The challenge in
shipbuilding is not to have highly developed functions for reordering of »tandard catalogued item» hut
to focus on the critical itenis. The purchase process is seen a» an on-going process that collects thc
information from all different parts of the design system and the material control system.

In the procurerrtent phase the main input coines from design and it is therefore important that
the design system and the purchase order sy»tern work on the »arne core data. Using the»arne data
source can indicate for the design that the inaterial» have been purchased and maybe deliveied and
changes therefore should be handled in a special way, possibly not being performed unless it is highly
required.
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Production Planning

The planning of the work is performed as a building strategy defined through thc creation al a
work breakdown structure. Most planning is performed in steps starting with a rough schedule th ii is
refined during the phase for the basic design and inore elaborated on during the detailed design iiiid
production design phase. In the final production planning, the work orders for production are produced
based on the overall planning, the assembly parts lists generated, and the capacity and niaierials
available at a given time. For this proce»s it is of great importance that a total overview of dc»ign »tutu»
and procurement status is available. Furthermore, the progress back-reporting from produ«iion i»
important to make a» realisticly detailed planning as possible,

Production

Iii the production phase all information collected through planning, design and pra«urclilcilt
will be used for the real production. Production needs information like:

Whar ro build

~ When ro build.'

~ 1Vhere ro build.'

~ How ro build

~ Availabilirv of marerials?

AII this information is input to the production phase either for manufacturing or asscmlily. Tlie
output of inforination from production on the other hand is just as vital lor the process. 'I his is
information like progress. exact u»e of inatcrial and other resources, which materials have been u»cd
and where etc.

When high productivitv is the overall goal it i» of great importance that all this informatiari i»
stared and easily available for other departments in the company. There could for exaiiiple be;i
requirement for a change in design but in case productian has completed their part it wil! be very
difficult and expensive to rn;ike this change. In an integrated IT system the design will have tlic
production progress available and can in that way niake a better and easier judgemeni ot' tlie
consequences for a design change.

Production wiII on the other hand ai»o be able to have a better and earlier overview of the dc»ign
and in that way be able tii do better, riiorc detailed production planning even though thc final design i»
not released to production, There will he a cle;ir indication far production of whiit i» going on in ttic
design phases and action» to prevent problenis can be taken more easily when having an effc«tive lT
System.

Oelivery
In the delivery phase;dl information for design, procurement, production etc, i» ncccssaiy to

perform both the comniissioning and delivery of the vessel inventory or a»sets register  all items
included in the vessel includin ~ installatiiin information and procurement information!.

Collecting this intorm;ition can be difficult as this information is traditionally stored in many
different systems and the question is really: "where is the master?".

Therefore good I'l support for this process is very important and an integrated solutioii v'ill be
of great importance in order to do an easier and more consistent lob,
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Different principles for 1T system integration and co-existence

Principles
The integration of IT systems can be done according to a nuinber of tcchnical principles. These

principles are varyingly suitable for different cases, The implementation cost, the organisatio»al and
supplier dependencie~ as well as the maintenance and amount of automation will not be the sante. The
principles can be applied in varying ways and also be combined within one irnplenientation. Four
different integration principles will be described. These are thc following:
~ File transfer
~ Process-to-proces» communication
~ APl

Common database

File Transfer Principle
The f'ile Transfer principle nieans that data is exported front onc system and iniportccl into

another. This is in principle a copy operation and can he considered a release mechanism. Thc file
format can bc either a standard or custom data forrrrat. It is also possible to generate prograr» files that
are to operate on the target system's data rather than data files, exaniples of which arc SQL, Java.
system specific scripting etc. A problem with standard forniats can bc that they normally exist in
different versions and levels, This can especially be a problem if the exporting systeni supports a later
version or higher level.

When data is exporterI, certain criteria are usually applied io the base data in order to select the
records or objects to be liandled. This means that the selection of data for transfer usually is the
responsibility of the exporting system, The selection can be pcrforrncd in different ways, of w hich onc
is to automatically handle transactions. These can be recorded by setting a flag on the system dat;i
when changes are made. The flag can later be used as a criterion for transfer and will thereafter be reset
when the export has taken place. This is however a mode of operation that is sensitive to lost data.
which can occur if a i.ransaction file is never imported into thc receiving system due to manual oi
computer system error. Any following files will not contain the Inst transactions, so an inconsiste»c!
will occur. It will be difficult to find and re-transfer the lost data. If instead the transfer file each time
consists of a total copy of the exporting system's data, the incorisistency will not occur, 'I'his mcthocI
will however mean that large amounts of unnecessary data are transferred each time. Apart from  hc
automatic selection method described above there is also z possibility to manually select the data to b<
transferred which will make the responsibility for data consistency to lie in manual routines.

Sometimes an in-between processing or manual editing is applied to the file before it i.'
inrported to the receiving system. The processing can for instance be a conversion between diffcren',
file formats, appending data from another source or applying a ge»eral c;dculation onto t.he data.
When the file is read into the receiving system, a validation process is usually applied, which means
that some records or objects might be rejected or imported with a non-valid status. In t.he worst case
the import operation will be interrupted, or thc whole file will be rejected. Thc process to correct the
data and rc-transfer the rejected records can be done more or les» autonratic, but most often relics o» a
human operator to take corrective action,

Thc file transfer principle can be further automated on both the exporting as wcII as on thc
importing systenis side, I'hc sending system can for instance write I'iles automatically or> regul'ir
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intervals or when certain events occur in thc system. When a tile is written, an it»porting process ot the
receiving system can be activated by the sending system. There is also a possibility that thc rcccivi»g
system can be polling a certain directory for new files at regular intervals and then import and delete
them.

lf the sending and receiving systems reside on different. platforms or in different loc.iiioni,
there are  nethods to distribute the data automatically, among these are shared networl. disks, scripted
FTP or email.

File Transfer Principle Conclasion
An advantage of the file transfer principle is that it does not require very much irnplemen<at»in

effort, especially on the sending systeros side. Il' s andard file formats can be used, there is some ii»cs
no need for any irnplerncntation work at all in order to transfer da a between two systems.
The major drawbacki are  hat it is not on-line, importing validation and correction of data can be error-
prone and cause a high degree of manual intervention.

Process-to-Process Communication Principle

The Process-to-Procesi Communic;  ion principle means that running prograi»» and proceiiei
communicate and transfer data in rea] time. This requires an agreed application protocol;ind muii
normally be based on a common networking principle! ike TCP/IP.

Process-to-process comi>nunication can be i»ade more immediate than file transfer, and cii»
support transactions. By transactions is meant that transfer of data can be directly performed upon diitii
updating events or release operations. The transaction will then require an acknowledgement from ihc
other system before it is iucceiif'ully terminated. If the other system will »ot give a correct. resp<>nsc, or
not respond at all, the transac ion will not be carried through and the sending system will know thai ilie
data was not correc ly transferred. This reveal» a drawback with thc proccsi-to-process cornrnunicaiion
principle, where thc systems v.'ill be dependent on each other for successful operation. The malfunc>ion
of one system or a coinmunication disruption will render the other system unusable. There are complc~
schemes to circumvent this situation. For instance can transactions be buffered and batch updated
when the communication hai been re-cstabl>shed. This can however cause difficult situations il ii
buffered transaction will bc rejected by the receiving system.

The proceis-to-procesi communication can be implemented on difterent levels of abstriictir>n.
High level principles include such meth<xls ai object brokers, i»essaging, application ierver protocols
etc. On a lower level, more direct network prograroming principles can be used, such as sockets,
nun ed pipes, RPC and DCOlvI.

The protocols and principlci involved in process-to-process corninunication arc ol'ten
applicable on both LAN;»  Local Area Networks! as well as WAN:s  Wide Area Networks!, 'l'liii
means that technology like ISDN, Internet and VPN  Virtual Private Networks! can be used l'or
communication between systems in physically distant locations, even in differen  parti of the world.

Process-to-Process Communication Principle Conclusion
Process-to-Proccis Co »munication offers an advanced and highly func ional principle lor

iystern integration, with the especial characteristic of being able to handle on-line transac<.iorii The
main downside ii the dependency between systems that is created,

83



API Principle
The API principle tneans that a system publishes an Application Progranzning Interface that

can be used by progranuner». This can be exploited in different ways and can also be combined with
other principles, One way to use the API principle is to write a progratn that uses both Al I;s and
transfers data between systetris by using the API calls when the. program is executed, An API could
also be used to create a file that i» liandled according to the file transfer principle, or to transfer data
using proce»s-to-process communication.

Sotnetimes API:s support event handling in the form of event procedures, hooks or user exit
mechanisms. In this case a programmer can create code that i» activa cd upon system events which
activates a function v, ithin the receiving system or transfers data, A problem with event handling i»
that the progratntner must normally have a complete and deep know]edge of the whole API and event
machinery of the sy»tern. Sometimes events can occur in an unexpected order, or dilfcrent user
interaction alternative» can cause different events even if the operation performed in the»y» cm i» ttic
same, This is especially important if transactions are involved.

On the tcchnical level API: » often require that thc user of the API rnu»t compile and link hi»
own programtning together with libraries supplied by the system vendor, This can cause problem»
related to operating system versions, compiler and linker setting» etc. The linking procedure mu»t often
be re-made when a new version of the system is instal]ed. Changes to the API may also require majot
re-progratnming. Most suppliers of systems that include an API I'or cu»torner u»e however try to keep
the elements of the API as constant as possible, and rather introduce a new interface than changing an
existing one.

API Principle Conclttsion
The API principle offers a very powerful way integrate system» giving possibilities for a high

functionality and degree ol' customi»ation. This is however highly dependent on the compJetene»» and
level of functionality offered by the API. It is also possible to combine with other principl».
Drawbacks of the API principle are that it requires programming and API knowledge, and that it can
cause a high level of maintenance if API: » are changed.

Common Database Principle
The Common Database principle means that all involved»ystems operate on the»an>e database.

In this way there will not be any duplication of data. Some entitics in this database can be con»idercd
private to each system and some entities can be common. The common entities can be made up of u
common attribute set which is known to all involved applications, and also some specific attribute set».
which are only handled by their owner application.

Common application logic can be applied to the data by means of stored database procedure.
and triggers, These can also be used for handling replication within the databa»e.
A further detailing of the requirements for»ystent integration based on the common database priticiplc
will be discussed further down in this document.



Common Database Principle Conclusion

A main advantage of  hc common database principle is that it is not based on data redundancy.
which will remove the risk for inconsistencies. A drawback is that all involved systems will bc hi ~hlv
dependent on the availability of the database,

Degree of Speeialisation
The principles and possibili ies for IT system integration can be categorised in diff'crcnt v'ay».

one of which is degree of specialisation.
In the category of Integration Based on Standards we find» andard file exchange;ind

program formats, like STEP, DXF,  C~ES, EDIFACT e c, If any of  hese lormats are used, the
exporting system does no  need to know any hing about the system into which the d;i a should l;iter he
imported, and vice versa. There are also standard formats that can be used to carry system-»pecific
information, which really do not fall into this category. These are formats like CSV, SQI. e',c. 11
system integration based on s andards can provide an effortless and lov cost v'ay lorward, but often
requires manual rou ine», give» a loav functionality and  nake» adap ation to specific requircineiiis
difi'icult,

The category of Integration Based on Commercial Products includes systems having ready
made interfaces for  narke  leading vendor products, like materials»ys eras having a ready n>adc
interface for a specil>c tinancial or phinning system. It could also be in form of middlcwarc fron> a
third party supplier. Here we find both file transfers as well as process cormnunication and comnion
database. These in egra ion solutions often provide a high functionality that i» well adapted io itic
specific sys ems. A drawback could be that custornisations and adaptations of the systems to specific
cus orner demands may require involving several system suppliers.

Another category is Custom Developed Integration, which includes highly speciali»ed
interfaces developed within organisations for internal usc. Can be between different bought-in»ystcm»
using proprietary formats or between own developed and bought-in sys ems. These could bc base� o>1
flile transfers, API:s, process communication and common database. Custom devclopcd in egration
provides a high compliance v ith business process needs, bu  at a high cost. This is ai»o very sensit>ie
 o change, where thc system suppliers will not consider any speciflc customer functionality inaking a
new version of the systein.

Organisational Units
Between different companies, like suppliers, subcontractors and partners ii is difficult to

arrange specialised solutions. This is also affected by the fact that the players in this area change ntore
frequently than within an organisation. In this case one must rely on standardised and relatively low
complexity integration. Apart from the technical issues, there are also other difficulties in the area i>f
data standards like naming, enti y representation etc. Information flow issues like version handling can
also be difficult to manage.

Within a company,  he organisational units like departments, project teams and subsidiaries
can use more sophis icated and specialised solutions. Systems can be developed and adapted  o lo»g
run business process advantage. Overall decision-making organs can set own naming standards anti
define information flow according to processes in the entire company. In this scenario, all degree» ot
speciali»ation can be applied where appropriate, There are also examples of large organisations where
the above scenario i» only valid within subordinate organisa ional unit», but not within thc wltolc
organisation as such.



Example of Integration Project

During the last seven years Kockunis Computer System»  KCS! in Sweden and Ixrgimatic
 LMC! in Denmark have had a close co-operation, which also includes an integration of thc two
products, TRIBON  Design Systetn! and MARS  Material- and prodLiction Management Sy»tern!, The
MARS system is also a member ol the TRIBON product family and then known as 'TRIBON
Materials". Various interfaces using the principle of "File Tranifer" rather than an integration h;ii in
this period been iinpleincnted. These interfaces have n>ainly been handiing thc Material Definition part
and to a very small extent also some parts of the asseinbly structure. The interface has only been.i one-
way comniunication,

ln spring 1998 KCS and LMC had the oppotcunity to develop a real integrated solution with the
principle of a "Common Database" together with a customer. Thc project was described, discussed and
outlined through a January and February 1998 and based on this the lina1 project wai »ct-up and started
medio 1998.

At this point in tiine the implementation of the solution is being done and the lirst parts of it has
been de1ivered and made ready for production stari. The coinpletc project is scheduled to be finaliied
in year 2000 but with the main focus on deliveries medio 1999.

The integration concept
The concept for the integrated solution i» to have a common database for engineering and

production including all procurement and logistic information, I'hc base is an ORACLE databaie to
which both systems will read, write and update the data. In addition. it will be possible for. the
custoiner to store their own data, see ligure 3.

MARS TRIBGN

I'igure 3. Common data source.
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In the cornrnon database thc da a for materials, project components, part lists  assembly
structure!, project items  unique tagged instances of all used materials/project contponents! and all
production information will be stored. Furthermore, the custorncr can store data for the Comiiiis»ioning
and Assets Register as all the other data is really the basis for these two sets of data. All othei dat;i
handled by the Material- and Production lVlar<agement System will of course also be a part of this
cominon ORACLF. database.

Material Definition
The Material Definition in the new concept is possible within both systcnis. A rriatcrial c:in he

defined in the design system with all technical attributes, completed in the materials systcrzi with ill
niaterials attributes and then later on be maintained from both systems v ith all integrity checks fioiii
both systems taken into account. The same principle applies for starting in the niaterial» system and
completing the definition in the design system.

There will as described earlier be a possibility to define both project materials and»tand;ird
stock materials in both systems. However for some stock m;iterial it is possible to niark these as not
being of interest for thc design, e,g, consuinables within the shipyard. These materials will not be
availablc in thc design systeni.

Proj ect Items
In the integration project the tenn Project Items has been defined, Project Itcrns is the unique

tagged instances of all used materials/project components to be used in building the vessel. Fxaniplc»
of these are machinery, equipment, pipes, cables, cableways and outfitting steel. Hull steel pari» .<re
also included in the concept, but the main focus is on thc outfitting»idc, which from a process point ol'
view is more complex. Soinc items will exist as one instance during the whole life cycle, v bile others
will occur as different entities at different poi~ts in tinie. For instance, a machinery or equipnient item
will exist from beginning to end, while a system-oriented pipe <ibjcct will occur during product
modelling and the correspondirig pipe spools will occur when that part of the model ha» been finali»cd
and released for production.

In the material and production control systems thc type of Project Items that v ill bc purcha»cJ
as individuals will be referred in the Purchase Orders to make it possible to identify the procurcmiat
status for these items. The morc inodel-related items such as piping, ventilation and cableway» c;in he
used for forecasting of standaril niatcrial and project component usage. The production type items such
as machinery, equipment, pipe spools, ventilation spools and cableway parts will bc menibers <il ihc
common as»ernbly structure and will be the basis for the generation of Work Orders for prefahrication,
assenibly and installation.

Assembly Structure
All data for the assembly structure will be generated in the design application and stored in i.hc

common database. There v ill also be defined a grouping ot project items according to discipline and
logistics handling. The Assembly Part Lists in the materials and production control application will
then directly read these dala fiom the»zmc source and this v ill be used for generating Woik Orders.
Delivery Request Lis » and purchase of stock m iteri;il.
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Procurement Data

The procurement data is very impoitant for the entire process both in term of knowing if the
items have been purchased but also to know when they are going to be delivered. For the final usage in
production the procurement status is a control parameter for knowing if the production of a certain part
of the assembly structure can be initiated or changes in production schedule has to be inade.

All these information will be. available front the Purchase Module in the common database for
this project and there will for each project item be shown thc current procurement status  technical
requested, purchase order send or delivered!.

The procurement status will as well have influence on design, e,g, if the status is "purchase
order sent" the tcchnical details like material reference cannot be changed without having thc
procurement department changing the purchase order as well.

All in all this will give more consistent data for all main processes involved in the building of
the vessel.

Production Data

8ascd on the assenibly structure the detailed work planning can be performed througfi the
production Control Module. In this module the Work Orders for the different jobs are created. In the
assembly structure the items has been grouped in logical production groups and these can be I'urther
refined in the work orders, i.c. having different operations with reference to the items/materials need
for each operation.

After completing tlic manufacturing or assembly the progress is back-reported through
functions in the production control module and the production status for e;ich project item will bc
changed according to this. As a consequence of this it is possible to get a very good overview of the
overall progress as well as the progress for individual parts in the process.

The production data and functions are available for all the different item going to be used in the
building process, i.e, both outfitting and hull parts.

Customer Data
The customer data in the common database is mainly generated and added by the custoiiier's

own applications. It can however also be information generated by various suppliers of either design or
materials,

These data will not directly be stored in the data areas for the materials or design system but
can be add-ons or additional data belonging to the shipbuilding process. Exaniples of this can be
detailed hour reporting, fin;incial data, coinrnissioning data, other test dat;i etc,



Requirements for Integration By Means of a Common Database

Vsing a coinmon database as the integration method gives some rcquireinents in the foll<>win ~
areas.

Functionality
A cominon database especially requires functionality in thc are;i ol data inanagement. When

data is stored in one place, there can be no implicit release mechanism by using e.g. a file transfer. This
r»ust then be handled by using status information, release mechanisn>s and access control. Certain
operations should not be possible to perform in one syster», when another systein has sct. a certain
status. Version handling can also bc considered, as organisational units might operate on thc sai»e b;isc
data, whereas they previously could >naintain different versions by ci>»trolling the tr;insfcr of data
betwccn different database instances,

Conventions regarding naining standards and storage forinats such as attribute lengths and dat,i
types etc. must he agreed between the involved systein suppliers. There is also a possibility ti> usc
common tables for listing and verification of allowed input values.

Run-time environment

As the common database will play a very central role in the organisation, iI is important io plan
for using reliable hardware and system software, perhaps also including back-up hardv are a»d
en>ergency plans, The performance of the database server and network will also bc quite i»>porta>>t
since there will be i»any simultaneous applications and users accessing the cotnmon database.

Supplier dependencies
When the commo» dai ibase principle is used with bought-in system», it is important to get a

commitment from the stippliers of these regarding long-term co-oper;iiiu» in product structure. ncw
releases, integration testi»g etc.

There is usually also a requireinent for thc different systems to operate as stand-alone when thc
integration is not used, which gives the rcquircmcnt that any integrationspecific tunctionality shoulil
be isolated and not vital for the overall l'unctionality of the systein. Thi» is really thc rni»t difi'icult
requirement as it often can be in opposition to integration functionality rcquirernents.

Documentation

A further advantage ol' using;i con>mon database is that custon>ers and users can dcveli>p
applications using direct dat ibase access, provided that the datiibasc is a comrnerci;il easy-access
product like a standard relational database. This will give further requircme»ts for docurnentatio» of
the da a model and structures iised.
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Conclusion

Integration of lY»ystern» in shipbuilding can provide great business advantages in many area».
As new products, standards and techniques evolve, there are many possibilities for advanced
functionality. Thi» however requires that the organisation and busines» processes are adapted, and
often needs to he changed. The specific example of using a common databa»e a» the foundation for
integration can con»titute a powerful and highly functional solution.
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NEW OBJECT ORIENTED CAD TECHNOI OGY,
AND ITS IMPACT ON SHIPBOARD

PIPING & POWER PLANT DESIGN

Rick C.'arell, RebisIndustrial 8'orkgroup Software, Walnut Creek, C3

Introduction

This paper describes current trends in Computer Aided Design CAD tools for shipboard
piping and plant design. ln particular, we provide an overview of object oriented prograinming,
component technology, and how this technology is irnplernented to solve specific ship design piping
problems.

Competitive pressures to reduce construction schedules and cost have drastically a/tered
shipbuilding methods over the past decade. Traditional practices of building up from the keel have
been displaced by a modular approach, where of large vessel sections or blocks are joined together.
Computer Aided Design  CAD! tools such a 3-D solid or surface modeling greatly facilitates block
design of ships, by improving the accuracy by which individual sections ot the vessel fit together. A
sample CAD model of a vessel bow section appears in Figure 1 below.

Figure 1
Modular construction enables complex assembly operations to occur in controlled

environments and enables ship outfitting to occur concurrently with fabrication of the structure,
Outfitting is the installation of parts such as pipes, electric cable tray and equipment m the ship
structure. Each ship contains a coinplete power plant mside the hull, making piping a major cos 
item. A single VLCC may require over 10,000 pipe supports and hangers.

Pre-Outfitting
Pre-outfitting is the complete or partial assembly of piping and related coinponents in blocks

in advance of erection on the dock, Pre-outfitting reduces the need to perform dangerous work in
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high places and proinotes shipbuilding efficiency. '1 he Korean shipbuilders Daewoo and Hyundai,
and the US Navy have established themselves as leaders in pre-outfitting techniques. Pre-outfitting is
an ideal application for 3-D CAD, and the major yards have developed proprietary systems or
adapted elements of commercial CAD systems. High spatial density in the ship block complicates
design process, resultmg in costly interferences between pipe, HVAC, and the vessel structure.

Component Technology

From a CAD technology standpoint, two major types of functionality are required: Solid and
Surface Modeling. ACIS is a widely adopted Solid Modeling kernel. Solid Modeling is highly
developed for equipment, piping or duct design; using 3D primitives linked to a database. The ship
hull design emplIoys Surface Modeling, where geometric characteristics are entered numerically to
generate Bezier surfaces. Many CAD engines have evolved different levels of support for NURBS
 Non-Uniform Rational B-Spline! entities to describe compiex surfaces.

Numerous commercial and proprietary software for hull design, hydrostatic calculations,
accoinmodation layout, parametric equipment modeling, plate nesting, and NC tool path generation
have been developed for shipbuilding CAD/CAM applications; each with it's particular strengths and
weaknesses, Many coinpanies have invested heavily to create coniplex systems which span the full
scope of ship design. Large "inonolithic" program structures are fragile and difficult to maintain, lt
is very difficult to isolate specific functions affected by changes in the general environment, say
Windows 98 and the underlying CAD engine.

Mirroring the ship design process itself, modular software design or use of component
technology is the answer to these problems. The concept goes back to the start of the industrial
revolution, with the advent of interchangeable parts in firearms manufacturing. Building code from
paris, not from scratch offers a means to speed development cycles and improve software reliability.

In the hardware industry, componentization has long been a driving force for improvement.
Chips are placed on boards, which are subsumed into new microprocessors, interconnected v ith other
rnicroprocessors on new boards, etc. Interconnections are driven by standard interfaces such as
RS232, SCSI, PCMIA. etc. A lack of similar, practical standards for assembling code has iinpeded
development of coinponent technology in the software industry.

Object Benefits
Object oriented programming or component technology has been discussed in the literature

for 20 years as a solution to these problems. On large programs, developers often duplicate efforts
wnting tools. Even with the best intentions, schedule pressures force programming groups to "hack"'
out solutions to meet deadlines. Studies show less than 10'to of code is re-used on a typical project.
Modular design is logical but takes extensive planning and effort. It is iinportant to create a "culture
of re-use" to insure thc programming team embraces the component method. The main benefits of
component technology are:

~ Plug & Play
Interoperability

e Co-existence

~ Portability
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Plug and play is a concept where you can build to order a complete system out of off the
shelf components, Interopcrability enables different systems can communicate or exchange data by
virtue of standardized interfaces. Seamless integration between Solid and Surface Modeling
technologies is difficuIt to achieve in practice. Users can replace individual components due to
environmental or commercial considerations without impacting overall system performance. In the
AutoCAD paradigm, in which we operate, the external reference  XREF! function enables us to
embed or review complex NURBS topology of the hull as a unit background for interference
detection with the piping and equipment. Hy virtue of standardized DXF or IGES interfaces, v c can
inter-operate with hull geometry created by other CAD engines.

Component technology improves your ability to co-exist with legacy applications. In the
marine piping arena, there are many highly specialized applications that are impractical to port to
modern languages. Rebis supports the Isogen interface, a FORTRAN application initially developed
in the early 70's that features unique 2D to 3D de-scaling and presentation algorithms.

Portability is a key requirement for any developer to maintain market share. With proper
component design, it is possible to support niultiple CAD environments. This requires isolation of
basic graphic instructions that can be interpreted by different engines, such as AutoCAD or
MicroStation,

Development Starrdards
Development of component standards for software is a critical need. Two competing

approaches exist, as shown in Table 1 below.

Table ll. Competing Standards

The Object Management Group is a consortium of 650 software companies, and provides the
leading standard for distributed components. The Corba standard is popular with large Enterprise
Requirements Planning ERP systems like SAP or Baan, Microsoft is not a member, and offers a
competitive alternative COM. COM is the de-facto standard given it's implementation on everi
Windows seat sold. COM is in use on over 150 million systems world wide. A growing market of
off the shelf COM components is growing rapidly, and estimated to be over $410 million dollars
excluding Microsoft

Rebis has selected the COM standard as the most practica! technology available for Windows
NT, the preferred environment for our customers. The history of COM lies in object linking and
embedding. This is a technique enables you to insert, or "drag and drop" a portion of a spreadsheet in
a word processing file creating a compound document, OLE facilities were extended in 1993 and
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<cnam< d  .'Ok'l. r' OM clitntnatcd the need to t>pert a scnatatc applic;ition wind<>v tt> edit an ctr.ncddcd
ob!cct in a compound documcn , accessing it directly. >It''i h ihc atlvctit t>f  he internet, Micros<>ft
'11 roduccd Act tvcX, or minimalist objects, '1'he overall s  >»dard w<ts rename   t! 'OM in 1 9'�  <'
<of lee< "C' !M on a wire'", or extension of the standard tn a higt>ly t>etw<>r'kcd environment.

COM Features

COM cornponcn s which provide services or f'unct! >nali y to <>ther oblccts are called servers.
Tl>c t>t>jcct or ipplication using the service is called the client. '1 h» main features of thc  .'OM standard
in:l <de

f.<>c;ttiot< transparency
Laflg titlge ! Ildc pendcnce
I<;>ht<s!' verstoning!vfulttpte network transports Local

~ l Client

1. tgurc 2 Location '1 ransparcnc;

Location transparency means a COM object does not need to know where it resides. '1 herc are three
t> pcs of client server relationships, fn-Process, Local. and Rctr>otc as shown in l !guru 2. An I»-
"rr>cess ct>mponent resides inside the client address space. 1 or exaniple, Rehts prt>vides V>su;tl 13astc
.I>ah>g box components that operate within thc Autos,'AB process which enable the user to
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enter or review object data. If AutoCAD is terminated, so is the Visual Basic application. A loca!
component resides on the same computer as the client component, but operate independently of eacli
other's address space, An exainple of local components would be running ODBC calls to an external
database, outside of the AutoCAD design application, We are currently using these techniques to
develop interfaces from our CAD application to stand alone engineering analysis or calculation
programs. Remote coinponents reside elsewhere on the network or Internet. A good example of
remote COM components would be interaction of Rebis applications via a PDM or document
management application, such as Docurnentuin.

Language independence is a critical requirement for assembling complex systeins. COM
Objects can be written m many different languages, C++, Visual Basic, etc. Rebis currently uses the
Summit Visual Basic scripting language, pnmarily due to commercial licensing, however this could
be replaced with the MicrosoA VBA language at a later time. In the past, Rebis applications were
developed using AutoLisp, which ran only in conjunction with the AutoCAD engine. In addition to 3
million trained VBA programmers, the ability to embed VBA applications inside AutoCAD, Access,
or any other COM compliant applications promotes extension of the system and facilitates integratioii
with in house programs.

Traditional sofbvare deveiopment practices require you to re-build executables and
dependencies each time you add new functions, This is equivalent to re-building the engine of the car
just to change tires. Robust versioning enables the developer to add new functionality to a module so
that it can support different versions of thc same software, Our clients often engage in long term
prospects where it is impractical to upgrade versions mid stream. COM design principles enable users
to modify characteristics of individual objects, say a valve, without recompiling the entire
appl ication.

Las , COM supports thc broadest range of iietwork architecturcs. Versions arc now available
to support UNIX applications, !'CP IP, and the latest FITTP web teclmologies.

Figure 3 Real World Piping Coinponents
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Object Oriented Programming

COM supports object oriented programming techniques. The goal of object oriented
programming is to write soflware the way individuals think in the real world; rather than a procedural
language more suited to mimic the logic of a computer. Lets consider the following real world
components involved in marine piping design shown in the Figure 3.

Pulled Pipe Object
In order to minimize leakage and insure structural integrity, marine piping minimizes 1langcd

connections and welded joints. This favors selection of multiple pipe bends to change elevation or
direction, often at non-orthogonal angles in order to follow the sculptured outline of the hull. These
pulled pipe segments are made with multiple bend and turn operations on the bending machine, in the
maximum length possible to fit into the vessel block. Each shipyard has various design practices,
based on their bending machines, to determine the allowable clamp length = A, fixed block length =
C, and mimmum straight distance between adjacent bends � 8.

ln response to customer demand, Rebis has developed a new Pulled Pipe  multi-bend! object
io reflect marme design and construction practice. Pulled pipe is ireated as an individual object with
multiple pipe bends and straight sections. Pulled pipe enabies user to route a piping center lines
using all the features of alignment, reference points etc, to traverse deck levels, avoid obstructions,
and follow vessel curvature, A main benefit of the centerline routing scheme is to simplify
calculation of bend angle, which is determined automatically from the polyline vertices.

Object Properties
The object paradigm has been around for many years, and can result in spirited discussions

between programmers on whether the application is fully compliant. The three main characteristics
o f an object oriented program are:

~ Encapsulation
Inheritance

~ Polymorphism

Kncapsuiation
Encapsulation specifies the code is combined with related data ro completely define an object.

Objects contain public interfaces through which data can be accessed. An interface is a contract
between components to provide a set of related operations called methods. An interface defines
expected behavior of the object. Each interface is defined by one or more methods, Interfaces for the
real wor1d objects described are shown in Figure 4,

inheritance
Objects are grouped into classes. ln our design strategy, Pipe, Pipe Bends, and Pulled Pipe have

many similar characteristics and are members of the same class: Cieneral Pipe Components.
inheritance is a means to re-use code effectively, by creating or deriving new objects from others,
This is especially useful when an existing class has most of the functionality required; but lack»
certain desirable features
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All COM objects support the base interface I Unknow~, from which all other interfaces are
derived. In the example shown, a Pipe object has a several interfaces, including I Draw to display the
component, I Orient which governs orientation in the XY plane, I Speckey, which retrieves data from
the specification database, and I Length, which determines the pipe length from user input.

Figure 4 Object Classes and Interfaces

The Pipe Bend is derived from the Pipe object, with identical I Spcckey and I Orient methods
to retrieve non-graphic descriptive attributes and orient the bend in the XY plane. However, thc
I Length interface  I! of the Pipe Bend contains custom methods to calculate thc two straight A + C
legs plus the bend radius. An I Input method exists to display a Visual Basic dialog box to allow the
user to specify bend radius �R, 5R! value,
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The Pulled Pipe object is derived from the Pipe Bend object, It shares identical I Speckey
interfaces with Pipe and Pipe Bend, but has no I Orient interface because it's orientation is determined
from a user spec~fied centerline using the I Cline interface. The I Input and I Length methods are
slightly different from Pipe Bend to reflect calculation of multiple straight and bent sections, and
enable the user to input a different bend radius at each vertex.

One of the benefits of object oriented design is extensibility beyond the initial specification. To
insure manufacturing of the Pulled Pipe piece, we can add a validation interface to check the distances
A, B, k C against yard standards.

Figure 5 Polymorphic Behavior

Polymorphisrn
Polymorphism enables programmers to generalize their code, or adapt it to a wide range of

applications. The classic example of polymorphism is the Start or Go mechanism. It may be first
designed for a Car class, and later extended for an Airplane or Boat class. In the Rebis COM model,
certain interfaces such as I Draw are mvoked by various applications such as the AutoCAD piping
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module as weil as the thiru party walkiiirough anu visuaiizaiiiin programs, !'oiymorphic beha~ ior ot
our real world pipe obJect is shown in Figurc

Other visualization packages can be supported with I Draw, .ir explicit methods such as
I Pcf out  ISOGIiN fomiat!, or I Jsrn out  PlantSpace forniat! can be added to t' he object using th»
Rebis Class Editor., Non Graphic or descriptive information about part numi.ers or labor rates can bc
extracted from an ODBC database using the I Spcckey or relateci meihods. Currently, the company
einploys a generic file transform util.ity, I Pxf out for exchange of data between design and analysis
applications, or supply geonietric inf'urniation to NC or bending niachines. As STEP gains
popularity, we can quickly extend the object niodel for a I STEP out.

Why Use Components?

In the coinpetitive engineering soitwarc industry. vendors niusi rcacl. quickly to changes in
system software and rapidly add required functionality. Cons~der what has happened to thc markci
position of Novell m netv orkiiig; Netscape m Hrowsers. Borland in PC database, WordPerfect in iexi
processing, or the phenomenal rise Internet applications to name several examples. Adopting
component tcchnoiogy is critical to our overall business strategy for tlie toilowing reasons:

'increasing apphcation complexity
~ Faster developmeni urn»

Easier to dc-bug and icsi.

~ Reduce integt ation k. maintenance

There has been a treinendous mcrease in the availability ot off thc shelf COM software
products suitable for use iri plant design apphcaiions. Studies indicate a $4 i  ! million do! lar market.
in COM products outside ot Microsoft. Rebis employ s many coniponents, such as Crystal Reports
for BOivt production, OWG unplugged ior viewing CAD tiles, Access or VisualFox for database,
Summit for scripting etc, i hese inodulcs can hc rcnlaced for cotiimcrclal oi' tcchnical reasons
without re-writing the entire apphcation I' or example, Access can be replaced with S !i.-server for
large proJects, or visual basic ciide can b» converted to Java script for v cb compatibiliiy.

Specific features applicable I' or siiipbuilding, such as Pulled Pipe. are important to the cnd
users. I iowever, feature wars ivill not dctcrminc success in today's complex shipbuilding coniputing
environrncm. I'nstcad, chcnts arc iooking tor systems which fit into th<:ir over all IT infrastructure,
and have room to grow. Rcbis views it s support of cornponcnt tcchnolog>. and the COM
architecture, as a key diffcrentiaior in tbc engineering software in ukci.





IMPROVING QUALITY IN THE SHIP MACHINERY OUTFITTING
PROJECTS WITH EFFICIENT USE OF GLOBAL COMPUTFR NETWORKS

Mr. Lauri 'I', V.osomaa, I Iomatic Ov, 'I'url u, Finland

Abstract

In this paper a»ystematic approach to ship inachinery outfitting projects i» de»crihe<l;u<d
problems with information qu;ility and sccuritv arc discussed.

The time available for designing and building a ship is continuously getting shorter. ht tlie
s;use time thc machine<p systenis are getting inore complicated, Morc accurate design is demanded
due to prefabrication and smaller space available for thc machinery, I'his development requires
systematic and efficient approach to take care that the demanded design quality is achieved «nd the
amount of mistakes and repairing work in construction phase is rninimised. A proposal for a solution
with standard Windows NT environment and modern 3D engineering software is described and
examples ot details are given,

The basic problem is to take care that all design is based on latest documents, even when the
design work is physically done in several different locations. On the other hand, all information is not
needed by each designer in each design office. 'foo much information makes it difficult to Iind out
which is really important for the design. 'Ihe solution is to create such an information and archi<c
systein, that each designer has access to information he is supposed to need. and the design is as lai as
possible done in a real time 3D-model visible for a1l concerned. The new C<lobal engineering network
 C<EN! is described in the paper, It has following major iinpacts to the quality of engineeri<i�
compl icated inachinery areas;
~ Information flow becomes accurate and efficient

~ Modifications due to v rong information bccoinc obsolete
~ System may be physically located in different places and the model i» updated cia global

network

~ System takes care that updates to the model can be done only to such objects, which are
allowed to be changed by the user concerned

~ In the model designer builds a machinery system or a room choosing, objects froin a co<np<>nein
library, which is done for each custo<ner and each project separately. This makes it aim«si
impossible to choose a <vrong coniponent or object if the library is carefully buiit and updated

~ Time and material is used et'ticiently during both design and construction phases

Steps of a ship machinery outfitting project

Ship design work is normally done in scvcral phases. Each design phase is based oii previous
but is morc detailed and accura c than previous. Tools, programs and thus file formats used in different
phases are also different. Links betwccii programs are often totally missing or unreliable, Most of ilute
design hours are used in basic design;ind work shop drawings design. Ship niachincry outfitting design
is here understood to be the design work which is needed to produ.ce workshop drawings Ior
shipyard. Scope of work in these projects is normally to produce workshop drawings for production
purposes, and sometimes also system diagrains, of a certain area.
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I.'igure 1. Systems in the engine room and the machinery casings of a supply vessel

Producing workshop drawings proceeds v ith following main steps:

1. Project organisation is established  Responsibilities, resources ctc.!
2, Project archives and work procedures are created
3. Material determined in system diagrams is moved to NLJPAS-CADMATIC system by sistern
4. Standard components are modelled in NUPAS-CADMATIC
5. The model of the hull structures  or a part of it! is updated by the steel design department
6. 1'reliminary routing diagram is done for piping and air ducts deck hy deck
7, Big components and hig pipes, pipes with slope, air ducts. lift beams, cable trays. and pipes ol

expensive ntaterial are model! ed.
8. Penetrations, openings and possible changes to hull structure are agreed with steel design
9, Sketch of penetration locations is sent to design area neighhours for commenting
10. Pipes and equipment in fixed tanks are modelled
11. Modules are modelled if equipment data is available
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12, Smal! pipes, cable trays etc. are modelled
13. First drawings of prefabricated pipes and modules are delivered
14. First layout drav:ings are delivered
15, Other drav;ings and material lists are continuously delivered
16. Model is continuously upd ited and drav ings are revised
17. As built drav ings are delivered
18. Project is closed and archives arc stored

Figure 2. Piping and air ducts in a HVAC room of a cruise ship

This process is not really happening step by step, Almost all phases are still going on at the cnd of the
project, Thus it is clearly scen that data rnanagctnent. plays an important role in this kind ol'work.
That is why benefits of electric archives and a 3D model are so evident,

Of course the project has to bc cojnplicated enough to make respectively heavy information
managing system described herc to be worthwhile. Complicity is combination nf time available.



complexity of the area and of'course number of design teams and design offices conducting the work.
Due to short design and building tiines multiple design oftices in a same project has become a normal
practice. Typical areas for one project are for example engine rooms and HVAC rooms  Fig l,2!,
which are probably the inost difficult machinery areas. Having several offices from different cultures
doing same project simultaneously is a huge challenge for project management and also for individual
designers, Each unit has to work strictly as quality instructions require to ensure fluent progress of a
project. The design process is herc described from the main designers point of view, The niain design
contractor is responsible for the design quality and is thus also the one who develops and updates the
information archives and design procedure.

Information flow

Figure 3. Information flow in a ship machinery outfitting project

Building a ship in a short time requires simultaneous design and construction work. Frorii the
designers point of view this means that work has to be done with continuously changing basic
information and still drawings and material lists have to be based on latest drawings and diagrams.
Also data given to production has to be given as early as possible. This means e.g, that location of th»
penetrations in bulkheads is required before pipelines are even designed. However all data produced in
a project aims to one result: a well done ship built with low costs and delivered in time,
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This goal is achieved with rational information flow between each design phase and construction ai>d
also between different design disciplines and designers. Fluent information flow makes possible
prompt commenting of design and also fast approving and delivery of' drawings. It also helps to
purchase material at right time with correct information. In a machinery outfitting project input data
consists of hull structures, main equipment, yard material standards and rules. After choosing auxiliary
equipment component vendors and their drawings become an important data source. All tlata is
connected together by designers. The result of the work is v orkshop drawings and material lists and at
last as built drawings, The material lists can be linked to purchasing and stock material systems ot the
shipyard. If design work is done in three diinensional environment also a 3D model is produced. I!ata
from model can be straight used for example controlling machine tools. All this requires a hiig>e
ainount of organising work. Normally the design work is done by several design offices which arc
often located far from each other. Shipyard is supervising the work and taking care of thc ship as a
whole. All data transfer between design project and shipyard is routed via main office, Also data fr»rn
design archive to model is transfcrrcd in main office, Exception is modelling components if some of
the other offices is capable to do this,

Each design of'fice has a computer network of his own, intranet. These are connected together
via global networks like internet or by modems and telephone network. The design pliilosophv
explained here is based on NUPAS-CADMATJC 3D software. All designers of one office are buildir>g
the same model with NUPAS-CADMATIC. The model is updated by each designer. Each component
in the model is owned by some designer and can be modified only by hiin, However the whole inodel
does not have to be visible to everybody. Each office has their own part of the main inodel from v hi eh
updates are sent to niain office in which the main model is located. Main office sends updiiies io the
other offices  Fig, 3!, The updating procedure sends always all components owned by the sender i>I
update to other users. More practical way will be to send only coinponents which are changed after last
updating. All data sent between intranets via public networks should be crypted to make it dil'ficuh to
disuse it and avoid third part to get access to confidential data.

Global Engineering Net>i>orA
The basis of working together is communication even if individuals would be on different

continents. Purpose of coinmunication is to transfer data and make decisions and agreentents. This c;in
be done in meetings, v ith letters. fax, telephone or with different kinds of computer networks.
Choosing the method depends on the type of data and purpose of the contact. If amount of data is hig,
as is usually if drawings or 3D objects are to be transferred, the most practical way is to send data in
electric forinat. However, the one of the inost important tasks in the beginning of a big design project
is to make instructions about practises for information delivery, file forinats ctc. Offers and other
official papers are of coiirse t» he in paper format because they must be originals and signed arid 'ire
not updated afterwards. Design data is needed only in electric format because it makes auto>natic
updating possible. If correct file forinat is used the data can bc used straight to design work and thus
avoid human mistakes. This should not be a problem, because most of design data is in any case
produced with computers. Pr»jcct manageinent, communication, data transfer, design tools. common
data base and document administration are in scope of a development project called G>EN  G>loh;>1
Enginccring Network!. The C>FN project is going on in Elomatic. I'roduct data managernem prograins
and different kind of distributed data bases are studied. The project v orks together with an other
development project, the GECOS  Global Engineering Co-ordination Support! project of the Helsinki
University of Technology. Elornatic is preparing to make a pilot design project based on results of
these development projects. The first small step towards a pilot project was taken in a ship machinery
outfitting project, in which a main office was in Finland but soine NUPAS-CADMATIC 3D modules
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were modelled in Korea and sent to Finland by e-mail. Same type of co-operation has been also
between Elomatic and some Dutch shipyards.

Desigri archives
Main design office always creates a main archive for a design project, Aiin is to collect all

project files concerning design to saxne archive, From this archive documents and files are delivered  o
archives of other design offices and to the shipyard. If this is done manually, project engineer has a
delivery lists in which is shown which data is delivered to which office. All offices have their own
archives and own delivery lists of their possible sub-contractors. Other offices send their updated files
to main ofhce which updates the project archive with these and takes care of delivering updated fi  es to
those who concerned. The aiin is to develop this to be an automatic process.

Figure 4, A typical "manual" project archive

There exists already product data management systems which could do this, Instead of delivery to
other offices it is possible to allow thein access files via internet. In that case risks must be estimated
and security has to bc specially studied, It must be exactly deterinined who has access to which files
and who has right to update these files. For example if the main office is responsible for all machinery
spaces and one of the sub-contractors i» only dealing with incinerator, thc sub-contractor has not right
to get drawings of the main engines. The nuinber of different file formats in one project should be
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minimised. I'.specially in international project» t>le tormats should be agreed at carly stage in addition
to avoid extra problems, I ile forinats in archi~ »s and procedure gii ing name» Lo files should bc agreed
so that they are suitable for all participant>,

In a typical project archive there are different folders for different kiiid of data. It is to bc noted.
that while design is done iii a 3D environment with NIJPAS-CADMA'I'IC, there are not niany
unfinished tiles in the archive. All design data is archived in NI IPAS-CADMATIC niodel and
drawings are produced from it. These drawings are stored in "Drawings" folder until they are accepted
and inoved to "Delivered drawings ' tblder. It is important to take safety copies of both project archive
and the model often enough. Safety copying should be automatic to avoid human errors. In figurc 4. is
shown an example of a project archive. It has main folders tor basic info, drawings. proje»t
management and quality I3asic info is divided Lo separate subfoldcrs by discipline. Folder names are
chosen to be clear enough to explain what is in thcin. This makes it less frustrating to t'ollow orders
about saving files in the archive. It also helps Lo avoi<f probl<.ins if part of the personnel in the project
changes during work.

3D model

Making a model
The 3D inodel is built of coinponents which are stored in the library of NUPAS-CADMATIC.

NIJPAS-CADMATIC has several features which make ii useful for this kind of design <vork.
Designers are designing one cotmnon model. Each designer can change only coinponents owned hy
him. The system takes automatically care of standards, routines, production data and soinc system
specific details. So if th» main design office takes care of adininistrating thc modelling worl, other
designers are not capable of making serious errors with standards. Pipes, t'langes, bends, tittings and
other system specific components are specified by system adininistrator. Designer has to know Lh»
nominal size and svstem of th» pipe only. For example if he is routing a sca water cooling pipe he has
to show the route and nominal size nf thc pipe and the system updates the model with a rubber lined
pipe with correct bending radius in bends and correct out diameter. 'I he designer shov s location of Lhe
flanges and the system cuts the pipe and places a pair of flanges there. Designer does not have io give
dimension or system inf<>rmation if routing ol a pipe begins froin a flange of' a modelled equipmei>L.
While modelling the equipment it. has already been determined what kind of tlanges it has and the
program docs not allow a wroiig typ» ol pipe or flange to be connected there. The program affi>w» only
correct and compatible coinponent» Lo b» used and does n<>t allow wron<g> pipe cia»». ivai! thickncs» or
inaterial to bc used. The whof» niodel does not have to be visible for all, which makes size of' rn<>d»l»
in offices other than maiii office smaller. Work can be divided by systems, spaces or as in m<>st ca»ca
by a combination of them.

8'aik a> oand
The 3D model is a superior tool for design meetings. NIIPAS-CAD'.vIA'I IC' ha» a wilk arnu>id

feature, which means that user can see a viev' froin a virtual camera in the niodel  I'ig, 5!, 'I'hi» camera
can be moved and rotated in the inodel and it is possible to determine which systems it shov s Walk
around could be developed a tnof for distributed d»sign mccting» in which designers could»»e Lhc
same view on their on display and have a discussion with phon». I his Loof is also practical fbr
shipyard>s supervisors. Supervisors can niak» familiar v.ith their own rcsponsibilitv ircas witli mo fe!.
They can also have paper copies of the niost interesting views. Iii the niod»1 i» stored also non i isiblc
data about objects. This data c m be asked and viewed during wall;>round  I'ig 8.j. The an>ount ot this
data can be increased by integrating ih» model with some diiia ba»«program. 'I'hi» makes the in<><f»1
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and walk around tool to be a powerful tool for maintenance and machinery ere~ training purposes.
'I'his has already been done v ith NUPA'8-C'.AI!MA'I IC and NI JPAS-C'AI!MATIC" s M untcnance
program in some projects.

I'igurc 5, Walk around v indow of' NUI'AS-CADMATIC

Paper copies of axonometric views of individual systems are also available. Thcsc arc especially
practical while installing prefabricated pipes and other cotnponcnts.

Marerial lisfs
Because the model is built based on system specie>c objects, it is possible to produce system

sp»cific material lists and vvcight calculations with the model, 'Ih» user can define which groups,
modules or systems are included in listing. Material hsts can bc linl cd to shipyards purcltasing and
stocl. systems. In that way a real time forecast of needed material can be used as a basis of purchasing.
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l'igure 6, A pipe rack wiili pipes and a frame

Drawings
NLtVAS-CADMATIC is capable of producing all workshop drawings necdcd. It ere;itcs

automatically workshop drawings of pipes to bc prefabricated, The user can define v hich systems or
user defined modules and groups are shown in;i drawiitg  I ig 6.!. II» can define sectioits;ind
projections he wants to show. It has became a practice in I'.fotttatic s ship machinery projects to add a
3D vie~ into drawings, This makes it a loi easier and faster tii understand th» drawing itself.

Drawings are automatically diinensioned and can bc manualh edited. I;diting work is done
with NIJPAS-CADMATIC, but fmished drawings are easily converted f' or example into deaf fi. riu.it,
This makes it possible for a shipyard to reuse and inodify drawing» afterwards without NI,'I'AS-
CADMA I'IC or the model  Fig. 7!,
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Figure 7. A workshop drawing of a prefabricated pipe created bi VLJPAN-O'AL! MATIC and imported
to Autocad

Tailoring 1V UPAS-Cr1 ML4 TIC
With NUPAS-CADMATIC'» macro language designer can automate part of his worI'. It i»

possible to make a macro which creates stairs according to a standard to user defined location. With a
macro user can find pipe ends and ganges which are not connected anyv here and take care that there
are no missing pipelines or components. With model it is also possible to plan installation of modules
and pine racks and find possible design errors concerning service spaces and heeling routes.
Transportation routes and escape routes can be deterinined as a system and modelled in addition to
make space reservation in the model.
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l.igure 8. Part query view

Conclusions

A svstentatic approach to a distributed niachinery outfltting project ha» been develr!p< d. 13aiis
of the system are 3D model and global coniputer networks. Morc accurate design and infolln;rti<>11 t, oii
is achieved. 'I his saves time, eliininates design errors and !nake» it easy for a shipyard ta incr»~su
amount of prefabricat»J coniponents. i solution for organising,i niachiriery design pniject «ith
several design offic»s is or>ly one step towards a iirtual ship and iritegrated design and manu!acturiri >
system. If all design ivor!' from theoret;c project design to details of «orkshop drawings is c<>lice!»d t<i
onc model, it could be possible to fin all new real time procedures to design a ship. l'or cia<up < the
influertce of penetrations and hi!le» mad» to girders and bulkheads could be analysed imrnedia »li. 1!ie
center of gravity «ould he kn<! wn all thc time. 'I he crciv ol the ship could bc trained ivith a virtu,:I »!!ip
and their proposals and comm»nls could b» taken int<i consideration in design. Assemblv worl ii< ',lli,
be much taster and cheaper it'r:iachin» niol» could get geometry straight lro!n tlie riiodel. Purcha<,.ng
material would come morc »»a<et if amount of each material and number of each iali» tip» ivoul<! b<.
read straight f'rom the rn<idel. %1achineri »i »tern» could bc simulat»d and their compliance i i! i<i<. c< iit
early stage. Also the construction pr<iccss ntight bc possible t<i simiilate. Ship models .irc air»;id» iii i i<
onboard ships to simulate hydro»tatics. Morc sophisticated nlodels could bc used to;ut;i!i»»;<11
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iinportant processes of a ship. Complicated failures could bc found and fixed faster. In the best case
they could be forecasted and prevented. With the Global Engineering Network  GEN! project Elomatic
is developing and taking practical steps in getting closer to this idealistic vision.

112



Preliminary Design



RulesCalc

A System for Integrating Classification Checks with Ship Initial Design
Systems

/rrjurtin Brtroking, I./oyd's Register of Shipping, Londort, t/k
Ai/. trtir Stubhs, I irrvd'sAegister ~>f Shi'pping, London,  "k'

Synopsis

This paper dcscrihei a new Rules calcu ation system developed by l,loyd s Regiiter to enable
the determination of Classification Requirements using 3 possible interface~:�

i. A standalone syitcm
2. Part ol'LR'i ShipRight' product
3, Seamless integration w i hin third party design  CAD! syitems

Thc paper examines the bu.iinesi drivers which resulted in the development of the syitem u!d
shows how RulesCalc providei a significant development in the design and design approval proc»ii
which will benefit owners, designers, Classification Societies and CAD vendors.

An explanation is also given of how the ntcchanismi and n>odette us»d by RulcsCalc c tn hc
utilised by designers to provide»fftcicnt design;tnalysi» and other checks c trlier in the design cycle
than is possible using data exchange based technology  STEP/DXF etc!.

'1 hc paper also «ddresscs thc programtning r»quircments on design systetn vendori in <»rde~ ti>
implement RulesCalc within their systems.

Introduction

Many sources ol information arc used by a Naval Arcltitcct during the design of a ship. A
typical shipyard has a large resource of previous designs, manual~ and standard practices lo draw upon

Whilst they should not be used directly as the sole design conlrol, th» Rules and Rcgul<nurns
published by the Classification Societies cntbod> many ycari of ship building experience and best
practice and form an extremely v«luable r»source for the naval «tchitect.

Currently many ol these Rules are acccsiiblc only through Rulc Booki, 3D software systems,
lirnitcd ipreadsheets or legacy .iyitems. This makes the inform«tion unnecessarily hard lo acccii and
make~ their use within the d»iign cycl» tintc consuming.

A» a result ol' this the Cl«ssification Rules are of'ten used as a final design check rather th;u>
realising their benefits earlier in the design process.

3D Design Systems

The trend in the engincerir g induslry as a whole is moving rapidly towards the use of 3D dcs«f'n
based around PDM systems and the principles of concurrent engineering, These advances olfe'
significant benefits to Shipyards in terms of improving quality, accelerating the design proccsi.
reducing rework, and hence significantly reducing cost.
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Classification s<icicti«s have followed thi» trend,ind produced 3D sy»tern» of their <iwn.
ShipRight ', Nauticu», Safchull etc. Thcsc are powerful iritegrated packages that arc ahlc to «ar'1'v out a
number of complex tasks such as FF. nieshing, ultinrate strerigth rind»rill water bending. Iri a<ldiri<>n
they are also able to perform basic Rulc checks.

Plan Approval Process
The Rules and Regulations form the principal «lenient of the de»ign;isscssment pi<re<»» ~ i<bin

the Classificat.ion Societv,
Currently designers provide 2D pap«r plans ol the ves»el foi;ippruv;i!. Typically nor.;ill tile

plans will bc presented at the»arne time. Rather, collections vvill b«»ubr»itt«d as the design pr<ic«ed».
olten starling with thc Mid»hip Section as longitudin;il strength i» otic ot the kcy elements rcquir ir1g
verification,

L'»rng the society's oi< ri inter'nal systcrris the d«»ign willbe;ippr;ii»e<l tor compliance witli:
~ any rclcvant Rules und regul«tions laid down by thc»ricicty.
~ Regulations set hy any interested statutory bodic»
~ a view to ensuring that the design incorporate» current best pr;i«tice covering design der;lil,

cnd connections, continuity etc.

The diagram below illu»trates the information flow invulv«d in thi» proce»».

Figure 1. Design, Construction;ind oper.rti<iri

j Sp
Scantling Lifarima

Hy it's nature this is a time consuming process and it ha» been proposed that the nie;in» ro
iinprove the speed of plan appr;iisal is  o incorporate the classific;ition society in the design tcrir». That
i»  o say that the classificati<in society becomes an integral ptirt <rj the design tear», working with the
designer»;i» the design evolves.

Whilst this is a good idea it i» riot conipletely practical:
~ Plan approval sur veyor» typic<illy work on several pr<rIects simultaneously.
~ InVO1Vement iS n<it required On a COiltinunuS basis.

An element of independence and impartiality r»ust be inaintaincd for cia»»il'icati<»i to
rcniain credible.

However the benefits of incorporating Rule scantling cheek» within the design pro«e»s «re»ri«h
that an alternative to integrating a surveyor w ithin the design t<.;ir» is required,

A system must therefore be found that can realise thc beneliis of integrating the «las»iti«iriiori
check» ««rly within the design cycle.
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Figure 2. New process for Design, Construction and Opcratio»

Current technology

There are a r>umber of »ysten>s currently available for carrying out basic scantling ani>lysi».
However all of these systems have limitations which r»akes their usc less than ideal.

Tradilionul Bespoke Applica6orts  e.g. IA.PA.S'.S!
All t»ajor classification societies have developed softwiiie sy»tcm» dedicated to calculating rulc

require»tents for ship structural elements. These started as sin>pic programs running on carly
mainframe or desk top cor»pi>ters. They have gradually evolved «vcr thc years to accommodaic I' '
platforms;ind the late~t operatiiig systems, such as Microsoft Windows. These programs have served
the classification societies well, hut they have in many cases reached thc limit of their development.

The evolution of I.R.PASS, for example, has resulted in a diversity ot individual applications
for which the support anil maintenance rcprescnts a significant logistic and commercial burden. A
i»ajor revision of the I.R.PASS system would go a long way to s<>ls ing this problem; but it i»»os~ iinic
for a step-change to imple>»ent a ncv type of systci» which has thc t'Icxibility to provide accus» I<>
Rules checks lor third party design systems, as w'ell as reducing the el't'ort rcquircd for maintenance,

,Spreadsheets
Spreadsheets provide;in engineer with an extremely pov crful «nd easy to usc t»<>l h>r

performing calculations. The siinple calculations required for rulc asscssr»cnt arc ideally suited to usc
in a spreadsheet. The be»t «ppr«;>eh to their use is to develop a number ol workshccts each rclatcil t<> .i
specilie p;irt of' the Rule~, for example a sheet to consider the thicknc»s rcquircrncnts for weather decks.

Thi» breakdown into a I;irge nur»bci of worksheets aids manageability ind >nake» it »impler io
identify which»hect to use, howeve< it also results in unnecessary re-entry i>l' basic details such a»
di>nensions, spacing and i»ateri;il properties. It is possible to make system» which automatically
transfer some of this d;it;i, however iliis i» a»loss and i»complete solution.

Thc develop>nent of spreadsheets to support the calculation of the require»>ents in thc Rulc»
and Regulations is attractive ti> classification societie~ because of the low cost, r»aintainahility lor
simple systems and ready availability of »taft with the necessary skills, however there are reasons why
they are not an ideal solutii>n for the, end iisers.
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Expcrin>enting with different solutions is difficult a«each .«olution requires a new «pre<id«hect.
A large nurnbcr of spreadsheets relating to a project are therefore created making it dit't'i«ult to l'ind,
analyse and report on results.

Thc use of »preadsheet«hccoine» incrca»ingly difficult where cal«ulations arc more c<>niplex,
e.g. large nuinbcr» of interdependencie», solving simultanenu» eqiiation«or itcrativ«calcul;itin»«.

Step
STEP technology oftcrs the ability to exchange deta>l» ol a d««ign between»y»ten>«;ind

<>rganisations in a neutral foi.mat, Thi» can deliver»ignificant he»etit« io <hc organisation« i»v<>lved in
the construction of a vessel,

To date a number of protocol»  AP»! have been defined t<> enable th«exchange ol information
between different systents.

Table 1 ' STEP Application Protocols for Shipbuilding i»du«try

Thi« technology has been developed over la«t l0 year» to the p<>int where there i«now wid«.
industry «upport and for the first tinte it is now becoming pos«ihlc to t< i»«l'er information between
organisations and»ystcnts iri a meaningful manner.

A nu>tihcr of kcy ve»dor«ot design and production»yste>r<«h'ivc»ow impleine»<ed S l'l.'P
cap«hi litic», though at thc tiiiie of writing the standard of the exchange «till require»»nine develop»lent
t<> liandle the ditTcrenccs in the implementation/interpretation used by the different «ystern«.

Other projects have built on the basic STEP loundation«a»d nov, provide protocol«and proces«
lor the exchange ol' inform;ition. The importance of these le»«tangible «lcrncnts <»u»t not hc.
u»derestirnated.

The use of the STEP standards and protocol» for enahlin~ cia»»itication checks is theref<>rc very
<ittractive and  .'la»»ification Societie«have played a m;ijor role in the dcvcloprncnt of thc standard«.
However the u»c of thc standards is not ideal for the basic cia«sificaiion chc«l'«which «re required
e«rl> in the design «tage,

Work on the STEP application protocols ha«corre«tl> conccntr:i<cd on th« tran»ter of «»tiie
ves»el de«igns or signil'icant parts of a design. F' or ex«i»pic to cn«hie thc tran»fcr ol hull form
information from a shipyard to a niodel basin to perform tank testing.

This exchange inv<>lvcs a significant translation clei»ent «onverting, for exaniple, the 3D
r«presentation used hy the dc«ign»ystern at the shipyard into the 3D representation employed by the
S l'EP protocol and hack ag;<in, to a different syste>r>, at thc model b««in.

Bccau«e the intcnti<>n of STEP has been to enable higt> level exchange between ship de«igii
«y»teni» the protocol««rc ba«cd on a 3D geometrical model ol' <lie ve««el. the amount <>f detailed d;it«
required on a design to begin «o»«tructing a 3L> model is extcn»ive,<nd thi» «cvcrcly liinit« thc
applic;ibility of STF1' in th» carly stages of the design/approv;<l proce«».

116



STEP doe» have,i significant role to play however in the design process, particularly where
more advanced calculations, such as Finite element or fatigue assessment calculations. This is an idea!
application for STEP transfer is these types of calculation do require a significant amount ol data

including hull geoinetry, Figure 3. Role of STFP in the. Design process

Ru!esCalc - A new system

All ol' the»ystcm» outlined above have significant drawback». An <iltcmative approacli wlri«h
combines many of the benef'its,ind avoids most of the drawbacks has been developed. This approa«h i»
dcscri bed below.

Requirements
In order to allow the de»igner to get the maximum benetit  'rom the knowledge built iniu itic

Rules and Regulations a Rules any system used to perform the calculation» must exhibit thc t'ollowin '

features: ~ Enable use early in ihc design process,
~ Support »ensitivity studies and a»sex»ment of alternative arrangements.
~ Show what Rules h.ive be»n iipplied to an element of the design.
~ List any intermediate results calculated.

'I h» RulesCalc system developed hy Lloyd's Regis cr is a system which exhibits all of these features.

Minimum Data input
In order to be able to start to perform the scantling «heck» as early in the design cycle as tlie

specification stage it is necessary to be able to execute ihe calculations with the least amount ot data
po»sible.

This requirement is not consistent with thc u»e of a 3D design tool. A» dis«us»ed above su»h
»y»tent» require extensive data input bel'orc a meaningl'ul model can be generated. Full geonietn
information, in particular, is not required in order to bc able to calculate the rule requirements. Often
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Rapid Data cput
Rifle»Calc resolves the data input problem, as it can hc used to c»iabli»h the Rule Reqiiircinent»

I'<>r a vessel laid down in I R's Rules and Regulations Ior the Cia»»>lication of Ship» u»ing i>nly thc
nsiriintum ainount of data.

The u»cr interface provide» a number of input screen» I' or thc. ve»scl data. Once the liasic
inl'orm ition i» entered then;inalysi» can begin.

Figure 4: Input screen, for Ba»ic Details

Figure 5: Input »creen, for Inner Bottom Plating Requircnients
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118

the data requircment» may bc as simple as the location of the ccntrc ot' a plate,  hc»tif tenor sp;i irig on
that plate and the function of the plate.

An examination ol thc fortnulae in the Rules will reveal that  licv arc fundanienially two
dimensional linear equations based on a first principal approach. 'I hc u»c of a 3D design»vstem as an
input mechanism for perforining basic Rule scant! inc check» can bc inetficicr>t. Far from in>proving the
accessibility of the Rules, the use of a 3D input system can ir>akc dc»ign icrification harder and liingcr,

The system must enable the designer to quickly enter b isic dimcn»ion», iuateri.il properties,
»ection properties and then»tart analy»ing thc requirements for»tructuriil itcrii».



In typical usc a designer will enter the basic dimensions of thc vessel, inlormation on the
materials being used, and details ol' thc»ection profiles crnploycd. Once the basic datri has been entt'rc l
structural item» can bc defined. For example thc thickne»» requirement for inner bottoni plating c;in hc
established at a particular location by providing only thc following details:

~ Longitudinal Positi in
~ Material of  'onstruction

~ Tank load head

~ Stiffener Spacing

Rulc»Calc then provides rhc ability to establish the reqrrircrnent river the whole length of the
vessel using simple graphical tool».

I'igttre 6: Crr iph StiOVving thiCkne»» requirement Over whule length
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Alternative design choice» can simply bc investigated by creating another entry' in the»ystcrn
for inner bottom plating. A u»cr, tor cxattiplc, riiay invcstig;Ite thc effect of primary stiffener»pacing on
the thickness rcquirernen t.

Fipttre 7: Tv o experimental items for inner shell pl;lting
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Transparency
Another key eletticnt to understanding the requirements laid out in thc Rules is inf'orm;iIiou on

how the final requirements are obtained. Knowledge and understanding ot the rcquireinerits c'in
iniprove the confidence in;i design, The RulesCalc system a»»i»ts with this in two ways, thriiugh
providing inf'orrnation on bi>th what calculations have been performed and what Rulc» h;ive been
appl ied.

Figure 8: lntenttediate Results

Cakalation Transparency
To this cnd the RulesCalc system provides full details of all of the intermediate results th;it werc
performed to derive the final result.

In addition to providing the values of these intermediate factors, the»ystcrn also provides a
Rule Reference to enable the designer to look up the forinulae in the Rules. indeed the Rulc»C;ilc
interface can jump directly to the actual Rule reference in an electronic version of the Rulc».

This. single feature provides a degree of transparency of results that has not been inadc available
in Rule veri ication systetns before.

RaEe Transparency
The designer can clearly see what iteins are heing asses»cd and which Riiles have hccn applied

to arrive at that assessment. By understanding the approval criteria and their application to thc design,
the designer is able to rnakc. decisions on improvements which can be acconirnodated within the Rulc
requirements. This important feature of RulesCalc assists in optiini»ing thc design tnore quickly and
efficiently; and gives the designer a greater confidence that his changes will meet thc Rulc
requirements.

Integration with Design Systelns

Integratt'an
Whilst this system provides ii tool to enable very rapid scantling vcrific;ition even niore c'in bc

done to assist the designer to carry out classification checks,
The Rule»Calc systein has been written in such a manner tha  ttic calculations can be tully and

»camlessly integrated with other design tool». This enables the dc»ign tool to evaluate continuously thc
components of the de~ign and provide the user with the rule requirement.» along side actual value».

This powerful capability en ibfes the naval architect tor the Iirst time to have continuous
feedback on whether the design mech the classification requirements throughout the entire dc»ign
process.
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Fine Grained

In order to be able lo make a useable system that offers full integration with a design»y»tern
such that Rule calculations can proceed continuously, it is necessary to break the running of the
calculations down so that the ainount of input data required is kept to a minimum at any stage of the
evaluation process and that the execution of the calculation completes as quickly as possible,

Since oniy thc minitnum amount of data required for any calculation is used the likelihood i»
that this data will be available sooner in the design process.

Data Madel

In order to be able to communicate with the design system, Rulc»Caic inust as»ume;l d;lt;l
model which describes the various items  entities! that can be assessed and their properties  attribute»!.
The model used is hierarchical and contains no complex associations. The implementation oi this
model within the design system is an important part of the integration with RulesCalc.

To minimise the work involved in this implementation the various entities in thc model usc
common attributes wherever possible, To assist further full access is given to the model through a
series of COM interfaces which provide information on entity names, valid children, attribute» and

» ubtypes.

Programming Requirements
All communication between the design system and the Rule calculations occurs using just two

simple COM interfaces.
The first interface  RulcEnginel provides a means for a design system to execute a p,'u'tictilar

Rule and contains just 3 methods. The second interface  Ruleitem! provides a means for the Rules tn
request particular values from the design system. This i» a inore coniplcx interface containing 14

methods. Figure 9 below illustrates  he typical steps taken to calculate a requirement.
Figure 9: Proce»» of Rule Execution

QueryRulel

Rulelo-

EriccuteRule

equest Valu

rcvide Valu

ii Rule Requ

In order to perform a calculation the design system first queries for the id of the caiculatiorl
based on the property and entity name, for example required section modulus attribute of a
transverse section entity. The design system may store this value for later use.

The calculation module will then return an ID number f' or the appropriate calculation. The
client can use this number to execute this rule by calling ExecuteRuieID. The RulesCalc module wi11
then request any values that are required in order to perform the calculation. This is the where the inain
element of work is required in the design systems. The interface must translate requests from thc
RulesCalc tnodule into the appropriate data items stored in the design system. The design system
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should then return the requeited value. The RulcsCalc inodule may then aik for further values, I hc
values requested inay depend on the results of earlier requests. In this way only the minimum oi da a
needs to be provided by the Design system rather than a I;irge dat;i ict which covers all evcntualitiei.

The calcula ion module  hcn completes  hc calculationi;ind returni thc final rule requircm»nt.
If the calcula ion derivei any intermediate results these arc,ilso returned to the design sys ein

which  nay display or discard these results as it sees fi . 'I'hc RuleiCalc iystem will not ask for anv ot
these values.

Table 2: RulesCalc Error Codei

Calculation corn leted satiifactorilvieOk
'I'he calcula ion is not a licable in this caic.

There was a divide b zero error
ieNota > licable

ieDivzero
An in ut value was outside of the allowable ran~e
A re uested value was not avail ibl»

ieRan e

ieReference

ShipRight '
RulesCalc is being integrated wi hin ShipRight, LR'i 3D produc »iodel based dciign

assessment  ool. This offeri the user a system that enables a design Io bc developed 1'iom initial
concepts, right througli to finite element analysis iniide a single packag» tliat utiliies a single priiduct
model,

Conclusion

The RulesCalc systein offeri a soiiition  o enabl» the ihip dciigner  o realise the ci»iiplete
benefits of concurrent classification checks, using either a fully integr  ted iyitcin or a standalone
system supported by  he mini]num d;i a entry approach.

This gives the dcsigiier the benefit of many years ol c1;issitic;ition deiign asiciirnent experience
;ii carly in the design cycle as the concept stage.

Thc use of such a tool is a key element in i nproving the overall plan appraisal proc»i», ai the
designer has a much increased level of cont'idencc that the propoial meets with the basic claisific;i i in
requirements before i  is submitted. That i» to say  hit  he design nieeti the miniinuin scantling
requirements of the classification society.
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Error Handling
The RulesCalc iystem implements a iimple, but pov'erful, error handling capability. When the

module reques s a value from its host the design syitein can reply ~ith a error. e.g. indicate  h;it the
value requested is not available duc to the user having not defined 'i particular piece of information

If when performing the calculation any requested value has an error the calculation v ill be
abandoned, The RulesCalc system will return the error code passed to it by the deiign system,

Additionally the RulcsCalc system may return a error cod»;ii a result of thc input data, for
example to indicate that there was a divide by zero error, Again tlie calculation will terininat».
A further "error" condition i» possible. If when pertorrning a calculiition the RulesCalc system deci iei
t liat a particular Rule i» not applicable, it will stop thc calcula ion return;i not applicable error.



This preliininary but important check can now be carried out before submission of the design;
and reduces the need for the active involvement of a plan approval surveyor.

This improvement in the process has significant benefits to all parties, in terms of'reduced time
spent in plan appraisal and less effort spent in design inodifications.

The ability to assess designs earlier in the design process can lead to reduced steel weights and
hence construction costs, as designers are confident of the actual classit'ication requirement and can
optirnise the design within those requirements more readily. RulesCalc will enable designers and
builders to significantly reduce the time to market for new vessels.
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EXCHANGE OF STRUCTURAL DESIGN MODELS FOR RULE APPROVAL
BASED ON STEP

Han-Mi n Lee, Vong-Jae Shi n, Soon-Hung Han, RAIS T, Korea
Jong-Hyun Kim, Jong-Ryol I.ee, Ho-ChuI Son, Jong-Sung Park, Korea Register of Shipping, Korea

Introduction

Computers in shipbuilding have improved the productivity together with the development of
engineering design, analysis, and production automation. But within each specialized area or each
department different computer systeins are being used, because each system has own advantages and
disadvantages, While the functions of individual CAD systems have been gradually improved, one
CAD system can not support every specialty area. Therefore the phenomenon called Island of
Automation [I] exists where diverse CAD systems are being used independently in each discipline. As
a result engineering data management such as generation, storage, modification and exchange of
engineering data has been a problem. As shown in Fig I, different CAD systems are being used in the
structural design office in a shipbuilding company. The data exchange between processes is neither
harmonious nor automatic. and the data management becomes difficult.

Fig 1. Flow of Structural Design Information
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Korean Register of Shipping developed KR-TRAS  KR Technical Rule Approval System! [2],
that is PC-based program for the review of ship structures and equipment according to the Rules of
Korean Register of Shipping [3,4] It offers information, which is used at each step of basic design,
detail design, and outfit design in both shipyards and shipping companies. Fig 2 shows the overaH
structure of KR-TRAS, The relevant Rules for  .lassification of Steel Ships are applied according to the
size and type of each ship, and KR-TRAS calculates individual part of the ship structure. However the
designer should type in every data into dialog boxes in order to perform these computations. In this
study, the drawing recognition system based on the STEP methodology [5] and KR-TRAS is integrated
to automate this data input process. The whole process is, recognize features from 2D CAD drawing,
build 3D shape, extract input variables for KR-TRAS, and additional manual input into KR-TRAS for
the calculation.

The problem is the inapping between the data structure of KR-TRAS and the data structure of
midship schema based on the BB building block! of STEP, and the recognition of the shipbuilding
features from 2D CAD drawings. Therefore techniques to increase recognition rate and to interface the
drawing recognition system with KR-TRAS are required. From the literature survey, the design data to
certify ship structures has been exchanged using STEP in the European SEASPRITE project [6]. The
difference from this paper is that the completed ship model after the detail design has been used
whereas this paper deals with the initial design stage.

Fig 2. The Structure of KR-TRAS

126



Definition of the Midship Structure Model According to STEP

In order to represent a product model systematically and to realize an open architecture
frainework, the STEP inethodology is utilized. A set of schema for the midship section of a bulk carrier
has been defined by the EXPRESS inforination modeling language, It utilizes the shipbuilding BBs
 Building Blocks! that are the bases of the shipbuilding APs  Application Protocols! of STEP. Using
the satne schema throughout the lifecycle from design up to manufacturing, integration, exchange, and
sharing of engineering data can be achieved easily.

STEP Methodology

The STEP methodology provides an efficient environment to represent product model because
STEP is object-oriented and inodularized, The STEP standard consists of series of parts such as
description methods �0s!, implementation methods �0s!, conformance testing methodology and
framework �0s!, integrated generic resources �0s!, integrated application resources �00s!,
application protocols �00s!, and abstract test suites �00s!, and application interpreted constructs
�00s!, etc [7],

The STEP methodology separates the data structure from the data storage, If the data structure
is defined by the EXPRESS information modeling language, the real data can be stored either as the
Part 21 format of ASCII file [8], or as a database manageinent system using the Part 22 SDAI
 standard data access interface! [9]. The separation between the definition of data structure and the
storage of data values helps to implement product models and to extend and to customize the models,
A schema is the definition of the product model structure of a specific domain and is written by
EXPRESS. Within a scheina other schernas can be referred using the import sentence. As it can refer to
other authenticated schema such as STEP AP203, a data model can be easily created.

Schema for the Midship Structure Model

The structural model schema defined in this paper consists of four BBs  Building Blocks! as
Fig 3. Each BB consists of three schemas called export, import, and model. The BB methodology
constructs a product model by collecting several independent BBs. In case of the product like ship,
which has treinendous data contents and different viewpoints, different people can construct a portion
of ship product model in parallel, Among above four BBs, ship mid model is newly defined in this
research. hull cross section model comes Irom the BBs of EMSA  European inarine STEP
association! [10], which is modified to accoinmodate 2D inidship cross section data. And the other two
schemas, support resources model and generic~roduct structures model are extracted from the
EMSA BBs.

127



Fig 3. Midship inodel schema and entities
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In hull cross section model, there is section line entity to represent 2D line entities.
feature point represents characteristic points of the midship cross section, indexedgeature points
defines midship cross sections for each type of ship, and huN cross section entity holds shipbuilding
features such as deck, side shell, and girder. From section line where line entities from 2D drawing are
stored,feature~oint which determines typical tnidship section is found, and indexedgeoture~oints is
constructed From indexed feature~mts, shipbuilding feature is created and stored in
hull cross section. The recognized hall enrss section entity creates 3D plate entities defined in the
model schema of ship mid model BB and is transferred to the ACIS non-manifold model.

In the near future, as the application protocol AP218 that standardizes the ship structure is
completed, it is more desirable to use the midship cross section schema of AP218 as the backbone
schema.
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Implementation of the System

Overview of the Implemetited System
Fig 4 shows the integrated result of the drawing recognition system with KR-TRAS This

system analyzes and enhances the 2D drawing and certifies the design according to the KR rules. The
system is implemented in Windows 95/98 platform and uses the ACIS class library to handle
geometric data. The ACIS toolkit supports the non-manifold geometric modeling to process low-level
geometric operations. The STEP toolkit ST-Developer and ROSE database is adopted to manipulate
the ship design data instantiated from EXPRESS. The midship schema is constructed according to the
STEP methodology. The non-manifold geometric modeling technology and the feature recognition
methodology are utilized to manipulate the ship design data such as modification, mapping, and
addition of data. The input data required for the variables of KR-TRAS are extracted and passed into
KR-TRAS, and so the structural design is certified according to the Rules of Korean Register of

Shipping. Fig 4. Interfacing the Drawing Recognition System with KR-TRAS
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Recognition of Midship Section DrawingFig 5 shows a typical midship section drawing of a bulk carrier It is stored as DXF ASCII
formats. A DXF file [Ilj is composed of pairs of codes and associated values. The codes, known as
group codes, indicate the type of value that follows. Using these group codes and value pairs, a DXF
file is organized into the following sections Sections are composed of records, which are further
decomposed into group codes and data items.

Fig 5. Midship Section Drawing of a Bulk Carrier Designed by AutoCAD

Bled <F Sf QCt,

HEADER section: General inforination about the drawing is found in this section. It consists of an
AutoCAD database version number and a number of system variables, Each parameter contains a
variable name and its associated value.

2 TABLES section This section represents the named objects and contains definitions for the
following symbol tables. Line type table, Layer table, Style table, View table, User Coordinate
System table, Viewport configuration table, Dimension Style table, Application Identification table

3 BLOCKS section . Contains block definition and drawing entities that make up each block
reference in the drawing.

4 ENTITIES section; This section contains the graphical objects  entities! in the drawing, including
block references  insert entities!.

5 END section . tells the end of the file .

This file format has group codes and values for each entity, and the TABLE sections have been
analyzed to extract attributes of LINE and ARC entities. For LINE entities the coordinate values of the
start and the end points are extracted. For ARC entities, the coordinate values of the midpoint, the start
angle, and the end angle are extracted. Heuristic rules for the feature recognition have been applied to
the extracted lines and arcs to construct a 3D model, According to the recognition rules of inidship
section  Table 1!, deck, side shell, bottom, inner bottom, slant, and girder are extracted and recognized
as the 3D elements. For example, among the highest  upper!, the longest and the IO'ro inclined line of
the extracted lines is recognized as the deck.
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Table 1. Feature Recognition Rules

The recognized feature model is visualized as a 3D model using the geotnetric modeling toolkit
ACIS. Fig 6 shows the recognized 3D model of the midship section. ACIS allows mixed dimensional
models including 2D, 3D, wirefraine, and solid models. It has an advantage that both the wireframe
model of the early design stage and the solid model of the production design stage can be saved and
managed under one data structure.

After constructing a 3D model using the features recognized from the 2D drawings, we
extracted the variables for KR-TRAS. The information of each plate is gathered with the drawing
recognition system, then the input variables of KR-TRAS are found. Table 2 lists the variables of KR-
TRAS that can be extracted from 2D drawings Because a plate consists of many pieces, seam lines are
represented on the drawing. To verify the design with KR-TRAS, we should find the seam lines
because we need not only the data of the whole plate but also the data of pieces. The recognized data is
then transformed according to the variable types. Among the input variables of KR-TRAS the
coordinates, length, and thickness of the plate can be easily found. For the variables representing
distances between horizontal and vertical diameters of the girder opening or the largest value among
stiffener spaces of longitudinal frames, which are attached on the girder, the information of the feature
should be parsed twice.
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Fig 6. Recognized 3D Model of Midship Section

The system can recognize 36 variables  including arrays! from the drawings among the
200 input variables of KR-TRAS. These variables are mostly the coordinates and lengths of the plates.

Implentetttati on Results

The following are implemented in this research

�! A STEP protocol for structural design model of midship section has been
developed based on the STEP niethodology. Information modeling with
EXPRESS language enables systematic definition of data structure
and maintains the consistent data structure from the 2D drawing of initial
design to the 3D solid model of detail design.

�! 3D features have been extracted by applying the feature recognition
rules to 2D design drawing data.
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Table 2. Input Variables of KR-TRAS

DescriptionVariable Name Type

Total number of each plate

Material factor of each plate

1 M PlateIdno[30]

2 M PlateMat[30] [31]

Int

Int

start X coordinate of each plate

start Y coordinate of each plate

Double

Double

3 M PlateX1[30][31]

4 M Plate Yl [30][31]

end X coordinate of each plate

end Y coordinate of each plate

5 M PlateX2[30][31]

6 M PlateY2[30][31]

Double

Double

actual thickness of each plate

radius of each plate

7 M PlateActThk[30][31] Double

Double8 M PlateRad[30][31]

Center X coordinate of Bilge plate

Center Y coordinate of Bilge plate

Double

Doub]e

9 M PlateBilgeX

10 M PlateBilge Y

Center X coordinate of Sheer strakeDouble11 M PlateSheerX

�! The recognized features have been converted as non-manifold models. Non-manifold models
are used in order to process the geometric data represented differently on each system. A
standard neutral format such as STEP can solve the problem derived from functional
differences among design systems.
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�! The variables were extracted and carried to KR-TRAS for the calculation to check the rules
and guidance for classification of sieel ships. The menu 'import DXF' has been added to
existing menu of KR-TRAS so that a 2D drawing of DXF format can be read. As a set of
drawing data is put into the system, lines and arcs are extracted and saved in the database.
According to the pre-defined feature recognition rules the features such as deck, bottom,
longitudinal, an4 seam lines are recognized from the lines and arcs, Using the recognized
features the 3D models can be generated and visualized. The data required for calculation of
KR-TRAS are provided to the variables of KR-TRAS. A designer can confirm hov' the 2D
drawings are converted to 3D models. Fig 7 shows the user interface of the integration of the
drawing recognition system with KR-TRAS system.



Fig 7. The Integration of the Drawing Recognition System with KR-TRAS

Cone! usiott

ln this research the hull structural model of neutral format has been constructed to share the
data among CAD systems of functional differences. We developed the system to analyze the 2D
structural design data according to the feature recognition rules and convert them to 3D non-manifold
models for downstream applications. This drawing recognition system has been interfaced with KR-
TRAS  KR Technical Rule Approval System!, a PC-based computer program for design scantling and
review of ship structures and equipment according to the rules of KR Korean Register of Shipping!.

Because STEP methodology is utilized to define the model of this system, it is possible to share
the data consistently and systematically when the 2D drawing data of initial design stage are
transmitted to the downstream stages such as detail design or outfit design.

In this research, only the length and the orientation of a 2D line are considered to define
shipbuilding features. If more information may be added during the initial design stage, such as layer,
line color, and line thickness, more design entities can be recognized systematically. In order to
recognize lines that represent scaled-down entities such as longitudinal stiffeners, pre-defined
specifications of the entities have to be included as shipbuilding features. The texts such as dimensions
are saved also as ASCII format in DXF drawings. Therefore, recognizing the texts with graphic entities
enables more exact recognition of design drawings. If the recognition rate is high, a fair amount of
work repeated at the next stages can also be reduced Data mismatch between design stages or betwee~
design departments can be avoided. The more exact recognition from 2D drawings can be done, the
more data correspond to the input variables of KR-TRAS can be extracted.
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TOOLS FOR THE ASSESSMENT OF SHIP STRUCTURAL STEELWORKS-
A STATE OF THE ART SURVEY

Robert Bronsart, University of Rostoek, Institute of maritime Systems and Fluid Engineering,
Rostock, Gertnany

Abstract

The ship structure design, assessment and approval process chain is described. Tools available
to support this iterative process are categorised according their principal ftinctionality. An ev;iluation
scheme is presented which serves to analyse and compare the functionaJity of software systems made
available by the major classification societies. Some nf the tools are described following the developed
scheme which gives an overview of the products. This indicates different strategies followed by the
classification societies. Emphasis is given on the possibilities to model the ship structural components
and piece parts and to integrate the "stand alone" software in the existing tool environment at shrpvards
and design agents. The described criteria can serve for future evaluations ro be performed, taking into
account own specific requirements as well as the ongoing and rapid development of the class siipplied
.structure assessment tools.

Introduction

Design and production oi' ships today is supported by a large variety of software tools. Each ol'
these tools focus on a specific task to be performed. Some allow for an integrated process eirher by
being based on the same data rrranagement component or by offering data exchange functions with
help of interfaces to import and export data. Whereas for example for hydrostatic calculations or de-
tailed design tools are used at shipyards for more than 25 years, specialised software for the asscssmenr
of the ship structural steelworks according to the classification society rule requirements and direct
calculations has almost not been available untilsome years ago. At that time, classification societies
started to market software which is claimed to be specially designed to be used by their clients to ease
the design process and to speed up the class approval process which in almost all cases is critic,rJ due
to the short time available. Some ol the driving forces are:

Traditionally, the preliminarv structural design is based on the construction ruJes of  he classifica-
tion societies, the observance of this framework automatically leads to structural integrity, The new
and often very advanced ship designs can not be verified only based on these rules any more. Duc
to the complexity of the design, rationalJy based design or first principal design strategies have to
be applied which require corresponding software tools to be used.
For all tasks to be performed in the design of the ship, software is available almost. except for the
assessment of the structural steelwork according to class requirements. With the increasing demand
on having available most reliable information about the vessel aJready in the pre-contract phase.
the determination of scantlings and e.g. accurate weight distribution has migrated to earJier design
stages. As at that time the conceptual design still undergoes major changes, tools are required for a
flexible calculation of thc fundamental information to be used in the cost estimate.
To stay competitive, shipyards try to shorten the time to market which, among other aspects, can bc
achieved by an increased productivity. This asks for less and less time necessary and a higher
overlap between all design and production process steps. Ito et al, [I] give a breakdown of the re-
sources needed for the hull structural design work. According to their results, about 20% oi the
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overall time is spent for strength analysis and calculations with respect to rules and standards. Fur-
thermore it has to be noted that the ordering of steel material requires reliable information on the
structural steelwork. In this context, the approval of the design often turns out to be a bottleneck in
the process chain. To overcome the sometimes critical situation, shipyards ask for an optimal and
streainlined design approval which classification societies take up and try to support with help of
their newly developed software tools.
In many shipyards the few highly qualified and experienced engineers with deep knowledge on
ship structures are often responsible for many tasks to be performed. The consequence is not
enough time available for a thorough design analysis, It is believed that software tools "incorpo-
rate" the required knowledge and their usage will allow less qualified personnel to perform the de-
sign.
Classification societies keep changing the role they had for more than hundred years, To gain mar-
ketshares they are toda! taking a inore active position while offering ~ervices to their clients which
until some years ago were only supplied by engmeering offices and design agents or software ven-
dors, Many programs exist for a long time to support the classification society internal design ap-
proval. The new software aims more on the design and, at the same time, at the check against
classification requirements,

ta bn c at i on strategyrules, regulationsSpecitrcabon

! r r I

ship yardclassship yard ship yard

Figure 1. Ship Structure Design Process

As class societies niarket their new software tools to perform the dimensioning of the steel
structure and to support the approval process, the working environment for the designer has changed
and will continue to change, Shipyards build ships according to the rules and regulations of different
classification societies. Until some years ago, this resulted in that the designer had to observe different
rules, approval strategies and procedures, Today the situation has changed in that different complex
software systems have to be used for the same task to be performed.

An overview of some systems available is given. Even though the designer is not always free io
choose from the tools available  some classification societies strongly recommend or even force the
usage of their software!, the catalogue of the evaluation criteria can help to find an optimal strategy.
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Ship Structure Design and Approval

The ship structure design and approval process is discussed to g>ve a background for thc  ools
being described.

Figure 1 shov s how the different activities are embedded in the overall steel structural desigrl,
Design, assessmentand approval is performed in an iterative process. The required input to this tasl' is
the preliminary design: ship general characteristics, hull form and genera! arrangement, The task is
controlIed by the rules and regulations to be fulfilled, most of them are released by the classilicatinli
societies.

The results  output! are:
possible change requests which might even cause modifications to the general arrangemcnt,
an approved structure definition which forms the basis for the material ordering and the detailed
design,

accurate weight distribution and reliable centre of gravity of the ship steel structure which are re-
quired for the deadweight and ship stability calculations.

A closer look on activity "design and approve structural elements" i» given in Figure 2. Thc
three principally different tasks: structure definition, structure analysis according to rules and structure
analysis according to direct calculations are depicted as well as the corresponding re! ationships:

preliminary design rules, regulatiOnS I figs
ntlings aso.
ulalions

Figure 2. Ship Structure Assessment � Approval Process

The layout of the structural elements has to fulfil the requirements defined in the preliminary de-
sign, two most important infortnation arc the hull form and the spatial subdivision which have to be
realised by the structural elements.

The approval according to class society rules i,e. minimum hull cross sectional properties as well
as tninimum scantlings of plates and stiffeners has to take into account the loads on the structure
which are either calculated based on the class rules or which result out of the vessel's specification
for deck loads and the general arrangement for tank loads.
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Cabos et al. [2j give a comprehensive list of aspects which have to be considered for a raiinn-
ally based structural design: 3D model of the ship structure, realistic sea loads  waves!, direct calcula-
tion inethod  FEM!, limit state analysis  deflection, fracture, buckling, .!, reliability based safety
factors, formulation of "failure equations" and possibly other design constraints and optimisation algo-
rithins using specified optirnisation objectives.

The very important input to rationally based design is a 3-D model of the ship structure for which
in the first iteration step the scantlings of the piece parts can be defined according the class rule re-
quirements. The results again might ask for local or even global changes of the structural design.
Finally, al] relevant scantlings are deterinined � approved by class � and serve as input io the
downstream design and production process steps.

The specially developed software tools for the support of the assessment and approval ol' ship
structures have to be analysed and measured against the following statements which surnrnarise the
given overview:

Design and approval is an iterative process to be performed in a short time span and in close co-
operation between shipyard  design agent! and classification society.

2, The information required is generated with help of specialised CAD-systems which to a certain
extend focus on naval architecture calculations,

3, The results of the assessment and approval add to the input in that the structure is defined in more
detail. This forms the fundamental basis for the final ship general characteristics, the general ar-
rangernent which in turn allow for an early and reliable cost estimate, for material ordering and the
detailed design of the piece parts the structure is to be built of.

4. In many cases direct calculations have to be performed as the structural configuration can not be
analysed according to rules only.

Tools for the Assessment of the Ship Structural Steelwork

Software tools to support the assessment of the ship structure can be classified into the fo11ow-
ing categories:
1. hypertext based rule search and presentation,
2. calculation of scantlings of simple or complex structural configurations according to rule require-

ments,
3, calculation of scantlings of structural elements which contribute to hul! cross sectional

properties  longitudinal strength!,
4. 3-D modelling of parts of the structure or the complete ship and direct calculation methods,
5, interfaces for a data exchange between design and analysis tools.

Hypertext Rule Presentation
A rule presentation based on hypertext functions adds some extra functionality compared to the

printed rule books. A major advantage are the built-in search facilities which in many implementations
do a full text search and highlight chapters which include regulations or comments for the specified
criteria. This often leaves it to the user to find out the relevant rules in the specific context. The navi-
gation in the text is easy as cross references can be followed by links, Programs belonging to this cate-
gory are for example:

Electronic Rulebook by Det Norske Veritas,
GL-Rules by Germanischer Lloyd,
KR-Rules by Korean Register of Shipping,
RuleFinder by Lloyd's Register of Shipping which offers the most complete set of rules and regu-
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lations and the most advanced functionality for searching. An index system can be used to restrict
the result of even complex search criteria applying filters like ship type, flag state, principaldates
or class notations.

Local Scantlings Calculation
Some c]assification societies offer programs which allow for a calculation of single plates or

stiffeners or structural functional components  e.g. rudder! according to their rules. The user is guided
through the corresponding ru]es via a spreadsheet or dialog style user interface, Apart from global data
describing the ship like type, main characteristics etc. which may be stored for usage in difterent ses-
sions, the user has to manually input all information which is necessary to calculate the scantlings ot
the structural component, the single plate or stiffener: e.g. thickness and required material grade of a
floor plate, cross sectional properties for a stiffener on the side shell.

2-D Analysis � Hull Cross Section
The ca]cu]ation of the hull cross sectional properties i.s to be performed for almost any ship and

has to be approved according to the. IACS unified requirements regarding the minimum section
modulus and rnoinent of inertia. To speed up this task, tools of different functionality exist. Some sim-
ply calculate the cross sectional data based on the user defined input of the structural arrangement ~nd
dimensions of piece parts making up the cross section, Other also check piece parts for compliance
with the rules regarding local strength requirements based on "ru]e loads', In these cases, combined
stresses due to the hu]1 bending moinent and due to locally acting loads are taken into account.

To be able ta perform the analysis, the complete cross sections of the hull structure at the lon-
gitudinal positions of interest have to bc modelled. All plate and profile shape parameter and material
properties have to be defined. For the local strength calculation, three dimensiona] data have io he
specified as well like unsupported span of plates and profiles in longitudinal direction. Furtherrnoie,
the tank configuration and deck loads given in the vessel's specification have to be defined for the
automated calculation of locally acting loads on the structural elements. To allow the program to apply
the correct rules, all components have to be given a type identifier or rule designation, exainples are:
deck, side shell, inner bottom, longitudinal bottom girder, �,

Many classification societies offer tools to perform this kind of analysis, As the final result, the
approved hull cross section s! is of utmost importance for the classification of the ship structural de-
sign,  hc different strategies and implemented working procedures are discussed below.

3-D Analysis � Direct calculations
The analysis with help of software of the third category is mainly based on a two-dimensional

model of the ship structure, For many ship types this is not sufficient as it is necessary to perform an
analysis which has to take the three-dimensional structural configuration into account, c.g. container
ships with large deck openings, bulk carrier, ... Different strategies for this are offered by the tools
available or under development., see below.

Integrating CAD and Analysis/Approval Software
Whereas software of the first four categories represent tools which can be used stand alone, the

interfacing of design and ana]ysis or approval programs is a strategic approach which leads to an inte-
grated engineering workbench supplying the user with the functions necessary to design the ship. Until
today the focus is on the development of the software for an "optimal" structure analysis and at the
same time structure approval. Some ol' the systems available offer interfaces which to a limited extent
allow for a data exchange. The potential of this approach is clearly seen by all classification societies
and software vendors which has ]ed to many R&D projects, for the strategies followed see below,
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Evaluation Criteria

The criteria applied to evaluate software systems are introduced. The formulated and explained
questions help to analyse the functionality offered. The description of the ship structure design and ap-
proval process, see Figure I and 2, serves as a guideline as the formulated requirements and boundary
conditions have to be met by the tools.

To what category does the program or system belong?
Each software may be classified according the categories described. In some systems several

components exist which serve different functions. In these cases, special attention should be given on
how the components relate to each other. This directly leads to thc next question;

What is the general philosophy?
In case of tools for the calculation of scantlings, either local or global view, the working proce-

dure implemented and thus to be followed by the user should be looked at thoroughly. In this context,
further questions going into more detail are:
? Can the system be used for any ship type  generic! or do restrictions apply which limit the usage to

specific types, for instance tanker, bulk carrier, container ships?
? Does the system support two- and/or three-dimensional ship structure models to be used for the

assessment of the scantlings?
? Are all components of the structure covered by the sofhvare? Are restrictions given which limit the

usage to special types of elements, e.g, longitudknally oriented or to regions like 0.4L midships.'
? Is the user free to choose a working procedure or h's there a restrictive path given to be followed in

any case?

How does the software support the design process?
As many of the tools supplied by the classification societies have their roots going back to the

class internal design approval tasks, emphasis should be given on how the iterative process as de-
scribed is supported. Further questions in this context are:
? What is the overall functionality offered!

The following may be looked for:
Minimum scantlings according to rules
Stresses and displacements based on direct calculations
Limit state analysis: first principal design
Vibration analysis leigenvalues!
Fatigue design assesstnent
Weight and COG as input to naval architecture calculations

? Whatis the  minimal! input required?
This is important to know when trying to make use of the software as early as possible in the proc-
ess chain,

? Is an optimisation with respect to user defined objectives supported?
Optimisation in many cases is an essential part of the design process, Due to the complexity of the
structural components and their manifold relationships as well as the complex loads to be applied,
optirnisation functions have to be regarded as an advantageous feature.

? How are modifications of the structure handled?
The iterative working procedure in ship structural design and assessment leads to modifications of
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the structural design either caused by results out of the structural assessment itself or by changes of
the general arrangement or even the vessel's characteristics. In this context it is important to auto-
rnatically keep the product model consistent and though rninirnise errors,

How is the structural steelwork to be modelled?

The program internal representation of the structure has to be defined by the user. In this con-
text different aspects have to be considered;

Does the system support 2-D, 3-D models or even multiple views on the structure?
For a check against minimum values of cross section properties, rule based structural assessmettt
requires a 2D cross section view on the hull structure. Direct calculations however have to be based
on a 3D-model. In case of functions built-in which support both aspects:

? How are 2-D and 3-D vievr s managed?
Principally two different strategies exist: the 2-D cross section is generated using a 3-D model or
the 3-D model is generated based on 2-D hull structure descriptions. The first method has the ad-
vantage that an unambiguous representation exists. It should be noted however that even though
mathematically exactly possible, the generation of 2-D views can not be performed fully automati-
cally. The relevance and contribution of components to e.g. longitudinal strength can not iri all
cases be decided upon without the designer's knowledge to be taken into account,
The second method has the advantage that in a first step less input is required. The major drawback
is to be seen in the fact that there is no unique way to automatically generate a precise 3-D model
based on the 2-D views. In Figure 3 the two approaches are depicted. The structura1 element in this
case has a complex shape which obviously can not be generated out of the corresponding cross
sectional representation which is a straight line. It is apparent that the 2-D representation can bc
generated when the 3-D model exists and the simple additional information is given at what posi-
tion the cross section is asked for. It is ho~ever left to the user to judge upon the relevance of this
structural part for the analysis under consideration.

Does the built-in product model support functional structural elements?
The modelling and modifications of the structural model are less time consuming and prone to er-
rors if a functional and an additional piece part view are managed by the software. In this rase,
plates and stiffeners are assigned to functional elements which represent structural component~ e.g.
deck, shell, inner bottom, and by this inherit all relevant attributes of the corresponding element.

shape representatian. s-O
structure cornpanent-

mapping l
l

' J

unique mappingl
but relevant

g component'i
'i/V

snape representation 2-D
crass section view

Figure 3. 2-D and 3-D Shape Representation of Structure Components
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? ls a parametric and associative modelling supported?
The modelling and modifications of the structural model are less time consuming and prone to er-
rors if the shape of the structural elements can be defined using associations between these ele-
ments. Some associations between functional elements and between piece parts are shown in
Figure 4. In addition, the definition of centre and height of the cut-out in the floor plate is an ex-
ample for parametric modelling. In case of modifications, the consistency of the structural niodel is
retained if the associations and parametric definitions are part of the product model stored, The lo-
cation or shape of any element describing the structural steelwork should be allowed to be defined
with reference to an underlying fraine grid. This associative definition is more suitable than using
absolute length measures. Modification aga~n are much easier to manage.

association: boundary

association: location reterence

association: realised by

piece part: plate

lvnction el component

shell" �-

--- centre girder

Itongrtvdrnat gtrderI cvt-out
parametric detinition ot location and size:

centre = Hie r 2
height = Hilt - 2 ' 400lloor

Figure 4. Associative and Parametric Structure Definition

? How is symmetry handled?
Many but not necessarily all structural elements are symtnetrical to the ship centre plane  port and
starboard side!. Even though this aspect seems to be of minor importance, it inight turn out to play
a major role in the structure modelling if the functionality offered in this context does not allow to
handle symmetrical and unsymmetrical elements properly.

? What possibilities exist to reuse structural component defint'tions?
Many of the ship structural components are identical in tertns of an associative or parametric shape
description but are located at different positions. For an efficient modelling it should be possible to
make use of this fact. Necessary modifications of an element which is part of a set of "identical"
ones might cause severe probletns if the required functionality is not offered by the software im-
plementation.
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How are loads taken into consideration?
Loads acting on the structure may be classified in: loads as defined in the rules of the classifi-

cation societies, loads as defined in the vessel's specification which might override class requirements
 stack loads, deck loads!, sea loads due to the ship motion in waves and loads imposed by the liquid
motion in partially filled tanks.



How can the system be integrated into an existing software environment?
The necessity to integrate a tool for the assessment of the ship structure in the ship design and

production process chain is obvious. The integration can be realised in different ways:
interfaces for the import and export of information,
interfaces which awow for a direct integration into other programs  application program interface
 API!!.

For a more detailed discussion of this most relevant topic please refer to thc corresponding dis-
cussion of the software packages below.

Additional criteria
Additional criteria to be looked at but considered of less importance in this evaluation and

though not further discussed are e.g. operating software and hardware requirements, The user interface
offered by the software is worth a separate analyses but is not further discussed here.

Tools Versus Criteria

Software tools of classification societies are listed in Table 1. Due to the ongoing and rapid
development, the reader has to be aware of the fact that new versions might exist in short time v,ith
major differences to the functionality described in this paper. It is not the intention to benchmark ihc
systems which would result in some sort of rating,

Table 1. Classification Society Tools

Safe JIull  ABS!
The ABS SafeHull system by the American Bureau of Shipping is composed of two parts: the

first of which is the requirements laid down in the Rules, the second part is the re]ated software which
is to be used in two phases:

Phase A: to establish initial minimal required scantlings, considering hull-girder longitudinal
bending and shear strength, local strength of plates and stiffeners, strength of main supporting
members as well as fatigue assessment.
Phase 8: direct calculations based on finite element analysis methods to assess the strength of
major portions of the hull to confirm the results of Phase A.
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The software is set up
inta modules ta be used for dif-

ferent ship types,' bulk carriers,
tankers and container ships.
The shape  geometry! for e.g.
bulk carriers is taken constant

tor the 0.4L midship region.
The layout of the longitudinal
and transverse structural corn-

ponents is defined using a
minimal set of parameter while
symmetry with respect to the
ship centre plane is assumed.
The thickness of plates, realis-
ing the underlying structural

< longitudinal hull girder/longitudinal scantlings
< transverse structures
~ double bottom structures
< forebody structures

define 8 analyse
longitudinal and transverse,
structural components
in midship region

< overall structural response
generate ft ana!yse
3-D coarse mesh
for midship region

generate fr analyse
2-D fine mesh

> strength of main internal
supporting members

for webs and girders

components  functional ele-
ments! has to be defined I» the

Figure 5. ABS SafeHull Workflow user. Stiffeners are located re-
ferring to plates, the cross sec-

tional properties are also to be defined by the user by selecting from a library. These parameter can bc
cotnpared to the calculated required values, necessary changes have to be done manually. Additional
functions are offered e.g. for bulk carriers the calculation of scantlings in the forebody region, a simpli-
fied fatigue assessment of selected members and a check against IACS structural requirements.

The direct analysis in Phase 8 is performed using a 3-D coarse mesh model  optionally output
of Phase A! to assess the overall structural response and 2-D fine mesh models for transverse and lon-
gitudinal main rncmbers  web, girder!. For the 2-D analysis selected portions of the 3-D coarse model
are fine meshed automatically and further edited manually, Built-in solver, pre- and post-processor can
be used or any other software which supports NASTRAN formatted file syntax for models.

All information managed by the ABS SafeHull system is stored in files, The contents and syn-
tax is explained in a data reference manual. A data exchange can be realised based on these files.

Nauficus  DNV!
The Nauticus Hull systetn of Det Norske Veritas is planned to be offered in four packages of

which the first "Nauticus Hull Rule Check" is released. The other packages add functions for a 3-D
modelling and structure analysis as well as complex wave load analysis, The different modules are
combined in an integrated work bench from which all tasks can be started assuring the integrity and
consistency of product model data defined by the user or generated by the programs. The software can
be used for any ship type which is covered by the underlying Rules and Regulations. The actual ver-
sion provides for the calculation of scantlings of longitudinal and transverse structural components ac-
cording to rule requirements at any longitudinal position. Furthermore a rich set of menu driven
procedures exists which allow to apply rules on single or complex structural parts e,g, the overall rud-
der design. For the integrated analysis two different modules exist:

"Section Scantlings" for the hull cross section modelling and assessment according ta rules
"Modeller" for the definition of a 3-D model and the creation of finite element meshes.

In the following the first tool is described which can also be used to create input to the "Modeller".
With help of the "Section Scantlings" tool, which is the direct successor of the PILOT softv are,

the longitudinal structural elements are defined in a 2-D view which holds no information on the



longitudinal extent of the
components. Special menus
exist which are to be used

for the definition of func-

tional components like
shell, deck, inner bottom,
girder. The associations
between these elements are

checked by the program,
Symmetry of coinponents
to the ship centre plane can
be controlled by the user
which makes it possible to
model almost any structural
configuration. Space~ are
generated automatically,
they result out of the con-
tiguration of structural ele-

S~lgkoNA4~~44gsgs4eaNIA~T Nlja%0t~ ;ISAments taking holes and cut-
outs into account. Addi-

tional data like contents

parameter or height of
overHow etc. for tanks have

to be assigned by the user. The scantlings of piece parts realising functional elements are checked
against locally and globally acting loads. The report indicates piece parts not fulfilling the rule re-
quirements which then have to be changed manually by the user in an iterative process. An automatic
calculation as part of Poseidon or ShipRight will be included in one of the next version of the program.

An additional component may be used to calculate the scantlings of transverse components like
web frames or transverse bulkheads,

The integration into the overall ship structure design process can be realised by
Macros supplied which can be used in NAPA to export a hull form in a DXF-format for in-
put to the modeller component.
Pre- and post-processor to read and generate ASCII formatted files containing hul! cro»»
section definitions in a specific format,
Interfaces under development to support a data exchange in correspondence of the EMSA
business case "Hull Structural Design Approval", see Figure 6,

Figure 6. NAUTICUS Hull Modeller: Import of Structural
Components using an EMSA Protocol [I I]
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Poseidon  GL!
The actual Poseidon version  L5! of Oermanischer Lloyd can be used for any type of ship

 structural configuration!, the following principal functions are provided:
calculation of scantlings according to rules for single plates and stiffeners as well as for hull cross
sections including longitudinal and transverse members,
direct calculations based on generated 3-D structure models, For this, a general purpose finite ele-
ment solver capable of linear, non-linear and dynamic calcuiations as well as a pre- and post-
processor are part of the standard distribution.

The structure model is specified by hull cross sections. Wizard dia]ogs help to speed up the
definition of specific ship types: tankers, bulk carriers and container ships. Associative and parametric



modelling is supported, a distinction between functional and piece part view is made. For each of' the
primary coinponents  functional elements like deck, shell, bottom, bulkhead, ...! the extent in longitu-
dinal direction can be specified, overriding the default value which gives no limitation. The modelling
of shape inodifications of structural components in longitudinal direction is to a certain extent sup-
ported as the same component can be assigned different shape information at any number of cross sec-
tions. A cross section consisting of longitudinally and transversely oriented structural elements defined
at a specific longitudinal position can easily be copied to other positions while automatically taking
care for modifications e.g. due to the ship hull form or longitudinal elements which are not parallel to
the ship centre plane. Symmetry of components to the ship centre plane can be controlled by the user
which allows for the modelling of almost any structural configuration. Spaces are generated automati-
cally, they result out of the configuration of structural elements taking holes and cut-outs into account.
Additional data like contents parameter or height of overflow etc. for tanks have to be assigned bv the
user.

Figure 7. Interlacing NAPA and Poseidon

Scantlings of piece parts

 NAPA!
Structural Mode! making up the hull cross sections

y,
are calculated according to rules

FE-Model alinost automatically, The user has
 POSEIDON! only to supply those dimeiisions

which are to be taken as constant

'.tl' values in the iterative process, ex-
'll amples are plate thickness of

",.', '+s coaining, deck and shear strake of
a container ship or the inner bot-
tom thickness in cargo holds of a
bulk carrier which might be part of
the owner's requirements. The
global shear force and bending
moment at the longitudinal posi-
tion under consideration as w'cll as

locally acting loads due to a de-
fined tank configuration or deck specification are taken into account in the dimensioning. This func-
tionality allows the program to be used very early in the design process for a reliable estimate of the
scantlings of a major part of the hull structure and for the calculation of the weight distribution. The
required input is minimal, modifications can be carried out easily due to the associations which are
forced to be used in the definition of the structural configuration.

An optiinisation of the structural design is part of the program and is controlled by the user. f.or
this, the resulting stress level is indicated for all parts and suggestions are made on how scantlings
should be changed which are defined by the user as to be kept constant in the iteration by the program.

A 3-D model is defined implicitly by the set of 2-D cross sections. For the generation of a finite
element model this information is used and elements are created automatically taking the user defined
inaxiinum values of element size for geometrically defined regions into consideration.

An integration into the design process can be realised by:
Macros to be used in NAPA to export a hull fortn in a format suitable to input to Poseidon
A pre-processor to read in specific ASCII formatted files containing 2-D
A library with data access functions to directly operate on the system internal persistent
data structures

Interfaces under development to support a data exchange in according to STEP AP 216 con-
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formance classes and the EMSA business case "Hull Structural Design Approval"
A close integration is realised with the naval architecture calculation package E4, the system

architecture is depicted in Figure 8. In this configuration, the structure is modelled with help of the
functions supplied by E4. Upon request, defined parts of the model are transformed into the 'Poseidon-
view" making use of the data access
functions library. The rule calculation
request starts a new process which com-
muniCateS baCk SOme StatuS meSSageS.. usert~aaa u~tnteda
After receiving the OK-status, the calcu-
lated scantlings are automatically read
into the E4 internal data management
component where the corresponding at-
tributes of plate and .stiffener objects
 thickness, cross section parameter! are
assigned thc new values, In normal op- data summunsattan' � backgreund qrmess
eration, the calcu!ation according to class
rules is done automatically in a back-
ground job and controlled by the user Figure S.E4 � Poseidon Integration: System Architecture
through the E4 package.

qalqulstten request
status messages

Eiu ~U~,~~

KR- TRA S  KRS!
The KR-TRAS software  actual version 2,0! by the Korean Register of Shipping consists of a

set of independent programs for the assessment of different structural components like deck plating,
bottom structure or rudder, .�Among these, a program exists which allows for the definition of hu	
cross sections and the calculation of hull cross sectional data based on a 2-D model. The cross section
is defined by plates and stiffeners. A functional description of structural components is not supported
and a longitudinal extent of structural components can not be defined. An automatic calculation of
scantlings according to rule requirements and global as well as local loads is not available but planed
for the next release,

The software distribution includes KR-RULES which is a hypertext version of the KR Rules for
Classification of Steel Ships,
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The ShipRight' software supplied by Lloyd's Register of Shipping will, in time, supersede all

existing programs which are known under LR.PASS. Based on a common database holding a sing!e
ship representation used for a11 types of calculations, different modules are offered in an integrated
software system which supports the calculation of scantlings according to the LR rules as well as direct
structure analysis of structural components. The software can be used for any type of ship covered by
Parts 3 and 4 of the LR ru!es for steel ships. The actual version �.3! does not support the calculation of
rule scantlings of transverse structural components and of longitudinal components which are outside
the 0,4L midship region.

The user is guided through the model!ing and calculation process with help of a "road map"
which assures that all required data are availab!e for the subsequent tasks to be performed. The struc-
tural model is generated by the definition of longitudinal structural components, The fore and aft extent
in longitudinal direction has to be specified for which a reference to a frame positions can be made,
Furthermore a structure type has to bc assigned out of a predefined set, The definition of components is
supported by type-specific input parameter. Symmetry of components and spaces with respect to thc
ship centre plane is assumed, elements crossing or lying in the centre plane are handled correctly. The



hull form is to be defined separately using different modules which offer either a cross section or 3-D.
parameter driven modelling functionality, The deck is regarded as a specific structural component and
has to be defined using an extra function. Associative modelling is supported, a distinction between
1'unctional and piece part viev" is made. Spaces are defined by specifying the bounding structural ele.
ments manually. Additional data like contents parameter or height of overflow etc, for tanks are to be
assigned.

Scantlings of piece parts making up the hull cross sections are calculated according to rules al-
most automatically. The user can supply those dimensions which are to be taken as constant values in
the iterative process. The global shear force and bending moment at thc longitudinal position looked at

as well as locally acting loads e.g.
due to a defined tank configuration or
deck specification are considered in
the dirnensioning process, This func-
tionality aHows the program to be

I used very early in the design process
for a reliable estimate of the scant-

lings of a major part of the hull. For
this, the required input is minimal,
modifications can be carried out eas-

ily due to the associations which aret
defined in the modelling of the

I structural configuration.
The 3-D model serves as the

basis for the highly autontated load
case and finite element mesh genera-
tion according to the Structural De-

:"::::'I.:e: �:'::.-: '!-"::"- ~'::~:; . "::
which are implemented for tankers

Figure 9. Bulk Carrier Product Model and bulk carrier, The generated ele-
Presentation in ShipRight' [7] ment size can be controlled by the

user specifying different values for
different structural components.

Three dimensional graphical views of user defined selections of the ship model or finite ele-
ment model can be generated and displayed in Openlnventor, an example, taken from the softwareTM

distribution is shown in Figure 9.
An integration into the overall design process is realised by

import of hull form definition from SeaSafe,
itnport and export according to different product models defined according to the STEP
methodology: ShipRight specific schema. EMSA business case "Hull Structural Design Ap-
proval", see [10], an example for data import is shown in [11],
import and export of hull form definition as offset tables in a specific ASCII format,
export of structure in VRML format,
export in a specific format to be used as input to the hull condition monitoring program,

I'rime Ship  NKK!
The PrimeShip BOSUN software by ClassNK Nippon Kaiyi Kyokai allows for the calculation

of scantlings of general cargo ships, bulk carriers, container ships and tankers according to the
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ClassNK rules. The built-in "integrative design' feature is to used for the model!ing of hull cross sec-
tions at any longitudinal position and the calculation of the corresponding hull cross sectional data. A
functional description of structural components which have to chosen out of a predefined set and a
separate piece part definition is implemented, Associations between the functional elements are part ot
the model, The structure is assumed to be symmetrical with respect to the ship centre plane. A !ong~tu-
dinal extent of structural components can not be defined. Only limited functions exist which ease the
definition of multiple cross sections at different longitudinal positions, An automatic calculation as part
of ShipRight or Poseidon is not included.

The menu driven "independent design" function can be used for the assessment of scantlings of
individual structural members,

MAFSTRO

Another approach is fol!owed by the MAESTRO software system. As described by Dow et al.
I ]2], the capabilities For a rationally based design of large, thin-walled structures are built on a rapid
structural modelling with special functions for an optimised generation of a global ship structure finite
element model. This model serves to generate detailed finite element models as necessary. A detertni-
nation of scantlings according to the ru!e books is not supported. Due to the realised first principal de-
sign concept, a user-defined safety factor, which can be indexed to the requirements of e.g.
classification societie~ is included in the !imit state analysis function, The import of an existing pre-
!iminary structural design  generated by SHIPSTRUCT of the GODDESS system! is realised by an bi!at-
eral data exchange interface, functions to export FE-model data to an externa! solver like NASTRAN
are included. BV's system VeriStar uses MAESTRO for the 3-D structura! analysts.

Conclusion

The short overview of tools offered by the classification societies show that:
A hull cross section 2-D mode! is used to calculate the scant!ings of the longitudinal structura!
components.

Very different modelling functions arc offered for the structure definition.
Most of the software distinguishes between a functional and a piece part model of the structure.
Some tools allow for an automated calculation of scantlings.
Assesstnent functions for transverse structural components are in most tools less elaborated than
those for longitudinally oriented components.
Completely different strategies are followed to manage the transition between 2-D and 3-D models.
A!t 3-D models inc!ude major restrictions with respect to the shape of structural components or
compartments.

Different strategies are offered to automate the generation of finite element meshes for a direct
anal ysis,

All input has to be given alpha-numerical, graphical functions are !imited to the presentation and
most of the tools offer only primitive viewing functions,
The user interface in almost all tolls is inconsistent between different components.
Vendor specific Formats arc supported for data import and export. It should be noted that tnost of
the data exchange functions described in this paper with respect to ISO STEP or FMSA protocols re-
fer to results of ongoing research projects and are not commercially available product components.
All tools are complex softv are systems which can not be utilised on an ad-hoc basis. The far most
important part in the investment is the user training required.
All programs run under the V'indow operating systems.TM
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SEAMLESS INTEGRATION OF STRENGTH ASSESSMENT INTO A
CAD ENVIRONMENT

Arne C.,'hrist>an Dumhaug. I:Ging Aishoff and Are Fotlexdal Tj onn - DNV,Software

Abstract

The tough competition throughout the maritime world has resulted in a demand to work
smarter! IJtilising the power of the existing design and production tools in a more integrated manner
will be an essential issue for improving productivity and quality.

Essential factors for the designing of more efficient ships and for classification of ships will he
the ability to:

~ make the design as mature as possible as soon as possible
~ integrate designer. manufacturer, and control authority for the product during product evolution.

This can be achieved mainly by the product model technology;

~ closing the gap bctv een the layout of the steel structure and its approval
~ bridging the gap between the parties involved in the product development
~ linking the appropriate rules to the envisaged layout at an early stage

The emerging role of Product Models in an open environinent has created a demand for
software vendors to expose their product services through a standard Application Progranimer
Interface  API!. I'or CAE system vendors, important services wilI be:

Construction Ideali7er,

The role of this component is to create structural analysis models according to type of analysis.
 Global, Cargo Area, Local! and to derive numerical analysis models, The idealisation of for evaniple
geoinetry can be to disregard all cut-outs and openings in the design.

Analysis Engine,

The role of the Analysis Engine mill be to provide services for a wide number of analyses. This Engine
will define and iinplernent a suite of interfaces for structural analyses of inarine structures in general
and of ships in particular. Relevant results from analysis will be part of the product model data and use
services from the Product Model.

Class rule Engine,

The role of this component is to ensure that analysis results are accepted by the classification rules.
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The paper will illustrate hov to transfer a CAD made model into a CAE system, perforining the
analysis and do the strength assessment according to the class rules,

Background and Motivafion

Define Inten~tions

Search for solutio~ns

Def appll bleac«ptan cttte~a ~
 

ct

oct

~Define Conceptual mode I ~
~Define Logical rnonde!

i An a 1 pe

«Ev I ate

l!ecision rnak~ing

I Next phasge

Figure I Good revision managetnent is necessary when working with complex designs,

As will be discussed in later sections, conceptual design is influenced by decisions made
during the design process, For this reason it is necessary to support the design process with flexible
and advanced tools.

However, until now limited use of direct calculations according to first principles have been
carried out in ship design. The main obstacles have been poor IT support, together with domain
experts not addressing the same master niodel throughout early design, Particularly. IT solutions have
suffered in the area of revision control, constraint management and rule based design  see figure 1 and
2!. It is reason to believe that good design applications will appear in the near future.

The nature of conceptual design is to tnap functional requirements into the emerging solution

'1 54

Computer based design and data integration has ntany facets, Bearing in mind the structural
paradox that you need to guess the ship's scantltngs in order to sett!e the scantlings, we know that
ship design is an iterative process. The principal objective of the requirements dettned by
computational ship analysis is to provide a frainework for the evaluation of the hull structure against
defined acceptance criteria based on an extended calculation procedure covering load and structural
response analyses. The requirements ensure that the structures comply with the general load and
strength criteria.



space and at the same time to keep track of all relations involved. A more precise breakdown structure
of the design process could be:

~ Layout design or conceptual design
~ Scantling design of primary structures
~ Production design and design of details

C onsrrainr ~

Cumplcxit>

Figure 2 Proper constraint management v ill ease the revision control

In order to increase the efficiency in the design and strength assessment phase the following factors
apply:

~ Make the design as mature as possible as soon as possible
~ Integrate designer, manufacturer, and control authority during product evolution.

Figure 3 Integration of CAD & CAF in the same overall workflow.



The emerging open modelling environment acconrmodate» integration of third party rood»l
structures; the imported data are instantly available for further work vvithin the C'AE environment. The
Programmers Interface  API! allows users to extract conceptual data for further usc v'ithin its own
workfIov by efficient tools I'o r each separate task in the strength asses»ment process.

Why Product Models

The product model technology enables us to unify the handling ol information and th» Ilow of
information in a complex design, engineering, production, and operation environment. In this
environment. the product model acts as an information carrier that maintains the r»presentation of th»
product throughout the life cycle. Different aspects of the model can be accessed through abstract
views of thc model and changes in views can be propagated to the product model and thus to all
relevant views of th» model

Slate of the arl today.

Today, engineers do not distinguish between !he structural models and the analysis ntotlels and
are too concerned about "non-engi»ccring matters" such as disk space, computational efficiency.
geometry to be meshed, load» to be applied, ctc.

Vision

~ I o enable the engineer to concentrate on structural engine»ring and to use his knowledge and skill
to do engineering rather than to focus on how the analysis model is created and represented.

~ Wc see it as a great advantage that the engineer is concerned only with the structural and constraint
definitions, and has at hi» hands a system that, given a selected analysis model, provides him ~ith
accurate, reliable and representative predictions of thc response after being fed with structural and
load details and defmitions.

~ Accurate transfer of information hetvvcen engineering models and analysis models to provide valid
mappings both ways. W» want to transfer geometry, kinematics, equilibrium states, material to the
analysis engine and af'ter analysis to receive the predictions as stress, strains and sectional forces in
order to do proper strength assessments.

What

ln the design process thc intentions behind a design are transformed to a design model under
constraints and rules. 'I he design model will be subjected to engineering analyses in order to assess its
ability to meet the requirenients stated in the intention. I.e. we will need to do a capability analysis in
terms of general strength assessment.

One of the key steps in an engineering analysis is thc idealization process. The aim of' this
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process is to transform the intentions  under constraints and rules! to engineering models describing
them in the language of structural engineering. The models we use are a structural model and a gcncral
constraints, boundary condition and load model which we call a constraints model. The idea is that
any business intention, constraint or rule that is known and defined in the design model should be built
into the engineering model in terms of structural constraints and requirements. And likewise, that any
non structural intention, constraint or rulc  means that it is not a part of the structure itself but alfects
and disturbs the structure! is built into the constraints niodel. These constraints are t!picall>
environmental loads, equipment loads, etc, that define and provide disturbances and constraints to thc
behaviour of the structure. It i» assumed that rule loads, gravitational loads and any other physical
constraint that may be derived from the product model by default is transferred to the constraints
model. We note that structural boundary conditions often need to be applied to regularize the problem
if the analysis method is not able to handle singular problems,

What wc do is thus an idealization from a design model to an engineering model that has been
embedded with engineering knowledge in order to comply with all the intentions, constraints and rules
that have been set forth. 'I'hc design niodel is assumed to contain the complete domain. We note that
we do not foresee that this process will ever bc fuII> automated, but rather he semi-automated with
adequate support to ease the logistics t'or the engineer. The idealization may be viev ed as a sequence
of transforinations where we record each step in order to provide a 'way back' from the engineering
model to the design model. Such transformation mechanisms en.able us to transfer changes iii the
design back to the design inodeI in a language understood by the designers,

We develop an analysis and modelling framework in order to support the ideas briefly
introduced above. In such a framev,ork we nccd prcprocessors, post processors and general analv»i»
components to do the strength assessment. 'I his lead» to the iiext step in our analysis and modcllin
framework, the creation of analysis inodcls. In this context an analysis model is a numerical
discretization of the engineering problem, for instance by means of finite elements. The creation of
numerical models is siinilar to thc process we use to create thc engineering model and is done by a
sequence of transformation». Thc inain difference is that while the first sequence is semi-automated,
this process is automated and v e facilitate means for the engineer to tailormake the discretrization to
serve specific purposes, I.eke thc former idealization process we ensure a 'way back' fri>rn the
numerical model to the engineering model. We use the standard Sesain suite of analysis software to
perforin the basic tasks required in the analysis process, see ref [I J. Since we have two engineering
models we need to do a merge when v e create the numerical model. This process is non-trivial but
enables us to tailor the discrctization to serve specific purposes, scc also the short discussioii on
adaptive finite-element analyse» in the next paragraph.

Important methods and concepts in the analysis and modelling framework are model adaptivit>
and adaptive finite-cleinent analvses. Model adaptivity, see ref [2J, is a technique we usc to ensure that
the nutnerical models are capable of representing complex physical behaviour in an adequate way in
order to provide good predictions of ttre response. We inay start in a reduced space, say 2D, and
enforce kinematic constraints, for instance from Kirchhoff hypothesis. If this reduced space cannot
represent what we want to analyse. we transform the model to full 3D theory in the critical area».
Adaptive finite-eleincnt analysis is another technique we use to reduce the actual numerical errors in
the computations, see ref [3]. The main concern here is to tailor the discretization to the constraint
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situation and enable an adaptive refinement of the discretization until it provides a response prediction
with an error estimate that meets the requirements. The procedure is then a standard iinplementation of
adaptive FE analysis, One problem with this strategy is that it works well only with siinple elements.
There are considerable probleins to develop good error estiinators for more complex finite-element
formulations.

How

In general. today's ship design  CAD! and engineering  CAE! applications are autonomous
systems with limited or no collaboration/intcroperability, a situation which is illustrated to the left in
I'igure 4. Great effort is spent on various initiatives like ISO/STEJ' and others aiming at closing thc
gap by developing standards for product data exchange. So far very fev' shipbuilding applications in
the CAD/CAE area have implemented commercial support for these standards and implementation in
the shipbuilding industry is not apparent, One reason for this might be the fact that these approaches
have several drawbacks with respect to model updates, translation froin one representation/
implementation to another etc.

A solution that has been proposed is to inove from data exchange to data sharing, The main
problem with this approach is that representation/implementation of the model is often very different
for the different areas of concern, CAD inodels are often rich in details and targeted at manufacturing
and production systems while CAE models are often less rich in details and targeted at structural
strength assessment analyses. The different areas of concern often require different approaches with
respect to model representation and implementation
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Figure 4

Even though CAD and CAI'. systems have different areas of concern they often have common
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In the years of component based applications and open systems architecture, a new approach to
this problem is to design architectures for collaborating and interoperable systems, This paper
describes how key features of a collaborating CAD � CAE system is implemented in a COM based
environment. The goal is illustrated by CAD and CAF. applications using services and data from each
other through well defined interfaces but leaving the representation and implementation details at the
serving application as seen in the right hand side of Figure 4. The rationale behind this approach is to
separate areas of expertise. CAD systems are probably the best implementations for design inodels,
while CAE systems are probably the best iinplernentations for engineering inodels.



features and model properties  lar example geontetry!. For those areas model relationships and open
interfaces are extremely important.

Principles for collaborating components

There are two different philosophies for the information Ilov' between a client  which is a user
of a service! and a service engine  both of which are components!. The inforination source is a
cominon repository for both Design and Analysis, and the Analysis services will need access to the
relevant subset for coinputation. This subset can be made available in two ways:

~ Push: The client invoking a service loads the data inta the service engine.
~ Pull; The service engine retrieves what is needed to execute the service.

In general, pull is preferred for the transfer of geoinctry and results. The reason is that the user
of the data  component! knows how to receive the data � it is difficult for a client to know what is  hc
most efficient v,ay of transferring data to the other component. This itnplies:
~ For the geometry a service engine needs as input, the service engine will be told where to get

access to it, and the service engine v ill retrieve what it needs.
For complex results, the client will be told where to retrieve it.

This implies the follov,ing actions when a service is invoked by a client:

~ The client configures/sets up the service  push!
~ Thc client informs the service engine where to retrieve the data  push!
~ The service engine retrieves the data l'pull!

The service engine does the work, informs the client that it has finished, and communicates hov
the results can be retrieved.  push From the perspective of the service engine!

~ The client retrieves the results  pull!

Data passed betv'een components are often transformed. It is the responsibility of the
coinponcnts that do such trunsformations to maintain relationship between the original and
transformed state. This is necessary in order to coinmunicate changes based on analysis to the CAD-
system.

Managing model relationships

As mentioned above. the area of concern for CAD and CAE is different. CAD models are rich
in details and targeted far manulacturing and production. On the other hand. CAE models are less rich
in details and targeted towards efficient, robust and reliable numerical analysis. An examples that
illustrates the problem is a knuckle in the double bottom shown in Figure 5. In a CAD system thc
girder v;ill be offset some rnilliinetrcs from the knuckle due to production related welding rules. while
a CAB. system for a global analysis case would 'snap" it to the knuckle point in order to reduce mesh
complexity. In this ' structural idealization" transformation the topology in the analysis model differs
from the topology in the design model. This relationship has to bc maintained. In order to da this a
separate relationship object is iinplemented to maintain the semantics of the relationship. I'his
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relationship must be maintained across system borders and implies some requirements to which
interfaces the CAD and CAE applications must support on the inodel level in order to inter-operate
and collaborate efficiently. A relationship interface must be supported and it must act as an event
source for the relationship sentantic object so that this object is able to maintain the semantics of the
relationship in the event of changes relevant for the relationship.

Figure 5 A knuckle in a double bottom.

Overall architecture

As illustrated in Figure 6. end users  designers! engineers! interact with an application via
tools integrated in the desktop. Two major tools  each composed from smaller components! in open
solutions are:

~ CADTool a  new! suite of software services for General Ship Design supporting the use of
shipbuilding design and manufacturing concepts.

~ CAETool � a  new! suite of software services supporting the use of engineering concepts with main
emphasis on PEA and rule-based analyses.

The users of the system are both Designers and Engineers who has different scope of work related to
the product:

~ Designers,

Establish the design model which v ill form the basis for the engineering process and update the
design model based on feedback from the engineering process.

Engineers,

Will focus on construction and structural aspects of the model based on the work from the design
process. The results from engineering processes will be feedback to the design process,
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The Designer and the I:.ngincer interact with open solutions via a Desktop, which must be confligurablc
to the speciflic needs of the different types of users. In the descriptions below, the Desktop is not
further discussed. since it is the CADTool and CAETool the user interacts with.
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Figure 6 End users and main coinponents

Important components used to build the applications are:

~ Workflow,

'I'he role of the workflow engine is to provide services for defining and managing the work process
related to ship design, analysis and production.

~ Product Model Engine,

The role of the Product Model Engine is to provide services regarding product model data and
product modelling services through a standard set of interface suites. Important services will be
associativity, vcrsioning and configuratio management, persistence etc. This engine will to a Ltrgc
extent be based on other services like geometry, constraint management, concepts etc provided by
other engines.

Important components in the Analysis framework will be:
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The services and engines described above should be based on open solutions. In addition.
frameworks for Finite Element Analysis and classification rules will be available. The focus of this
docuinent is on Finite Element Analysis, but the architectural goal is to enable other types of analy scs.



~ Geometry Fnginc,

The role af the geometry engine is through a standard set of interface suites to provide geometry and
topology services for modelling. An important interface suite for this engine is OLE for Design un'
Modelling.

~ Constraint Engine,

The role of the constraint engine is to provide services for delming and managing constraints
services through a standard set of interface suites. These constraints will be design and modelling
constraints, yard manufacturing constraints, but also other constraints such as classification rules
and constraints related to meshing of the different structural elements.

~ Concept Engine,

~ Analysis Fngine,

The role of the Analysis I.ngine is to provide services for a wide number of analyses. It will define
and irnplernent a suite of interfaces for analysis of marine structures in general and of ship structures
in particular, Relevant results from analysis will be embedded with the product inodel data and use
services from the Product Vfodel Engine.

The rale of this component is to create structural analyses models according to type of analyses,
 Global, Cargo Area, Local! and to derive numerical analysis inodels, The idealisatian of for
example geainetry can be to disregard all cut-outs and openings in the design. Idealize according to
idealization level,

~ I.oads Ideal izer,

The role of this component is to make simplifications and associate loads on the structure, The loads

162

The role of the concept engine is ta provide services for ship concepts for hull form,
structural eleinents, i.e. both Design Concepts and Engineering Concepts as defined in
It is important that the interface suites defined for this engine  ' OLE for,Whips"!
extendable to enable specialised concept information far the different application
design manufacturing and construction analysis,

~ Equipment Fngine,

The role of the equipment engine is to provide services for equipment,

~ Part Library,
The role af part library is ta provide services for re-usable building blocks.

~ Rules Engine,

The role of this component is ta ensure that analvses are based on classification rules,

~ Structure Idealizer,

arrangemcnts

chapter 2.1
are open and
areas such as



handled shall be both static loads such as rule loads and equipment loads and dynamic loads from
sea-pressure.

~ Mesh Engine,

The role of this component is to establish the finite-element mesh for the given analysis type and
mesh parameters.

~ Element Engine,

The role of the element manager is, upon request from mesh engine and algorithm engine. to
provide elemental matrices and vectors. The elemental matrices are typically stiffness, mass, and
damping, and vectors are loads and forces. It must be possible to request matrix and vector subscts,
such as diagonal of elemental tnass matrix etc,

~ Algorithm Engine,

The role of the Algorithm Engine is to provide linear, non-linear and Stochastic solution algorithnts.

Sumtnary

We have given an overview of the seamless integration between CAD/CAM and CAF. enabled
by the use of emerging product model technology and component based software solutions.
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A STUDY ON THE METHODOLOGY AND PROCEDURE FOR SOLID
MODEL BASED SHIP STRUCTURE DESIGN AND PRODUCT MODELING

H, W. Suh, H.S. Choi, and S.G. Lee
Design Technology R&D Team, DAF8'00 Heavy Industrres Ltd., Korea

Abstract

The aim of this study is to develop a ship product model through which a concurrent
engineering concept can be realized. The product model can be built on the 3D CAD system
having parametric design concept and maintaining database. The required basic functions of CAD
system for product modeling are as follows,

 I! Based on a solid model
�! Supports non-mani fold model
�! Parametric design modeler
The ship product model concept was introduced and developed in this study to enhance the

CAD performance that maximizes the efficiency of the design information flow and applications.
Two application fields are focused upon: first, the initial and detail structural design and second,
the extraction of production engineering information for Computer-Aided Process Planning
 CAPP!.

A general 3D based solid CAD system was used as a modeling tool. Two modeling methods
and simplified modeling concepts were suggested in this study, namely user defined application
programs and parametric macros for primary structural members. Two modeling procedures were
investigated; unit and ring structure concepts. The unit concept is the modeling of major ship
structure parts such as decks, transverse and longitudinal bulkheads, as individual items, The ring
structure is that part of the ship structure sliced at two different cross sections along the
longitudinal direction of the ship. In the simplified modeling concept, some symbolized objects
were used to develop a product model, easily and rapidly. These were automatically converted
into solid objects. To verify these modeling concepts and procedures, a typical Very Large Crude-
Oil Carrier  VLCC! was modeled and tested.

Introduction

Manufacturing industries have a strong need to exchange production information effectively
among design, process planning, scheduling, and production activities in order to increase
productivity and shorten production time, A Computer-Integrated Manufacturing  CIM! system
can support this requirement. The core technologies in a CIM system are a product model and
concurrent engineering based an a database.

Normally, ship design and production planning are carried out in parallel, which in turn,
requires efficient production information flow and databases. The detailing of information is a
gradual process as the design progresses through the various stages such as initial design, detail
design, process planning, and production design, To support the environment of shipbuilding
processes, a product model was introduced, The ship product model can be defined as a computer
information model that enables information exchange between application systems from contract
to delivery. The basic product madel information is created by and based on the CAD system.
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to delivery. The basic product model information is created by and based an the CAD system.
Product models tnust have capabilities to control the flaw of information ' '. So, the model
requires powerful database and database management systems to store and tnanage the
information.

Several research activities have helped to establish the concept of a product model artd CIM
system in shipbuilding. Representative ones are the development of CIMS Pilot Model" '", CIMS
Frame Model ' in Japan, and CSDP in Korea".

In this study, a ship structural design and modeling system was developed based on the product
madel concept, Ship structural design and modeling work was done by referencing hull and
subdivision models, The designed structural information is converted to the CAD model and
becomes the start point of ship structural product modeling. In other words, the product model
receives required information from the design system. This study intensively tested the automatic
creation of structure model from the results of the design system.

From a modeling point of view, ship structures consist of twa parts. One is plate element and
the other is stiffener element. These items are standard ones to build modeling libraries and the
database. In addition, various parametric macros such as for web frames, stringers, slot hales, and
collar plates are needed to increase the productivity of ship structural modeling. These libraries and
macros were developed, tested, and evaluated through a real VLCC product madel design, It was
realized that the modeling procedure was very important for itnproving the performance and
usability of the modeling results.

One of the main purposes of product modeling is public use and maintenance of production
information between the various working groups, With current workflow procedures, the design
data is distributed to the next design stage or production fields in the form of drawings, Users
wanting information have to extract the data from drawings. This paper shows how to use the
product model created at initial structure design stage in the subsequent detail, process planning,
and analysis stages,

Design and Modelling System

1. Hull and Subdivision Modeling
The basic information for ship structure design is the hull form and the subdivision plan

provided by an initial design system. At the structure modeling stage, the plate elements use the
surfaces stored in the database that were fed in from the initial design system. When defining the
major surfaces like bulkheads, these are referenced ta the hull form. An example of hull form and
major surfaces is shown in Figure 1. These surfaces are stored in the database for later use in the
following stages.

' Yoon D.Y., Suh H.W.. and Jo H.J., CSDP  IV!-Development of Information Processing System for Initial Process
Planning and Scheduling System, Ministry of Science and Technology, 1993.
' Lee S.H., Lee K.W., Park S.H., Compact Boundary Representation for Non-manifold Geometric Models,
Proceedings of the KSME Autumn Annual Meeting '92, pp 421<24, 1992.
' Yoon D,Y., Jo H.J., and Suh I.W., A Study on the Simplified Representation of Product Model for Shipbuildtng
CIMS, Transactions of SNAK Vot.31, No, I, pp 4249, 1994.
Ship and Ocean Foundation, Research Report on the Development of CIMS PIOLT MODEL, 1990,
Ship and Ocean Foundation, Research Report on the Development of CIMS PILOT MODEL, 1991,

' Ship and Ocean Foundation, Research Report on the Development of CIMS PILOT MODEL, 1992,
' Ship and Ocean Foundation, Research Report on the Development of CIMS FRAME MODEL, 1993.
' Ship and Ocean Foundation, Research Report on the Development of CIMS FRAME MODEL, 1994.
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2. Structure Modelittg
There are several ways to

make a structural model. To

increase modeling efficiency,
properly optimized modeling
methods have to be adapted
for each structural group. In
this study, a unique
programming language was
employed for modeling,
which provides user-friendly
environments for developing
user application pro grains
and CAD functions. This

method was particularly
useful when modeling
longitudinal structures. On
the other hand the parametric
macro library is a good
solution for modeling the
transverse structures. To

itnprove the model performance, two modeli
concepts. The ISDPI ' I CAD system dev
solution was used to verify these concepts.

Figure I. The results of hull and subdivision modeling

ng procedures were considered. They are unit and ring
eloped by Intergraph Corporation as a shipbuilding

' Intergraph, I/VDS Reference Manual, 1994,
' Intergraph, I/STRHCT Reference Manual, 1994.
" Intergraph, Parametric Programming Language  PPL! Reference Manual, i 994,
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2.1 Modeling by User-Oriented Applic'ation Program
Several user-oriented application programs and commands were developed using Application

Programming Interface  API! Parametric Programming Language  PPL!, supplied by the CAD
vendor,"' The programmed CAD functions read model data from the database, generate initial
structure elements in the modeling environment, and then modify each eleinent to be an exact.
representation.

Many of the longitudinal meinbers in the hold section can be automatically placed on the
longitudinal major surfaces with the user-defined programs. Plate modeling requires base surfaces
and plate attribution information. The attribute data include plate thickness, material properties,
plate size, and location, The modeling procedure can be divided into three steps as follows:

I! Place the representative plate on each major surface that references from the previously
defined hull and subdivision design model.

2! Split the plate. In this step, the system obtains the split position from the structure design
system or process planning system stored in the database,

3! Modify the plates with the exact thickness and material data at each location. To tnodel
stiffencrs, the system needs its location and attribute information. The typical stiffener
attribute data are sectional shape, material, size, and location of the stiffener.

This modeling concept was applied to the VLCC and tested. Figure 2 shows the result of



structure ring modeling. It was found that when applying this modeling method for initial
structure design, the product model could be easily built and handled with great accuracy. I'he
process planning and detail design work can start at an earlier design stage and progress quickly.

2.2 Modeling With Parametric
Macros

Transverse structural members
have a similar shape. Therefore,
they can be repeatedly placed
along the longitudinal direction of
ship. Many of the ship structural
members can be modeled
efficiently with parametric design
concepts. A parametric macro is a
library that consists of topology
and parameter information. The
following are typical parametric
inacros used in this process:
 l! Transverse 8'eb Fratne

The transverse web frame is
placed at every frame position Figure 2. Results of automatic midship modeling
except the transverse bulkhead using user-oriented programs
locations. This web frame can be
grouped by types depending on location, shape, and topology. Major input variables to place the
transverse web frame macros are position, boundary elements, and shape parameters of the web
frame,

�! Stringer
This element supports transverse bulkheads, It has a complicated shape, so the parametric

macro library will be an efficient method for modeling it. When placing the stringer macros, major
input variables for boundary elements and shape parameters are positioned.
�! Slot Hole and Collar Plate

Modeling of slot holes and collar plates becomes important at the detail structure design stage.
To develop these macros, the modeler must support the parametric design concept. Major input
data for placing these macros are plate, beam, and type of slot holes. In addition, the detail
structures like bracket, stiffener, and opening can be efficiently inodeled and partially automated
with appropriate macros. In the study, more than 150 macros were developed for several types of
ships, Figure 3 shows an example of typical parametric macros developed for modeling the VLCC
and bulk carrier.

2.3 Modeling Procedure
To define optimum modeling procedures, investigations on modeling efficiency, usability,

and reliability are essential. From these points, two modeling concepts focused on improving the
modeling performance. They are the unit modeling and structure ring-modeling concepts. A main
purpose of product modeling is the reuse and sharing of information by various working groups.
Therefore, the reusability of modeling information also has to be deeply investigated.
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�! Modeling Method
Based on Unit Concept

In this model, the
number of structure

design files is same as
the number of major
surfaces defined in hull
and subdivision design
files. In other words, all
major surfaces have their
own separate structure
design file. Hence, this
method is inefficient,
particularly from a
usability point of view
because the size of

design file becomes too
large to handle it.

The typical
structure units of VLCC Figure 3. Example of parametric macros for the VLCC
are deck, shell, port and and bulk carrier
starboard longitudinal
bulkheads, inner bottom, transverse bulkhead, and web frame. I'igure 4 shows the modeling flow
in the urut modeling method. This procedure is very convenient, especially at the initial design
stage. As the design progresses, the amount of information rapidly increases. The size of the unit
model becomes very large in detail. Therefore, it is difficult to control the unit model at the detail
design and process planning stages. The ring structure model was proposed to solve this problein.
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Figure 4. Modeling flow in the unit met modeling method
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Figure 5. Modeling procedure for ring structure

The basic concept is the split of major surfaces defined by hull and subdivision systems at
longitudinal block division locations. Then the structure elements are modeled on the split
surfaces. The model created by this procedure has merits on detail structure design and process
plarming. However, there are considerable disadvantages on the modification of design,
integration, and automation of the structural design system. These modeling techniques were
applied to the VLCC to validate their effectiveness. Figure 6 is a typical ring structure model of a
VLCC at engine room part. This ring model can be created easily using the automatic modeling
system and parametric macro libraries.

3. Application of Modeling Results
The main purpose of product modeling is to use it efficiently at various domains. This study

focused on three engineering fields: detail structure design, process planning, and CAl'. niodel
generation,

170

�! Modeling Method Based on Structure Ring
Generally, the block division processes proceed with initial structure design at the same time.

It means that the basic ship construction plan should be decided at very early stage, Furthermore.
the unit concept is not suitable to support this process. Hence, a new modeling procedure, so called
structure ring, was proposed to support concurrent engineering in the initial stages, Ring means a
sliced section of a ship, The size of structure ring model is much smaller than that of the unit
inodel. So it is efficient to control the model even at the detail design level, Figure 5 shows a
modeling flow diagram of this concept.



3, l Model for Delail Design
In present design processes, most of initial design information is transferred to the detail design

parts by key plan drawings. This means that design information is to be concretely remodeled at
the detail design stage. Under the integrated environment based on the product model, the initial
design results can be transferred to detail design parts through the product model. The detail design
and production information can be generated from the model. A series of tests for 2D drav ing
extraction from the 3D model was executed in this study for the structures of deck and transverse
bulkhead of VLCC.

Figure 6. Structural modeling of engine room part

3.2 Model for Process Planning
In a product modeling system. design information stored in a common database can be

promptly used by process planning engineers. Conversely, the process planning information is
easily transferred to design groups. Figure 7 shows examples of production planning information
extracted from the product model. The system provides information on plates, stiffeners, and
joints. The process plannirrg works such as block division drawings and lifting plans are time
consuming and repetitive jobs, These drawings can be generated automatically from the product
model. In addition, the model information can be linked to and used for production scheduling
systems.
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consists of marketing design, initial
design, detail design, and productiondesign Fach design stage must produce Figure 7. Report for plates, stiffeners, and joint
production infortnation in a timely and information

efficient manner. At the marketing and
initial design stages, due to special design cycle circumstances, structural members are defined and
modified several times in a short period. The "simplified modeling concept"  shown in Figure 8!
was introduced in this study to rapidly and easily model structural members,

Figure 8. The environment and procedure of the simplified inodeling concept
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3.3 Generation of CAE Models
The CAP models for finite element

analyses and computational fluid
dynamics can be extracted from the
product model. In this study, various
CAE models were developed from the
hull and subdivision surface inodels
and structural solid models.

Sintplified Modeling Concept
One of the main purposes of

product modeling is to extract
manufacturing information, A
cominercial shi desi n rocess
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The simplified model developed through the procedure of Figure 8 can be converted into
structural drawings, solid models, and finite element analysis  FEA! models as required from the
"simplified objects" defined at early design stage. The simplified objects are composed of
geometry of 2D wireframes, attributes of members, symbols for drawing, and information lor
converting to 3D, etc. as shown in Figure 9.

4.1 Modeling Test Using the
Simplified Concept

In this study, the deck
structure model was built to
verify the simplified modeling
concept as shown in Figurc 10.

From the test, it was

understood that the simplified
modeling concept:
1! Provides a user-friendly environment for 3D modeling which is similar to 2D drawing work.
2! Can be easily converted into different output formats such as basic drawings, FEA models, and

detail solid models,
3! Retains parametric and associative relations between the members.
4! Is easy to modify and verify design parameters.
5! Is easy to interface with other applications.

Figure 10. The results of simplified modeling
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Plgure ll. Mix rates of solid objects and simplified objects

Discussions and Conclusions

This study was performed to develop a ship product inodel through which concurrent
engineering can be realized. Efforts were made to suggest an efficient and optimum modeling
procedure in initial design stage. The product model was tested and validated by applying the
suggested modeling methods to the typical VLCC design. The results of this study are as follows:
 I! For realizing concurrent engineering in shipbuilding, product modeling will be the best

solution.
�! User-oriented CAD functions and commands like parametric macro libraries are essential to

build a ship modeling systein. They provide user-friendly modeling environments that
facilitate easy and convenient modeling.

�! When designing the modeling method and procedures, both the modeling efficiency and
inodel usability should be considered,
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4.2 Comparison 8ehveen Solid Object and Suttplified Object
Since the 1980s, with the dramatic improvement of computer performance, many people have

tried to represent real products in computer fields such as CAD, siinulation, and virtual reality. In
shipbuilding, as a part of these efforts, it has been attempted to build a solid based ship product
model. There are some merits and deinerits of solid modeling as follows:

1! Merits of solid models
~ Gives a correct understanding of the real shape
~ Represents interference information
~ Represents manufacturing information

2! Demerits of solid models
~ Increases modeling time
~ Increases amount of modeling information
~ Degrades system performance

Solid modeling is good for its purpose; but concerning the issue of efficiency, it still has
limitations and problems due to the huge amount of product information for a ship. So we
recommend a mixed model which has both solid objects and simplified objects. Of course,
simplified objects should have 3D information in order to automatically convert it into solid
objects when required. Figure 11 shows the mix-rates recommended for each design stage.



�! A powerful database and DBMS is required for successful ship modeling. This ensures
efficient information flow and common use of design data between various working groups.
In addition, a CAD modeler supporting non-manifold, parametric, and solid modeling system
is recommended to develop a next-generation shipbuilding CAD system.

�! The unit and ring modeling techniques were suggested for initial and detail structure design
processes, respectively,

�! Production planning inforination was successfully drawn from the VLCC product model
defined at initial design stage,

�! A simplified modeling concept was suggested to solve the problems of full solid object
modeling at the initial design and process planning stages.
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POTENTIAL BENEFITS DERIVED FROM INTE  RATION
OF CON 'EPTIJAL DESIGN TOOL'8 FOR

3-D MODELING AND SIMVLATION

Aon Saber, George G. Sharp, Inc, Alexrindvia, VA

Abstract

NornencIatu re

A list of acronyms and abbreviations used in this paper follows:

Graphic ASCII file format CV!
Stereo lithography file format
3-Dimensional Modeling & Simulation
Auxiliary Machinery Room
Advanced Surface Ship Evaluation Tool
Advanced Technical lnforniation Support System
Computer Aided Design

.gaf

.stl

3-D M&S

AMR

ASSET

ATIS

CAD
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The inherent shipbuilding and design benefits afforded via 3-D Modeling and Simulatioii
 M&S! capabilities are well known. What is important for the designer and shipbuilder to consider
regarding M&S is the difference, and the value added, among 3-D visualization and 3-D physics-
based virtual prototype modeling capabilities. Depending on the specific 3-D M&S capability used,
the potential for cost savings during life cycle phases such as production or overhaul may bc
considerable.

This paper will propose a reliable niethod of producing a 3-D, physics-based kinematics
virtual prototype model while reducing niodeling, by using Commercial Off 'I'hc Shelf  CO'I'S!
software. Models used for visualization generally provide just that, visualization. Accordingly, they
provide little analytical ship design benefit. This paper will define the methodology of creating a 3-
D, physics-based kinematics virtual prototype model suitable for perforitting tasks such as design and
overhaul evaluations. A detailed description of the cycle involved in porting data to and fiiom
software packages will be ptovided. The paper will additionally evaluate a modeling capability to
provide data back to an analytical package. A description of current capabilities and links to legacy
prograins will also be assessed.

Though cost savings are not quantifiable at this tiine, they are inherent in this approach. I he
approach focused toward cost avoidance tluough reduction of engineering changes. Currently I 0"~<i oI
acquisition costs for a lead ship and 5'10 for follow ships are earmarked for changes, Arl «nticipated
reduction of 20'10 of the fuiid earmarked for changes represents sigmi fieant program savings.

The feasibility of integrating ASSI'.T, IIEDS, and NAVSEA's Scakecping simulation into
newer models will additionally receive technical consideration as v ill the use of existing niodels
developed for other ship programs. Exploration of data standards in formats suitable for the
manufacturing and govemittent communities will be a kcy aspect of this paper. Building from recent
discussions at the IJK/US Design Coinputing Working Group 1997, this paper will reflect rclal.col
debate sutrounding the integration of conceptual design tools for 3-D M&S.



Commercial Off Thc Shelf

Design Computing Working Group
Government Defense Design for Ships and Submarines
Hull Form Detinition System
Human Systems Integration
Heating Ventilation and Air Conditioning
Shipyard Engineering Team
Vertical Center of Gravity
Video I eal Conference

COTS

DCWG

CrODDES S !

HFDS

HSI

HVAC

SET

VCG

VTC

1ntrodtjction

can do.

Process

The process depicted in this paper relates to usc of soflware such as that shown in Figurc I
below, This process, chosen for dcinonstration purposes does not intend to convey spccilic

The U,S. Navy has long been responsible for the design of Naval Warships; however, v,ith
changing times, this responsibility is shifting to the shipbuilders. It is this paradigm shift that has
become the impetus for the development of the process and suite of programs described in this paper.
Thc premise for these programs is simple: Use one rnodcl all the wa throu h the desi n rocess.
Elimination of the need to model multiple times during the design process will in the eiid save
millions of dollars. These saved dollars can then be better directed toward improving the war-fighting
capability of the ship. The goal of this one-model process is to provide the shipbuilder and designer
with needed software that will al]o~ him to more efficiently contend in the ever competitive
shi pbui lding market.

The methodology behind th» suite of programs referred to as "The Connection" will be
described  Figurc I!. Part of that description explains how such a program suite can provide a
seamless design process resulting in lower design cost while increasiiig thc efficiency of the design
process. Additionally, the manner in which the programs ar» linked provides a solid base and
architecture for inclusion of legacy software and hardware. One of the foc;il points for the selection of
software was the requirement to ensure compatibility with existing programs and data.

The environments of simulation, visualization,;tnd ergonomics are as irnportaiit as the
analytical design process. Without them, it would be extrenreIy difficult to convey the intention of'thc
design to the operators, In thc case of a new and unusual design, such as the UK's trimaran. it would
have been very difficult to show all the benefits this unique hull design provides. As important as the
design itself is the ergonomics aspect of the hull. A hull can bc designed and proven to be functional,
but can be human unfriendly. Placement of equipment not only influences the design integrity of the
hull, but also influences maintainability and equipment usefulness. Therefore, ergonomics affords
operators and designers thc benefit ot' visualizing equipnient layout or actually simulating its
operation and maintenance.

Platform survivability will additionally be disctissed. Design for this feature uses data
generated by either GODDI'SSO» or PCG NEREUS as the basis I' or conducting survivability and
weapons effect vistrali7atiori and simulation. Using GODDLSSO~ or PCG NEREUS alone, intact and
damage stability can be determined for various flooding conditions.

Given this introduction, discussions will now embark on how the process works arid what it



endorsement of products used, rather the intent is to show potential be»etit to dcsigncrs, should tlicrc
be a desire to seek a similar cost-saving objective.

Figure I, "I'he Coimection" � Modeling Design Process a»d E»d Uses

The fundamental, or initial coi»pone»t, in I:igurc I is thc coinponcnt for operator
requirements. Operator reqiiirements define items such as hull type needed io perfor»i specific tasks.
Once given operator requirentents, the designer can create his initial hull form using a luill-tor»i
product such as Fastship, The hull torni can then be translated into products such as ASSEI or
CONDES or can be directly translated into products such as COOL!DFSS'«3 or PCG NFRFI..IS it
desired. Regardless of the designer's product choice, the hull form becomes thc basis Ior the
preliminary hull design process.

ASSET, the U.S, Navy program, has been used for years to design warships. 'I'hc suite of
programs shown in Figurc I inay bc used not only for warship design but also for contmerci;il sliip
design.

It is at this point that thc dcsignci has enough inlormation to begin his initial hiilldesign.
Major equiprne»t from an existing parts catalogue can then be addled to further define the liull as well
as superstructure, access openings, and structural components of the ship.
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Prior to discussions of the ship design suite program operation, information relative to the
principle part of the design process provided by GOBI	.'SSC and,'or PCG NEREI S may be helpful.

Background Data � Development of CJODDESS! and PCS rVERF ~$
The capability for feasibility design through preliminary design to the top-level requirement

stage of a ship project was thc underlying requirement tor the computer software which eventrrally
became known as GODDESS!. This multi-design stage development was traditionally perfornied
by the Ministry of Defense for all Royal Navy warships in the U.K.. A major characteristic irf
Feasibility Design is that it requires the study of a number of option» and variations as the  Iesign
evolves to meet Staff Requirements.

Such work necessarily involves much routine calculation of hydrostatics, stability. weight
breakdown, and layout. The principal requirenient for GODDESS,"L was to "automate" these
calculations in an organized way, There was also heavy emphasis on the use of graphics and the
production of drawings so that basic general arrangement plans coul<I bc provided for ntorc detailed
layout by draftsmen.

A further point about Feasibility Design is that it was concerned with the main characteri»i.ics
of the ship only � the positioning of the main bulkheads, decks, equipment, upper deck layout,
resistance and propulsion, etc.. This also had a significant effect on the development of GODDI;SS''r-i.
GODDESS@ has never been intended as a detailed design tool, which could be used, for systems
design and layout. Such work has traditionally been pcrlorrned by the lead shipbuilder.

GODDESS~<= was intended to fit into this design environment as a designer's tool which
could very quickly allow the assessment of thc effect of changes on ship design, lor example, if a
main machinery bulkhead werc required to be moved forward or aft. Thc programs and data
structure were all built so that such a change could quickly be considered in a consistent ntarrner, w ith
the design calculations re-done, new deck plans and a ncw weight breakdown provided.

Similarly, when assessing damaged stability, the programs v.ere expected to only deal with
IIooding between main transverse and longitudinal bulkheads, 'I hus the original GODDESSrL:: siiite
was intended to use only a relatively simple model of the ship for analysis calculations.

During the 1980», the use and capability of GODDESS <', was expanded both as a rnatter of
po]iey and as a result of demands from practicing designers. In the I990s, the system has become a
highly-developed suite of programs capable of handling ship geonietries in considerable detail.

What Ship Design Processes?
A summary of ship design processes and calculations that can be accomplis?ierl using

GODDESS@ and PCG NEREUS programs follows:
~ Hull surface design and v;uiatiori
~ Hull and superstructure layout
~ Equipment location
~ Weight and space estimation and audit

IIydrostatic stability, intact and dainaged
~ Resistance, powering, and fuel consumption
~ Hull bending momenls on design waves
~ Longitudinal hull structure and bulkhead structure
~ Synthesis and analysis
~ Finite Elenient i iiter face

~ Seakecping analysis
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~ Missile arcs of fire

~ Subniarine weight and buoyancy
~ Submarine prcssure hull analysis
~ Interface to specialist pressure hull analysis programs
~ Productioii ol CAD IGES output, graphs, and other printed output

Ship Description
Ship Description, such as that used in GODDESS <! and PC.'G NERI;US, is thc common

database where all thc information on the ship is contained. There are two major inodels to a I'ull

Ship Description:
~ GEOMETRIC Model

~ NUMERICAL Model.

The GEOMETRIC niodel contains the data describing the shape and layout of the ship and
equipment, This model is required for work in areas such as stability analysis, structural calculations.
and for producing drawings of the design.

The NIJMERICAL model contains the detailed data for thc weight breakdown, space
breakdown, system loads, and resistance and propulsion data. It contains the majority of thc
information needed for the validation of a feasible design and the specification of ship systems such
as electrical power, chilled water, etc,

It is a general principle of GODDESS!" and PCG NEREUS that each piece of data will exist
in only one place at any one tiine. This means it should only be necessary to create or modify a given
aspect of the design once Io implement that change across the entire design. The change will be
recognized by other programs and will either autoinatically be taken into account or the designer wi11
be prompted that a certain program or facility should be used to incorporate the change.

All files that contain ship description data are in binary format. This means that the file
cannot be printed, read on the screen, or amended by a text editor, but can only be accessed by thc
appropriate GODDESS ci and PC;G NEREUS programs. This is an important safeguard to thc
integrity of the data, since amendments will only be properly taken into account if made by the
programs,

The Hull and the Superstructure
The features of GODDESS C and PC:G NEREUS ensure that the geometry is a tightly-defined

and integrated set of components. There arc two main "families" of compartments or modules in ariy
ship geometry: thc main hull and the superstruct.ure, Both tamilics arc united at the top ol' the
directory "tree."

The Hull module tree structure starts with the HULLOO compartment that iiiitially defines the
empty hull below the upper deck or main deck, that extends from bow-to-stem. Ttiis is the
compartment at the "root" of the hull-module tree structure, and the empty file HULLOO.C:MP is
created automatically by GODDESS,<: and PCG NEREUS for a new design.

The tree structure tbr the supcrstructurc module starts with a series of separate modules
SUPERI, SUPER2, ctc. These contain the geometry for each deck within thc superstructure. It is
not possible to divide a superstructure module by a deck. Each deck of the superstructure  'i,e, I
Deck, 01 Deck, 02 Deck cte.! must bc a separate superstructure module, The various superstructure
rnodulcs can be layered to represent the decks in the superstructure.

GODDESS Q and PC'G NEREUS use the following basic coniponents to define the geomeiry
of the ship:
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~ SURFACES - 3-diniensi<inal arbitrary curved surfaces.
PLANES - 2-dii»cnsiorral flat planes.

~ CURVES � 2-or-3-dimensional arbitrary curved lines.
~ EDIT POINTS 3-dimensiorral points deflning thc corners or vertices of modules.
~ MODULES � define the topology and layout of the planes and surfaces forming a module.
The gcornetry of thc ship is generated using surfaces and planes to create modules, Thc

resulting intersections of planes and surfaces, or two surfaces, create edit points, lines, or curves. It is
these lines and curves that are displayed on the graphics screen and give thc visual irnpressioii of the
layout of the modules.

Each of these coniponcnts is represented by different file extensions and th» basic
relationships between them are illustrated in Figure 2.

Figure 2. Geom<:try Components

The importance of the use of surfaces and planes for the geometry lies in the fact that such
crrtitics are by definition "continuous" within their overall boundaries, which in turn allows complete
flexibility over subsequent movement and where such surfaces may intersect.

Thus the GODDESS'< and PCG IVI!REUS georiretry does not require that complex shapes
such as the hull-form be defined at a finite number of discrete points, such as frame stations or
displacement ordinates. Iii contrast, a point or curve at any position on the hull can be calculated
from the surface deflnition, These features ensure that the GODDESS~<", and PCG NFRI'.US
gcorrretry is a tightly-dcfincd and integrated set of components.

Hull Analysis an<i Design Audit
Hull Analysis is comprised of'the followiirg tools. Stability is a comprehensive package that

enables analysis of intact or damaged ship or submarine stability and plots of hydrostatic curves. 'I he
vessel condition and required analysis options are defined a»d the results computed and stored.
These results are processed and presented in a tabular or graphical form, The characteristics ol' the
GZ curve can bc computed for calm water or wheii balanced on a wave and compared with criteria,
while subjected to heeling moments from wind, shi fled weight, or high speed turn. Other conditions
include cross-flooding, fluid restrictions, critical KG, deadweight monicnt, margin line, and floodable
length. Ship tank characteristics, incIuding capacities, calibrations, a»d fluid inoments, are
calculated.

Ship hull resistance and propeller characteristic calculations niay be carried out for single
or twin screw configurations for a required ship conditio»  displacerrrerit, touling, and appendages!.
Seakeeping analyses are evaluated using strip theory to calculate response-amplitude-operators with a
choice of sea spectra. Motions are detcrrnined at a range of speeds arid wave heading. Results
include short or long terin statistics, aircraft operability and motion sickness.
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Ship strength. hull girder, grillage, panel, stiffener and plating analyses arc performed.
Analyses include design >~ave loading  to calculate shear force and bending moment! as well as in-
plane and out-of-plane loading. A simplified or dctailcd hull section is used in analysis. Validity ot
design criteria is monitored. 'I'hc user may imestigate the interaction between weapons, sensors, and
ship superstructure through ihe assessment of safe and b]ind arcs of fire, 'I he arcs are computed from
ship motion, ship and cquipnicnt gcornctry and weapon fire characteristics. The user can defiiic thc
sea state and required prob;ibility for a particular ship and weapon conibination.

Upon completion and analysis of the ship design, the design can now export information
created in a program such as GODDESSC or PCG NEREUS to a visualization or simulation proiluct.
In this instance DENEB's ENVISION was einployed, By using ENVISION another step was
eliminated in the overall prototyping process.

An understanding of' DENEB's ENVISION software inay be helpful to the 'understanding of
the overall process:

Designers use ENVISION VF.'s interactive physics-based, 3-D graphic models to accurately
visualize and evaluate concept designs for complex systeins and subsystems. Thc CAD-bascd
models precisely represent thc actual gcomctry and motion characteristics associated with the real-
world systein.

ENVISION VE, VI', and VR feature advanced graphics including:
~ Caniera model for visualization

~ Multi pie 1 i gh t sources

~ Texture maps

~ High speed rendering
~ "Level o f Detai 1' manageinent.
ENVISION VP enhances the VE system by incorporating dynamics into the physics-based

models to create a virtual rnvironmcnt that supports simulation based design. In this environment,
users are able to design, build, test, operate, and support multiple product and system scenarios iii a
fast, efficient, and cost-effective manner.

~ Complex mechanical designs
~ Rigid body dynamic analysis
~ Mobile systems' i chiclcs
~ Satellite design 'ind deployment
~ Design veri fication

~ Concurrent engineering
~ Human factors engineering  optional!
~ Mission plannin<
~ Space task engineering

F1V VISION VR Virtual Realiry
ENVISION VR I' or Virtual Reality  VR! provides a powerful environment for designirig and

programining complex design, cnginccring, and training operations by allowing thc user to interact
inore directly with thc simulation enviroiuncnt. Users can fly and walk-through the simulated
environriient using virtual reality and telepresence techiiiques to operate devices, alter the
environment by relocating components, or otherwise interact with the virtual world, Options;iie
available to support multiple person simulation and Virtual Collaborative Engineering. ENVISION
VR was specifically designed to provide high fidehty and high-speed system interaction. Sclectcil
features include:

183



~ Alternative display technology
~ Geonietric representation of immersed objects
~ Interaction bctwccn immersed objects and simulated world
~ Position tracking
~ Event handling
~ spatial sound  optional!

ln addition, a wide array of visual display systenis, position and ob!cct tracking systems, and event
feedback devices are supported.

Simulation Based Design
ENVISION VE and VP support form, fit, and function evaluations, Designers can analyze

component placement arid systein configuration to optimize operations. DENEB's virtual
environnient automatically detects component collisions.

Multiple what-if scenarios can be rapidly explored during iiiitial design and trade studies to
determine the best concept before design closure.

Concurrent Fngineering
ENVISION VE, VP, and VR enable engineers to efficiently iritcract with proposed designs

carly in the developmenl cycle. The benefits include sigiiificant cost savings resulting from
thoroughly assessing the ability to produce and maintain designs and minimizing or eliminating
expensive tooling changes during the development cycle, draniatically faster response to changes iri
the market, and greatly reduced product launch cycles.

Simulation Based Training
The ENVISION VE, VP, or VR model makes for an ideal training environment. Sirnul;ition

based training can begin before fabrication or installation, I.'nd-users can usc the model to achieve
proficiency in operating and maintaining systeins and subsystems without risk to operators or
equipment.

Human Factors Engineering
DENEB provides thc industry's first commercially available human model fully integrated

into a design environment, With the DENEB/ERGO option, human factors can be evaluated anrl
ergonomic issues like Design For Assembly  DFA! can be resolved by both the designer and the end-
user early in thc design process. Users can rapidly prototype and analyze human motion, including:

~ Reachabi lity
~ Field of view

~ RULA posture analysis
~ NlOSH lifting guidelines
~ Garg's energy expenditure  k-cal/hr. prcdiction model!
~ MTM-UAS analysis for accurate activity timing

AAer completing the translation of the ship design data froni products such as GODDESS;<,.
or PCG NFREUS into the DI NEB ENVISION software, the 3-D CAD part created on CAD systems
can be translated into the model, This allows the designer to use existing 3-D CAD part rrom other
ship design programs, from equipment vendors, or from a library created by other government
agencies  e.g., Air Force, Army, etc.!. One method developed used a translator called a .gal
translator. This translator w;rs developed by DFNEB to accoriimodate existing AEC Dimerisioii lll
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and Cadds 0 library parts arid models. This trarrsl rtoi has been proverr t, ery ef'frcierrl and reli«bIc « ittr
its use at the DDCr iI Flt IIA SET. Other existirrg translators can also be used to facilitate the
inclusion of~existin tihrart pans. This is a eery important part of the oscratt process since the need
to rcmodcl these parts is chminatcd. 'I'his is not to say that library parts v ill not have to be nzndclcd;
rather, the use of existing lihrary parts should be tully exploited. As new equipmcnl. is developed, 3-
D, CAD library parts will riced to bc created. Accordingly, dcsigncrs should check with thc vendor
creating the equiprncnt to scc if 3-D CAD nrodels are available.

As mentioned before, the GODDESSC and PCG NEREUS have the ability to generate
simulated Scakecping data. This data has been compared lo actual in-service ship So«keeping
recorded data over a 1-year period aboard a UK Frigat». I'he compression revealed the reliability ot
the simulated Seakeeping d.ila and has been accepted as valid by the UK Ministry of Defense  Mod!.
The advantage of using simulated Seakecping data allows customixation to the exact condition «nil»r
study. Using this data in the DENFB FlsiVISION cnviroruncnt allows tire design to cy«I«ate
equipment in varying sca conditions. I'hi» value-added feature affords the designer confidence in
joint evaluation results without the effort of additional programming.

All the aforementioned elements of this suite of programs go together for "The Connection"
 Figure 1! which produces a 3-D Virtual Prototype rnodcl suitable for usc in manufacturing, training,
and maintenance. Thc final fcaturc added is Survivability. This feature includes weapons effects and
simulated shock. It is anticipated that this feat«re will be available in th» latter part of 1999.

Case Studies

As a prelude to this paper, George G. Sharp, Inc.  ' SHARP! conducted two Internal Research
and Development studies. Study one was based on the need to develop «physics-based ruodel of an
existing Hull that had no 3-D CAD models. Study two was based on the need to nrodify an exisrirrg
DDG S1 compartment. Internal Research and Develo ment ob ectives were:

~ TranSlate deSign quickly intO prOtOtype for evaluatiOn againSt requirernenlS
� Conunon interface of "tools' for trade-off studies and modificalions . easy lo use

and i ncxp»ns i ve
~ Vailidate the ability to determine and correct irrrcrfcrcncc and producibilrty problems

� 3-D Virtual Prototype model that is physics-based
� Provide a visual and physics-based environmenl. for equipment rouling «nd

m airr tainabili ty
~ Establish a baseline for hull creation in GODDESSO<

Establish a baseline for translation of GODDESSO~ model and existing library parts into a
Virtual Environment

~ Verify crgononrics.

Sildy I
This study was condrrc ed in order lo establish a baseline for futur» existing hull modification.

An existing FFG 7 hull w«s selected «hicli had no preiio«s3-D CAD roodels. CopIes of ~-9
drawings were retrieved using the Advanced Techrrical Information Support System  ATIS!. Tlr»
line drawings were ther> digitized irilo GODDESSC and a 3-D physic»-based model was cr» it»6.
Since this was an existing hall and only selected compartments «ere lo be addressed. the VCG «rrd
weight were rnput into GODDESSQ to establish thc basclrnc  it rs anticipated lhat this «ill bccoiiic
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the standard procedure for existing hulls!. All ship analysis functions werc then tested on this hull
form, This task took 120 Man-hours  see Figure 3!.

It is at this point that Seakeeping data could be extracted from the GODDESS! model and be
readied for the sinuilation. Additionally, any ship alteration could be evaluated in this model. to
determine its effect on the integrity on the hull. Next thc polygonal surfaces were extracted from the
GODDESS! inodels and imported into DENEB ENVISION soflwarc via .stl format.

This study was designed only to establish a baseline so rather than models all compartments
in the ship, Auxiliary Machinery Room  AMR! 2 was selected lor part propagation. Since no 3-U
models or parts existed for this class of ship, it was necessary to create the library parts for AMR2.
Due to the uniqueness of the wircways and IIVAC, it was decided not to model these components. ln
keeping with the overall concept of this procedure it was decided to use existing DDG 51 class 3-D
parts wherever possible. Therefore parts such as lights, ladders, and standard equipment cabinets
were translated using a .gaf and inserted into the AMR2 model. This task took 475 Man-hours  scc
Figure 3!. The remaining library parts were then asseinblcd in the 1'NV1S1ON software, ergonomics
added, and equipment and v~sualization paths established. This task took 90 Man-hours  see Figure
3!. At this point thc model was ready to be used for simulation purposes. Kinetriatics and Dynainics
can be assigned to part or joints, siinulation data  such as Scakceping! can be applied. and
simulation/studies executed. This effort produced a 3-D physics-based CAD model capable of
supporting a variety of studies and simulations.

The final ptiase of' this study involved adding the correct lighting for AMR2 as weil as
representing the surface textures of the components in the space. This effort involved adding 68 light
sources and producing a rendered video fly-through of boih levels ot AMR2. It should bc noted that
each represented light source carried the correct lumen value for that light fixture type. This task took
712 Man-hours of which 672 v, ere computer hours used to render the 7200 fraines  see Figure 3!.

Figure 3. AMR2 Vlan-Hour Modeling Requireinent

Study 2
This study was developed for thc DDG 51 Program and involved the translation of existing 3-

D CAD parts and models into a virtual environment for ihe purpose of evaluating thc feasibility of
placing a large pulper unit in an existing space. Not only was this model used for space and
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maintenance evaluation> it was also used to cvaluatc crgonoinics. ks shown in Figure 4, the
translation of the CAD tnodcls and parts took only l0 man-hours. This in itself substantiated thc
theory of inodel once itse tinin /ones.

In this study a 95' percentile male android was inserted into the ntodel and rnadc to perform a
minor maintenance task, i.c., removal of one of the access panels behind the pulper. Although the
space was limited, hc could perform the task, thus validating the arrangcrncnt. However, when th»
50 percentile male undrohl was inserted to perform the same task, he was unablc to reach thc sainc
equipment as did the i" percentile android. This simulation provided the designers iiith tltc
necessary information to «liow hint to make minor modifications to the arrangement and to re-
conduct the simulation, With the modifications in place, thc simulation was rerun with the desired
effects.

It is important to note that the  Icsign review of this space was conducted via a VTC with
approximately 15 people in attendance. I his entire effort, including the VTC, took I 10 Man-hours as
shown in Figure 4. As an afterthought, it was decided to evaluate the lighting condinons in this
space. The space is an existing rccfcr space with stainless steel hulkheads and 8 light sources. I. upon
completion of the rendered video, it. was determined that the light intensity was sufficient 1'or thc
space involved. The addition of thc light sources and the computer rendering time was 48 Man-hours
as depicted in Figure 4.

Figure 4. Trash Rooin Man-Hour Modeling Requirement.

key Benefits of Integrated Design and 3-D Prototype Systems  ./sing Described Process:
~ Reduces simulation/evaluation time resulting in the reduction of overall ship design cost

and delivery sche<iulc.
~ Elirninatcs need to remoclcl for simulation purposes.

~ Provides ability to use already developed design data.
~ Provides opportunity to usc existing 3-D parts created for other programs,
~ Provides a "Physics-based" 3-TI Virtual Prototype model.
~ Uses "off-the-shelf ' hardw trc and softw are,

Compatible with both UNIX and NT workstations.
~ Provides "Start to finish" integrated system.

~ I'rovidcs simultaneous evaluation, reconciliation, and prototyping.
~ Provides opportunity to usc Conceptual L!csign Model to create "Product Model".
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As shown in Figure 5, the Unforeseen Potential Savings  ar outweighs thc acquisition cost of
the hardware and software,

Figure 5. Unforeseen Potential Cost Savings

Open Systems
Portability is one of the most important issues facing developers and users today, Ship and

submarine projects demaniI sitnilar functionality and look and feel over the whole spectrum of
systems available to them. Portable software intended for several platforms from inception.
providing interface, services, and supporting formats enable GODDESS ~'. and PCG NEREUS to:

~ be ported across a range of systems with minimum change
~ work with other applications on local or remote systems
~ interact with its users with a look and feel which facilitates user portability,

A Top Level Program
A top level supervisor program aids system navigation. This manages the users' data,

provides work logging and context sensitive help facilities and a tutorial service. The result is that
new users are able to quickly usc the system in an c ffective and efficient manner,

hardware Profile  Optional Capacities!
PCG NEREUS:

NT Operating System 32 Mh Memory
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Software Profile-
Opcrating Systcm-
Languagcs
Graphics
User Interface

Networking
Data

Documentation

O.S. Standards

Posix  ISO 9945!
FORTRAN 77  ISO 1539! C  ISO 9899!
PHIGS  plus!  ISO 9592, 9593!
X Windows MOI'IF

I CP IP NFS NIS

POS'I'SCRIPT CGM IGES HPGI.

SGML



GODDE S S <i:

UNIX Operating System
FORTRAN 77 and C  . ompiler
Color Monitor 19" screeri 1280 x 1024 Non Interlaced

Hard Discs: 1 x 1 Gb, 1 x 400 Mb
Floppy Drive DAT Tape CD ROM
A SC I I Keyboard
Mouse

A3 Color Plotter

Conc!usion

Although cost savings are not quantitiable at this time, they are inherenl. in this one-i»odel
approach. The approach itself is pointed at cost avoidance through reduction of engineering clianges.
Currently 10'10 of Naval acquisition costs for a lead ship and 5'io for follow ships are earmarked for
changes. A reduction of 20"zo of funds earmarked lor changes represents a significant savings to
programs. These savings can be achieved.
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DIVA3D, A 3D LIQUID MOTION NEW GENERATION SOFTWARE

Mr, Laurent Brosset, Mr. Tung Thien Chau, IRC.'N, Wantes, France
Mr. Michel Huther, BUREAU VERITAS, Paris, France

Introduction

Industry discovered sloshing phenomenon in the 70's when large size tankers and L¹i
carriers were first built in F'.urope and Japan, The problein at that time was solved through small size
model tests as the numerical tentative» failed due to the computing capacity limitations [Rcf I-2-3].
From the model test results and theoretical development, I3ureau Veritas published a guidance note in
1984 [Ref 4 ]. No more development occurred in 3D nutnerical approaches form this period until the
computing means allowed to consider possible to solve the liquid motion equations.

So IRCN, the French Research Shipbuilding Institute, jointly with CISI, a French Software
Company, has developed a new software for 3D simulation of the highly non linear liquid behaviour in
inoving tanks, with a view to addressing especially the liquid tnotion problem in partially f~lled tanks
of different kinds of ships such as LNCI carriers, crude oil carriers, FPSO,

This software, named DIVA3D, is based on the discretization of the Navicr-Stoke» *quation»
for both phases  liquid k. gas! thanks to a finite volume scheme. fhe tank inay be itTiposed any motion,
An improvement of traditional techniques, tracking the «volume of fluid» [Ref 5] in each cell, has
been brought in order to handle the free surface avoiding the numerical diffusion which generally
accompanies the treatment of sharp discontinuities. In this way, DIVA3D allov s to simulate complex
three dimensional flows including breaking waves or liquid splashes.

AAer having presented the theoretical basis, which DIVA3D rests on, the paper deals with the
validation aspects; specific LNCi tanks model tests have been carried out focusing on free surface
video recordings. Significant examples are presented showing a good agreeinent between DIVA3D
calculations and measureinents.

Different applications in shipbuilding are proposed in the following section of the paper.
concerning the determination of resonant cases by i»cans of kinetic energy comparisons, tanl »hapc
influence on liquid motions. or load calculations on internal elements.

The last section of thc paper deals with the present developinent activities which focus o» the
implementation of an interface between DIVA3D and the finite element explicit LS-DYNA»oflware
[Ref 7] in order to simulate thc fast dynamic response of tank walls under sloshing impacts.

Theoretical basis

Mathematical formulation
There are two phases within the tank  liquid and gaseous phases!. It is assumed that there ts

no thermal phenoinenon. Consequently, the physical problctn is described by tv o of the Navier-Stoke»
equations  mass and momentum conservation!. No thermal phenomenon implies that there is no
exchange of mass between the two phases: one liquid particle remains one liquid particle, one gaseous
particle remains one gaseous particle. Thus, a scalar a field defined as a. = I for any liquid particle,
tx = 0 for any gaseous particle is conservative. The discontinuity surface of o. field is of course the free
surface and the tx field conservation equation looks like a free surface equation, Furthermore. u Iield

191



allows to adopt the rule of mixture, The mixture density is p =up, + I � a!p,where p,and p,are
respectively the liquid density and the gas density.

DIVA3D solves the Navier-Stokes equations written in a reference system attached to the
tank [Ref 5],

Both phases are viscous. The liquid phase is incompressible while the gaseous phase is
slightly compressible and follows the equation of state p = p,c' where p is the pressure and c the
speed of sound in the gas.

Different friction laws are available as boundary conditions. But in any case, the tank walls
are considered as rigid

Tunk kinentuti es
The tank may be imposed any motions which are described as follows:
- one translation defined by the three coordinates, in the fixed reference system, of the origin

of the moving reference system attached to the tank.
- one rotation defined either by the Euler angles or by the coordinates in the fixed reference

system of the instantaneous rotation vector,
The evolutions in time of these six parameters are given either as a sum of harmonic functions

or in tabular form. In the second case, the so&ware interpolates the punctual data by cubic splines. At
each calculation time step, DIVA3D is thus able to determine the gravity and the inertial accelerations
and to take them into account in the momentum conservation equation written in the moving reference
system attached to the tank

Disc.retization of equutions
The discretization is performed on a one-block parallelepipedic meshing  Fig.Z-I! by the

finite volume method The size of the cells may vary in each axis direction. At each calculation time
step, the unknowns of the problem are the mean values of the pressure and of the a field in each cell
side  Fig.2-2!.

Fig.2-2: DIVA3D unknowns defined on one
elementary cell  i. j, k!

Fig.2-1: DIVA3D Pamllelcpipedic meshing of the fore
tank oi a membrane LNG carrier

In fact, each projection of the vectorial momentum equation on one of the moving reference
system axes, is discretized on a meshing staggered by half a cell from the original mesh  Fig.2-3! in
the considered direction.
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Fig.2-3: Staggered mesh for the mometttum equation discretizatiorr

Such parallelepipedic meshing does not ftt inclined walls. So corrective partimeters are
introduced into the discretized equations in order to take into account the actual fluid volume   liquid t
gas! within each cell cut by one boundary plane, or the actual fluid surface within each cell side cut by
one boundary plane.

The ct field appears after discretization as the ft]ling rate of the cells by the liquid phase. It
may therefore have numerically any value between 0 and l. In order to avoid or limit the effect of
liquid spreading  numerical diffusion! related to methods derived from Volume of Fluid Method
 V.O.F.! [Ref 5], the free surface is materialized in each concerned cell by a plane the normal direction
n of which is given by the gradtent of tx, 'I he knowledge of ct and n � grad tx allows to determirtc
the exact location of the plane, The liquid fiow is then allov ed only through the wet parts of the cell
sides. Their formulation does not lead to limitations existing in most of the 3D sloshing programs such
as non contiguous free surface, It allows to simulate impulsive loads on tank walls, wave ovcrtun>ing
and breaking.

At each time step, the implicit pressures are substituted to the velocities projections, thanks io
the vectorial momentum equation, into the mass conservation equation. 'I his leads directly to a linear
system in pressure solved by a conjugated gradient method preconditionned by an incomplete
Cholesky algorithm,

Validation

Introduclion
During the development of the code, the first step of the validation was carried out with

academic cases in order to check the influence of the different terms of the inertial accelerations in the
momentum conservation equation. I or instance, the shape of the free surface at equilibrium state tvas
checked for excitations such as uniform rotations around difterent axes or uniformly accelerated
translations.

In a second step the DIVA3D results were compared with published results coming from
either other calculations or measurements. Finally, in order to be able to validate DIVA3I! in
sufficiently varied situations, it was decided to perform tank model tests. These tests aimed to
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videotape the free surface motions with a CCD camera �5 imagesls! fixed to the tank. The tank
motions were forced by a servo-control system.

About one hundred cases were studied resulting from the following parameters combination:
- 2 tank models �l parallelepiped 485 x 487 x 389 mm; 2/ saine with longitudinal chamfers!:
� 2 types of harmonic motions  pitch and roll!;
� 3 filling ratios �5 '/o, 50 '/o, 90 'io!;
- 2 amplitudes �', 3'!;
- frequency scanning to seek possible resonant cases.

Two significant cases are presented below. They are related to the parallelepipedic tank niodel
subjected in both cases to harmonic roll motions of maximum ainplitude 3'.

485

0 =Oosin2trti

0 =3'0

f: fi etlttency389

t: lime] IHS

Fig. 3-4: Tank features and roll motion axis location

LaNt filling ratio: l5ro
The actual excitation which was reused for DlVA3D calculation is shown on Fig.3-5 and

Fig.3-6  frequency: 0.7 Hz; Amplitude: 3"!
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These two cases respectively correspond to filling ratios with typical different liquid motions.
R = 15/o and 8 = 501'o. All the UIVA3D calculations, the results of which are presented hereafter.
were performed with the same regular 50 x 40 x 1 meshing, The coinparisons focus on the l'ree surface
shapes at different times,

The DIVA3D results have the following forms:
- grey graduation related to filling ratios of the cells.
- fluid velocity vector in each cell. In this representation an added line gives the free surface

location.
It is important to note that the DIVA3D calculations were performed with the actual model

tank motions as it was precisely sampled  every 5 ms! during the experintents. Due to the experiment
test rig, the actual signal is far from the pure sinus curve so the DIVA3D results were obtained with the
real excitation signal modelization.



Fig.3-6; Detail of the curve on fig.3-!

Fig.3-9: t � 17.92 s Fluid velocity
vectors

Fig.3-8:t = 17.92 s Grey graduation
related to ftl ling ratiosFig,3-7: t = 17.92 s V>deo record

Fig.3-12: 1 = 20.12 s Fluid velocity
vectors

Fig.3-11: t = 20.12 s Grey graduation
related to ftlling ratiosFig.3-10: t = 20.12 s Video record

Rectangular tank � Harmonic rol! motion
R = 1 5'r'o - f = 0 7 H z � A = 3 '

195

Fig.3-5: Actual roll motion subjected by the
tank during the experiment and reused
for DIVA3 D calculation

R = is'/o- f=0 7 Hz � A =3"

The results at time t = 17.92 s are presented on Fig.3-7 to Fig.3-9',
The results at time t = 20.12 s are presented on Fig.3-10 to Fig.3-l 2.



The progressive wave which runs through the tank is simulated with a pretty good precision
by DIVA3D along the whole duration of the excitation motion.

High Filling ra6o: 50%
During the experiments, the resonant case with atnplitude 3' had been detected by scanning

the excitation frequency by steps of 0 01 Hz and comparing the corresponding maximum free surface
elevation on video records. Thus, the resonance frequency value had been assessed at f I. l 5 Hz. A
similar process was followed with DIVA3D simulations for harmonic excitations. For each excitation
frequency addressed. the relative kinetic energy in the tank was calculated as a function of time. The
curve giving the maximum value of kinetic energy versus excitation frequency is presented on Fig.3-
13. It presents a clear resonance peak centered on the frequency value f � � 1.149 Hz.

OAR 4X I.IOI ' & ' M atI%$1 ICf Clb1
Fig.3-13 Maximum relative kitteuc cnergv in tank versus roll frequency

Rectangttlar tank � Hatmotuc roll motion
R = 50 tn - I = l . I 5 Hz � A = 3

Thus, this method based on kinetic energy calculations from DIVA3D flow simulations
proved to be very accurate.

This can be a major point for non conventional tank shapes or for tanks with stiffeners inside
or for large motion amplitudes because for all these cases the usual analytical fortnula coming from
linear potential theory becomes unreliable.

In the following, the flow as recorded during the experiment at resonance frequency
 f = 1 15 Hz! is compared with the virtual one simulated by DIVA3D in the same conditions  i.e. with
the actual excitation signal!

The results at time t � 30.50 s are presented on Fig.3-14 to Fig.3-16,
The results at time t. =- 30.94 s are presented on Fig.3-17 to Fig.3-19.
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Fig.3-16: i = 30.50 s Fluid velocity
vectors

Fig.3-15: 1 = 30.50 s Grey graduation
related to filling ratios

Fig.3-14 ' t = 30,50 s Video record

Fig.3-18: i = 30.94 s Grey graduation Fig.3-19: t = 30.94 s Fluid velocit>
relation related io filling vectors
ratios

Fig.3-17: t = 30.94 s Video record

Rectanguliir tank � Harmonic roll motion
R =50%- f= l.l5 Hz � A = 3'

Here again, we can observe that the DlVA3D simulation of the flow gives a fairlv good
representation of the realitv all along the whole test duration  = 35 s!.

Applications it1 shipbuiMing

Some flow examples irt tart As of membrane LAG carriers
Each case presented belovv is related to the fore tank of one LNCr carrier with membrane

prismatic tanks, An at erage size of these kinds of tank is 35 000 m'.
The exatnples have been selected for their capacity to show the possibilities of DlVA31! for

simulating complex three dimensional flows. They correspond to model test cases but not to
navigating conditions.
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The validation on academic cases being positive. it has been performed applications oit ihip
tanks with partial flilling.

The selected cases correspond to model test studies performed in the past, but also to real ihip
tanks for which sloshing ohicrvations in serw ice vvere available at Bureau Veritas.



Fig. 4-2 Filling ratio 40 "%%d � Roll r notion
Resonance frequency � Amplitude 2tt'

Fig. 4- 1 Filling ratio 13 "%%d - Pitching motion
Resonance frequency' � Amplitude 7'

Fig. 4-4 Filling ratio 9 !/o' - Pitch and Roll
i notion combined
Pitch ainplitudc O' � Roll;implitudc  >»

Fig. 4-3 Filling ratio 7tt'/» - Pitching motion
Resonance frequency � Amplitude 7'

Such calculations require quite refined meshings of the tanks  commonly more thari
25 000cells! which demand important computing resources: the soAware is set up in IRCN on a
Silicon Graphics Power Challenge R10000 A typical simulation ot one minute corresponding flow in
an LNG tank requires between one and two CPU hours on this server but using a not opttmizecl
version.
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Search of resol ance periods
One basic rule a Naval Architect must keep in mind when designing a liquid cargo ship is tii

avoid that the liquid rtatural periods in the tanks are in the vicinity of the ship motions periods For
getting an approximation of the natural liquid periods, one very simple and oken eAicient tool is
available, the well-known formula derived from of the linear potential theory for parallelepipedic
tanks:



where T«<s ihe first «<so<ra j per«!d

The accuracy of the result depends mainly on the respect ot the hypotheses assumed for
obtaining the formula: the closest the tank shape is to a parallelepiped and the smallest are the non
linear effects, the more accurate is the formula. lt means in particular that in the following cases tlic
forinula is not relevant or at least imprecise:

complex tank shapes, in particular with internal stiffeners;
small flilling ratios for which progressive waves can develop;
high filling ratios for which the ceiling interacts strongly with the f'rcc surface;
large ainplitudc excitation motion.

For all these cases. the already nientioncd method, based on kinetic energy criterion applied
on a set of D1VA3D simulated flows, is efficient. Onc DIVA3D calculation is performed for»ach
excitation period scanning the potential period range of the ship for the selected elementary motion.
For each period, the re]ati~ c kinetic energy in tank is calculated as a function of time, which allows io
build the curve of maximum kinetic energy versus excitation period. At onc resonance condition
corresponds one peak on thc curve.

I'he following ex unple corresponds to th» study of onc tank of a VL<L'. ' .subjected iv
harmonic pitching motions. The tank is parallelepipedic but is provided in the niiddlc by a sv.ash
bulkhead  Fig.4-5!. The fifling rate of the tank is 60% of tankheight. '1hc pitching ampiitud
3 degrees,


.2

4

I"25
15

+5i

I'ig. 4-5 Main features ot'the studied tank

After performing about twenty 3D calculations with DIVA3D, the application of the abov»
described kinetic energy criterion based method provides a curve which shows a peak centered on the
period Tii = 10.9 s. The analytical formula would have given T�' = 12.57 s without the swash bulkhead.

The method prov»s to be quite sensitive as attested by thc following exainple b;ised on thc
parallclepipedic tank model which was used during the validation niodel tests mentioned in flic
previous section  Fig,3-4!.
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The tank is now subjected to a pitching rotation the axis ol which is moved back �.2] m! as i t
would be the case if the tank were at the lore part of a ship. The filling rate is 70%.

U+
0. 970

Fig.4-6: Tank features and pitch motion axis location

The search of resonant period was driven as previously for a tnoderate pitch mottort
 I degree!. lt led to the following kinetic energy versus period curve» on Fig.4-7.

k% 10 E d!!!
Fig.4-7: h1aximutn kinetic energy versus pitching period

for a rectangular tank model R - 70 ',~n - A = 1'

The curve shows a very marked peak centered on the periocl Tr! = 0.84 s, which is related to
the first liquid mode. The use of the analytical formula would have given T�' = 0,81 s.  All conditions
are gathered for an accurale use of the formula! but a second small peak can be observed on the curv:
centered on the period Tt= 1.63 s.

L.et us compare the flows obtained at respectively T = To et T = Ti through their relativ.
kinetic energy time histories  Fig. 4-8 and Fig. 4-9!.
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Fig. 48 kinetic energy time history for T = Tp Ilg,. 49 kinetic energy tinte history for T = T,

In both cases, aAer a moving of'stage, the liquid oscillations become regular. In the first case
 T = Ttt! there are two energy peaks during one period. These peaks correspond to flow through and
back respectively In the second case  T = Tt! there are four energy peaks, which means two through
and back liquid motions during one pitching period. It looks like a liquid motion forced twice quicker
than the pitching motion.

It can be easily proved that the tank motion resulting from ship pitch motion is, up to the
second order, dynamically equivalent to the superposition of three elementary tank motions:

- One pitching motion around the tank center  around y direction!

- One heaving motion  in z direction!

� One surge motion  in x direction!

't
�- +x

Tank shape influence
The following results illustrate the ability with such a numerical tool as DIVA3D to check

quite easily the influence of shape tank modifications on the inner liquid motions.
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The last one pulsates twice quicker than the ship pitch motion. It means that its period is T/2.
Therefore, when T/2 = T,', the resonant liquid motion in surge is excitated. T,� T/2 � 0.815 s.
Nevertheless, some convergent experimental and computing results make us think that the gap is due
to the influence of the motion amplitude on the natural period. The natural period increases with the
motion amplitude.

Thus the amplitude of pitch motion being larger than the amplitude of induced surge motion,
we found electively To T0 .

Also, it can be noted that T,' = 0.81s, the theoretical first natural period for either pitch or
surge motions, is closer to T,  small motions with less non linear effects! than to To  large motions!.



Two D1VA3D calculations have been performed for the second tank  Fig. 4-10! ot a
135 000 m membrane LNG carrier. fi}led at 90% of its height and submitted to resonant roll motion
T = 7.0 s of magnitude 7',

Y

Fig. 4-10 Tank n'2 of a membrane Lht j carrier � Roll motions

The first calculation concerns one tank shape version with small upper chamfers �4% of tank
height!, The second one concerns one other tank shape version with large upper chamfers �0 % of
tank height!. The results are given in the forin of velocity vectors in the liquid phase at the same four
different instants in the two tanks. l'hc four instants are regularly spaced in one roll period.

The left column below is related to the small upper chamfers tank

Ftg. 4-13 t =- 127.75 st = 127.75 sFig. 4-11

Fig. 4-12 t - 129.5 s Fig. 4-14 t = 129.5 s
Small upper chamfers Large upper charofers

Velocity vectors as simulated by DlVA3D at tour different instanis � Roll motion T = 7,0 s; A = 7=
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The benefit of using targe upper chainfers is clear when watching the previous figures, Witli
the small upper chamfers. the highest part of the liquid shows strong impacts in the upper corners.
With the large upper chainfers the free surface motions seeins to be mitigated by the effect ol' two
vertical vortex. No impact appears.

Wutnerical simulation of sjoshiug impacts

1ntrodueti'on
One of the most important issues resulting froin liquid motions in partially filled tanks is the

structural response to sloshing impacts.
This problem was usually dealt with, by measuring impact pressures on model test i;ink

bulkheads by means of prcssure gauges v ith very high natural frequencics  ! 100 000 Hz!. Tlie»»
pressures were often extrapolated to the full tank scale thank» io means of similarity law» and theii
compared to a maxirnuin admissible pressure.

This process presents several shortcomings;
� several physical phenomena occur siinultaneously in fluid/structure impacts while the

siinilarity law takes only one into account;
- not only the inaxirnuin pressure to be applied is important to know the structural response

but also obviously the time duration because of dynamic behaviour;
- fluid and structure problems should not be separated in such a way. Impact pressure is not;i

shock wave pressure but is an internal parameter of a coupled problem. For instance, the niaximum
pressure depends on the local rigidity of the structure part on which it ls applied.

For all these reasons, IRCN decided to address the sloshing impact problem by interfacing it.:
DIVA3D software with a finit element code using an explicit time integration method for simulating
fast dynamic problems and taking into account fluid/structure interaction,

DI VA3D/LS-D YJVA i ni'erface
The process is oullined be1ow:
- performance of many DIVA3D calculations covering the worst situations in tcrrns ol filling

ratio and excitation motions, the wall being considered as rigid;
- selection of a I'ew impact cases as thc most violent ones according to DIVA3D po»i-

processing tools based on local kinetic energy calculations or impact prcssure assessment with acousti<:
pressure approximation;

- for each of the specially selected iinpacts, data transmission ol the conipletc flow iii thc taiil.
at one instant just before the first contact between liquid and structure. from DIVA3D database i<i t}i<.
F.E. model for the explicit code;

� for each of the selected impacts, performance of the explicit F.E. calculations  fl<iv
prediction, fluid/structure Interaction, structural response! taking into account the kineniatic c<>ndiiion»
imposed to the tank, The simulations last until the stress waves arc sufficiently dumped. It incan»
generally about 0.1 s.

The F.E. explicit software which has been chosen is LS-DYNA [Ref 7]. This code. very well
known in car industries, is developed by LSTC in Livermore  U,S.A!. It has been already used ai
IRCN for addressing ship collision probleins, The development of the interface between DIVA3D and
LS-DYNA has been entrusted to DYNALIS, the French distributor of I.S-DYNA,

A first version of the interface is under testing, It is based essentially on the following choice»
concerning the LS-DYNA model:
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� Lagrangian F.E. formulation for the tank structure,
- Eulerian F,E. formulation for the fluid described with two materials  liquid+ gas!;
- each fluid finite element is characterized by one density, one dynamic viscosity and one

internal energy volumic density. The fluid behaviour follows a polynomial equation of state relating it>
pressure to its internal energy

The main functions of the interface are:

� reading of the complete database of DI V'A3D,
- building of a preliminary Eulerian grid for LS-DYNA which the fluid and structure model»

will move through;
- building of a preliminary structural model of the tank with rigid walls;
- initialization of the LS-DYNA fluid model from the data of the DIVA3D fluid model at ari

instant t«selected interactively by the user;
- calculation of the inertial forces at each node of the LS-DYNA F.E, model at the time t<i. Iri

this first version of the interface, these initial forces are considered as constant during the impac:
simulation.  The impact siinulation lasts about O. l s while the period of the ship motion is of the order
of 10 s!.

Afterwards, the user has to carry out the refined F E model of the structure area directly
concerned with the impact and to integrate it in the previous simplified model.

Treatmenf of an academic case
The tank considered is parallelepipedic the dimensions of which are 30 x 30 x 2l m. 1t is

filled with 50'1< of water and 50'/0 of air and forced to rotate around a diagonal axis  x+y! with a
harmonic motion. The period of the rotation is T � 6 s which corresponds to the natural period of the
liquid either along x axis or y axis. The amplitude of the forced rotation is a = 10'.

This forced excitation will lead to sloshing impacts on the tank ceiling One of these impacts
will be studied considering the ceiling as an elastoplastic 5 mm steel plate, the other parts being
considered as rigid,

The liquid motions were simulated by DIVA3D. The fluid model is a parallelepipedic box
20 x 20 x 14 finite volume meshing.

As it was foreseen  all was done for that <!, violent impacts occur successively in the upper
corners located symmetrically in relation to the rotation axis. The impact selected to be specifically
studied by LS-DYNA occurs at t = 8.25 s with a velocity close to 30 rn/s  Fig.5-1!

Fig.S-I Free surface ai i = 8.25 s  just bef'ore the impact! as simulated by Dl VA3D
The studied impact is located in the foreground of the figure
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The flow data, as simulated by DIVA3D, were transmitted in the adequate form to LS-DVNA
at t � 8.2S s  just before the studied impact! thanks to the above mentionned interface.

LS-DYNA3D simulated then the flow, the fluid/structure interaction from the 1" contact time
and the structural response of the elastoplastic ceiling under the impact load

During the 10' s following the first contact two stress waves are propagated through the
ceiling from the upper coiner to the two opposite sides of the square  along the edges! and then
refl ected

Propagation of the two stress waves  Von Mises stresses!
Fig,5-3 t � 0,6 l0' s Fig,5-4: t = I 1 tti

Fig.5-2 ' t =  i.t � ' s

The deforination becomes significant only as the two reflected waves meet again  Fig.5-4!
One second phase starts then during which the corner is progressively deformed  Fig 5-5!

This second phase lasts about 0.1 s and seems to correspond to the quasi-static response of the elasto-
plastic ceiling.

Fig>.5-5: Maximum deforina ion of the ceiling after irnixict

 .'oncl usion

As shown by the validation results, the DIVA 3D software provides to the designer a valuable
new tool for sloshing risk analysis in 3D conditions.

The selected mathematical formulation, associated with computer capabilities now common
in design offices allows to simulate precisely the liquid motions in a complex tank submitted to real
ship excitations.

The computer results allow to determine the more loaded structural paris and also the liquid
velocity field.

lt is therefore possible to analvze the inHuence of changes of parameters such as tank shapes
or dimensions, but also navigation conditions which influence the excitation periods or amplitudes

In addition, the access to the internal liquid velocity allows to calculate the loads on internal
elements such as pump support towers or swash bulkhead in view to optimize scantling.

The simulation ot rea! model tests and the application on real cases of ships at sea, niainly
LNG carriers, provided a serious validation and the demonstration of the validity of the method aiid
tools to shipbuilding.
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The next step, yet under progress, is the calculation of the structural response with ful..
interaction between liquid and fiexible wall, This approach will solve the non physical ineaning of the
impact pressure which often leads designers to erroneous interpretations.

The presented first results are very encourageous and one can consider that a practica
solution for design offices will be available soon,

Sure that the future FPSO developments will take advantage of this new tool.
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Abstract

Advanced marine design, particularly in the United States, advocates the use of cross-functional
design teams, or Integrated Product Teams  IPT's!, who will undertake a concurrent engineering
approach to all phases of ship design, Further, the study of the world-class Toyota automotive design
process has highlighted the potential of a set-based design approach in concurrent enginecri»g io
provide a greater probability of achieving a global optimum for the overall design. A hybrid huinaii-
computer agent approach is introduced to facilitate set-based conceptual ship design by a cross-
functional team of naval architects and marine engineers. Thc disciplinary/technical specialists are
organized and tasked as agents within a design network that can be either be co-located or
interconnected across the web. Computer agents are introduced between each pair of human clesign
agents to facilitate their cornrnunication and negotiation. A systeinatic market approach, developed in
the Defense Advance Research Projects Agency  DARPA! sponsored Responsible Agents for Product-
Process Integrated Design  RAPPID! project, was utilized as an initial approach to facilitate this team,
set-based design. The conceptual design of a hatch-covered, cellular, feeder container ship was
undertaken by a team of studc»t design agents to assess the effectiveness of this design approach. The
design process converged within one seven-hour design session indicating the promise of a hybrid
agent approach in future marine conceptual design efforts.

Introduction

The conceptual design of ships is;in exemplar of complex early stage design in which a wide
range of technical, physical, and economic issues must be considered and balanced to achieve iui
optirnurn design. This design problem is constrained by multiple, interacting physical and technical
constraints. Efforts to use formal optimization in this context whether classical nonlinear
programming, multidisciplinary nonlinear prograinming  MDO!, goal programming, or c»otic
algorithms have generally not proven to he of significant practical value. This occurs because thc
mathematical models compatible with these numerical methods must necessarily simplify and constrain
the problem to such a degree that important real considerations and issues are lost.

Advanced design in the United States has begun to emphasize the use of a rnultidisciplinar,
team-based concurrent engineering approach. Notable initial successes have been in the automotiv~
 Chrysler Viper, Ford Mustang! and aircraft industries  Boeing 777!. Integrated Product Teams  IPT's!
are advocated for future naval ship design  I!, Core cross-functional design teams are co-located or
linked in a virtual environment to perform the overall design task. The human designers as a cross-
functional team are able to comprehend, process, and negotiate the complex range of issues and
constraints relevant to a particular design. Advanced simulation-based design  SBD! techniques ar
also being developed to provide thc designers with faster and more reliable results describirig th
physical performance and manufacture of the design. In these advanced design environruenrs, th
ability of the designers to communicate and negotiate about the design decisions needed to reach a
globally optimum design w ill likely become a limiting factor.

Team-Based Concurrent Engineering I>est'gn
There is a move toward the use of tear»-based concurrent engineering within ship design in th

United States. Notable initial studies have been undertaken by Bennett and Lamb as part of th=
National Shipbuilding Research Program �! and by Keane and Tibbitts within the U. S. Navy shin
design conununity  I >. Whether labeled Integrated Product Process Design  IPPD! teams or Inrcgratcd
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Product Teams  IPT's!, these teams seek to bring together at the earliest stages of design
representatives of engineering, manufacturing, marketing, training, life-cycle support, operations,
purchasing, suppliers, etc. to consider concurrently all aspects of the ship's life-cycle so that a global
optimum can be approached, The U,S. Navy is currently emphasizing the minimization ol total
ownership costs. A commercial venture might seek to minimize the Required Freight Rate  RFR!. The
Shipbuilding Policy/Build Strategy approach to ship design and production advocates that man r
concurrent engineering considerations be resolved in developing a standard approach to designing a
given class of vessels and in rationalizing the production system of the shipyard in advance of
developing a specific design �, 4!,

These concurrent engineering design teams are usually co-located, but will also be brought
together virtua11y over the Internet in the future. The ability of these teains to comniunicate and
negotiate design tradeoffs and decisions is a critical factor in the design process.

Traditional Point-Based Ship Design
The traditional approach to communicating the initial ship design process has utilized the

"design spiral" since this model was first articulated in the 1959 �!. This inodel emphasizes that many
design issues of resistance, weight, volume, stability, tritn, etc interact and these can be considered in
sequence, in increasing detail in each pass around the spiral, until a single design which satisties all
constraints and balances all considerations is reached, This approach to design can be classed a point-
based design since it is seeking to reach a single point in the design space. The result is a base design
that can be developed further or used as the start point for various tradeoff studies. A disadvantage of
this approach is that while it produces a feasible design it may not produce a global optimum.

Set-Based Desi gn
The design and production of automobiles by Toyota is generally considered world-class and it

is, thus, subjected to considerable study. The study of the Toyota production system led to the
evolution of the conceptualization of Lean Manufacturing �!. The Japanese Technology Management
Program sponsored by the Air Force Office of Scientific Research at the University of Michigan has
more recently studied the Toyota approach to automobile design �, 8!. This process produces world-
class designs in a significantly shorter time than other automobile inanufacturers, The inain features of
this design process include:

~ broad sets for design paraineters are defined to allow concurrent design to begin,
~ these sets are kept open longer than typical to more fully detine tradeoff information,
~ the sets are gradually narrowed until a niore global optimum is revealed and refined.

This approach is illustrated in a sketch produced by a Toyota manager in Fig. l. Alan Ward has
characterized this design approach as set-based design. It is in contrast to point-based design or the
common systeins engineering approach where critical interfaces are defined by precise specifications
early in the design so that sub-system development can proceed. Often these interfaces must be
defined, and thus constrained, long before the needed tradeoff information is available inevitably
resulting in a sub-optimal overall design. A simple example is the competition between an audio
system and a heating system for volume under the dashboard of a car. Rather than specify in advance
the envelope into which each vendor's design must fit, they can each design a range of options within
broad sets so that the design team can see the differences in performance and cost that might result in
tradeoffs in volume and shape between these two competing items.

The set-based design approach has a parallel in the Method of Controlled Convergence
conceptual design approach advocated by Stuart Pugh  9!.

A Hybrid Agent Approach to Design
Agents are elements of computer code with elements of perception, intelligence, and

adaptability capable of taking independent action. This is in contrast to earlier functions and
subroutines that have a prograinmed function and are called by code to perform that task, This is also
in contrast to objects that have persistent data and functionality and can be instantiated within code to
carryout these tasks. In a network simple agents can each perform their specific, assigned task and an
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overall result can emerge from the interactions ot the group of agents, Agents can observe systciri
activities and act when necessary.

Prohlenl Colreehon PhaseSer-isarrnwing Phase

TI Ine

Figure 1. Parallel Set Narrowing Process Sketched by a Toyota Manager  8!

In this work, a hybrirl agent approach is utilized. It is felt that problems as complex «h ship
design will continue to require the expertise, perception, and judgement of the human designers. 4~sing
an agent model, however, these designers can be organized and tasked as a network of agents based
upon their technical specialty or particular role. Further, computer agents can be introduced beiwccn
each pair of design agents to facilitate their critical conununicaiion and negotiation about the design,
This concept results in a hybrid network of hutnan and coinputer agents.

In the remainder of this paper, the design task of interest is thc prelitninaiy, parametric. bid-
response design for a feeder container ship. The design team has ilcvcloped basic design standards and
the approach for the design;md arrangement of feeder container vessels in the range that their coinpany
intends to compete through the development of their Shipbuilding Policy and Build Strategy elements.
The shipyard has received a brief performance specification designating the capacity and a speed of the
vessel indicated by the owner's transportation studies. The goal is to provide a preliminary sizing of a
vessel that will provide this function at minitnurn RFR, In the following, the organization of a design
team as a network of agents, a systematic market approach for design negotiation, and the funcnon of
the computer agents are described. An initial experiment using this approach is then summarized.

Agent Definition

The naval architects and marine engineers in a prcliininaiy design team can be assigned spccilic
task as agents within a design network. The negotiation mechanism to be used in this example ins olvcs
a systematic market economy in which design parameters are bought and sold in specific m irkcis. The
designers express their desires through their bid or utility functions and trade in dollars that allow al!
parameters to be valued on a common basis. The task of interest is the parameter stage preliininary
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design of a vessel for which the shipyard must respond with a bid. The design team is brought togethej
for a day to size the vessel and establish the basis for the bid response. The design agents are eacl..
tasked with a portion of the design process and provided with design tools and data to support this
work.

The overall network of design agents is shown in Fig. 2, Seven design agents are utilized in this
initial investigation, The Chief Engineer, at the upper right, acts «s the Voice of the Customer «nd buys
performance parameters from the other agents. In this case, four performance parameters are utilized:
the service speed Vk of the vessel on trial~ at 85% Maximum Continuous Rating of the machinety, the
TEU capacity of the vessel, the transverse CiM, as a measure of initial stability, and Clarl.e's Turning
Index PC as a measure of vessel turnability �0!. Other pcrforntance characteristics could obviously be
included. An implied eighth agent, at the lower left, is the Shipbuilder or the shipyard Production
Department which will provide the vessel at a total ship capital cost that is the total of thc machinery
related cost C, the structure related cost C�and the outttt related cost Co, These are implemented
through capital cost estitnation equations included in the design process. The RFR being optimized by
the Chief Engineer includes operating costs, so there are also implied markets for the machinery related
operating costs Cop and the remaining operating costs Cop�required by thc ship design,

Key:
ee

impt

Figure 2. Agent Interaction Diagram

Definition of Conceptual Design Agents
As shown in Fig. 2, the design agents are defined in two hierarchical levels. Fout. agents arc

responsible for providing the performance parameters to the Chief Engineer, i.e., Resistance provides
speed, Maneuvering provides turnability, Stability provides Glvl,, and the Cargo agent provides the
'I'EU capacity. The two agents in the second tier provide the machinery and propulsor needed to
provide the total propeller thrust required by the Resistance agent and provide the overall hull needed to
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meet the needs of the design. The seven design agents arc defined in detail in Table 1, which lists th
design role or objective and constraint responsibility of each agent, It also lists the paraineters that cacti
agent buys or sells, The agent with the greatest at stake with respect to the associated constraints is the
seller of the particular parameter. The agents are each tasked to ac  altruistically so that no proin is
made; i.e., sell revenues b;ilance the buy obligations to the other agents, The parametric design 'tools
provided to each agent are also listed,

The Chief Engineer agent is the overall leader of the design team and serves as the Voice of the
Customer. He or she seeks a ininirnum RFR design  as opposed to a minimum cost design that. would
more typically be the shipyard's objective in developing a bid response!. The computational tool
available is a RFR calculation based upon the parameters of the design,

The Resistance agent is responsible for satisfying the hvdrodvnarnics physics and sells service
speed to the Chief Engineer. To achieve this spccd, this agent must buy total propeller thrust froiii the
Propulsion agent, but can also participate in the markets for the hull para»tet»rs that will affe»t th»
required thrust; i.e., length, beam, draft, block coefficient, and longitudinal center of buoyancy. Tli»
computation tool available is the Vower Prediction Program  PPP! which ir»plements Holtrop «iid
Mermen's regression-based resistance prcdiction inethod for displacement hulls  I I, 12, 13!.

The Maneuvering agent is responsible to provide turnability to the Chief Engineer and decide
whether or not to include a bow thruster in the design. To provide turnability, the agent sizes the rudder
based upon a parametric model related to ship draft and participates in the markets which will att'cc  thc
maneuverability; i.e� lengtlt/beam ratio, longitudinal center of buoyancy, and draft. The compuiatioiia!
tool available is the Maneuvering Prediction Program  MPP! which it»pl»ments and extends the work
of Clarke et al  IO, 11!.

The Stability agent is responsible 1' or ensuring that thc vessel provides the minimuni GM,
required by the Chief Engirieer. To provide this stability, the agen[ inust buy beam from th» Hull agen 
using revenues acquired by selling vertical centers of gravity to the Cargo, Propulsion, and Hull;igents.
The coinputationa! tool available incorporates preliminary weights and centers estimation inodels fioni
Watson and Gilfillan  '14! and Kupras �5! in o a transverse weight summation spreadsheet.

The Cargo agent is responsible for ensuring that the vessel provides the TEV capacity re<luirc<l
by  he Chief Engineer. To provide this, the agent must buy cargo box length L,�beam, depth. block
coefficient, and cargo weight from the Hull agent and buy cargo vertical center ot gravity froiii thi
Stability agent. The design tools available are a matrix or catalog of c;»go box dimensions f' or var<on;,
choices of container configuration within the hold and on deck above the hatch covers assuni<ng;.
prismatic hull with two co»tainers»iissing in each stack at the lower corners. This agent. also has a
parametric regression model  or alternatively an Artificial Neural Network! for the total TEU capaci i
that reflects the full tapering effect of the h<ill on the container block.

The Propulsion agent is responsible to provide  he propulsion machinery necessary to produc<;
the total propeller thrust required by the Resistance agent. The agent must buy machinery box l»ngth
L,�, draft  influencing propeller diameter!, and machinery related weigh  and vertical cen er oi ravity
implied markets include the capital purchase of the machinery and the machinery related oper;i in,
costs. The design tools available are a catalog of MAN B <t W and War silla medium-spec<1 <!ics»ls a»<
the Propeller Optimization Program  POP! which uses the Nelder and Mead Simplex Searcli anc
External Penalty Function �6! to design the optimum Wageningen B-Screw Series propel!er s<ihj»ct rc
diame er and cavitation constraints �1, 17!. With the overall workload assigned to this agent,  i»/shc i.,
supported by a propeller design assistant,

The Hull agent is responsible for the overall in egr;ition ot the hull dimensions and arrange<nun!
and for ensuring that the total weight equals the displacernent. This agent is thc seller in a!1 ol' i.lie hiil.
sizing and weights markets, The Hull agent must also buy the vertical center of gravity of th» structur<
and outfit he/she will provi<le. Implied inarkets include the capital purchase of the structure anL! o»tt'ii
portions of thc ship and the non-machinery related operating costs. The provided computation;il to<>
incorporates preliminary weigh s and centers estimation models into a longitudinal weight sumniaiior
spreadsheet, With the over<ill workload assigned to this agent, he/she is supported by an arrangcme»t.
design assistant.
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Table 1, Definition of Design Agents

A ent: hief En

A e t: Resistance
Objective: Provide required ship speed
Buys: L, L/B, T, CB, LCB, and Th«qd
Sells: Vk
Constraints; hydrodynamics
Tools: Power Prediction Program  PPP!

A ent: Maneuverin
Objective; Provide required turning capability; set rudder/thruster size
Buys; L/B. LCB, and T
Sells: Clarke's Turning Index Pc
Constraints,' horizontal plane maneuvering dynamics
Tools: Maneuvering Prediction Program  MPP!

~Ae t: Stab lit

A ent; hi builder/Ca ital Sink
Objective; provide specified vessel to design agents
Buys,' nothing
Sdls: vessel forprice that is the sum of Cnv C, and Co
Constraints; sink
Tools: building cost estimating equations; implemented direc ly in RFR calculation

Market and Auxiliary Variables
The work of the agents requires that the market parameters be precisely defined in advance,

Each agent also needs to know the value for additional auxiliary variables in order to cartyout needed
computations and analyses. The choice of these auxiliary variables is the responsibility of specific
agents based upon their design decisi<ins nr the results of design computations that they perform. The
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Objective:
Buys:
Sells:
Constraints
Tools;

Objective:
Buys:
Sells:
Constraints:
Tools:

~Am:Car 0
Objective:
Buys:
Sel Is:
Constraints:
Tools:

Objective:
Buys:
Sells:
Constraints'.
Tools:

A~et: H
Objecti ve:
Buys:
Sells:
Constraints:
Tools:

meer. Voice of the Customer
Provide functional requirements to customer at minimum Required Freight Rate
Vk, Pc, GMi, and TEU
Cop, Cop,  implemented through equations in RFR calculation!
customer's functional requircmcnts
RFR calculation

provide required initial transverse stability
B
GM ' KGni KGo KGs "d KGc
transverse equilibrium
transverse portion of Weights I summary

provide required TEU/FEU capacity
Lc B D CB, Wc, and KGc
TEU
cargo block geornctry
cargo block catalog, TEU capacity model that includes thc effects of longitudinal hull taper

provide required propeller thrust; choose engine; design propeller
Lm, Wm, T, and KG�, plus Cm and Copm  implemented through equations in RFR calculation!
Threqd
propeller hydrodynamics, availablc Wartsilla and MAN B&W medium speed diesels
engine catalogs, Propeller Opt. Program  POP!; supported by propeller designer

Provide required hull volume and required outfit; ensure even keel
Cs, C�, Copr  implemented through equations in RFR calculation!
L, L/B, B, T. D, CB, LCB, Wm, and Wc
Archimedes Principle, zero trim
longitudinal portion of Weights t summary; supported by ship prolile manager



auxiliary variables are not part of the markets, but must be defined and conirnunicated to other agents a»
needed. The definition of the market variables and the inforniation flow of the auxiliary variable»
among agents are suinmarized in Table Z.

Systematic Markets and RAPPID

A designer seeks to embed a»et of fia ctions in an object with specified «haracteri»tie»  c.g..
weight, materials, power consuniption, and size!. Conflicts arise when designers disagree on t.he
relation and importance of the characteristics of their own functional pieces and the characteristic» of
the entire product. There is no disciplined way to tradeoff characteristics such as weight;ind power
consumption against one another. The problem is the classic dileinma of multivariate optiniization.
Analytical solutions are available only in specialized niches. As a result, the state of current practice is
that tradeoffs are resolved in ways that do not always optimize for the best overall systeru and
manufacturabi1ity

The Responsible Agent~ f' or Product/Process Integrated Developmen   RAPPID! project
developed an approach io design that helps human designers manage product characteristics across
different functions and stages in the product life cycle �8, 19!. These agcn s participate in a de»ign
marketplace where the goods being traded represent the design charac eris ics of each of the product
components, By representing  he explicit cost and value of these design characteristics in a common
currency, the resulting marketplace provides a self-organizing dynamic  hat may yield more ra ionai
designs faster than converitional techniques. These m;ukets allow individual designers to make
tradeoffs and n uTow sets of design charac eris .ic» in a way that leads io better global designs,

RAPPID addresses three core problenss in design:

~ Planning. Design tasks cannot be sequenced in detail. There is generally no way to
progress through the design analysis and decision-making in an organized way such thatall
the information is available when necessary to each designer. Thus, the design spiral.

~ Coupling. Designers think locally, but they are tightly coupled with other designers.
Decisions that onc designer rnakcs affect  hc decisions thai other designers have made.
This constant need for re-evaluation as a res~It of changes at the design interfaces can lead
to lengthy cycles of i era ion «nd change.
Prioritizing. Designers have no common I:inguage for coniparing the importance o 'i»»ucs,

In RAPPID, iiidependent agents use set-based reasoning in a design marketplace io addrc»»
these problems as depicted in Fig. 3. The combination of independent «gents  designers! working v.i li
set-based reasoning addresses the planning issue. By working with sets or ranges ol' paiariietei»,
designers can work in parallel without waiting for other designers to se  the value of some design
characteristic they need. Markets provide the means by which rn;iny alternatives in a»ei c;in bc
evaluated using a common currency for the compari»on. And finally, the RAPPID markets provide
information to each designer that allows  hcrn to rnakc individual decisions that contr.ibuie i.o globally
optinial results much a» real inarkets work to find the best clearing price for a good.

RA PPSD Markets
Figure 1 shov s an example of agen s used in;> preliminary ship design and thc design

characteristics that they trade. One can think of this network as a supply chain. The Propulsion agent
sells the required thrust  Th�.,z! io the Resistance agent. The Resistance agent buys thc amount ot
thrust it needs from the Propulsion agent as well as aspects of the hull shape v,hich affect re»i» ance
from the Hull agent in order  o produce the service speed  V<! ihe Chief Engineer agent seel », 'I hc
arrows in the diagram indicate the direc ion of the sale and the label identifies the market giiod or
design characteristic.

In RAPPID buyers express their preference for an item they are purchasing using a qualii:iiive
cost curve. The curve expresses the range of prices the buyer is willing io pay for a sct of value» of a
design characteristic. The curve also expresses in general how this prefercncc varies over the range ol'
the design characteristic. The " shaped curve in Fig. 4 is an example of a buyer's buy curve. In this
example, the buyer is indicating that they would be willing io piiy between 51<K!K and
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Coupling
 local decision

global goals

Planning
non-sequential!

Prioritizing
 common currency!

Figure 3. Interaction of Three Concepts in RAPPID

$500K for thrust in the r;inge of 600 to 1600 kN. In general, thrust. is considered more valuable
towards the rniddle of that range than at the ends. Similarly, the supplier can issue a sell bid
 superimposed on the buy bid in Fig. 4!. The supplier indicates thrust in the range of 600 to 1600 kiN
ranges in price from $100K ta $450K and, in general, its price increases as lhrust increases,

Buy Bid Sell Bid

Value ! Cost

Cost ! Value

Figure 4. Buy and Sell Bid Curves
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Based on this qualitative infortnation, the buyer can begin to make some choices. The ideal
thrust would be the point where the difference between the buy and thc sell price curves is maximized.
This is the thrust that would provide the most value to the buyer for the least price. Since these curves
are only qualitative, we cannot identify that thrust value directly from these bids. Elowever, one can
say that at the high end of the thrust range, the price is most likely much higher than the customer is
willing to pay  Cost ! Value!. It is also unlikely that there is a suitable thrust at that end of the range,
so the customer can narrow the range down from the high end. One could also rcmove a small amount
from the low end of the range knowing that the maximum difference between buy and sell curves is
unlikely to be found at the low end. Once the range is narrowed, the customer and buyer can spend



more time analyzing a much narrower range of options, This will result in new bids and possibly new
curve shapes. As certain ranges are narrowed down, other ranges will also narrow as a result. Many
design characteristics are coupled together so that a compression of one range will cause other ranges
to narrow throughout the network. Eventually these ranges will narrow to a single point. At that point,
the design is complete. In RAPPID no money actually changes hands. The buy and sell curves are
used as approximations of cost and preference surfaces to guide the designers in searching for an
optimal location in the design space. The use of these qualitative market dynamics in RAPPID is
based on research in market-based distributed constraint optimization �0!.

R4PPID Market Server
To assist designers in making buy and sell bids and analyzing the market data for places to

narrow ranges, a RAPPID !vlarket Server as shown scheniatically in Fig. 5 was created. The market
server was designed to work in a wide variety of design environments. It is intended as a tool io assisi
a distributed team of designers in analyzing their design space, making appropriate tradeoft;s, and
nranaging the convergence of the design around the final solution. Thc design histories that it
maintains provide a detailed transaction log that can be used to reconstruct the rationale used io make
various tradeoffs.

Figure 5. RAPPID Design Market Server

The markel server consists of a database server that is accessed through a web interface. The
database defines all the markets and the agents and keeps records of all the market transactions. The
main web page market summary view  not shown! displays all the current markets and the last buy and
sell bids, This provides the designers with a quick view of the state of all the markets, One can
quickly identify from this view markets which show the greatest potential for narrowing or which
might be the most profitable upon which to work.

Detailed information on any individual market is available through a Java applet an example of
which is shown Fig. 6. The applet shows the last buy bid for the market in a form on The left. The
form on the right details the last sell bid. A simple graph of the two bids is displayed in the middle.
The graph provides a visual clue to the designer» of how to narrow the ranges to reach the point of
greatest value for least cost. If the agent is registered as a bidder in the market, then one of the forms
will have editable fields where new bid information can be submitted, The bid includes a small Notes
field where the designer can send explanatory information regarding the bid or reference supporting
documents.
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Figure 6. Java Applet for Market Bids

Since designers use many different tools to analyze their design, the RAPV1D Market Server is
designed to interface through a wide range of standard methods, frotn the simple clipboard to more
powerful DCOM and CORBA interfaces. This relieves the designer of the burden of ntanually
transferring data between the market server and their design tools.

Hybrid Agent Ship Design Experiment

The Hybrid Agent Ship Design Experiment was conducted in two phases", an initial cxplora ory
experiment and then the inore formal Hybrid Agent Experiment.

Initial Exploratory Experi>n ent
The initial exploratory phase v'as completed in April 1998. This involved the initial evaluation

of the agent concept as a possible approach to preliminary ship design without the use of systematic
markets to aid design negotiation. The initial experiment was performed by seven Lnivcrsity ol
Michigan undergraduate naval architecture students using the Undergraduate Marine Design
Laboratory of the Department of 'Naval Architecture and Marine Engineering. The assigned task was,
given a set of owner's requirements, to produce a conceptual design of a feeder container ship with the
lowest RFR within four hours using a prototype web-based agent communication environment.

The Phase 1 experiment provided a template for the development of the Phase 2 experinicnt,
From the results of the initial experiment, the original agents, their t;isks, and their design tools where
redefined. The RAPPID systematic market approach was added to experiment with the hybrid agent
approach to aid design negotiation. lt became clear that each agent's role needed to he well defined
using market and auxiliary variables unique with respect to the specific role ot thc each agent. This
can be seen in the variable length. The total ship length is an important variable to many;igents. It
was found that the agents could be inore effective, however, if they were concerned only with that
portion of the total length that they could clearly define, Thus, the ship length was broken down into
Length of Engine Room, Length of Cargo Box, and total 1 WL for use by different agents.

Another important conclusion from the Phase 1 expeiiment was that the workload and level of
design analysis sophistication assigned to each agent needed to bc balanced across the agents, l'hc
original experiment had agents with widely varying workloads and levels of design/analysis
coniplexity, This caused delays in the process since some agents had large aniounts of data to analyze



while other agents had very little work to do, The act of overwhelming an agent caused thai agent to
breakdown, thus, hindering the whole process.

Hybrid Agent Design Experiment
In January of 1999, the Phase 2 experiinents began. The Center for Electronic Conimerce of ih:

Environmental Research of Michigan  ERIM! joined the experiment to adapt its RAPPID systematic
markets software to this design problem. The Phase 2 experiincnts consisted of an initial RAPPID and
design software training day, January 16, 1999, and a final experiment day, January 30, 1999. The
initial training day was used to help familiarize the design team with the agent-based and set-based
design concepts and software environment. The time between the training day the experiment day
allowed the individual designers to become morc fainiliar with their particular agent role a» well as the
RAPPID software. The students in the second experiinent were all graduate students with on:
exception, The Undergraduate Marine Design Laboratory was again used.

The Phase 2 design experiment had essentially the saine design goal as the Phase l cxperirnen>:.
The primary requirement» for the Hybrid Agent experiment where for the students to respond i<> a
request for bid for a conventional hatch-covered, handy-sized feeder cellular container ship lor use
along the Pacific Northwest feeding to the container terminals in Oakland, CA, and Seattle, WA. Th:
vessel needed to satisfy the following requirements:

Carriage of 500 TEU  Twenty foot Equivalent Unit! with an average weight of 15.0 tonne»
with a VCG at 45% of the container height. Uniform loading.

~ Alternative 250 FEU  Forty foot Equivalent Unit! with an average weight of 20.0 tonne».
~ Endurance of 1600 nrn at service speed for fuel, and 20 days for provi~ions and water
~ Maximum length and beam Panamax; maximum draft of 6.0 m.

Service speed at 85% Maximum Continuous Rating on trials of 16,5 knots.
Clarke's Turning Index of at least 0,35.

~ Miniinum GM> of at ]east 0.25 in in the uniform load condition.

To establish starting sets for the primary ship dimensions at the beginning of the experiment, regressiori
equations where used to estimate LBP, B, D, and T as a function of TEU and ship speed. The nie;in
value produced by the regression equations s2a  regression Standard Errors!, which i» expected io
contain 95,5% of the world fleet, was used as the initial set. The initial sets for the primary six<:
variables allowed the agents to begin their particular evaluations. These initial sets can he scen in
Table 3.

Table 3. Initial Set Ranges for Primary Size Variables

Upper Bound
]49.5 in
152,9 in
24.0 rn
13,7 m
7.4 m

Lower Bound
100.9 m
]03.9 m

16.8 m
7.8 m
2.6 m

The design experiment was conducted over a period of about seven hours during which the
primary variables converged to a final design sizing. This convergence for the LWL sets considered in
the negotiation between the Hull agent and the Resistance agent is illustrated in Fig. 7.

Table 4 is the relevant portion of the cargo box geometry spreadsheet used by the Cargo agent
The sheet shows the beain, depth, ]ength of cargo box, container configuration, and total number of
containers for a given configuration and length ignoring the effect of the longitudinal taper of thc hull
The table has several differently shaded regions that show the convergence of the design during the
experiment. The design sets initially included three cargo box lengths, three beams, and three depths
The non-shaded region shows the near final set of cargo configurations.
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Figure 7. Convergence of Length Market Over Time

The near final set consisted of one beam �2.2 m!, two depths  9.96 rn and i2,5S m!, and two cargo
box lengths �9.4 tn and 82,92 m!. The longer hull was then eliminated since it would provide
excessive TEU capacity. Required Freight Rate consideration by the Chief Engineer agent then
reduced the set further by eliminating the larger depth so that the design team converged to a bc,lm of
22.2 m, depth of 9.96 in, and a cargo box length of 69,4 in,

Conclusions

A hybrid system of human desig~ agents and intermediate computer agents that can facilitate their
communication and design negotiation shows promise as a means of achieving effective conceptual
ship design by cross-functional design teams. This fosters a set-based design approach to conceptual
ship design. The following specific conclusions are noted:

The network of agents provides an eftective way to organize a cross-functional teanth,
The negotiation across the network provides an effective way to balance the interests of the
design team members.
The negotiation process can improve the reasoning and cross-functional understanding
during design tradeoFfs.
A converged marketplace can assess the interaction and design value of different
parameters even in the absence of analytical theories.
The set-based design paradigm replaces design construction with design discovery; it
allows design to proceed concurrently and defers detailed specifications until tradeoffs are
more fully understood.
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~ Set-based design can greatly increase the number of'design alternatives considered.
The process is robust to intermediate design errors. During the expcriinent, the logic used
to set block coefficient was incorrect for about half of the design period, When this was
discovered and corrected, the sets were still wide enough that the process was able to move
forward and reach a converged solution without major rework,

~ Agent effectiveness declines rapidly when they are required to participate in more than
about seven markets.
The recorded market histories permit design logic capture and institutional learning.

~ The experiment utilized the qualitative set communication and reduction aspects of'
RAPPID, but the specific price aspects of the markets did not have an important impact.
Part of this was because the design was highly constrained and part was because th»
process was tcrrninated near the end of the set recluction and did not continue into the
refinement phase,

The hybrid agent approach can provide a means to address the potentially limiting design
communication and negotiation process in advanced cross-funcfional team design, even if it is virtually
linked across the Internet.
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Table 4. Relevant Portion of Cargo Box Geometry Spreadstieet
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REEFER CONTAINER TRANSPORT IN OPEN TOP CARGO HOI.DS
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Dr.-lng. Y> es Wild lngenieurburo, Hambur~, Germany
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Germanischer Lloyd AG, Hamburg, Gernuin»

Abstract

During the last decade, increasing seaborne transportation of reefer cargo ha» beeii
observed. The upwind trend of containerisation is, as for thc most other cargoes, successful also
with reefer cargo. LTp to now, the majority of reefer container» arc carried on deck. Novel reefer
container ship designs stow reefer containers also in the holds. An important quantity is the emire
heat generated by the reeler containers which requires a reliable layout of the ventilation system
for an effective heat removal from the holds. At present, a new series of specialised container
ships is under con»truction «t How ildtswcrkc Deutsche Werft AG  HDW!. These ships «rc thc
largest reefer container ships in the world today with holds equipped for 100 % integral reeler
containers. A major share of the reefer containers slots is planned to be equipped for rnoditicd
atmosphere, HDW»iarted an extensive research project in co-opcration with Germanischer
Lloyd and the consultant Dr.-lng. Y. Wild Ingenieurburo. 'I'hc aim of the project is to studv the
transportation of reefer containers of different types and to derive reli«blc design criteria for the
hold, the ventilation system of the hold, and the layout and operational behaviour of plants.
Safety aspects with regard to the ILIA system are dealt with,

Figure 1: Newbuilding 342, Howaldtswerkc Deutsche Werft AG

Before the detailed layout of the new series was finished, the heat generation of reefer
containers with and without. water cooled condenser» ha» been measured in a laboratory set-up
under different operating conditions, Temperature gauges and anermometers were u»ed tn
measure the temperature and velocity field at and around the reefer container. In addition, a
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calculation procedure based on the finite clement method wa«derived describing the condition»
inside and outside. the container. The experiments werc carried out to verify and calibrate
numerical and analytical investigations. At a first stage, the entire heat flow from the front »ide  >f
the reefer container into the catgo hold i» detern>ined hy the mea»urcmcnts in thc test chamber
and finite element calculations. Results of both measuremcnts and t>nitc clement calculation» are
in good agreement. verifying the thermal perlortnance of' the rector container and the influence of
the air flow around it. Based on thi» results, a calculation model is set up to simulate the
temperature and velocity field in the hold fully stowed v ith reel'er containers. These numerical
calculations also aire at the verification of thc heat removal by air ventilation inside thc hold to
guarantee and optinttse the geometry of the hold regarding thc air flow and cooling effectivcne««.
Thc measurement results obtained in the laboratory «et-up allow to specify reliable temperature
and velocity boundary condition«of thc global model. Finite element calculations are ptesented
«howing the entire temperature f>eld inside the hold and demon«tratc thc sufficient performance
of the ventilation system,

Figure 2: Refrigeration LJnit» ot Different Reefer Conl.ainer»

Introduction

Two novel container vessels specially designed for thc tran«portation of refrigerated
containers are being built to Gcrrrtanischer Lloyd class at ilov aldt»wcrkc-Deut»che Werft AG in
Kiel t'or DOLE Fre»h Fruit International Ltd. The capacity of »omc l000 reefer containers of 40
feet correspond« to a reefer volun>c of about 2 million cubic feet. These «hips will be the largest
rei'rigerated ships in the world «ince conventional ret'rigcratcd»hip» have a tnaximum reeler
capacity of about 800,000 cubic feet.
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Figure 2: Arrangcrncnt of Reefer Containers. Cargo Hold 3.

The joint research and development project funded by the BMBl  German Federal
Ministry of Education and Research! and entitled "Transport;ition ot Reefer Containers in Open-
Top and Conventional Cargo Flolds" investig itcs special thermodynamic problcrns, The precise
air flow and heat distribution relationships of a single reefer container as well as of the entire
cargo hold are studied by analytical, numerical and experimental methods. The main interest in
the beginning of the project was the determiriation ot the heat dissipation by a water-cooled
container refrigerating unit into the ambieiit air. Comprehensive rncasurcrncnts were perfornied at
ATP-Me8stclle Nord GmbH in Elze, a GL subsidiary.

The test chamber in Elze, normally used to perform ineasurements of the ovcr-rill
coefficient of heat transfer  k-coefficient! or per orrnancc tests according to ATP  Agreement on
the International Carriage of Perishable Foodstuffs and on the Special Equiprncnt to be used for
such Carriage! or JSO, respectively, allows the variation of the parameters air velocity, ambient
and internal air temperature. humidity and heating power. All experiments werc perfornied for
the different paraineters of the refrigerating unit, mains frequency  SO/60 Hz! and mode nf thc
cooling condenser  air or cooling water!. A modified atmosphere was simulated for selected
experiments, All thermodynamic characteristics for the dcep-l'rozcn mode and the chilled mode
 bananas! could be deterriiined under the relevant range ol cns ironinental conditions.



Figure 3: ATP Me8»te!le Nord GmbH, Finite Element Model ol' the Test Chamber

Finite element calculation» were carried out to accompany the rneaiurement», Thc ent>re
test chamber was modelled in 3D. A number of 2D and 3D iuh-model» were generated for
comparison with selected meaiurements, as for example, the temperature distribution inside the
container with respect to heating sources or internal fans, the heat llux through the container
walls including thertnaland fluid boundary layers, local rnodcls of the container front side to
cover the influence of the refrigerating unit, temperature di»tribUtion at the air inlet ot' the
chamber to investigate thermal stratification  high hutrtidity experiments only! etc.

Novel Reefer Container Ship Design

The new container carrieri are 201.5 m long, 32.2 rn wide and have a draught of 10 rn
rnaximurn. The power of 23,300 kW of the main propulsion plant rciult» into a iervicc speed of
21 knots. Two gantry cranes are available for loading and unloading of thc open-top container
ihip. The "auxiliary" engines have a electrical output of 16,000 kW provided by three dieiel-
generators with 4.%00 kVA and two further diesel-generators with 3,375 kVA each. The
generators feed into a 6,6 kV medium voltage»witchgcar which supplies the major consumers,
among them thc transformers of thc reefer container distributions and the MA comprei»or
distributions. The»witchgear i» controlled by a power manageinent system.

Thermal Performance of a Single Integral Reefer Container

General

The experiments performed at the ATP-MeLhstelle Nord comprised different
measuretnents of the heat. transfer coefficient, the tightncii ol the integral reefer container,
varioui operational modes, a» normal and MA chilled operation  banana»!, deep-freezing
operation and cooling down procedures. All measurement» werc carried out at ambjent
temperatures of 20 'C and 45 'C a» well a» for air-cooled and water-cooled condenser mode. The
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test chamber is equipped with a lifting platforin to allow vertical positioning of the container
according to a desired distance between container walls and test chamber walls. In order ro
supply the tested container v ith cooling water, a secondary cooling ciiicuit had to be built. An
external Clip-On-Genset was used to produce a realistic power sllpply of the container to
simulate the conditions on board �60 V / 60 Hz!.

Theoretical Considerations
The accurate, determination of the heat transfer between the front side of the container  hot

spot! and the cargo hold is of' priinary importance for the design of the ventilation plant ro
guarantee an adequate heat removal from the hold. The amount of heat dissipated into the cargo
hold differs significantly for the two operational modes of the condenser. In case of air-cooling,
nearly all the heat is translerred from the condenser to the hold at the front side of the container.
In the case of water cooling, the majority ol' thc heat is transferred to the cooling agent, and only
a minor part is transferrtd to the air in front of thc container via the condenser and compressor
surfaces. Different heat flows were specified and measured to allow the calculation of heat
balance equations for the different experimental set-ups. These heat flows comprise

l. entire heat tlow from container front side to c;rrgo hold incl. conduction, radiation etc.
2, conduction through the container v'alls  front side excluded!,
3. heat flow of the cooling water  in/out!,
4. electrical heating inside the container  simulation of the ripening process!,
S. power input  gen-set!,
6, heat flow of the air exchanged between the container and the test chamber generated by

thc refrigerating unit  in/out! and
7. heat! low of the air at the inlet'outlet of the test chamber.

Since the sum nf all heat flows is zero in the balance equation, the unknown part of rhc front
side  no. 1! can easily bc determined.

I'igure 4: Heat flow balance for the cargo ho!d and the container
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Figure 5: Transient temperature developrr!ent of selected parts of the refrigerating unit for
normal chilled operation

25 00

24 00

23 00

72 00

Zi DQ
20 OQ
1000

1 S,DQ

17 OQ

15 0«I

23 00
22,00
21 OD

20 D«I

I ~ 00

IS 00
17 Q«I
20 00T Zulult I"C!

T AIHuu ['CI 19 00

15 OD

'17 00

15 00

15 00

14 00

«3 00

12 DD
1 I Qn

lo 00
140 00

120 On

IQD QD

eo 00

00 On

40 00

20 «10
eomPJ Cd 411721 m

135m 150m 155m 150 19«m 710m 22 m 240mJddddd 27«drs Jlmsl 1441 JIJP4 716ldd Jlddde 2rmeIPJddd lldf JP mod dd,x & - Pdm fddlcd 2 ddfeZen 7 792et
105J Jd dd7 Cfl

?QmPr dd ddf7d I dd
I?Qm27 Jd dlfr' Pf X

75mddde 4Ides
ATP 0034
A Ti 0031

228

T Senal [ CI
T Settee ["C]
T Sene3['CI
T Seite4 ['C]
T Serte5 ['CI
T Sense['CI
T Selte7 f"C]
T Sense  -C[

T Slahdt['C]
T Slaln2 I'C[
T Statwe ['C]
T Slahvn['C]
T Slalw5 ['C]
T stauds I'cI
T MrheK!appen I'Cl
I' KtappeAechta I"CI
T KtappsL ntca I'c]
T KtappeUnten [ C]

TnachKcmp I'CI
. nachLKond ['C]
nachWKQrrd I C[
ZytrnQer t [" C]

. Zyende«2 ['C]
T Zytndere CC]
T cutter[ Cl

15 On
27 00
?*00
25 DO

24.00



1VIeasurement Results
The results of the measurements gave a clear picture of the thermodynamic

2characteristics. A heat transfer coefficient of k=0,34 W/m K was measured according to ATP. A
modified experimentalsetup including air ventilation inside the container, a» is the case for

7
refrigerating operation, resulted in a correspondingly higher value of k=0,4146 W/m K. The latter
value was used for the calculation of the licat flow through the container wall».

Numerical considerations
A time-averaged Vavicr-Stokes solver with a modified k-e turbulencc model was applied.

The general purpose CFI!-code ANSYS based on a finite eleinent formulation was used to»olve
all cases. Various calculations werc carried out for verification and calibration purposes,

The temperature gradient VT can easily be determined by the calculated temperature
distribution in the boundarv layer inside and outside the container. The respective heat flow q is
then obtained by multiplication of VT with the thermal conductivity h,. The temperature
dependence of X rnu»t bc observed due to the significant temperature difference AT between
inner container and outer test chamber. Thc surface coefficient of heat transf'er  x i» given by

With t as the wall thicknes» of the container, the heat transfer cocficient k reads

1
+

1
k=

gontuVrer

Clltl trl 111I. I

This value can directly be compared with the measured heat transfer coefficient.

Numerical results
Figure 6 shows a 2D cross-section  side-view! through the 40-feet container which is

located in the middle of the test chamber on a lifting platform, Thc distance to the bottom/ceiling
is approx, 0.3 tn and a signil'icant increase of thc air speed is observed. Four anemometers werc
installed between contaiiier wall and test chamber wall to determine the  mean! velocity around
the container, The velocity at the inlet was measured manually by using a hand-held anernomcter.
A vertical arrangement of temperature sensor» was installed at the inlet to check the vertical
temperature profile. Both inlet velocity and inlet temperatures are specified as boundary
conditions. At the outlet the pressure is sel to p=0. At the container front side, either the rnea»ured
temperature distribution of the refrigerating unit or the heat generation can be specified. All
 other! walls are non-slip walls.
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Figure 6; Velocity distribution around the 40-feet container at ATP-Mef!stclle Nord in l.lee

The air entrance to the chamber i» at the left hand side where also the front side of the
container is located. The air cooled operation tnodc can be deduced from the  minimum! velociiv
of the ventilator of the refrigerating unit arranged directly above the condenser, At the right han<l
side a recirculation area above thc chamber outlet is observed and veritied by the calculati<ins. It
has only a minor influence on the temperature distribution which is nearly homogenious at thc
outlet. Significant tetnperature gradients are observed only at and around the lront side ol' th»
container  hot spot!,

Figure 7 shows a 2D cross-section  top-view! through the 40-feet container and  he test
chamber. Only one half of the rnodcl is generated for sy<nmetry reasons, and only the outlet of
the chamber inc]udtng approx. 20 % of the rear side of the contamer is displayed. The
temperature  left hand side! inside the container is nearly constant. whereas a strong temperature
gradient is calculated close to and through the wall, A small inliuence of the velocity disti ibution
 right hand side! on the temperature is observed outside thc container where the distance to the
chamber wall is close. A smalI energy transport at the rear side ol the container close to the walI
can be seen in figure 7 by a slightly increased temperature field.

Cargo Hold Ventilation

Gemeral
The novel container ships carry 884 reeefer containers in the hold, of which 789 units are

in open spaces and 9S in closed rooms, The large amount of heat dissipated from the containers
can not be removed by conventional refrigerating units equipped with air-cooled condensers. All
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units used for this ship are therefore fitted with both air-cooled and water-cooled condensers and
are hooked up to the freshwater cooling system by quick couplings.

figure 7: Temperaure distribution around the 40-feet container at ATP-MeUstelJe in Elze

Figure 8 shows the «rrangement of the containers inside the cargo holds in longitudinal
direction. For calculation of the temperature distribution in the hold only the space in front of the
containers is taken into consideration as in this space the major air circulation is taking place.

Since the entire heat lo be removed from the cargo hold is measured and verified, suitable
assumptions on the cargo hold ventilation can be made in order to specify velocity and
temperature boundary condition> at the positions of the fans.
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Figure 8: Arrangement of the containers inside the cargo hold

Taking into account the temperature difference between the cooling air and 6e container
front side, the entire cooling air quantity can be calculated via the density and specific heat, As in
the case of the ATP-Me8stelle, the thermodynamic behaviour ot the refrigerating unit can either
be modelled by a certain temperature distribution on the frotnt surface of the container or hy a
prcscibed heat generation If a heat generation is set «ccording to the measured values, the
resulting temperature distribution also have to correspond to the rneasuremcnts, If the
temperatures are specified at the container front side, a» it i» the case in figure 9, the integration
of the resulting heat flux distribution must be in agreement with the measured heat dissipation.

Thc hold companionways are modelled in detail to guarantee an accurate calculation ol'
the energy transport by the air flow in upward direction. The curved isotherm» on the right hand
side of figure 9 indicate that the streamlines of the convectional fluid arc influenced by thc
coinpanionways. The gratings have an influence on thc fluid. A suitable ntethod to cover the
resistance of the gratings is to introduce a "distributed resistance" model which allows thc.
prescription of an adjustable change in the dynamic prcssure along a line �D! or area �D!. To
adjust the coefficients of the distributed resistance model, a separate finite element modelwas
generated similar to figure 9 comprising three coinpaiiionways in horizontal direction. The.
gratings were modelled in detail and the pressure distribution was investigated for different
combinations of temperature and velocity boundary conditions. Thc influence of the gratings
obtained by the distributed resistance model was calibrated hy the results of the detailed model.
Finally, only a small number of elements is necessary to include the gratings into the 3D rnodcl
of the entire cargo hold. The distance between gratings and container front side is al»o
parameter investigated within the project. A rniniinum distance i» desired for costs reasons, On
the other hand, the entire heat dissipated from the containers ha» to removed from thc cargo hold.
An additional safety margin can easily be calculated for higher cooling temperatures, failure of
thc ventilation system etc.
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Figure 9: Temperature distrthution inside the cargo ho!!d for ambient temperatures of
20    top! and 45 "'C  bottom!
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Controlled Atmosphere

A number of reefer containers are operated with a modified atmosphere  MA!, The reefer
cargo is exposed to a nitrogen-enriched environment which sigmficantly reduces the metabolism
of the fruit and vegetables. The effects of MA or CA  controlled atmosphere! on the refrigerated
goods depend on the product and type. In the case of bananas, the ripening process can hc
retarded considerably. The advantages of this method are, among others, a transportation ol the
bananas in a riper state yielding a better taste, reduction of the chemical post.-harvest treatme~t,
cxtcnsion of the transport period, reduction of transport losses etc.

The nitrogen generation plant is currently designed for supplying the reefer container..
intended for holds 3 and 4. The plant is separated off from the engine roam and has already been
prepared for tuture extension. The design capacity af the nitrogen generation plant. is currently
1,000 Nm'/h with an Nq purity of 95 "7o. The nitrogen is obtained by the rncmbranc method. The
membrane unit is made ot parallel arranged hollow-fibre membrane». The faster oxygen
moleculcs move through thc membrane walls to the outside and are bled ol f to the atmosphere at
a safe point. The slower mtragen portion remains inside the membrane walls and is passed to thc
reefer containers via a piping system, A residual oxygen content of approx. 3-4 % inside the
continuously flushed reefer containers is desired. The plant and all cs»entiell components were
examined and certified at the manufacturer'» works by Cjermanischcr Lloyd.

As a part af the research and development project, safety aspects with regard to MA or
CA are also being examinee}. Of particular interest are the factors that must be considered for
oxygen-reduced or -enriched atmospheres to identify hazardou» areas. Areas as cargo holds, MA
machinery space and pipe ducts etc., have been identified as dangerous areas with respect to
oxygen depletion, The minitnum forced air ventilation has been determined. In case of a shut-of 1
of cargo hold ventilation the oxygen content may drop below a»afc level of approx. 10 ~tc by
volume, Correspondingly, oxygen monitoring and alarm systems are necessary ta be installed to
ensure a safe entrance inta these areas during maintenance and repair works, loading and
unloading processes etc. F'inally, an acoustic and visual alarm is to bc installed within ancl at the
entrance of each hazardeous area.

Further Research Work

During 1999 a measurement voyage on an alder reefer container vessel will be undertaken to
verify the results of the finite element analysis for the case of a closed cargo hold, The velocity
and lemperature distribution inside the cargo hold will be measured tu normal chilled operation
with bananas at different ambient temperatures,

After completion ol. HDW newbuilding 342, a second measurement voyage will be undertaken
and the corresponding finite element calculations for open holds will be compared with values
obtained 1 rom shipboard t ne asure ments.
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Conclusion

The transportation of refrigerating cargo in open top container ships is a novel trend. Fhc
newbuildings 342 and 343 built to Germanischer Lloyd class at Howaldtswerke-Deutsche Werft
AG in Kiel for DOLE Fresh Fruit International Ltd HDW have a reefer volume of 2 million cubic
feet making them the largest reefer container ships worldwide. Since the majority of the water-
cooled integral reefer containers are carried in the holds, special attention must be paid to the
layout of the ventilation system for an effective heat removal from the holds.

The heat generation of a reefer containers has been measured in a laboratory set-up under
all relevant operation conditions, Thc experiments were carried out to verify and calibrate finite
element calculations and analytical investigations. The results ot both measurements and finite
element calculations of a single container are extrapolated to the thermodynamics of the entire
cargo hold and allowed the specification of the cargo ventilation design at an very early stage.
Finite element calculations of the air ventilation inside the cargo hold will be compared v ith
experimental values for conventional and open-top cargo holds,

Owing to the fact that controlled or modified atmosphere systems are more and more
applied onboard reefer container ships. Gerrnanischer Lloyd will extend it's regulations which are
presently applicable to traditional reefer ships to reefer container ships of novel design.
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ESTIMATING RESISTANCE AND PROPULSION FOR SINGLE-SCREW AND
TWIN-SCREW SHIPS IN THE PRELIMINARY DESIGN

Dr.-lng. L'we Holleribach, SDC Ship Design & Consult GmbH, Germany

Introduction

One of the essential problems in the preliminary design phase of a newbuilding prospect is the
prognosis of resistance and propulsion. This prognosis has an indirect influence on both the delivery
date and the quoted price of a project. In the case of a project for which no satisfactory price can be
secured and which is to be realized within a limited period of time, the design engineer will have to
allow for increased reserves regarding speed and/or efficiency. In such a case neither the money nor
the time available will be sufficient to enable expensive optimization of the hull form. On the other
hand, if a satisfactory price can be obtained for a project and if adequate lead time is given for
production, both time and financial resources available will be such as to permit expensive
optimization and efficiency prognosis at the bottom end of the scale.

Nearly all known methods for estimating hull resistance are suitable for single-screw ships
only, Moreover, most of the inethods are inappropriate for estimating the resistance of short, beamy
vessels and of vessels with large block coefficients, Therefore, in the absence of relevant reference
vessels, prognoses for single-screw ships of short lengths and large breadths or with large block
coefficient and for twin-screw ships in general imply inajor uncertainties.

Also, the question as to whether the predicted speed can already be considered as the optimum
speed or whether it will still be possible for iinprovernents to bc achieved cannot be answered by
means of the traditional methods for estimating hull resistance, lt is equally difficult to estimate a
resistance which will even under unfavorable boundary conditions of the design almost certainly not be
exceeded.

The present paper contributes to assessing the problems referred to above in the early design
phase, in which little detail information is as yet available, with greater reliability than has been
possible so far.

Comparison of Traditional Methods with Modern Resistance Data

Traditional methods to estimate resistance in conceptual ship design follow e.g, Holtrop-
Mennen  Holtrop 1984!. Guldhammer-Harvald �974!, Danckwardt �985!, Lap-Keller  Lap 1954,
Keller 1973!, Series 60  Sabi  1972!, Danckwardt �981!  for trawlers! and Oortmerssen �971!.
However, all these methods are based an ship forms which may be considered obsolete, and there has
been growing concern regarding the applicability of these methods to modern ship hulls. Therefore, the
database of the Vienna Ship Model Basin for the years 1980 to 1995 is used to evaluate the accuracy of
these traditional methods. The database covered 433 models �218 variants! with protocols ot 793
resistance tests and 1103 propulsion tests each for a set of different speeds.

The traditional estimation methods proved to be quite reliable in predicting the resistance of an
average-single screw ship, Table 1. They are unsuitable for twin-screw ships except for the methods af
Holtrop-Mermen and, to some extent, Guldhammer-Harvald. Lap-Keller and Series 60 inethods are
only suitable for single-screw ships on design draft. Oortmerssen and Danckwardt for Trawler methods
are at best suited for small ships, but they show higher standard deviations than other methods.
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Table I. Average and Standard Deviation of  Model Test Resistance � Estiinated Resistance' !

The results of the traditional methods will in the following be called "mean resistance', '1 he
comparison of traditional methods with modern data led to the conclusion that it is useful to have also
formulae for the lower and the upper envelope curves of the statistical data which are exceeded by only
S'/o of the cases, These lower and upper envelope curves of the statistical data are called here
"minimum" and "maxinium" resistance. The "minimum" resistance is taken as an estimate of what
may be achieved by excellent lines not subject to severe constraints &om the design and found after
extensive further computer and model test investigations. The "maximum" may represent lines subject
to unusual constraints from the overall design. These envelopes are not part of the classical prediction
methods.

New Estimation Method for Resistance

Variables not explicitly specified have a meamng according to IITC standard. All lengths are
taken in [m]. In addition to lengths I ip and I.vvL, which are defined as usual, a "Length over surface'
Los is defined as follows, Fig. I:

Fig. l Definition of Lengths Lpp, LivL and I os
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The "Length over surface" Los is defined as follows:
~ For design draft: length between aft end of design waterline and most forward point of

ship below design waterline,
~ For ballast draft: length between aA end and forward cnd of ballast waterline  rudder

not taken into account!.

The Froude number in the following formulae is based on the length Lp�.
L,�� Los for Los < Lpp, else,
Lp�= <pp+ 2/3 ~  Los � Lpp! for Los < 1.10 Lpp, else ...
Lp�= 1.0667 ~ Lpp for Los > 1.10 Lpp

8'etred Surface of Hull and Appeudages
For estimation of the frictional resistance the wetted surface of hul! and appendages has to bc

known. 1n case that no exact data are available, the following formula can be used for estimating ihe
wetted surface of hull and appendages for single-screw and twin-screw vessels:

�!Srural = k ~ Lpp ~   B + 2 ~ T !
with

k = ay+ ai ~  Los/LwL!+».  Lwl/Lpp! + ai.  CB! + a4  Lpp/8!
+a5  B/T!+ a6  Lpp/T!+ a7.  TA-Tp!/Lpp!+as  Dp/T!
+ kRudder '  NRudder! + knraekels  NBraekers! + kae~aiegs '  NBossmgs! �!

The following coefficients have been determined, Table 2;

Table 2. Coefficients for Estimating the Wetted Surface

Twin Screw VesselSingle Screw Vessel
without hul h

design draft
with bulb

design draft
v,ith and without bulbous bow

design draft ballast draft

0.0076

-0.0036!

0.0049

0.0131

-0.0030

0.0061

k Rudder
kBrac kels

kBassmgs

For single-screw vessels the area of the rudder is already included in the formula. For tv in-
screw vessels it has to be observed that the number of rudders has to be either one or two. There have
to be either two brackets, or two bossings. With the formula it is not possible to calculate the hull
surface of a twin-screw vessel without any appendage.
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ao

al

a2

a3

a4

a5

a6

a7

as

-0.6837

0,2771

0.6542

0.6422

0.0075

0.0275

-0,0045

-0.4798

0,0376

-0,8037

0.2726

0.7133

0.6699

0,0243

0.0265

-0.0061

0.2349

0.0131

-0,43] 9

0.1685

0.5637

0.589]

0,0033

0,0134

-0.0005

-2.7932

0.0072

-0,0887

0

0,5192

0,5839

-0.0130

0,0050

-0.0007

-0.9486

0.050F!



The standard deviation, when using these coefficients results in 2.3'/o for single-screw vessels
at design draft, 4,0'/o for single-screw vessels at ballast draft, 3.6'ro for twin-screw vessels with bulbous
bow GIld 4.6 lo for twin-screw vessels without bulbous bow,

Residual Resistance
The resistance is decomposed without using a form factor. Note that 0.10 ~  B ~ T! is used

instead of the wetted surface S as reference area. The residual resistance is given by:

RR = CR ~   p/2 ~ s' ~ 0.10 ~  B ~ T! !

Note that 0.10 ~  B ~ T! is used instead of the wetted surface S as reference area. The folio!!oing
formulae can be used to estimate the non-dimensional residual resistance coefficient Cit for "mean'
and "minimum" values as:

CR .= CR  stttl ~ CR  Fn! ~ kL~ i  T/B! ~  B/Lvp! ~  Los/L!vt ! ~  Lwt /Lpp! '
~ �+ Th TF!/LPP! '  DV/TA! NRudder NBiaekets ' Nt!ossinsts

ato~ NT truster  ~!

TA is the draft at aft perpendicular, TF the draA at forward perpendicular, Dt is the propeller diameter,
NR�dd� the number of rudders [1 or 2j, NB,k,ts the number of brackets [0.�2], NB��-ng, the number of
bossings [0.�2] and Ni h ��, is the number of side thrusters [0...4].

For the standard residual resistance coefficient CR ,rd!.

CR  Std!
�!

To take into account the increasing residual resistance above critical Froude number:

To take into account the residual resistance depending on the vessels length:

kt = et ~ L,p [m] "'

The formulae and coefficients are valid in the following range of Froude numbers

The "maximum" total resistance is:

Rr  max! = hi ~ RT  mean! �2!

Note the valid range of main dimensions and main dimension ratios when using the above formulae.
Table 3 gives the relevant coefficients for calculating the residual resistance,
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CR  Fn!
Fn  ent !

Fn  min!
Fn  max! =

b11 + b12 Fn + b13 Fii + CB   b21 + b22 Fn + b23 Fn !2 2

+ Cq' ~   b31 + b32 F�+ b33 F�!

maximum of [1.0 and  F�/F� ��! !" ]
dt + d2 CB+ d3 CB

minimum of[f1 and f1+ f2  fi CB!! j
gi + g2 CB + g3 CB~

�0!

� 1!



Table 3. Coefficients for Calculating the Residual Resistance

"Minimum" Resistance"Mean" Resistance

single-screwsingle-screw twin-screw twin-screw

design draA design dr aftdesign draftballast draAdesign draft

a!

a2

a3

a4

10 Ce F�i F, ,!-	 F./ F� ,�,!F. iF. ~r!
0. 897

-1.457

0. 767

0,032

0.803

-0.739

0.854

-1.228

0.497

d!
dz
d3

1.8319

-0.1237

1.9994

-0. 1446
2.1701

-0. 1602
e!

ep
0,15

0

0,1 7

0.2

0.6

0.16

0.24

0,6

0. 15

0.1

0,5

0.17

0.2

0.6
fp
f3

0.952

-1.406

0.643

0,6I4

-0.717

0,261

0.42

-0,2

0

0,83

-0,66
0

0.642

-0.635

0. 15

g!

gz

g3
1,2061,1941.204
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a5

a6

a7

as

a9

a�

b!!

b�
b!y

bg!
bye

b!!
b32

b33

Lpp [!n]
/'!!' '

Ca
Lpp/8
B/T

Los/LwL
LwL/Lpp
Dp/TA

-0.3382

0.8086

-6,0258

-3.5632

9,4405

0.0146

0 0
0 0

-0. 57424

13.3893

90.596

4.6614

-39.721

-351.483

-1.14215

� l.2.3296

459.254

42.0 . 205,0

4.49 ... 6.01

0.60 ... 0.83

4.71 ... 7,11

1.99 . 4.00

1,00 ... 1.05

1.00 �, 1,06

0.43 ... 0.84

-0.7139

0.2558

-1,1606

0.4534

11.222

0,4524

0 0 0 0
-1.50162

12.9678

-36.7985

5.55536

-45.8815

121.82

-4 33571

36.0782

-85.3741

50.2 ... 224.8

5.45 ... 7.05

0,56 ... 0.79

4.95 ... 6.62

2.97 ... 6,12

1.00 ... 1.05

0,95 ... 1.00

0.66 ... 1.05

-0.2748

0.5747

-6.761

-4.3834

8.8] 58

-0,1418

-0.1258

0.0481

0,]699

0,0728

-5.3475

55.6532

-114.905

19.2714

-192. 388

388.333

-14.3571

142. 738

-254. 762

30.5 ... 206.8

4.41 ... 7.27

0.51 ... 0.78

3,96 ... 7.13

2.31 ... 6.11

1.00 ... 1.05

1,00 ... 1.07

0.50 ... 0.86

-0.3382

0.8086

-6.0258

-3,5632

0 0 0 0 0 0
-0.91424

13.3893

90. 596

4.6614

-39.721

-351.483

-1.14215

-12.3296

459.254

42,0 ... 205.0

449 .. 6.01

0.60 ... 0.83

4.71 ... 7.11

1.99 �, 4.00

1.00 ... 1.05

1.00 ... 1.06

0.43 ... 0,84

-0.2748

0.5747

-6.76 l

-4.3834

0 0 0 0 0 0
3.2'7279

-44,1138

171.692

-11.5012

166,559

-644.456

12 4626

-179,505

680.921

30.5 ... 206.8

4.41 ... 7.27

0.51 ... 0.78

3.96 ... 7.13

2,31 ...  !.11

1.00 �, 1.05

1.00 ... 1.07

0.50 ...  !.86



Table 4. Average and Standard Deviations, without taking into Account the Limiting Values

Max.No of TestsBulb. Bow Condition A verage Stand.Type of
Vessel NHnlle nb 0/Nro~l

-0.49

-1.11

-0.99

10.7

12.6

12,2

+22.2

+30.6
baHast

design
total

single-screw
single-screw
single-screw

-12.3

-29.7
19

79

98

19

79

98

no

no

no
-25.3

-27.7

-0.80 10,9

+0.92 10. 1

+0.56 10. 3

+25.2

+26,5
single-screw
single-screw
single-screw

73

277

350

73

277

350

ballast

design
total

yes

yes

yes
+0.22 10. 7448448totalsingle-screw total
-6.46

+0.77

23.0

12.4
-57,6 +44.2

-39.5, +30.1
design
design

twin-screw

twin-screw

60

163

60

163
no

yes
-1,18 15.3223design 223totaltwin-screw

12.2-57.6 +44.2 -0.25671671total

496 resistance tests �3,9%! of 671 resistance tests in total are within the limiting values ot the
new method, 175 resistance tests are out of range, Table 5.

Table 5. Average and Standard Deviation taking into Account the Limiting Values

Min, Max, AverageNo of TestsCondition Stand.Type of
Vessel

Bnlb. Bow
0/'0/NTotal +Honenb

+7.3

+30.6

-2.43

+0.48

+0,09

8.6

I 0.5

]02

ballast

design
total

single-screw
single-screw
single-screw

-9.7

-23,5

9

59

68

19

79

98

no

no

-2.06

+1.63

+0.72

-18.3

-27. 7

9.9

9.5

9.6

52

212

264

ballast

design
total

+19.1

+26.5
single-screw
single-screw
single-screw

73

277

350

yes

yes

yes
+0,59448 332totalsingle-screw total

94

10.4
design
design

-6.87

+0.13

+13.2

+24. 3

-31,4

-27.8
24

140

60

163
twin-screw

twin-screw

twin-screw

no

yes
-0. 89 1 0,3design 223 164total

671 496 -31.4 +30.6 +0.10 9.9
total

+3,43 16.2175out of range
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Test Computations compared with the Fundamental Database
Test computations with the new method compared with the fundamental database of the Vienna

Ship Model Basin were evaluated twice: at first taking into account and secondly without taking into
account the limiting values of main dimensions and main diniension ratios for each type of vessel  e,g
all results available have been compared!. A positive average deviation means that the inodel test
resistance was higher than the estimated resistance,

Without taking account the limiting values of main dimensions, but taking into account thc
limits for Froude number, the following average and standard deviations occurred, Table 4:



Where Los/LwL, Lwi/Lpp and Dp/T< have been out of range during test computations, not the
original value of the model itself has been used, but the corresponding limiting value instead. The
distribution of average deviation of the new method from the results of the resistance tests, taking into
account the above-mentioned limiting values, is shown in Fig. 2:

Fig. 2 Distribution of Average Deviation of  Model Test Resistance � Estimated Resistance!

The new method predicts much better not only the resistance of twin screw vessels, but also the
resistance of single-screw vessels with large block coefficient  Cq > 0,78! and with small length/
breadth ratios  Lpp/B < 5.5!, Table 6:

Table 6. Average and Standard Deviation for large CB and small Lpp/B Ratios

Lpp/8 < 5.5Ca > 0.78Method
standard

deviation
out of

range

standard

deviation
out of

range

average
deviation

average

deviation

13.2 /0

12,0 '/0

-0.6 '/0

+2 0 o/o
Hol1enbach, no limits

Hollenbach, with limits

0 '/o

38.6 '/o
11,4 '/0

10,4 0/0

+0.4 '/0

+1.4 '/0

0 0/

29.8 '/0

Improvements depending on the Number of Modifications
The database includes resistance tests with the initial form and, if modifications have been

investigated, the final form of each vessel. Intermediate stages of modifications are not included in ihe
database. In total 275 resistance tests of initial forms and 228 resistance tests of final forms are
available. Determining the average deviation dependent on the number of modifications may give an
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Holtrop-Mermen
Guldhammer-Harvald

Danckwardt 87

Lap-Keller
Series 60

20.0 '/o

72.2 '/o

25.2 '/0

86.1 '/o

817 /o

+3.1 '/0

+4,5 0/0

� 3.2 0/0

-3.0 '/o

- 2.1 '/o

1320/

14.5 '/o

134o/

9.5 '/0

12.5 '/0

61.0 /o

52.5 '/o

50.0 0/0

74 6 o/0

99.2 '/o

+12.9 '/o

+12.3 '/o

+870/

+8.3 '/o

21 3o/

1970/

17.7 '/o

15.8 '/0

16.5 '/0

21.3 0/0



indication of the effort which will he necessary to achieve a certain improvement in the resistance
characteristic for a newbuilding project,

Initial forms on an average have a slightly higher resistance than predicted by the new method,
the average deviation is +0,9%. Models which have been modified once �8 models, version A! have
an average deviation of 0.6%, models which have been modified twice �2 inodels, version 13! have
an average deviation of � 2,8%. Models, which have been modified more than twice and less than six
times, have had insufficient resistance characteristics in the initial form and still have resistance
characteristics in the fina! form which are below average �2 models - i crsion C, 23 models � version
D, 18 models � version E!, Only models, which have been modified six times and more �3 niodels-
version F and 22 models - versions  i to T!, are significantly better than average   � 4,3% to � 7,0%!.

Fig. 3 Deviation from "Mean Resistance" dependent on Number of Modifications

Average Deviation depending on the Type of Vessel
The average deviation between niodel test resistance and estimated resistance depends to a

limited extent on the type i>f vessel, Table 7 shows the average deviation and standard deviation for
different types of vessels:

Table 7. Ai erage and Standard Deviation for Different Types of Vessels



Where Los/Lwt, LwL/I pp arid Dp/TA have been out of range during test computations, not the
original value of the model itself has been used, but the corresponding limiting value instead The
distribution of average deviation of the new method from the results of the resistance tests, taking into
account the above-mentioned limiting values, is shown in Fig. 2:

Fig. 2 Distribution of Average Deviation of  Model Test Resistance � Estimated Resistance!

The new tnethod predicts much better not only the resistance ot twin screw vessels, hut also the
resistance of single-screw vessels with large block coefficient  Cq o 0.78! and with small length/
breadth ratios  Lpp/B ~ 5.5!, Table 6:

Table 6. Average and Standard Deviation for large Cri and small Lpp/8 Ratios

Cir > 0.78 Lpp/8 < 5.5Metbod

standard

deviation

standard

deviation

out of

range

out of

range

average

deviation
average

deviation

Hollenbach, no limits
Hollenbach, with limits

0 '/o

29,8 o/o
11,4 /o
10.4 '/o

13 I o/

12.0 "r'o

� 0.6 '/o

+2,0 o/o

+0.4 '/o

+1.4 '/o

0 'lo

38.6 '/o

Improvements depending on the Number of Modify''eations
The database includes resistance tests with the initial form and, if modifications have been

investigated, the final form of each vessel. Intermediate stages of modifications are not included in the
database, In total 275 resistance tests of initial forms and 228 resistance tests of final forms are
available. Determining the average deviation dependent on the number of modifications may give an
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Holtrop-Mermen
Guldhammer-Harvald

Danckwardt 87

Lap-Keller
Series 60

20 0 o/

72.2 '/o

25,2 '/o

86.1 o/o

81.7 '/o

+3.1 '/o

+4,5 '/o

3.2 'lo

� 3.0 lo
� 2.1 o/o

132o/

14.5 o/o

13,4 o/o

9.5 '/o

12.5 'lo

61 0 "/

52.5 o/o

50,0 o/o

74.6 o/0

992 o/

+-12 9 o/o

+12.3 o/o
�:8.7 'lo

+8,3 'lo

21.3 '/o

19.7 "o
17" "'o

15,8 ",'o

16.5 /'0

21



indication of the effort which will be necessary to achieve a certain improvement in the resistance
characteristic for a newbuilding project,

Initial forms on an average have a slightly higher resistance than predicted by the new method,
the average deviation is +0.9%. Models which have been modified once �8 tnodels, version A! have
an average deviation of � 0.6%, models which have been modified twice �2 models, version B! have
an average deviation of � 2,8%. Models, which have been modified more than twice and less than six
tiines, have had insufficient resistance characteristics in the initial form and still have resistance
characteristics in the final form which are below average �2 models - version C, 23 models - version
D, 18 models - version E!. Only models, which have been modified six times and more �3 models�
version F and 22 models � versions 6 to T!, are significantly better than average   � 4,3% to -7,0%!.

Fig. 3 Deviation from "Mean Resistance" dependent on Number of Modifications

Average Deviation depending on rhe Type of Vessel
The average deviation between model test resistance and estimated resistance depends to a

limited extent on the type of vessel. Table 7 shows the average deviation and standard deviation for
different types of vessels:

Table 7. Average and Standard Deviation for Different Types of Vessels



"Minimuni" Resistance Compared ivith the Fundamental Database
The new method for estimating a "minimum" resistance has been coinpared with the

fundamental database. Computations have been performed for models on design draft only, For each
model the average deviation covering the whole speed range of the test has been determined, Table 8
suggests that the "minimum" resistance can reliably be estimated by thc new method. Only eighteen
models are better than estimated.

Table 8. Deviation from "Miniinur" Resistance

Twin-Screw VesselsSingle-Screw VesselsDeviation
with bulbwithout bulbwith bulbwithout bulb

In i n I i n U ni

+2.4oro
minimum

+0.0'/o
minimum

7 lo/o
minimum

+5.9'/o
10'/o best vessels

20'/o best vessels mini rnun>

+6.4oio
minimum

+5 8o/
minimum

8 So/o
minimum

+8.5o/o

Within the range of thc 10'/o best vessels all types of cargo vessels can be found, fourteen
multi-purpose container vessels or container vessels, four tankers or bulk carriers, five roro-passcnger-
or freight ferries, five gas carriers, ten cruising vessels and four passenger ferries. The "minimum"
resistance can reliably be estimated in the following range of main dimension ratios:

Block coefficient Cu
Length/breadth ratio Lpp/8
Breadth/draft ratio BrT

0.525 ... 0,825
5,00 ... 7.50

2,50 ... 4.50

"Maximum " Resistance Compared nith the Fundamental Database
The new method for estiinating a "maximum" resistance has also been compared with thc

fundamental database. Computations were performed twice, at first the factor hi of Table 3 was used
 which is equivalent to two times standard deviation!, and secondly a factor equivalent to standard
deviation itself was used, Table 9,

Table 9. Deviation from "Maximum" Resistance
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better than estimated
+p p '/o ... +2,5 '/o

+2.5 '/o ... +5.0 './o

+5.0 '/.. +10.0 '/

more than +10.0 '/o

2 3'/o

2 3'/

5 7'/o

13 19o/o

45 68o/o

4 2'/o

10 4/o

17 7o/

50 21o/o

160 66'/0

3 8o

5 14'/o

5 14o/o

10 27'/o

14 37o/o

9 5'/o

15 8"'o

25 13 "/o

55 29"!
84 45"/'!



Validation against HSVA Models

Table l0. Average and Standard Deviations f' or Test Cases of HSVA

Single-Screw Ships
ballast draft

Twin-Screw Ships
design draft

Single-Screw Ships
design draft

standard

deviation
standard

deviation

standard

deviation
average

deviation
average

deviation
average

deviation
18.4 o:o5.8 o/o16.1 '/o6.3 '/o12.8 '/o� 0.5 '/oHoltrop-Mermen

17.9 o/o 11,2 n/o 19 '7 or10.5 '/o11.0 o/oGuldhammer-Harvald 0.8 o/o
12 5o/30.7 '/o25.0 '/o12.9 '/oDanckwardt 1987 � 0.5 '/o
14.0 o/o

15.2 '/o

73 4 or'

3 3 o/o

32.9 '/o

42.7 '/o

27.9 '/o

37.3 oo
12,8 /o

11.6 '/o

� 0,8 '/o

� 1.0 '/o
Lap-Keller
Series 60

New Method

mean resistance 9,4 /o -0.2 /o 11.2 /o 3.5 /o 13.3 "fo1,0 o/o

Recommendations for Estimating Propulsive Factors

Hall Efficiency
The following formulae can be used to estimate the hull efficiency in tnodel scale, The average

length of the model is 6.5m,

For single-screw ships on design draA:

qH, modei = 0,948 ~  Ca! i  Rr, "mean" / RT ! ~  B/T! ' ~  Dp /Bi T! �3!

For single-screw ships on ballast draA:

1.055-  Ca! ' ' ~  L/B! ' ~  Lwi/L! '" 'I  Dp/T! ""' �4!

For twin-screw ships:

rin, model = C ~  Cti! ~  Dp /B/T! �5!
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The formulae for the "mean" resistance were validated against test cases of the Hamburg Ship
Model Basin  HSVA! which were not included in the original database, Nineteen single-screw and six
twin-screw ships were taken from projects carried out in 1996 and 1997. Table 10 suggests the
following conclusions:

~ The new method shows a similar average error as the traditional methods, but hetter
standard deviation, for single-screw ships on design draft.

~ The new method predicts much better the resistance for single-screw ships in ballast
condition.

~ The new method predicts much better the resistance for twin-screw ships on desigii
draA,



The coefficient C for twin-screw ships is C = 1.125 for ships with shaft brackets and tv in
rudders, C = 1.224 for ships v ith twin skegs and twin rudders, C = 1.086 for ships with shaA brackets
and single rudder, C = 1,096 for ships with shaft bossings and single rudder.

Thrast Dedaction Factor
Experimental results showed no correlation between main dimensions and thrust deduction

factor t. This depends instead on local form details and the propeller arrangement. Therefore, it is
recommended to use an average value for t in the preliininary design stage, Table 11.

Table 11. Recommended Estimate for Thrust Deduction Factor t

Relative Rotative Efficiency
The relative rotative efficiency qa does not correlate with the main dimensions either. q~

increases if the stock propeller of the niodel has a lower efficiency than the corresponding Wageningen
B-series propeller. If for the power prognosis a Wageningen B-series propeller is used, qR should be
taken as

for single-screw ships on design draft
for single-screw ships on ballast
for twin-screw ships on design draA

qR = 1,009
qii = I 000
qii = 0981

Database-based Ship Trial Prognosis

Reference Vessels
The database used for the database-based method is a simple text-file  ASCII!, which contains

all relevant test data for each model: main dimensions, results of resistance test, results of propulsion
test  thrust, torque, revolutions! and results of propeller open water test. To select reference vessels
from the database the following main dimension ratios are calculated first:
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/g  i/3!

L /0'"

CB
Lpp/B
B/T

 T~- Ti.!/Lpp
Los/Lpp
Dp/TA

Length / displacement ratio  referred
I.ength / displacement ratio  referred
Block coefficient

Length / breadth ratio
Breadth / draA ratio at Lpp/2

Trim / length ratio
Length over surface / length between
Diameter propeller / draft aA pp

to as Lpi,- ! [in]
to as Lpp! ~m]

[-]
[-]
[-]
[-]

pp ratio
[-]



The user can either select from three pre-defined search ranges 'standard', 'narrow' or 'wide'
or can use a customized range of ratios for the search of reference vessels from the database. To speed
up the search, there is a separate text-file for single-screw and twin-screw vessels and for vessels with
and without bulbous bow.

Calculating the Resistance
The resistance test data of the selected reference vessels are scaled to the saine displacement as

the project vessel. For sets containing no resistance test data  for these models only propulsion tests
have been performed! the resistance is estimated using the thrust measurements of the propulsion test
and an estimation for the thrust deduction factor.

The scaled resistance data of the reference vessels are interpolated by spline-interpolation to the
speed range of the project vessel. Furthermore the wind resistance and the resistance of appendages is
added.

Calculating the Propulsion Factors
F' or complete datasets containing resistance test, propulsion test and open water test results the

thrust deduction factor, the wake factor and the relative rotative efficiency are directly determined by
evaluating the test results. Where no propulsion test data are available, these factors are estimated
using the above-mentioned recommendations, Where no open water test results are available, a
propeller efficiency according to the Wageninger B-Screw Series is assumed.

Thrust deduction factor and relative rotative efficiency are transferred unchanged to full scale.
The mean effective wake of the reference vessel  in model size! is transferred according io Tanaka-
Sasajima to full scale of the project vessel.

Calculating the Propulsion Prognosis
Using the resistance data and propulsive factors a propulsion prognosis is calculated, assuming

a propeller efficiency according to the Wageninger B-Screw Series.

Comparison of Open Water Test Results of Stock Propellers
with Wageniager 8-Screw Series

For a propulsion prognosis in the preliminary design stage the Wageninger B-Screw Series is
used in general, Comparison of open water test results of stock propellers with the Wageninger B-
Screw Series showed on an average a slightly smaller propeller efficiency for the stock propellers. On
the other hand, best stock propellers had a significantly better efficiency than the Wageninger B-Screw
Series.

The average efficiency of stock propellers at design speed is 2.8'lo less than the
efficiency of a similar propeller according to the Wageninger B-Screw Series. The
standard deviation is 3.5'lo,
23.5'10 of the stock propellers have a better efficiency at design speed than a similar
propeller according to the Wageninger B-Screw Series.

The results of the evaluation suggested that the average efficiency of the stock propellers was
slightly more dependent on the area ratio than a similar propeller according to the Wageninger B-
Screw Series.
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I'urtherniore it could be sliown that propeller efficiency of the stock propcllcrs depends on tli»
dianieter of the hub. Although the set of stock. propcllcrs included vari;iblc pitch propcllcrs  lar"c huh
diameter! wi h thc same propeller cfficicncy as a similar fixed pitch propeller! small»r hub di;imctcr!,
thc results suggested an average loss of propeller efficiency of I',<ir Io 2"lo for tile v'lrlabl» pitch

propc lier.
Best stock propellers had a better efTiciency than the NVagcningcr 3f-Screw Series I lic

follovving Table l2 shows thc inaxinium gain in propeller efficiency depending on adi ance coefficient
J and pitch/diameter ratio PlD, which has»ccn observed for thc stock propellcrs. It has to br. obs»ri crl
that grey areas arc cxtrapol <ted and, therefore, believed to be uncertain.

Table 12. Maxinium Gain for ilo dependent on PtD and .I

Practical ApplicatioII

Th<. nciv <netliod for estimatuig resistance and propulsive factors as well as tlic database-blscd
method are, aniong other methods for estimating resistance, used at Ship Design k. Consult  rnihII
 SDC !, which is a subsidiary of Cicrmanischer l.loyd  Cil. ! and llamburg Ship 'Model Hasin  IIV, AI,
and at Cicrmantschcr I.loyd  C<L! f' or dif'fi=rcnt practical applications:

Ship Design and Consult GmbH
The ncw nicthod is used at SDC during thc preliminary design stage ior resista»c» uid

propulsion prognosis for all kind of projects. SDC oflers a wide raiigc of services f'roiii iiiitial dcsiu to
delivery doc um enta tin ii.

Pre-Classification Seriie e» of 6ermani»cher Lloyd
The nevi method is used in Pre-C'!as»if<cation Services of Crcrinantschcr Lloyd. In tlic carly

design stage it is helpful for thc owner to kiiow, whether or not the speed and the re<luired engin»
output are acceptable. Thc new nicthod helps to classi y the projected speed charact»ristics
"optimized", "average" or "unsuitable" f' or example.

Research Proj ects of Ciermanischer Lloyd
The n»w rncthod is used i» several research projects, where ship resistance anil propulsion Iiai »

to bc estimated. A current research project ol CJertnanischer I loyd is &TACT. IXI'AC'T stands Ii;i
"Intelligence Tracing erf Ship AAi< hi nery Lo<tds by means ofd<lv«ncr.d Computr r <=ed Tools ".
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Abstract

When designing large complex vessels, the evaluation of a particular design can be both
complicated and time consuming. Designers often resort to the use of concept design models enabling
both a reduction in coinplexity and time for evaluation. Various optimisation methods are then typically
used to explore the design space facilitating the selection of optimum or near optiinum designs. It is now
possible to incorporate considerations of seakeeping, stability and costs at the earliest stage in the ship
design process. However, to ensure that reliable results are obtained, the models used are generally
complex and computationally expensive, Methods have been developed which avoid the necessity to
carry out an exhaustive search of the complete design space, One such method is described which is
concerned with the application of the theory of Design Of Experiments  DOE! enabling the design space
to be efficiently explored. The objective of the DOE stage is to produce response surfaces which can then
be used by an optimisation inodule to search the design space, lt is assuined that the concept exploration
tool whilst being a simplification of the design problem, is still sufficiently complicated to enable rehablc
evaluations of a particular design concept. The response surface is used as a representation of the concept
exploration tool, and by it's nature can be used to rapidly evaluate a design concept hence reducing
concept exploration time.

While the tnethodology has a wide applicability in ship design and production, it is illustrated by
its application to the design of a catamaran with respect to seakeeping. The paper presents results
exploring the design space for the catamaran. A concept is selected which is robust with respect to the
Relative Bow Motion  RBM!, the heave, pitch and roll at any particular waveheading. The design space
is defined by six controllable design parameters; hull length, breadth to draught ratio, distance between
demihull centres, coefficient of waterplane, longitudinal centre of floatation, longitudinal centre of
buoyancy, and by one noise parameter, the waveheading. A Pareto-optimal set of solutions is obtained
using RBM, heave, pitch and roll as criteria, The designer can then select from this set the design which
most closely satisfies their requirements, Typical solutions are shown to yield average reductions of over
25% in the objective functions when compared to earlier results obtained using conventional
optimisation methods.

1. Introduction

Ships and other marine vessels are often large and complex and incorporate many interdependent
systems. During the design of such vessels, operational and manufacturing considerations are included
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in the models used during the development of the design concept. One result of this approach is that the
models are large and the ineasure of performance is usually multi-criteria,

Such complexity usually meant that when the models were used in concept design studies, they
were decomposed and each element of the model optimised and then the sub-optinial solutions were
aggregated to produce an overall optimal design.

Clearly such an approach resulted in designs which were generally not the true overall optimum.
Recent work in robust design methods, Whitfield [1], and multi-criteria optimisation, particularly the use
of Genetic Algorithms  GAs!, Todd I2], provide the designer with effective design environmejits which
avoid the necessity to decompose the design model. Such an approach enables practical and realistic
models to be used during the earliest stages of the design process.

The following section describes a brief history of the robust design process, extensions to the
process and the current state of the art. Section 3 details the key parts of the framework and how they are
combined to produce a robust concept exploration tool. A description of the catainaran design problem
is given within section 4, Finally the results are illustrated and discussed, and concluded in sections 5 and
6.

2. Background

Japanese industrialists identified that both product quality and the associated manufacturing
design processes needed to be significantly improved in order to achieve a more competitive
manufacturing industry, Consequently, Genichi Taguchi, a quality consultant, was given the task of
developing a methodology to meet these requirements. Robust design methodology was established to
improve quality and enable manufacture at low cost by making product and process performance less
sensitive to variability in product materials and process environments.

Substantial research has been undertaken to enhance robust design methodology since Taguchi's
work, particularly the statistical techniques used. Taguchi's inethodology involved experimental design
and statistical analysis. The approach to experimental design involved a product array which was
comprised of acontrol array and noise array. In an experiment, each combination of the control array was
considered with every combination of the noise array. Taguchi assumed that no interactions exist
between control factors and hence a large number of control factors could be studied in a small
experiment. In addition, Taguchi recommended that noise effects only be tested at two or three settings.

Taguchi's approach to the analysis of experiinents involves categorising robust design problems
into three distinct groups related to their objectives. These are smaller-the-better, nominal-the better and
larger-the-better, The optimal factor settings are identified by maxirnising the signal to noise  SN! ratios,
these being Taguchi's quality characteristic. Taguchi [3] used main effect plots and analysis of variance
tables to determine factor settings that inaximise SN ratios.

Chen et al I4] used Central Composite Design  CCD! as the main inethod for designing
experiments and subsequently produced a quadratic response surface for use in the optimization process.
Their method incorporates Taguchi's robust design principles. Chen utilised this robust concept
exploration method for the deterinination of top level design specifications for the airframe and
propulsion system of a high speed civil transport system, Chen also introduced the idea of modelling
unknown design parameters, particularly common at the concept exploration stage, as noise factors.
Chen defines the robust optimum as a flat region being close to the optirnurn whilst having least variation
for deviations in the design parameters. The method initially involved classifying the different design
parameters from knowledge of the overall design requirements. This information was then passed on to
a DOE module which selected a suitable experiment design depending on the order of model required.
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The experiments are then used by the simulation tools for evaluation, Finally "robust top-level design
specifications" were produced from the response surface equations which were verified to demonstrate
the suitability of the response surface. Welch et al [5! discuss the use of the combined array as opposed
to Taguchi's product array as well as the use of CCD to reduce the number of experimental runs required
to produce the response surface.

Although not strictly addressing the subject of robust design, papers by Engelund et al [6j and
Unal et al [7] identify most of the issues arising during robust design and are useful examples of
application at the concept design stage, The aim of Engelund's work was to produce a set of optimal
design parameters for a space vehicle. A "baseline" concept for the vehicle was produced as a starting
point. A small number of geonietry parameters known to have a major influence on the aerodynainic
characteristics were selected as design parameters. The objective of the analysis was to optimize the
design parameters such that a minimuin vehicle dry weight could be achieved whilst maintaining stability
throughout several re-entry flight regimes. The optimization process was conducted for several different
sets of constraints resulting from different mission profiles. A design was obtained that had a reduction
of approximately 9% in the dry weight of the baseline concept whilst being stable throughout all the re-
entry flight regimes,

The approach to robust design summarised by Alvarez et al [8] is similar to that described by
Chen and Engelund. Initially, the engineer's judgeinent was used to establish the input factors and
criteria. The authors used the Box-Behnken experimental design method due to the small number of runs
enabling the evaluation of a quadratic response surface. Simulations were then undertaken and upon
completion, response surfaces were generated using regression analysis to approximate the simulated
results, Finally, a range of input factors were identified which met the different criteria conditions
simultaneously.

3. Description of Methodology

A product's robustness is a measure of the variation in its utility experienced in a typical
application. That is to say, the lower the sensitivity or variation in utility, the greater the robustness of
the design. In this work, we consider robust design to be the process by which a design is produced in
which changes in the selected parameters which define the optimum design have relatively little effect
on the performance of the design, i,e. the behaviour of the selected design is insensitive to modest
changes in the parameters.

The robustness framework was developed using the philosophy of Taguchi whilst incorporating
state-of-the-art statistical techniques. The framework was decomposed into a series of modules which
were created to handle particular aspects of the robust design process. The modules are currently
combined to produce the framework as a single system, however future work will enable the modules to
be used as separate entities. A modular representation of the robustness framework can be seen in Fig. l,
whilst the progression of the robust design process can be seen in Fig. 2a.

The framework facilitates the decomposition of the design problem into simulation tools capable
of handling sub-requirements. The problem may consist of any number of related or unrelated simulation
tools. The robustness framework has a tool management module which is responsible for ensuring that
each simulation tool obtains the information required from the DOE module and also for transferring
information between simulation tools within the framework. Simulation tools can be added into the
framework providing that they have an associated capability interface. The capability interface consists
of information regarding the parameters and criteria associated with the simulation tool, essentially being
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a description of what the simulation tool is capable of whilst providing necessary information to the DOE
module.

Having decomposed the design problem, the-designer then uses the DOE module to select the
parameters used to define the design space. The design space paraineters are defined as being input
information to the simulation tools. Siniilarly, the designer can select any number of criteria which are
regarded as being the output information from the simulation tools. The DOE module also enables the
selection of the upper and lower bounds of the design space and the determination of the type of each
parameter, i.e. control or noise. The objective for each criteria can also be selected as being either
minimisation, maximisation or a target value,

Fig. 1. Modular representation of robustness framework,

The DOE module is also responsible for designing the experiment to explore the design space. A
point generator is incorporated within the DOE inodule which is capable of generating full and variable
fractional factorial and Central Composite Designs  CCD!. The full and tractional factorial designs are
available for any order of problem, whereas the CCD is currently designed to be used for second order
problems only.

Typically, the first run of the analysis uses a saturated fractional factorial design to provide the
designer with an overview of the design problem. With this information factors can be removed from the
analysis that are not considered to be significant. This technique relies upon the assumption that the main
effects have greater significance than the interaction terms, hence the removal of the factor from the
analysis does not have any consequence on the response surface generated. The designer can
subsequently study the design problem without having to dramatically increase the size of the
experiment. A second order response surface design can then be used with the significant factors to
produce a representation of the design concept that has more detail than the first order model,

The DOE module then passes the potential design concepts to the tool management module for
evaluation. Design concepts are evaluated sequentially, however research is currently being undertaken
exploring methods of integrating the robustness framework with a design coordination system operating
in a distributed computing environment to considerably reduce the time taken for concept exploration-
see Fig. 2b.

Following the concept exploration stage, the response surface module uses the inforination
obtained from the DOE module to produce a set of norinal equations. Tf a criterion is dependant on a noise
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parameter the response surface module will produce two measurenients for the criterion, one for the
mean value, and one for the standard deviation using a similar philosophy as that used by Taguchi. The
objective for the standard deviation criterion will be automatically set to niinimisation.

Fig. 2a, Robustness framework. Fig, 2b. Design coordination system,

The genetic algorithm module then uses the response surfaces to quickly explore the design space
and produce a Pareto-optimal set of solutions. The solutions are represented by a design concept with
associated evaluations for the criteria. The designer can then select from the Pareto-optimal set the design
that most closely satisfies the overall requirements, This selection process is currently undertaken
manually although future developments will enable the selection to be guided by decision making
processes.

4. Description of the Design Problem

A case study was selected with which staff in the Department of Marine Technology and the
Engineering Design Centre have undertaken considerable work, The problem incorporates a single
simulation tool which is capable of giving a number of measurements for the seakeeping of a catamaran.



The objective of the work is to explore the design space for the catamaran and select a concept which is
most robust with respect to the selected seakeeping quantities for any particular waveheading.

The design space for the catamaran problem was defined by six control parameters and one noise
parameter:

Control Parameters  Primary!:

Control Paraineters  Secondary!:

Noise Parameter:

The seakeeping quantities selected here to be minimised are the peak values of the response
amplitude operators, RAO, associated with heave, roll, pitch and the relative motion at the bow of each
demihull as a function of all three motion quantities combined relative to the free surface elevation, L...
at the bow located at  x,y!.

.5' = s3+v sg � x' xs �  �

Criteria: mnx

mnx

A diagrammatic representation af the design parameters and criteria for the catamaran design
problem can be seen in Fig. '3.

Fig. 3. Design parameters for catamaran.

Given this particular problem, the solution space would have eight dimensions; a mean and a
standard deviation component for each of the four criterion, and would subsequently prevent the
inustration of the results obtained from the optimisation process,
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For illustrative purposes, an example was chosen which dentanstrates the application of the
methodology with respect to the relative bow motion only. A complete analysis, however, was also
undertaken using all of the criteria to illustrate the ranges of designs produced and the trade-offs made
during the optimisation process.

The design space was explored relative to a parent design and was expressed as a percentage
change for the primary and secondary design parameters and in absolute terms for the noise parameter
as shown in Table 1. The control parameters were given an offset, rather than having a range of +10%
and +1%, to eliminate cancellation during solution of the normal equations from having a mid point at

zero. Table 1t Design Space for Catamaran Problem

5. Results and Discussion

The DOE module is capable of selecting a number of different DOE methods to enable the
efficient exploration of the design space. In this particular example, the DOE module designed 79
experimental runs to be undertaken using the CCD method to enable the generation of a quadratic
response surface.

The tool management module was then requested to execute the design algorithms to evaluate the
potential design concepts, The design space as defined by the DOE module was subsequently explored
in approximately l0 tninutes using a Sun UltraSparc 10 workstation. Coates et al [9l produced a design
coordination mechanism which can be integrated within this framework that enables the execution of
design activity to be undertaken in a parallel and distributed manner which significantly reduces the time
taken to explore the design space.

The results from the concept exploration stage were then used by the response surface module to
construct the regression equations. A set of normal equations were produced using the method of least
squares based upon the information generated from the concept exploration. These normal equations
were then solved using Cholesky I U factorisation to produce the following regression equation for the
relative bow motion as a function of the seven design parameters.
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Fig. 5 represents 361 design concepts covering the range of values for the minirnisation of both
the mean  p.! and standard deviation  a! components of the relative bow motion. It represents a range of
designs having a low value of cr indicating a relatively flat region of the response surface, to designs
having a high a indicating a spiked region. The designer can subsequently make trade-offs between the
designs to suit the characteristics required. Fig. S also indicates that the trade-off between the mean and
standard deviation is linear. This is discussed by examining a number of different designs from within
the Pareto-optimal set. Two designs were chosen as indicated by the points within Fig. 5 and represented
in Table 2.

<+am

[0 0 -14 - l2 - l0 -8 -6 -4 -2 0
P  RI M!

Fig. 5. Variation in mean and standard deviation for Pareto-optimal designs.

The simulation tool was subsequently used to evaluate the two designs with respect to the RBM
by varying the waveheading between 90' and 180'. The results for these two designs can be seen in Fig.
6. The methodology can be seen to achieve average reductions of RBM of 19% for design 1, Fig. 6
indicates that the value for the standard deviation is due to the change in d RBM! at 90, having a higher
value than over most of the range of waveheadings for both of the designs. The designs indicated either
a detrimental change, or no change in d RBM! around 90'. The lack of improvement for waveheadings
approaching 90' is explained by the dominance of the roll component over the vertical component

motions of heave and pitch, Table 2: Designs selected for analysis.
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Despite design 2 having a lower standard deviation, suggesting that the design would be on a
flatter region of the response surface indicating a greater robustness, it is evident that further reductions
in d RBM! can be obtained by selecting design l.

The advantages of using such a methodology are such that the designer is faced with a set of
Pareto-optimal designs which can be used within the selection process when further information is
required regarding customer requirements. Trade-offs can subsequently be made within later stages of
the design process whilst ensuring that the chosen design has optimal criteria,

d RBM!%

-10

-25 90 100 110 120 130 140 150 160 170 180
Waveheadiiig

Fig. 6. Variation in RBM with waveheading for two Pareto-optimal designs.

Finally, the analysis was repeated using RBM, heave, pitch and roll as the objective functions,
The experiments were repeated again using the 79 designs generated using the CCD technique. The
design concepts generated were then used to build regression equations for the four objective functions.
Future developments will enable the DOE inodule to store previous design concepts for possible reuse
reducing the number of evaluations of the simulation tool and hence reducing the siinulation time.

The GA produced a Pareto-optimal set of solutions consisting of 4372 designs having evaluations
for the mean and standard deviation components of the RBM, heave, pitch and roll criteria. Future
developments will enable the selection of suitable designs from the Pareto-optimal set using Multi-
Criteria Decision Making  MCDM! techniques.

A ~umber of interesting designs were selected manually and used for analysis. The values for the
parameters for the designs can be seen in Table 3, whilst the results for the mean and standard deviation
components of the criteria can be seen in Table 4.

Table 3: Designs selected for analysis,
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Table 4: Criteria for selected designs.
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Fig. 8. Variation in heave with waveheading.Fig. 7. Variation in RBM with waveheading.

The primary and secondary parameter changes suggested to benefit RBM are consistent with
solutions found previously by Sen et al [11] with the exception of the I.CB position indicated. The LCB
parameter was previously found however to be of little significance with respect to the RBM, hence
suggesting that it is of little significance with respect to the other criteria - Whitfield et al [1].
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The designs were selected on the basis that design 3 had considerable reductions in the mean
values for RBM, heave and pitch, whilst design 4 had a considerable reduction in the mean value for roll.
Table 3 suggests that designs having a high reduction in the roll criterion would be in a completely
different area of the design space than for designs having high reductions in the other three criteria. This
would indicate a trade-off situation which could be resolved by allowing the designer to identify the
relative importance of each of the criteria and use an MCDM tool to facilitate the selection of a suitable
desig~.

The simulation tool was used to evaluate the RBM, heave, pitch and roll criteria for design
concepts 3 and 4. The results from these evaluations can be seen in Figs. 7-10.

It is evident from these Figs. that design 3 has considerably larger reductions in the RBM, heave
and pitch criteria over most of the range of waveheadings when compared with design 4. Design 4,
however, has a larger reduction in the roll criterion over the full range of waveheadings when compared
with design 3. It is apparent that parameter changes of benefit to vertical motions and roll tend to conflict
and occupy different regions of the design space, particularly with respect to 8/l and C15p.
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Fig. 10, Variation in roll with waveheading.Fig. 9. Variation in pitch with waveheading.

The results indicate that significant improveinents can be found for several motion quantities
simultaneously through identifying appropriate coinbinations of hullform parameters via the approach
presented. The results further suggest that these improvements can be obtained in considerably less time
than with other optirnisation inethods, The entire process of concept exploration and optimisation using
this methodology took approximately 12 minutes for the single criteria case, and 30 minutes for the
multiple criteria case. These times were obtained using a Sun UltraSparc 10 platform, The times compare
favourably with the estimated time of approximately 66 hours using conventional methods, i.e. GA
guided optimisation using the simulation tool.

6 Conclusions
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The approach to robust design described in this paper has been shown to be efficient and effective
when applied to a design problem in which the design inodel is complex and solutions computationally
time consuming. Such models are common in the %TO field and further work is currently being
undertaken to detertnine the range of applicability of the proposed robust design methodology.

The methodology has shown to work successfully within this particular problem, however the
framework was designed and intended to be used with multiple dependent or independent simulation
tools each analysing a particular aspect of the overall design problem, Such an implementation would
further test the multiple criteria nature of this framework,

The software environment described in this paper has been developed by staff in the Newcastle
Engineering Design Centre. There is comprehensive user documentation which guides the user through
the methodology and application.
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Abstract

The development of a system of computer-based ship design synthesis tools suitable for use in
the early ship design process is described herein. The tnaster synthesis program is a 32-Bit computer
algorithm designed to be user-friendly through the utilization of a graphical user interface «nd dut«
entry form. The underlying approach to design synthesis is achieved by iteration of a parent hull form
by developing a family of derivative hul] forms with variations on length, beam, and draft. The
iteration is continued until a solution is achieved that provides adequate cargo deadweight, voluiric, or
deck area, depending on the vessel type constraints, The, solution ship also meets other design criteria
including adequate stability, range, and speed. The «lgorithm contains a cost estimating module that
utilizes material weight and construction labor hours deve!oped by separate production process niodcls
for structure, machinery, and outfitting: each sensitive to shipyard specific faci!itic» and prot!»etio»
processes. The cost estimating inodule for structure is complete, and thc mechanical systems «nd
outfitting modules are under deve!opment. The synthesis program has been ad«pled and utilized for
tankships and containerships. The rnodu!es for RO/RO passenger vessels and patrol craft arc under
development.

Introduction

Internationally, shipbuilders have achieved market domination i» the design and construction of
commercial ships principally through marketing designs optimized for production, series construction,
innovative technology, new production processes, and improved facilities, In the marketing arena,
some of the prerequisites for commercial customers in their shipyard sc!ection process arc <luick
response to inquiries, competitive pricing, «nd reliable dehvery schedules. Any contribution to
shipyard "tools," such as readi!y marketable standardized baseline designs. product or object data, «iid
early stage cost and schedule estimating tools wi!l assist in bidding competitively in the g!oh«l
marketplace and should be of significant interest and value,

M. Rosenblatt k. Son, !nc.  MRkS! is developing a Portfolio of XVor!d Class Ship Designs for
the Gulf Coast Region Maritime Technology Center  GCRMTC!. The Portfolio consists of preliminary
level designs that are supp!emented with computer-b«sed synthesis models capable of modifying thc
baseline designs to suit owner requireinents. An early stage cost estimating module is part of each
synthesis model, allowing lor quick construction cost estimates and assessments of thc inipact of
client-requested design changes on the construction cost.

Modules have been developed for cont«inerships and tank ships. fhc architectures for RO/RO
passenger ferries and patrol craft rnodu!es have been developed and form«l coding will fo!!ow shortly.
An equipment database has been developed utilizing cata!og  object! information for the major
machinery components, including prime movers, reduction gears. and diesel generators. A secoiid
database of parent hull forms is also part of the program. Because the prograin is a preliminary design
tool, the inputs are kept simp!c. This allows for maximum flcxibi!ity in preparing or revising input
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data. Parametric input value;; can be readily modified to recalihrate the re»ults for a new parent ship.
Thc cost estimating module «se» principal ship characteristics, provided hy the synthesis program, and
parametric equation» to calciilatc the material v eight and 1;ibor hours of a particular ihip design. l'hc
module convert» the materi il weight;ind labor hours to cost baied on «icr inputs. The parametric
equations are developed by»eparate production process model». The pioduction process model» are
icnsitivc to shipyard specific facilitiei and production proces»es, allowing a broad range of user inputs,
Prc»ently the cost eitirnating module only considers structural coiti, but. will be expanded in the future
to include outfitting and equipment costi. The following sections describe the nature of the ihip design
iyntheiis program and the production procesi model.

Design Synthesis Overview

Over the ye«rs, varioui forrnulationi to synthesizing ship designs by computer analysis have
been described in the literature. The basis of the underlying approach adopted herein ii the
interpolative design logic ot Brower and Walker Il], Essentially thii makes use of a parametric hull
form database and evaluatei vessel »tability range, and speed based on initial user input to seek a
iolution providing adequate cargo deadweight, volume, or area depending on the design constraints,
An overview of the ship synthesis process is shown in Figure 1, As all databases and design parameters
are user input, the approach improves on the reliability of the results when cotripared to a purely
parametric approach.

Figure l showi that the ihip design process is divided into tour steps, Thc first. itep i» the
developinent of the preliminary databases defining Vendor Fquiprnent and Parent Hull Forms
 described in more detail below!. The second step is the entry of the desired ship design parameters,
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including cargo deadweight, range, and speed, This is accompli»hed through a sct of interactive
computer-based forms. 'I'he user selects a parent hull form and the vendor equipment from the
appropriate databases. The next step is the sh>p synthesis process in which the input parameter» are
used to generate a ship design that meets the given set of requiretnents. The final step is an interactive
review of the results with a report generator, The user may then make changes to the ship design
parameters and re-execute the»ynthesis proces» and again review the results. The process is continued
until a satisfactory ship design i» achieved,

The output frotn this ship synthesis model i» a balanced, consistent ship design including:
~ Cargo DWT
~ Range and Stability Characteristics
~ Number, Configuration, and Capacity of Tanks or Holds
~ Hull Form Characteristics

~ Light Ship Weights and Centers
~ Variable Loads and Centers

~ Design Speed and SHP
~ Characteristics of Major Equipment
~ Propeller P/D Ratio and Size
~ Superstructure Size
~ Structural Steel and Associated Labor Costs i Outfitting 4 Mechanical Systems later!

Vendor Equipment Database
The Vendor Equipment Database provides a means to define the variou» available type» of

equipment included in the ship design. The information in this database is derived I'rom the Shipyard
Vendor Catalog or Maker List. During the ship definition process, the user will select frotn the item»
entered into the Vendor Equipment Database to populate the Ship Equipment Selection Database. Thi»
allows the shipyard to qualify equipment prior to final definition of any given ship design.

The Vendor Equipment Database is the sole source of equipment data, Thi» means that;ill
equiptnent selected f' or a given ship design will be entered into the ship equipment database arid i»
therefore available for use on any subsequent design. Maintenance ol the ship equipment database is ii
natural part of the design process with new components continuously being added, The Vendor
Equipment Database i» divided into various parts based on equipment type. It presently includes
engines, generators, and reduction gears and i» being expanded to include other equipment data
pertinent to cost, weight, and arrangeinent.

The Vendor Equipment Database scheme includes the following:
~ For each engine serie»: series designator, description, rnanutacturer, RPM, specific fuel

consumption, configuration, bore, stroke, VCG, and shalt height are stored, Number ot'
cylinders, brake horsepower, weight, length, cost and man-hours for installation are.
included for each engine model within a given series.

~ Similar data is stored for the generator sets.
~ Reduction gear series data includes series and description, Size, tnaximum power rating.

RPM, reduction ratio», and various physical paratneters are stored for each gear model.

Parent Hull Form Database

A database of parent hull forms i» included in the ship synthesis program. Like the equipment
database, parent hul! forms are entered into the database before beginning the ship design proce»». A
different parent hull fortn will be entered for various combinations of ship lype, size, and speed. The
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parent hull forms can be based on series data such as that. developed by BSRA [2], or it can be any
parent design with the desirable characteristics.

The database scheme of the parent hull forms includes LBP, appendage displacement, entrance
angle. wetted surface, area of bulb, height of bulb centroid, wetted area ot transom, stern identifier, and
after body shape. Hydrostatic data is entered for the full load draft and a second lighter draft. In
addition to the general characteristics, hull offsets are also entered. These hull oflsets arc stored a»
half-breadth dimensions for a matrix of waterlines at transverse sections, The hull offsets are used to
deterinine cargo tank volutnes and deck areas for the derivative design». The progratn accepts files in
the IDF format [3] and will be enhanced to accept General Hydrostatic»  GHS! Geometry File» [4]. A
viewing utility has been developed t<> allow thc de»igner to view the hull form as in Virtual Reality
Markup Language  VRML! format [5],

The user selects a parent hull lorm within a valid range of disphtccment and speed as a part of
the definition of the ship design paranieters. The cornputcr prograin»cales the offsets with independent
multipliers for beam, depth, draft, and length to arrive at a»caled point design hull form. In addition, a
number of hull form coefficients are also stored that arc used to determine the ship hydro»tatic
characteristics and to cstiinate the powering requirements. The following parameters arc entered and
used, through linear interpolation, to determine ship hydrostatic properties at any intermediate draft:

~ Beam at Waterline

Volume

~ Prismatic Coefficient

~ Midship Coefficient
~ Waterplane Coefficient
~ Longitudinal Center ol Buoyancy  + Fwd of Amidships!
~ Longitudinal Center of Flotation  + Fwd of Amidships!
~ Vertical Center of Buoyancy
~ Motnent to Trim One Centimeter
~ Transverse BM  Transverse Metacenter minus Center of Buoyancy!

The following are entered for the hull at design draf't.
~ Appendage Displacement
~ Entrance Angle  half «ngle from C.L., degrees. Will be estirnatcd if blank!
~ Wetted Surface Area  meters squared. Will be estimated if blank!
~ Area of Bulb at Forv, ard Perpendicular
~ Height of the Centroid of the Bulb
~ Area of Wetted Transom

~ Stern Identifier

1 single screw, conventional stern
2 single screw, open flow stern
3 twin screw

~ After Body Shape Factor
-10 V-shape sections

0 normal shape sections
10 U-shape section
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Design Synthesis Process

The Ship Synthesi» InpuLs Database can be initialized once the preliminary data is entered. The
process involves entering the design parameters, defining the ship arrangement, design speed, hul!
depth, and house parameters. It also involves selecting a hull form from the Parent Hull Form
Database, selecting the master equipment based on the Vendor Equipment Database, and selecting thc
modules used in the construction of the cargo block or. the passenger areas. The ship»ynthesi» process
can begin once input data entry is complete and verified. Input includes the following parameters:

~ Required Cargo, Speed, and Range
~ Required Passenger Deck Area and RO/RO Deck Areas,
~ Initial Bean> and Maxinium Beam; Initial Draft and Maximum Draft; and Initial Length for

Synthesis Loop
Number and Configuration of Cargo Tanks or Holds

~ Double Hull Width  for tankship»!
~ Length of Machinery Box and Location of Collision Bulkhead
~ Propeller P/D Ratio and Size
~ Superstructure Size and Configuration

Structural Cost Data  Outfitting k Mechanical Systems Cost Data to be accepted later!
The data initializing process described above includes the initial maintenance of the data in tlie

Parent Hull Form Catalog, Vendor Equipment Catalog, and Cost Database. The ship synthesis input
parameters are then entered including ship data, parent hull form selection, and master equipment
selection. The ship synthesis process begins with the development of a ship design based on the initial
beam, draft, and length. Thc Ship Synthesis process can then be conducted in the Fixed DWT Mode or
the Fixed Dimensions Mode as described below,

The Fixed Dl/VT Mode

This mode generates a matrix of 64 ship» based on a u»er-selected range of beams, drafts, and
lengths. The 3-dimensional matrix is progressively interpolated to arrive at a design with adequate
cargo capacity, spccd, stability, and range. This is the niost powerful inode of operation requiring a full
set of input parameter». The dc»ign process has been developed for weight limited ships, volume
limited ships, and deck area limited ships. As shown iri Table I, there is a different principal quantity
that is the overall driver of the dc»ign payload for each ship type. For the cargo ships this quantity is
the revenue-earning portion of Ih» vessel. For RO/RO passenger ferries, the useable deck area for
passenger use and RO/RO storage area are the drivers. For the patrol craft, it is the portion «I the
vessel available for misston related activities that can bc considered the cargo deadweight.

Table l Overall Ship Design Payload Driver
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The design process for area limited ships is shown in Figure 2. The synthesis process begins at
the point shown in the diagram with the generation of the first point ship design. This design i» created
based on the initial values of beam, draft, and length.

The steps in the ship synthesis process include:
~ Generation of hull offsets and calculation of ship di»placement by application of »pccific

values of beam, draft, and length to the parent hull form and hydrostatic data. At this point,
the full load displ;iccment is established.

~ Calculation of powering requirements including EHP and SHP based on the hull fornt and
propeller characteristics. Thc propulsion engine is selected based on the BHP required to
meet the design speed and the details of the engine and reduction gear characteristic».
Power rcquirernents of shaft driven generators are included in the tnain powcring
requirerncnts, Powering requirements are distributed over the number of main engines. '1'hc
fuel required for range is calculated based on the SFC of the selected engines. Thc
resistance and powering algorithms were adapted from the lJniversity of Michigan Power
Prediction Program  PPP! by M. G. Parsons [6I which is based on the powering rcgres»ion
analysis developed by Holtrop [7][8J,

~ Calculation ol' the cargo DWT is derived from the dimensional hull form defined above and
the location, length, and arrangement of the cargo block. Calculations are perfornicd for
varying ship types as follows:

Tankers; Tank volumes, cargo deadweight, and centers are calculated based on double
hull dimensions and tank definitions, Cargo tank DWT i» calculated on volume and
density of cargo.
Containership: The nuinber of containers in each hold is calculated based on hold
definitions, container size and clearances, and existence of hatches, Cargo DWT is
calculated on number of TEU and container weight.
RG/RO Passenger Ships: The available area in the hold» and on the decks for seating,
cabins, entert;iinrnent, or vehicles is calculated based on hull form and superstructure
definition. Cargo DWT is calculated on area allocation and weight per passenger,
vehicle, or space,
Patrol Craft: The available area and payload i» based on hull form and superstructure
definition.

~ Fuel capacity is calculated based on a weight balance. Fuel capacity i» equal to full load
displacernent less light ship, cargo deadweight, and other variable loads.

~ Analysis of ship»tability i» conducted based on GM/beam ratio for full load depart.urc and
ballast arrival conditions.

~ Calculation of structural cost  if selected!, The selected modules are modified to icf lect the
arrangement and size of the subject ship, Labor hours and weight of steel are calculated.

Once the characteri~tics of thc ship with the initial beam, draft. and length are calculaicd, the
process is repeated twice more: the second time for an intermediate value of beam and the third tinie
for the maximum value of hearn. Drait and length are kept constant during this process. The resulting
three ship designs are interpolated based on their stability characteristics to arrive at a solution beam
that will provide adequate stability. A fourth pass through the synthe»is process is then conducted to
ensure a consistent set of parameters for this solution beam, At this point, a ship design ha» been
developed based on the initial values of draft and length with a beain th;it provides adequate, »tability.
This design was based on synthe»izing four ship» with four different beams, This design h i» the
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required transverse stability, correct superstructure configuration, required number and configuration
of cargo tanks or holds, correct hull form, and correct engines to make design speed. However the
design does not necessarily carry adequate fuel, nor docs it necessarily carry the required cargo
deadweight.

In order to arrive at a ship with adequate fuel capacity, it i» necessary to repeat the
beam/stability synthesis cycle three more tinics: the second time for an intermediate draft and the third
time for the maximum input draft. These results are then interpolated nn fuel capacity to»elect a draft
that allows the ship to carry adequate fuel. A 1'inal pass ii then made through thc»ynthcii» loup to
ensure a consistent set of parameters for this solution beam and draft. The resultant design i» b iicd on
synthesizing 16 ships with four different drafts and four different beams. At this point, a ship dciign
has been developed based on the initial values of length with draft that provides adequate r;iiige and
beam that provides thc required transverse stability. The design also lias the correct superstructure
configuration, the correct cargo configuration, correct hull form, and installed engines that.silo@, it to
make design speed. However, the design does not necessarily carry the required cargo deadweight,

In order to arrive at a ship with the required cargo deadweight. it is necessary tn repeat the
draft/range and beam/stability synthesis cycles three more times with different lengths. These rciulti
are progressively interpolated on cargo DWT to select the required length. A 1'inal pass is then niade
through the synthesis loop to ensure a consistent set of parameters for thii solution length, be;irii. and
draft. It can therefore be seen that this final designwas based on iynthcsizing 64 ship configur;iiions
with 4 different lengthi, four different drafts, and four dilfercnt beams, Ttic results can be reviewed
through the interactive process described below. During thc ship synthesis process it is possible that
the selected range of input parameter» will result in a ship design that does not meet the requirement».
In this instance, the priigram v ill warn the user that the input parameters failed to achieve a design that
sitriultaneously meets all requirements. The designer will then revise the input parameters arid re-run
the synthesis.

It should be noted that. thesynthesized ship that results from this process is not necessarily the
lowest cost ship, It is likely that a number of ships will be»ynthcsized until the final »elec ion i» iuade.
Vor instance, the hull depth ii fixed throughout the synthesis process. A complete analysi» ot the
solution ship design should include repeating the ship synthesis procesi for a range of depths with ail
other parameters kept constant. Deeper drafts will result in shorter ships with higher fuel requirement».
The cost inodule under development will allow for a more conipiete analysis. Likewise thc effecis of
employing different types of prime movers  slow speed diesel vs, geared medium speed dic»el!, or u»c
of shaft driven generators v». motor-generators can also be evaluated by conducting a number of ship
designs. All of these designs can be kept in the database as vai'ianti on the original configuration
allowing quick refinements and fin;d ieicction.

Once the ship syntheii» process is completed, the results are entered into the Ship Synthesis
Output Database. The contents of this database can hc reviewed through interactive forms. These
forms include sutnmary and detailed report~, The detailed reports show ail of the characteristics of the
subject design, including cargo tanki or holds, propulsion equipment,;iuxiliary equiprrient, ntaitcr
equipment list, and deckhouie characteristics. A detailed weight report ii also available, 1'hcic results
can be reviewed on thc screen or printed. Review of the results of a single synthe»is can bc uscil to
revise the input parameters and conduct another synthesii until the resultant ship meets all ol' thc
design requirement» and cost consider;itions. If the user wouM like to 1'reeze a ship design, thc "Save
As" button can be used. Thii will create a copy of the, selected design and allow the user to continue to
change ship characteristics on a separate set of inputs.
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Finally the program can be manipulated to consider cases where primary dimensions  length,
beam, or draft! are limited by external requirements such as dock length, navigational drafts, or lock
size, The program will independently resl rain these dimensions. This will result in a synthesized design
able to operate within a limited trade.

Fixed Dimensions Mode
This mode is used to determine the transverse stability, cargo DWT, range, and design speed of

a point design with given length, breadth, and draft. This niode results in a single pass through the
priinary synthesis loop. The results are stored in the Ship Synthesis Output Database. This mode can b»
used to calibrate the synthesis prograin against a known ship design, Through the use of adjustments to
the parametric coefficients the»ynthe»is model can be re-calibrated to any baseline design. Once
adjusted, the fixed deadweight mode can be used to synthesize ships with characteristics that differ
from, but are consistent with, the basclirie design.

Lightship Weight Estimating

Estimating the lightship weight is an integral part of' the Ship Synthesis Model, and accurate
results are crucial to the design process. Therefore it is important to have an understanding of the
estimation proces» and the ability to customize the parametric equations in order to inost accurately
depict the subject ship. Estimates of weights and centers  Figure 2! arc made by three different
methods as explained in the Lightship Weight Estimating Theory Manual:

~ Manufacturer Specifications: Major ship components such as the engines, generators, and
reduction gears are selected from thc Vendor Equipment Database in the Synthesi» Model.
Included in the Vendor Equipment Database is weight and center data.
Ratiocinatioti; Some weight groups can be accurately estimated by scaling from a similar
vessel. A table of parent ships' weights has been created in the weight estimating database.

~ Linear Regression: Weight data from previous vessels is plotted versus pertinent ship
characteristics. A regression curve representing weight coefficients is generated in the
Synthesis Model.
These weight computations are defined in workbooks containing a serics of computer

spreadsheets, Each workbook begins with a sheet summarizing the weight data for that group. Group-
wide scalars are used to modify the weight and centers for the entire group. Thc second page of each
group is a listing and brief description of all the variables used in the calculation of this weight group.
Items for user input, such as vessel characterisi.ics, are boxed. On the right side of the page tlicre i» a
listing of ALTVAL», ihc coefficients used to modify equations in the Synthesis Model. There:irc three
categories of ALTVALs in the Lightship Weight Estimating Theory Manual:

~ Adjustment Coeff'icrent»: These are used to adjust individual weight items and centers and can
be modified on each weight item sheet,

~ Parent Ratio Coefficients; 'I'hesc are ratios derived from parent ships. They can only be
changed in the Parent Ship Table. However, the adjustment coel'licients above provide the
ability to refine individual weight items estimated with ratios.

~ Regression Coefficients: These numbers are th» coefficients used in the plots of the ship data.
They can be modified on thc sheet for each weight item.

The third page of each workbook is a listing of the parent ship data used in the ratiocination for that
weight group. This data is read from the Parent Ship Table in the Master Ship Weight Database. l.or
each weight group, only one parent ship can he used, lt is assumed that if a parent ship approximates
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one weight item in a group, it will approximate the other weight items, 'I'he fourth and following pages
in each workbook describe specific weight items. For weights estimated from manufacturer
specifications or scaled from parent ships, the data for the equations is taken froin the second and third
pages of' the workbook.. For weights estimated by linear regression, a table and graph are providctl, '1'hc
user may enter a ship number, and the corresponding data from the Parent Ship Weight Database will
be automatically filled into the table. The data will be plotted on the graphs. If the user would like to
adjust the characteristics of the fitted line to include or exclude a particular data point,  hat i»ay be
done.

The weight estimatirig spreadsheets draw upon a database containing tables for parent ships, as
well as tables of weight data for regression analysis. The database is linked to the spreadsheet so that
as additional ship v eight information becomes available and is eiitered into the database, the
coefficients for the equations in the Synthesis Model can bc recalculated using the spreadsheets. Figure
3 represents the structure of the weight estimating database,

Figure 3 � Weight Estimating Database Structure

Cost Estimating

An essential part of obtaining the most benefit from the rapid design development possible with
ship synthesis programs is to develop reliable cost estimates tor the vessels with the same rapidity. A>
costs are so dependent on material and labor hours, which themselves are dependent on shipyard
processes and vessel characteristics, it is essential that any cost estii»ating technique capture these
features.

Cost Algorithm
The cost rnodulc uses simple parametric equations to convert thc cost of a baseline ship to that

ot' any new ship crcatcd by the synthesis module. The equations allov the cost of the new ship to be
calculated quickly, While tlie parametric equations used are general, the coefficients are unique to the
build process and the shipyard. The coefficients are developed using the production programs, 'I'hc
production progratn for structure is cornpletc; the: programs For mechanical systems and outfitting are.
being developed.
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The total cost of the ship is the summation of the major components of the ship for which
production programs are developed, plus the cost of major propulsion equipment as shown below.
Major propulsion equipment cost, including procurement and installation will be added in directly
from the Ship Equipment Selection Database.

Il
Total Cost = /Component Cost, + /Major Propulsion Components,.

i � I !=1

The component cost will be calculated by multiplying the labor hours and amount of matersal
of the component by labor rates and material costs, The labor rates and material costs arc input by thc
user. The labor hour» and amount of material of a component are calculated by multiplying the labor
hours and amount of material of a subcomponent, a portion of a component, by ratios. Thc production
program is used to determine the amount of material and labor hours required for the subcotuponent.
The ratios are calculated using the production program results and an independent cost estimate for the
baseline ship. For baseline ships that have been built, return cost data can be used instead of a cost
estimate. The production pro< rarns capture the shipyard specific build strategies and costs. This
method is intended to capture shipyard specific production costs while minimizing the design and
production planning efforts. The method is expressed in the following equations:

Component Cost = Labor Hour,�~�,��... x Labor Hour Rate x R�, + Materials.~.�,�, �, x Material Rate x R�
Where:

Labor Hours'.,�,�,  BaselineCost E»timatc!
I.H Labor Hours,. ~,��,�,  Production Program!

Material,.����,  Baseline Cost Estimate!
M Materia]» ~,  Production Program!

The production programs will also be used to derive the cost equations used to modil'y thc
subcornponent parameters to reflect a change, in principal characteristics of the ship. Following thc
»arne general build strategy used to calculate the originalsubcomponent, a subcomponent modified for
a change in the ship characteristics is input into the production progratn. The material costs and labor
hours are then plotted versus the ship characteristic, This process i» then repeated for various ch;mges
in the ship characteristics. The cost equations are derived by regressions of the resultant plots with the
ship characteristics as variable». This i» repeated for all of the principal characteristics. The total
change is the algebraic sum of the changes in each characteristic a» shown:

Material~�~. �, = Material�,~, �. �, + $5, ShipCharacteristic � ShipCharacteristic��,i,�,!
m

Labor Hours,.�~.��, �,�, = Labor Hours, ��,���,�, + /3,. ShipCharacteristic � Ship Characteristic�.�i�,�!

Where: 3, and 5,. are the derived cost equations,

For example, the structural production program is used to dcterrnine the labor hours and steel
weight of the cargo block based on a specific build strategy. The cargo block i» then changed to
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represent different ihip sizes. Based an these changes, cost equations are developed for the labor hours
and steel weight of the cargo block. The results of the cost equations, labor rates, and unit steel costs
are used to calculate the build cost of the hull.

One of the underlying assumptions of this tnethod is that the hull and cargo block. would be
built in a similar fashion. In addition, any productivity gains realized by using a new build strategy to
build the cargo block would also be realized in the bow and s em of the hull. Changes are assunied to
affect the cargo block, bow, and stern all in the same way. Finally,  he process assumes chaiigcs affect
cost independent of each other, All of these assumptions become less true as the design  uoves farther
away from the baseline design.

Production Program
The labor hours and materia! requirements of a subcomponent are estimated hy identifving all

of  he discrete work processes and quantity of work to be done in each process, The quantity of work ii
then multiplied by a shipyard-specific process factor,  o determine the labor hour~ required
accomplishing each work process, Thc work breakdown follows the approach presented in NSRP
Rcport 405 [9]. MR&S had previously applied this approach ta the evaluation of the producibili y of
alternative structural concepts for double hull tankers [10]. The step~ in thc process are ai follows:

1, Select the design fea ure  block or module! to he analyzed
2. Identify the trades required to perform the work.
3. Identify the shipyard work process. which would be used in the production ol' the deiign

fea ure.
4. Determine and apply the engineered standards for each work lirocess,
5. Apply a factor to reflect  hc increased difficulty of performing the work at a itage. o her

than the ideal stage an which the standard is based.
6, Apply a factor for the suppor  labor hours required.
7. Total the labor hours and material reqiiirements for constructing the design feature  block

or module!,
Essentially, steps 1-7 are accomplished in a spreadsheet-based production analysis tool witt> the

resulting output obtainable for any product defined in  hc vessel build strategy.
At this time, the production analysis tool has been developed for structure only. The structure

production program calculates the plate weigh , the stiffener weight, and the labor houri required  o
build structures. The progr irn consists of a two-worksheet EXCEL. workbook. The first worksheet
physically describes the struc ure. Every piece of the structure is input in o the warkshee  as either a
plate or a stiffener. Both rectangular and triangular plates may he entered. In both case , all of the aiitcr
dimensions of the plate» and the thickness are entered, Then a weld is designated for each edge. Weld
designa ion includes: type  butt or fillet!, method  automatic or manual!, and manual welding
orientation  dawnhand, overhead, or vertical!. Then the work itage is designated for each of the wehfs.
There are seven work stages from stage ]  in shop fabrication! to stage 7  waterborne pier iidc!.
Similar information is input for s iffeners except that. the type of stiffener is also inputted. '1'here are
five types of stiffeners programmed into the worksheet; flat bar,  ingle, tee, hulb flat, and a s iffener
inade up from two flat plates. The first worksheet calculates the plate weight, stiffener weight, the
average thickness of the piecei in the module, and the weld length of all the welds. The first vvorksheet
also subdivides and totals  he weld length for each unique catnbination of type, method, orient;i ion,
and work stage.
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The second worksheet calculates the labor hours for building the structure based on the
inforination in the first work»hect and some additional process information derived from  he build
strategy. The work process is broken dov n into ten categories:

~ Obtain Material

~ Flame Cutting

~ Edge Pre/Grinding
~ Shaping
e Fit up & Assembly
~ Machine Welding
~ Manual Welding
~ Marking

~ Handing
~ Rework
A process factor based on the thickness of the material is niuliiplied by a work unit to obtain

thc labor hours required for each of the ten work process categories, The process factors can he altered
to suit any shipyard.

The major advantage of cost estimating based on work processes is that there is a direct
relationship between work process and labor required. By definition, a work process is performed by
labor and takes a finite amount of time. A direct relationship does not exist between the hull weight
and the labor hours to produce the hull, Estimates not based on direct relationships tnay yield false
answers. Assume that it was desired to minimize the cost of a stiffened plate in a transverse bulkhead
and that the cost, labor, and niaterial were estimated solely on the bulkhead weight. For this example,
one method to reduce weight and the associated cost would bc to reduce the spacing between
stiffeners. As the spacing was reduced, the stiffeners would become stnaller and more numerous. The
plate would becoine thinner. These changes would result in a lower stiffened plate weight and a
coiresponding lower cost; hov ever, thc amount of actual work required to fabricate the stiffeiicd plate
increases as stiffeners are added to the plate. While this cost estimating method lowers thc requir'ed
labor hours, as weight decreases, the actual required labor hours increa»cs with each additional
stiffener,

Another advantage of cost estimating based on work process is that it accounts for change» to
the work process. Labor hours estimated from physical parameters do not change when the work
process is changed. The amount of material in a hull module is the same whether it was welded
manually or automatically, Yct the cost of automatic welding is significantly lower. Physical
parameters cost estimates do not take into account irnproveinents in productivity due to shipy;ird
production improvements.

World Ship Price Predictor

Before a shipyard can begin to examine its own capabilities to build a vessel, it is nece»sary to
know approximately what price the vessel would bring on the global inarket. The World Ship Price
Worksheet allows the user to deterinine a Rough Order Magnitude  ROM! ship price based upon trade
type and ship size, With this price and information on the yard's capabilities, a deterinination of
whether or not this vessel type is profitable and warrants further study can he made, The objective of
this tool is to estimate the price, not cost. of a ship using few input variables. Fewer inputs reduces i.hc
tool's ability to capture various design characteristics, but this is acceptable as it i» intended for early
stage, high level use,
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Information on the dimensions, speed, capacity, power, and new build price of recently
constructed vessels was obtained for a large population of ships primarily taken from the Fairplay
Encyclopedia of Shipping [1 l]. This data was examined for consistency, and the prices were converted
to l 997 dollars. The parametric weight data was developed and combineil with ship price using a linear
independent regression to fit the existing data. A worksheet for the vessel information was created in a
spreadsheet, The equations were then programmed into a separate module using Visual Basic for
Applications. Operation of the World Ship Price Worksheet is straightforward, The user must first
select the ship type of interest trom the list on the right. The availahlc ship types are:

~ Tanker

~ Containership
o Bulk Carrier

~ Passenger Ship
~ Dry Cargo
~ RO/RO
The user must then enter the length, beam, depth, draf't, and speed of the subject vessel,

Installed horsepower may bc entered or the program will estimate if '0.0" is entered. Once the inputs
are complete, the user presses the "Compute Price" button and the estimated price will be displayed.
The World Ship Price Spreadsheet is shown in Figure 4.

Figure 4 � World Price Predictor Spreadsheet
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The Portfolio of World Class Ship Designs program for the GCRMTC provides a number of
market worthy commercial ship designs at the preliminary design level for use by shipyards as baseline
designs. Currently the designs for tankships and containerships have been completed, and the design
for Fast Monohull RO/RO Passenger Ferries and Coastal Patrol CraA are under development
Shipyards can select and develop standardized designs to the contract level for those designs that are
consistent with their long-range marketing strategy. The portfolio program has also provided the
opportunity to develop an early stage design computer synthesis modeling and cost estimating suite of
soAware. These computer programs are based on an approach utilizing user supplied databases and
design parameters which improves the reliability of the results over that of a purely parametric
approach. The portfolio design and cost estimating synthesis tools are structured for use in trade-off
studies and to evaluate the impact of owner specified variations from shipyard standard design
requirements. The structural portion of the production program and cost estimating modules are
complete and are being expanded to include inechanical systems and outfitting. These early stage
design tools can assist shipyards in responding rapidly and confidently to client inquiries for
shipbuilding projects.





THE USE OF OBJECT ORIENTED MODELLING
IN THROUGH LIFE COSTING OF

SHIPBOARD SYSTEMS

lan 6 Ridley, University of Newcastle upon Tyne, Newcastle upon Tyne,

lan L Bu.rton, University <rf'Newcastle upon Tyne, Newcastle upon Tyrie,

6 Hugh Stephenson, University> of Northunibria, Newcastle upon Tynt.

Introdu etio rl

In marine technology, as in other branches of engineering, there ha» been a tendency toward»
greater integration of c!ient and contractor interests. Contract mechani»ni» such as FPIC  I.:ngineer.
Procure, Install, Commission! and a!liancing allow the designer and bui!dcr to become involved v ith
the operator in the through life performance of inade-to-order  MTO! products, e.g. in the offshore
industry and in military procurement. 'I'he emphasi» is moving away from satisfying the performance
specification at minimum capital cost with litt!e or no consideration of whole life effects, to allowing
Through Life Costing  TLC! considerations to influence the de»ign, Changes in performance with
time, reliability and maintainability considerations, and end-of-life disposal may well influence ihc
choice of the design solution»elected.

Since much of the capital cosl as well as the basic performance capability of a large MTO
product is largely determined during the early design phases, e.g. feasibility when major equipment
wil! be sized and selected, it i» important that a number of a!ternatives are investigated before design
decisions are committed.

TLC employs well established discounted cash flow technique» normally used for inve»tment
appraisal, whereby estiinates of income and expenditure  both Capex and Opex! are made over the life
of the project. These are discounted at »orne interest rate reflecting the rate of return expected from the
project, to give a figure for I4et Present Value  NPV!  Ref. I! can be considered as the lifetime value
of the project, equivalent to an instantaneous capital gain of that ainount, hence negative values iinply
inadequate rate of return, Since most MTO products produce an income, e.g. oil production or freight
revenue, then benefits can al»o be incorporated. Hence TLC is one means of undertaking a Cost-
Benefit Analysis, even though this term is often applied in a safety context,

Spreadsheets are widely used in such evaluations, manually fed with data by project managers
and finance personnel, But what is desirable in TLC are links between the design definition, the 'I'LC
procedures, and the incorporation of the many phases of the life cycle  sornc of which may be ignored,
e.g. midlife upgrading or disposal! a» well as the recognition that performance is unlikely to reinain
constant over the life, It is also de»irable to link any TLC system with sources of data, which may
range from suppliers' catalogue type data ol equipment properties, to reliability models of major
components or sub-systems.

Mode!s should also be applicable at different levels of complexity, reflecting the relatively long
design period of most MTO products, during which more information becomes available. If one
includes definitio for production a» 'design', as well as concept and embodiment, that period inay
extend to several years. What is required is a flexible model which can be added to as tlte design
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definition increases, and as more data becomes availablc built up from industry/company specific
databases, e.g. on equipment supplied by a sub-contractor for a ship.

Object oriented modelling lends itself to iuch concept», whereby objects which define the
sy»tem or components can be added to represent lower levels in sub-syslerns, e.g. auxiliary iyitem» ~
electrical power generation m diesel generator set m alternator. TLC then becomes feasible at an
appropriate stage of design, e.g. when comparing different numbers and capacities of generators  see
later example!,

Research at the Nev castle Engineering Design Centre  EDC! for a wide variety of induitries
 shipbuilding, offshore oil production, process plant, power generation etc.! has shown that there are
generic similarities between such products and their procurement. MTO products are largely
assemblies of bought-in equipment, supporting»tructure» and conneclives like piping and cabling.
With life cycle» of the order of 30 years, often with the »arne operator, TLC issue» become important,
especially as capital coil typically represents only around one-quarter of  diicounted! through life
costs. Over that period there will be changes in performance capability, in market demand» and prices
of output, and in regulatory requirements, e.g. environmental legislation.

A project has been undertaken in rhc EDC' to demonstrate that a generic TLC object oriented
model could be developed. which would allow the designer to compare alternatives earlier in the
design process, taking account of more factors than usual. Figure 1 shows the generic elements, v, hich
are the main cost and performance drivers. They are capable of being adapted to different MTO
product structures and technical and economic data. For example 'cnviromnental costi' may be
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associated with diesel engine cmissions in a ship, but with waste disposal in a chemical plant. Each
element is essentially determined from relevant sections of the database from typically:

Cost = Quantity x Unit cost rate
which may well vary at different stages of the life profile, e,g. fuel consumption increasing with age,
The example presented in thi» paper compares a shipboard system consisting of different numbers and
capacities of diesel generators.

Developing A Through Life Costing Software Tool

The development of a design involves hundreds or even many thousands of sequenti;il
decisions as the process moves from concept through to the embodiment or detail stage. The scope of
the initial decisions is broader with a much greater influence on the final design and, therefore, they
have the greatest effect on the final economic performance. lt i» usual practice for estimates of the
initial costs and through life revenues and operating costs to be determined by different people in
different departments from those developing the product. Often producing such estimates is time
consuming and is only attempted towards the completion of the design, This approach does not make
it possible for many of the design decisions to be based on economic assessments.

There is a clear requirement for the cost and revenue information relevant to the current state
of the design to be available to the designer, Such information would make it possible for decision
making to be governed by economic considerations. It is important to note that the need is for reliable
comparative information and, therefore, high absolute accuracy is not essential. This inforination can
be provided if cost and performance data is associated with each component through a 'driver' which
takes into account it» performance parameters, such as weight or power. Work at the Newcastle EDC
has demonstrated the feasibility of achieving this objective with computer assistance by producing,ind
testing prototype software representing a shipboard system.

An important requirement is for a company archive of previous products, and more
particularly, the data on the main component» from which they were assembled. The 'reuse' of this
company knowledge is e»sential for the cost effective use of any such systein.

The system is designed to be: Intuitive
Flexible

Complementary to normal design activities
Capable of accessing performance and cost databases

The last requirement »hould alter the focus of departments, such as Costing, to provide data in
an accessible form but this is essential if the benefits of cost based design are to be achieved,
Operating in this way brings the application of current company costs and cost rate~, not to mention
future estimates, into the design process. Figure 2 shows the basic operation of the cost/revenue based
design process from the designer's perspective.

The designer progressively refines the design of the product by building and changing the
'Product Model' which has a hierarchical inverted tree structure. We use the term 'product model' to
mean the general object/component structure, rather than primarily thc geometrical definition. A
typical product model developed with the TLC software is shown in Figure 3.
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Hship  partiao � Product Tree - '''-
hdd set

ite move

ship  partial!

~ + Cargo system

Q Hand ing equipment
P! Refrigeration plant

e + Bridge system
P Communications equipment
Q Navigation equipment

e ~ Electrical system

Q Cables
P Distribution board

~ + Generator
Q Alternator
Q Diesel motor

0 ~ Generator
Q Hull 6 Superstructure

0 + Power system
P Main engine
P Transmission
Q Bow thruster

0 + Steering system

Typical TLC Product Model

Component information should be retrievable from equipment suppliers as well as from
company databases. At any time the stage of development can be checked for compliance with thc
requirements of the Product Specification. Failure obviously implies the need for revision of the
design. Any design which satisfies these requirements can then be subjected to a full through life
economic assessment using an assumed life cycle profile and projected market and other financial
forecasts. An optimisation process requires the comparison of the figures for the current model with
those for previous models. A valid preference will result provided the comparative figures <re
consistent. The robustness of the design philosophy can be checked by determining the economics
with varied life cycles and operating conditions.

Experience in producing the software demonstrated that an Object Oriented  OO! approach
both for programming and oblect storage enabled the prototype to be rapidly developed. Modern OO
CASE tools would also be used in any future projects, The flexibility requirement can be met by using
text based 'dictionaries' which describe the components and pull in the necessary analysis and clri ver
objects to take account of differing component parameters and sub-component combinations, A similar
approach is used for the Product Specification, the Product Life Cycle definition and the Financial
assumptions. In many cases options are possible and the system must store and recall the specific
combination required for each analysis.
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Data Structures To Support TLC Model Development

The prototype TLC.' software developed by the EDC is more sophisticated in its method of
operation than thc typical spreadsheet based systems currently used. During its developnient the
research team decided to code the software in Java, so that software would not be dependent on any
particular operating system, thereby allowing it to be used with virtually any computer.

Standard Object Oriented Modelling  OOM! system analysis techniques were utilised to enable
the coding requirement to be defined before programming actually began. Storyboarding and other
graphical modeling techniques enabled a detailed picture of what was required within the TLC tool to
be defined, which in turn enabled the required OOM classes to be defined from which the coding base
was developed. The main parts of the software and their relationship to each other are shown in Figure
4.
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The TLC software requires that a database is established before specific models can bc created
by designers. This comprises three data stores: the 'data map', the 'product data dictionary' and the
'life cycle data dictionary'.

The 'data map' is a user-defined list of Features, Properties or Characteristics  FPCs! that can
be attributed to an assembly or component of a product. Each data map entry is composed of three
elements:

I, Name, i.e. the name of the FPC, e.g. fuel oil, electrical power.
2. What type of data is associated with the FPC, e.g. float, integer.
3. The units that the data is specified in, e.g. Iitres, kW

The product data dictionary is a user-defined list of components, sub-assemblies, assemb/ies
and systems, from which the product» that are to be modelled are selected. Each item contains details
of the FPCs that are relevant to it, To allow for the greatest amount of flexibility and ease of use, it is
envisaged that industry sectors and individual cotnpanies would create specific data dictionaries.

When a data dictionary item is created, the user must decide if the item produces a 'benet'it'
 such as a saleable tnanufactured product! and which of the primary co»t areas are appropriate to the
item f'rom the following list:

I, Capital or Procurement Costs
2. initial Spares Costs
3. Repair cost
4. Maintenance costs
5. Consumable costs
6, Environmental cost~
7. Manning costs
8. Update costs
9, Survey  regular major overhaul! costs
I O. Decommissioning costs
I I. Total cost

In use, the producr data dicrionarv provides the user with a menu of items from which to select
when building a model. This ability to select the items that are required and to vary the configuration
in which the items are placed, allows the user to explore the comparative through life costs of various
concept design options. While the tool is primarily aimed at use during concept design, there i» no
reason why a user should not model an already existing design, if this was required. Such an exercise
could be used for providing a baseline indication of the through life costs of the design concepts under
consideration, or the impact of anticipated changes in, for example, environtnental legislation over the
projected remaining! ife.

The life cycle data dictionary follows the same format that of the product data dictionary. The
purpose of this data dictionary is to provide 'building blocks' that can be used to construct the various
phases of a product's life, from procurement to decommissioning, including the ability to construct
complex operational cycles, e.g. ship voyages.

Model Building From Marine Systems Data

A primary philosophy of the research team was to ensure that the software that was developed
would be comfortable for the design engineer to use. Therefore, a prime consideration was to use a
familiar engineering vocabulary, This is particularly so with the FPCs of the data map and the items
contained in the data dictionary.
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An important part of developing the TLC tool involved creating a syntax to be used when
building a model, together with a set of model making rules. The syntax and rules are important in
ensuring the working models function logically, The software has a checking system that validates a
inodel before the analysis engine performs an analysis calculation, to ensure that all the information
needed is available.

The TLC tool software has been written so that it is possible to have several concept designs
under development and evaluation at any one time, This requires, that for each design, performance
parameters are established, e,g. payload, speed, fuel consumption.

There are four stages in creating a model, assuming that the preparatory work of creating a data
map and a data dictionary has been carried out. They are: product model creation, life cycle model
creation, adding market data and adding financial data. Each of the four stages has an important role in
the TLC analysis, therefore, only when all four stages have been carried out can the model be
validated and a TLC analysis carried out.

The product model is a hierarchical decomposition of the item  hat is being modelled. The
level of decomposition is a user's choice and can be as shallow or as deep as required. When the
software is used at the concept design stage, the product inodel will be at a reasonably high level, inost
likely major assembly level. Thc software is also capable of producing a detailed product rnodcl down
to component level, if required. Furthermore, the software does not need to model a complete product,
decisions can be made at the sub-system level, e.g. the genset example described later.

The life cycle model is a linear, time-wise, representation of the life cycle that the user wants
the product model to follow. ]t is created using life cycle event components that have been pre-defined
in a appropriate life cycle data dictionary. While the overall life cycle will be from birth to death. the
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software allows for cyclic events within a given time frame to be accommodated, e.g. ship voyages, A
screenshot of a typical life cycle model developed with the TLC software is shown in Figure S,

Market data is added to the model relevant to the product model being evaluated, Market data
items are those for which there is a market price, e.g. freight rates, wage rates, fuel price.

The financial data that is required is pre-defined by the software, largely in the form of
discount rate and cost escalation rates  Ref, 2!.

A TLC Comparison Of Shipboard Generator Alternatives

The TLC software is generic and can be used to model through life costs of a range of
engineered products. The example below is a relatively simple onc to demonstrate the capability of
what is a sophisticated piece of software, The comparison of various options for the provision of
shipboard electrical power generators form the basis of the example, The total auxiliary power
requirements can be met by different combinations of number and capacity of diesel gensets, frotn a
typical manufacturer's standard range, Two types of generator are selected in four difierent
configurations, These are:

1. Four 44kW generators, total power available l 76kW
2, Five 44kW generators, total power available 220kW
3, Two 80kW generators, total power available 160kW
4. Three HOkW generators, total power available 240kW

The generators were required to provide duty cycles as follows: at sea 44kW, port manoeuvring
150kW, in port 80 kW. All the generator combinations could easily handle the maximum load of
150kW, but only two of the options could handle the maximum load requirements with one generator
out of action. A generator manufacturer's specification sheets were used to provide the majority of the
technical data required to carry out the TLC estimation, while the economic data was typical of marine
appl ications.

The TLC calculations are based on the following life cycle for the ship: three year procurement
phase, three months commissioning; 28 years operating phase based on: at sea, port manoeuvring, in
port cycle, surveys after 7 and 21 years of operations, modernisation after 14 years of operation; one
year for decommissioning at the end of life. Within the operating phase the effect of equipment failure
and maintenance are taken into account when availability and repair costs are calculated.

When a life cycle cost estimation is performed for each of the above genset cornbina ious,
using identical life cycle, market and financial data, a set of results are produced that can be used to
make a comparison of the various alternatives. The software allows the user to investigate the various
costs attributed to the design, e.g. both yearly cost and total costs, Table 1 shows the whole life costs
for the scenario described above,

Since all the alternatives meet the same auxiliary power demands, the benefits are identical. If
required, a 'value' could be placed on the output in terms of GkWh, but this would not change the
ranking in this example.

It can be seen in the results in Table 1 that in present value terms that two 80kW generators are
the least expensive to run over a 28 year operational life. This example also demonstrates the necessity
of using Net Present Value  NPV! when evaluating benefits/cost over an extended period of time. This
is shown by the fact that the 4x44kW and the 3x80kW generators are ranked second and third
respectively when NPV is used but these positions are reversed if the undiscounted total is used. It
should be remembered that factors other than cost may have to be taken into consideration when
making a decision. In this example, the redundancy necessary to have a generator available to come on
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line if an operational generator should fail, rather than await repair, may be highly valued. If this was
the case, the two 80kW and four 44kW options would be less attractive.

Table 1: Genset com arison where mannin costs are hi h and supervision time varies
4x 44kW 5 x44kW 2 x 80kW 3 x 80kWLifetime Costs f

22 2416176Ca ital

nitial s ares 160016

l2 18 Re air

Maintenance 610 723616N
506875087951 I 33.

931751

51442onsumab les  fuel!

annin for enerators 559003733574695

625 6 U date

Surve 25

75125Ncommission
136065194158169697

51516

otal over 32 years
undiscounted!

165118

54509425960113otal discounted at 10%
 Net Present Value!

2nd 4thank order 1st.

Table 2: Genset comparison where supervision time is low and supervision time is constant
Lifetime Costs f 4 x 44kW 5 x 44kW 3 x 80kW2 x 80kW

22 16NXXl76a ital

nitial s ares

24

2416160N
I. 84120000 18e air

aintenance 6161 72723

5087951133Consumables fuel!
Mannin for enerators

5068751442
448024472444667 44720

625 Xdate
1225Surve

125ec omIHI ss I on 749

153938145707

482361

139670otal over 32 years
 undi scounted!

]43532

4442344167otal discounted at 10%
 Net Present Value!

51768

1st 2ndRank order 4th
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The software allows the users to test various scenarios. ln the example above the ntanning cost
was proportional to the number of generators and the cost of manning was set at f15 per man hour, In
a changed scenario, it is assumed that a similar amount of time is needed to supervise the generators in
each of the options regardless of whether two, three, four or five generators are used, while the
manning costs are lowered to f12 per man hour due to employing lower cost labour. Then the results
in Table 2 obtained,



As can be seen above the ranking of the genera ors based on present value has now changed. Inaddition, by varying a cost factor that has a significant effect on  otal cost, in this case manning, the
total cost gap between  he various option has been iiarrowed. In this example, two other cos  factors
are significant namely: capital cost and consumable costs. Varying either of these even by a rela ivcly
small amount could have a similar effect on the overall TLC of this example.

Figures 6 and 7 are an example of screenshots for case I of Table 2, showing how the variousthrough life costs, both undiscounted and discounted are made up.
From this example it can be seen that exploring various TLC scenarios for a particu/ar design

can provide the designer wi h valuable insight in comparing alternatives and on which to base design
decisions.

Conclusions

As through hfe considerations contmue  o grow  n importance, the need for designers to take
them into account explicitly when developing a design increases. No longer can they design and build
a product only considering procurement cost, but now must consider the costs that affect a productthroughout its life. Coinpanies that can offer designs with more favourahle TLC's are more likely to
obtain a significant advantage in the inarket place. As the pressure of the world market place increases
so making the trade more competitive, customers not only want a high standard of service, but that it is
also at the lowest TLC. The way to ensure that the demands of modern day trade are met is bv
ensuring that the implications are taken into account at the concept design stage, since it is reckoned
that 80% of products TLC's are committed at this stage  Ref. 3!.

The prototype software  hat has been developed shows that it is possible to develop a genericTLC tool, The approach that has been developed can just as easily model a ship's TLC as an oil rig or
a process plant.

The research to date has concentrated on proving the concept. The next stage is to develop the
model further, so that it can access more external information, e.g. reliability studies and supplier data,
and to incorporate them with risk analysis  bo h financial and market! and sustainabi lity  ssues.
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SAFEHULL FEM FATIGUE ASSESSMENT
OF SHIP STRUCTURAL DETAILS

Gary E. Horn, Yung K. Chen, Jack M. Chen
An>crican Bureau of Shipping, New York, NY

Introduction

Fatigue is responsible for a large proportion of cracks occurring in welded ship structural
details. For many years fatigue related failure has become a major concern in the maintenance of'
existing vessels and the design of'new vessels. As reported in [1], numerous cracks were experienced
by relatively new oil carriers constructed of higher-strength materials. As indicated, ntorc than l0
fatigue cracks per damaged ship were found during damage surveys of 48 "second generation" VI..CCs
using HT32 and HT36 steels. The cracks were discovered when the ships were, on average, only 3 to
4 years old without any significant corrosion or wastage. The cracks occurred mostly on the side
longitudinals at the connections to transverse bulkheads or transverse wcbs. Fatigue cracks werc also
reported on other types of vessels. For example, in some bulk carriers, cracks were commonly found
in the "hard" corners of the lov,'er hopper tanks connecting to the side frames. and the lower stools
connecting to the double bottom.

It is important to note that the fatigue strength of' welded structural details  with stress
concentration! is not. dependent on the tensile strength of the steel. Fatigue refers to the failure of'
inatcrials under repeated actions of stress fluctuation. The loads responsible for fatigue are generally
not large enough to cause material yielding. Instead, failure occurs after a certain number of ]oad or
stress fluctuations, Two distinct f'eatures. typical of high-cycle f'atigue, are generally scen o» the
cracked surfaces of fatigue failure of ship structures: I! the material has undergone only ininor
yielding, and the strain was essentially elastic, and 2! the fracture surface is smooth, with characteristic
chevron lines reflecting the variable intensity of loading of low and high sea states during the vessel's
service I i fe.

The American Bureau of Shipping  ABS! has over the years devoted considerable effort in the
development of the SafeHull systein to cope with the assessment of yielding, uItintate strength and
fatigue of hull structures. ABS SafeHuf1 is a dynamic based design and analysis tool. To provide a
practical tool for fatigue strength assessmcnt, the SafeHull approach is based on the so-called
"Simplified Faiiguc Analysis' with the assumption that thc long-term stress histogram of thc hull
structure follows the Vv'eibull probability distribution. ln the paper, the Safefiull fatigue assessment
procedures, implementations and illustrations are presented.

Fatigue Assessment Procedure

Simplified fatigue Analysis
To evaluate the fatigue life of a hull structure, two basic sets of information are invariably

required, namely. the material characteristics cast in the form of S-N curves and the long-term stress
distribution  or stress histogram! of the structure. Both sets of information should bc deterinined in a
satisfactory manner. For stress histograms, it is necessary to account for all stress variations during thc
life of the ship, with due consideration given to its loading conditions, speed, wave environments,
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motion response, and resulting loads and structural response, Depending on how the long-term stress
distribution is determined, the analysis procedure for fatigue assessment of hull structures can b»
defined as the so-called "spectral fatigue analysis" or as the so-called "simplified fatigue analysis"
described in the following.

Thc SafeHuii approach is based on the "simplified jatigue analysis" with the assumption that
the long-term stress histogram of the hull structure follows the Weibull probability distribution. Ii has
been known that a vessel's long-terin stress distribution resulting from random sea loading can be fit
closely into the two-pararnei»r Wcibull probability distribution. Based on the assumption, fatigue
damage  or fatigue life! can bc obtained in a cIosed form as expressed in tlic following equation [2]:

R

 Fatigue life = Design Life / D!

where p = I y I+- �, v! � i' ' "'yLI +

 ,S'~ /5  ! i Iii Ni 
f 1', total r umber of cycles in life time
Number of cycles corresponding to the probability of cxceedance I/N  
Most probable extrcme stress range in N   cycles
 i.e., at the probability of exceedance of I lv'  !
Curn«lative fatigue damage ratio
Life lime average of the response zero-crossing frequency  Hz!
Base time period, taken as the design life of the structure  seconds!
Weibull shape parameter of stress range
S-N stress range at the intersection of two segments
Parameters of the upper seginent of the S-N curve
Slope change of the upoer to lower scginent of the S-N curve
Incomplete gamina function, Legendre form
Gamma function.
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The SafeHull assessrncnt procedures were developed from various sources incl«diiig the
1'almgren-Miner linear damage model. U. K. DFn's S-N curves, environment data of the North-
Atlantic Ocean, etc. In assessing the adequacy of the structural configuration and the initially selected
scantlings, the fatigue strength of the hull girder and individual structural members or details is to be in
compliance with the failure criteria specified. The SafeH«II fatigue criteria were established to aIlow
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As can be seen in I.quation  I!, the two parameters of the Weibull distribution used are the
stress range S   at the probability of cxceedance of IINR, and the Weihull shape parameter  . I'or a
given set of 8  , ~ and 5'-N curve. the fatigue damage  or fatigue life! can be readily obtained using the
equation, Similarly, for a given set of F.,'V-N curve and a specified fatigue damage  or fatigue life!. thc
stress range 8   can be detertnincd.



consideration of a broad variation of' structural details and arrangeinents so that most of the importanf
structural details in the vessel can be assessed for their adequacy in fatigue strength, To this cnd, the
structural response should be calculated by a finite eleinent structural analysis as defined here or by
other equivalent and effective means, Due consideration should be given to structural members or
details expected to have high stresses, While this is a simplified analysis, some judgments are still
required in applying the approach to the actual design.

Weibull Shape Parameter
'I o apply the simplified fatigue analysis described in the guidance, one of the two parameters ot

the Weibull distribution required is the long term stress distribution parameter or the II'eiliull .shape
parameter y.  i.c., P, in equation 1!, The fatigue damage is directly represented by the numerical value
of this paraineter, a higher value indicates a higher fatigue damage. The Wcibull shape paranieter
typically varies between O,R to 1.1, depending on the dominant period of the hull structural response
and the considered wave environments.

Based on the results of numerous case studies, ABS provides in the " inde for Fatigu<
Strength Assesrment of Tankers" [3] the following einpirical formulas for estimating the Weibuil shape
parameters for structures at various locations in ship:

y = 140-0.036 a l"
1.54 - 0.044 c" s L"'-

for 190 L< 305 m
for L! 305m  '2a!

for 623  L   1000 f't

for L ! 1000 ft
1 40 - O. 020 e L"-'
1 54 0 024 cLo.8 l u2 �b!

0.93 for bottom structures, including inner bottom, and side shell and longitudinal
bulkhead structures within 0.1D from the bottom,

0.86 for side shell and longitudinal bulkhead slructures within the region between
0,25D from deck and 0.2D froin bottoni.

0,80 for transverse f'rame and transverse bulkhead structures, including vertical webs
and horizontal girders,

L and D are the ship length and depth. as defined in the ABS Rules [4].

Also, u, may be linearlv interpolated for side shell and longitudinal bulkhead structures between 0.10D
and 0.25D from the deck, and between 0.10D and 0,20D froin the bottom,

Basic Design S-N Curves
The S-N curves used in the SafeHull fatigue assessment criteria are the "Basic Design S-.V

C.urves for Won-nodal,Joints". given in thc "Ojfshore Installationsi 6ui dance on Design, Construction
and Certification". issued by thc Department of Energy  DEn! of the United Kingdom  nov, HSF.,
Health and Safety Executive! [5]. The basic design S-N curves were established based on extensive
experimental and theoretical data on the fatigue performance of welded tubular and plate connections
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where a = 1,0 for deck structures, including side shell and longitudinal bulkhead structures
v ithin 0.1D from the deck.



accrued as a result of the DEn's Uriiied Kingdom Offshore Steels Research Project. These data apply
to structural steels having yielding stresses lower than 400 N/mm .

The DEn's Basic Design S-Ã Curves are shown in Figure l, as identified by eight curves, B, C,
D, E, F, F2, G, and W. Each curve represents a class of welded details, categorizing mainly by thc
following:

i! the geometrical arrangement of the detail,
ii! the direction of the fluctuating stress relative to the detail,
iii! the method of fabrication and inspection of the detail.

CCO
ix
4AVJCl
CO

Endurance  cycles

Figure l. U. K. DEn Basic Design S-N Curves

The DEn S-X eiirues, as can be seen in Figure 1, consist of two segments each, with a linear
relationship between log  S! and log  N!, and can be expressed in the following form:

iog  !v'! = log  K! - m iog  S! �a!

iV=8'. S �b!or
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The basic design S-N curves were defined based on statistical analyses of relevant experimental
data, and were taken to represent two standard deviations below thc mean lines, Their use therefore
implies a finite probability of failure at the calculated life. For areas of reduced structural redundancy.
areas that are very difficult to inspect. or for critical structural members, an additional factor on life
may need to be considered.



where log  IC! = log  Eg - 2 v

S is the stress range of stress fluctuation, between a peak
and the subsequent valley,

N is the number of cycles to failure under stress range,S,
is a constant relating to the mean S-N curve,

a is the standard deviation of log N,
m is the inverse slope of the S-N curve.

All eight curves change slope at .V equal to 10' cycles, The relevant values of the various terms in the
above equation for both segments are given below;

Class � � � - N < 10' � � �-
m K

N>10
K

Std. Dev.

Allowable Stress Range
The probability density function f  S! and cumulative distribution function F S'! of the Weibul]

distribution of stress ranges S are expressed by:

f S! = �  S/k!» '
k

F S! 1 - Aik!

�a!

�b!

The probability of exceedaricepi'S! can then be expressed by

p�! =1 � F S! =e t''"~

and the number of cycles becomes

l  S!

ln.V =  S / k!=or

Based on the above expression, it can be show~ that the stress range SR determined at Nq cycles or@
� 1/Nq is related to the life-time stress range Sz determined at the life-time cycles Nz, or p =1/Nz, by
the following equation:

�!
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B

C D
E

F F2
G W

4.0

3.5

3.0

3,0

3,0

3.0

3.0

3.0

1.013x10'
4.227x10 '

1,519xlO

1.035x10

6.315x10

4,307x10

2.477xl0

1,574x10

6.0

5.5

5.0

5.0

5.0

5.0

5.0

5.0

1.013x10
2.926x10'"
4.239x10

2.300xlO '

9.975x10

5.278x10

2.138x10'
1.016x10

0.1821

0.2041

0.2095

0.2509

0.2183

0.2279

0.1793

0.1846



Using the formula of the si>nullified fatigue analysis presented in the preceding section, the allowable
stress range SL for the design life can then be found as follows:

ln.V,

Jn,V�

The allowable stress ranges for a design life of 20 years for the eight U.K, DEn Basic Der gn S-
,V  'urves v ere determined for a range of the Weibull shape parameter from 0.5 to I,S, and the results
are presented in Figure 2.
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Figure 2..4 llowable Stress Ranges for Dl n Basic Design S-N Curves

Loads for Fatigue Strengttr Assessmenl
To deterinine thc hull structural response, all loads with respect to the hull girder and local

structures should be considered. These include static loads in still water, and wave-induced motions
and loads. For the purpose of fatigue assessment, the structural response in still-water conditions is
calculated separately to establish reference points for assessing the cyclic wave-induced structural
l esponse.

In the 5afeHull approach, the eight standard combined load cases as defined in [4] are used for
the structural analysis. The loading patterns of the eight load cases are shown in Figure 3 for three-
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Dynamic Loads = Total Loads - titatic Loads

The resulting dynatnic loads induced inainly by wave action and ship motions are

i! "dynamic" hull girder loads  i.e., wave-induced vertical and lateral motnents
and shear forces, and torsional motnent!

ii! external hydrodynamic pressure

iii! internal inertial and fluctuating loads

a Load cases Ho. 0 srrd 3
2l3 Dssitfrr Drafl

d, Load Case ffo. 8*
2Q Deettfn Draft

c, Load Csee ato. 5
2ia Deeitfn Draft

f. l o¹dCasefto. 8
Daaiiflr Draft

e, Load Ceae No. P
2/3 Dssttfrt Draft

sf'or tankers with an oiltight longitudinal bulkhead on the centerline where both cargo tanks,
P&S, are anticipated lo be loaded to the same filling level at all times, the calculated internal
pressures on the longitudinal bulkhead may be reduced by multiplying by a factor of 0.6.

Figure 3. SafeHull Loading Patterns for Standard Load Cases of Tankers
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cargo tank length portions of various tank configurations. For each load case, there are some necessary
correlation factors and relevant coefficients for the loaded tanks. The static loads in the still-water
conditions are determined in accordance with the loading patterns shown in the figure with the
associated drafts and cargo and ballast loads. For each of the eight load cases considered, the loads
specified represent the total loads that are the sum of static loads in still water and dynamic loads
induced by waves. The difference between the total loads and the static loads are the wave-induced
dynamic loads, that is



For fatigue evaluation, only the stresses due to thc above wave-induced "dynamic" loads are
considered. These dynan>ic-load-induced stresses are taken as part of the cyclic stress ranges
responsible for fatigue damage of the hull structure. The stress ranges are determined by combining
the stresses determined by the "dynamic" loads of the eight cases into four pairs, load cases 1 and 2, 3
and 4, 5 and 6, and 7 and 8, For each load case, the fatigue-inducing "dynamic" stresses are obtained
by deducting the static stresses due to still-water loads from the total stresses duc to total loads.

For a given element or hot spot. the largest stress range of the four pairs is considered the moxl
l>rohahle exire ~e siress range to be used for fatigue damage calculations in the simplified faiigue
ana ysis approach. The most' probable ex reme s ress range required in the simplified fa!i gue analv~i~
is a direct result of the rnos  probable ex rerne loads imposed on the hull structure. Each loacl
component considered in th» eight load cases is not necessary the most probable cxtreine value itself.
Instead, the combined action of the various loads produces the most probable extreme values of stress
range, Therefore, the various load components are generally combined with different phase angles for
dit'I'crent parts of the hull structure,

I mple ment at ion of the P roc e du re

To provide a practical tool for the SafeHull fatigue assessment i!f the hull structure, a package
of software was developed, A multi-step approach of FEA is utilized for this purpose, starting with thc
3-hold hull girder structure. then the primary supporting structure and local structures under
consideration. and finally the structural details of concern.

The computer program package consists of three parts; 3-hold FFA, local FFA, «nd farigue
evaluaiion. The 3-hold FFA analyzes the global response of the 3-hold hull girder under th» total
SafeHull loads as well as the static loads, The  ocal FEA reads in or generates the local model, obtains
automatically boundary displacernents froin the parent rnode1, generates the 3D loads for th» local
model, solves the model for both total and static loads, and extracts displacements and stresses from
the solved models. Furthermore, the prograin system, with FFMAP [6], graphically displays the
loaded and unloaded model, and the solved model as well as tank loads.

I or the faiigue evaluation part, stresses used inay bc from the 3-hold FLA  if so desired!, local
FFA or a direct input of stress ranges  e,g., from phase A or other FI.A!. Design fatigue life niay be a
parameter specified by the user, Results of fatigue evaluation given by the programs include the most
probable extreme stress ranges, the allowable stress ranges, fatigue lives, damage ratios, and tailed
structural e!ement list, etc.

The computer program system allows three different ways to generate a local model: a "user-
prepared" model, a ""oom-in" model, and the SafeHull inodel library. Morc details are given be1ow:

I! User-prepared Model
The program system accepts a user prepared model, and the model is then converted Int<>
a SafeHull recognized format using either the SafeHull converters or FEMAP. '1'h» 3D
model of a transverse web frame shown in Figure 4 is a "user prepared" local fine n]esh
model. The inodel covers two frame spaces, but the two end web frames were noi b»
modeled because boundary displacernents are imposed on the two end sections. 'I'he
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model was "user prepared", but the majority of the data were automatically generated
with the aid of the "zoom-in" tool,

2! Zoom-in Tool
Utilizing the "zoom-in" tool, the user can benefit in two ways:  a! for creating a user-
prepared model, the tool provides a basic model as a basis for further refineinent in a
quick and efficient wav, and  b! when a geometrically-based model is built, and a finer
mesh is desired, the tool is handy for mesh refinement. Figure 5 show a "zoom-in"
model of the connection of the inner bottom and the sloping bulkhead of a double hull
lanker. The model was created totally by the "zoom-in" tool.

55
I,

xgkY <»»»

Figure 5. I,ocal Model � Connection of Inner
Bottom to Sloping Bulkhead

Figure 4. Local Model - Transverse
Web Frame

3! SafeHull Model I ihr<iry
The SafeHull system also provides a build-in model library for some typical str'uctural
details such as bracket toes, access holes, sti ffener connections, and bulkhead
connections, For each detail type, a parameter-controlled input file is used to
automatically generate the desired model. The configurations of the model can be easily
modified by changing the various parameters in the model input file. l igure 6 shows
some local fine inesh models of typical details generated by the built-in SafeHull model
library.
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 b! Access Hole a! Bracket Toe

 fj Connection of Deck longitudinal
to Transverse Bulkhead

Figure 6, SafeHull Model Library for Typical Structural Details
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 c! Stiffener Connection at Transverse
and Longitudinal Bulkheads

 d! Connecuon of Transverse
to l.ongitudinal Bulkheads





instead of boundary forces were used as boundary conditions for the subsequent local models, because
boundary displacements could be more readily applied. Application of local loads to the local models
was done automatically by computer programs and they were consistent to that applied to the 3-hold
global model.

Figurc 8 shows a fine-mesh finite element model of the transverse wcb frame in the rniddle hold.
This is actually a 3D fine mesh model that covers two fraine spaces, similar to that shown in Figure 4,
although only the middle transverse web frame is shown in the figure. 'I'he basic model was generated
automatically by the "zoom-in" tool and then refined at the bracket end and cutout areas, l or this 3D
model, the required 3D internal and evternal pressure loads were generated automatically by thc
computer programs.

As can bc seen, access holes on the transverse wcbs are properly inodeled, and can be used for
fatigue strength assessment of the access holes. 'Ihe hot spots for the transverse web fine-mesh model
required for the fatigue strength assessment are at the bracket end connections, around the access
holes, and at the connections of the sloping bulkhead to inner bottom 'ind side longitudinal bulkhead
plating, as marked by circles in the figure.

Figure 8. Intermediate Model of Transverse Web Frarnc

Figure 9 is an intermediate inodel of a middle horizontal girder on a transverse bulkhead. The
model was first cui out directly from the three-hold inodel and then refined using the zoom-in tool with
some modifications as described aboie for the web fraine model. In this analysis, thc stress ranges
obtained in the model were screened for purposes of identifying the most fatigue-prone areas, which
were then further analyzed by more detailed fine mesh models for closer fatigue assessment.
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Figure 9. Intermediate Model of Transverse Bulkhead Horizontal Girder

The fatigue strength criteria specified in the Rules are based on the assumptions that all
structural joints and welded details are properly designed and fabricated and are compatible with thc
anticipated working stress levels at the locations considered. It is important to closely examine the
loading patterns, stress concentrations and potential failure modes of the structural joints and details in
highly stressed regions, The structural performance of the structural details can be determined using
fme-mesh models of the structural details with appropriate boundary conditions determined froiu the
coarser inesh local FFA or from the global 3-hold FFA directly if appropriate.

Fatigue life calculation is made directly from the calculated stress range with a specified S-N
curve and an estimated Weibull shape parameter, Appropriate stress range, S-N curve and Weib«ll
shape parameter should be specified for each of the ship structural details considered. The S-N curve
and stress ranges to be used are closely related to each other. It is important to consider the stress and
S-N curve simultaneously for the fatigue strength assessment in order to maintain consistency, For
convenience, the SafeHull computer program calculates fatigue lives for all 8 classes of S-N curves for
each eleinent stress range, see Figure I l. The results are to be evaluated in accordance with the
appropriate S-N curve for the structural detail considered,

Based on the procedures given in this fatigue guidance, the largest element stress range among
the four pairs of the eight SafeHull s4indard load cases is considered as the hot-spor stress range for
the element chosen for the calculation, Element stress ranges determined by the respective finite
eleinent models should be used in collaboration with appropriate S-N curves for the fatigue strength
assessment.
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Figure 10, Enlarged View of the Toe l'.nd Area of a Bracket Toe Model

Figure 10 is an enlarged view of the toe end area of a bracket toe model generated by the
SafeHull model library. Figure 11 shows some of thc results on «letnent fatigue life, along with the
element stress ranges.
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Figure 11. Elcrncnt I atigue l.i fe
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During the illustrative analysis, about thirty structural details were evaluated, The fatigue
results indicated that there were only two locations where a specified 30-year design life was noi
satisfied � one at the bracket connecting the deck transverse to the longitudinal bulkhead, and the other
at the bracket of the middle horizontal girder connecting to the longitudinal bulkhead. The analysis
further indicated that a 2 inm increase in thickness of the bracket in the toe end area would sufficiently
raise the fatigue life to meet the target life.

Cnttcjusion

SafeHull FEM fatigue analysis procedure using the so-called "simplified fatigue analysis' with
the SafeHullstandard load combinations provides a practical approach to fatigue strength assessment
of the hull structure. The procedure can be performed in conjunction with routine finite element stress
analysis, in lieu of more elaborate methods such as spectral fatigue analysis, to evaluate the fatigue
strength of the complex hull structure, The practical tool is very useful to aid engineers in the design
or repair process to assess fatigue performance of ship structural details and welded connections.
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SINIPLIFIEO STRESS ANALYSIS OF SHIP STRUCTURES
Xiling C.'he, Faith K. Lee and Daron H. Libby

american Pureau of Shipping, Xew York,,Ver York

Abstract

The American Bureau of Shipping  ABS! recently coinpleted a study to develop a streamlined
approach to the finite element analysis  FEA! of ship structures that simplifies the process without
causing appreciable loss in the accuracy of stress prediction, The results of this study lead to
recoinmended guidelines for 1'EA modeling and analysis of ABS-classed tankers, bulk carriers and
containerships. Clearly, such guidelines used in conjunction with well-established Safel lull analysisprocedures can lessen the need for engineering judgement, ensure a similar stress evaluation regardless
of who performs the analysis and reduce the time required to complete an FEA evaluation.

The study establishes a baseline result by analyzing a detailed structural model created with as
few simplifying model idealizations as possible. Various simplifying techniques are then siudied andcompared to the baseline result and two simplified approaches are presented, The ABS Saf»Hull
analysis and structural yielding/buckling evaluation procedures are discussed to provide more
information about this study.One recommended procedure is a two-step approach. First analyze a coarse mesh 3D model to
assess hull girder strength and to determine accurate displacements. Then local 3D fine mesh modelsof principal supporting members such as web frames and horizontal girders are analyzed and evaluated
under the loads and subjected to the displaceinents computed in the flrst step. An alternative procedure
is a one-step approach. Creating a fine mesh 3D model that contains sufficient detail such that few or
no local 3D models are required. The one-step results are used to assess both hull girder strength and
evaluate stress in principal supporting members.

Introduction

Using the FEA approach to compare the strength of a ship s ruciure to the failure criteria for
yielding, buckling and fatigue  strength assessment! is often time consuming even for an experielicedanalyst. To perform such an evaluation. an engineer must carefully create an accurate FEA model.apply loads, run the analysis and assess the results. '1 here are many options available to simplify th»
assessment procedure such as reducing the size of the finite cleinent model, autoinating loadsapplication and breaking the task into one global analysis followed by a series of local detailed
analyses.Although the use of a higher mesh density and morc structural detail will result in the most
accurate stress predictions, such a model is much more time consuming to create, more prone to errorduring model creation and requires more computer resources to solve. However, if an insufflicient
number of elements are used, the structure will lack the correct flexibility leading to inaccurate results.

ABS has developed the load and strength criteria, which are based on a first principle»
approach. This means that the appropriate loads are detemiined for a structural member first, then the
stress response to those loads is determined, Dynamic global li>ads and local pressures, and their
coinbined effects are considered in strength and failure criteria Ilj, I2], I3j and I4]. Thc ten critical
load cases have been developed to evaluate ship strength at different structural locations. Accordingly.
a loading procedure has been impleinented in the ABS SafeHull system to automatically apply these
loads to an 1 EA model. To evaluate hull girder strength using finite element inndels of coarse mesh
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density, SafeHull can perforin local bending stress calculations due to local pressure load after the
finite element solution is obtained.

One simplified approach to ship strength assessment is to first analyze a coarse mesh three-hold
model for the evaluation of hull girder strength and to obtain accurate displacements. Then local
detailed 3D models of principal supporting members such as transverse structures or horizontal girders
can be analyzed in which thc mesh density is increased, the detailed geometry considered and
displacements calculated in the first step are applied as boundary conditions. An alternative approach
is to analyze a fine mesh tltree-hold model that contains sufficient detail to reduce or eliminate the
number of required local analyses.

Clearly, there is a iieed to study modeling approaches, loadin ~ procedures and sirnplit'ying
assumptions to produce a set of recommended Ff..A analysis guidelines for ship structural analysis. To
verify the simplification process, a very detailed 3D three-hold model divas created and analyzed. This
detailed 3D fine mesh model has th» same rncsh size as a model required for local detailed stress
analysis [5] and is used as the 'baseline" result, Various simplified niodels are then analyzed and
results are coinparcd with the baseline result.

One of the objectives of this study is to provide these comparative results as a reference lor
ship analysts, The main goal for this study is to develop a streanilincd modeling and analysis procedure
for ship structural analysts, thereby reducing the time required to complete the evaluation of a ship
d«sign. The paper primarily studies the effects of simplifying assumptions on global 3D arid local
detai led models.

Analysis Approach

One proven technique
for obtaining accurate stress
distribution in princ ipal
supporting structures of ships
such as web frames is tlie "two-

step" inethod. This technique is
very useful in situations where
computer resources are limited.
First a coarse mesh 3D global
model of a three-hold section is

created, This model can coiisist

of clement sizes equal to the
spacing between transverse
frames in longitudinal direction
and every two or three
 recommended two!
longitudinal stiffcners in
transverse d iree t.i on with

lumped stiffencrs. The typical
3D three-cargo hold global
coarse mesh models for tanker,

hulk carrier and containership
are shown in Figures l. 2 a»el 3,
respectively. This coarse ni«sh
model can then bc analyzed by

Figure l. A Typical 3D Global Coarse Mesh Tanl er Model

Figure 2. A Tvpical 3D Coarse Mesh Hulk Carrier Model



Figure 3. A TypicaT ' 13D Coarse Mesh  ;ontainership Model

those areas that are not

governed by stiffeners. In
certain detailed or large
stress areas, such as a
cutout, bracket toe and the
structural connections, a
more detai led mesh size

may be needed to accurately
compute stress variations.
A typical one-step firre
mesh model is shov n in
1'igure 4.

Because thi s study
fcompares the effect o '

certain simplifying
Figure 4. A TypicaT ' � 13D Fine Mesh Tanker Model

Figure 5. A Very Detailed 3D Fine Mes h '1'ankcr Model
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d in terms of cargo oa, a ast load and external wave load, In the second
mesh models of the principal supporting structures of i te e t

h 3D lob I I i.LJs lly,.
h h h kdozen or more oca mo e1 d 1 is required to ensure t oroug s

An alternative approach is
the "one-step" method. In this
approach, a fine mesh 3 gD lobal

model is created that contains
sufficient detail to eliminate the

need for much or all local
'. 3D fineanalyses. Typically, this ine

mesh model includes all
sti ffeners at their design
locations, by which the mesh size
will be determined, Element
aspect ratio should be considered
to determine the mesh size for



assumptions on stress prediction, a very detailed three-hold ntodel has been created, a» shown in
Figure 5, and analyzed, This model contains two plate elements between frames and tv o «lcincnts
between longitudinal stiffcners. The plate elements are defined as bending clenicnts and all plate
stiffcners are included and modeled as beanis,

3D Global Model Analysis

A finite eleinent analysis of a ship structure focuse» on the most critical portion of tlie structure,
that being the three-cargo-hold midship section, This requires the application of proper boundary
conditions and load criteria such that the stress from this model can be used for strength evaluation. At
ABS, such a study has been undertaken based on the first principles approach, and the lo id and
strength criteria have been e»tablishcd which can be found in AHS Rules 1Ci], 'l' he strength asse»»ment
involves the hull girder strength and local strength assessment of ships, which mainly fo«u» oli
yielding. buckling and fatigue evaluation. A 3D three-hold mid»hip model analysis approach has been
developed and primarily ser ves for hull girder strength assessment.

The hull strengtk. in terms of the moment of inertia of the entire cross section area. will not he
affected by modeling plates as bending or membrane clemerits «nd stiffeners as rod or beam clemeiits.
Therefore, the primary stress due to hull girder bending and secondary stress of stiffened paneI»
deformed under local loads between transverse bulkhead will remain essentially the same for a niod«l
with either bending plate and beam combination or menihrane piatc and rod combiriatioii of
longitudinal members [5]. Strength evaluation for all longitiidinal members can bc obtained froni a
siinplified 3D coarse mesh model, because Safel lull accounts for additional stress duc to lo«al prcssure
load on local stiffeners  offset! and plate bending. For longitudinal strength evaluation, transverse
structures can be simply modeled by only considering plate elements and a few important stiffener».

To study the different element combinations, three different models for the same tanker ve»scl
have been built. The principal dimensions ol this vessel can be found in Table I. These three models

are: a! a inodel with rneinbrane plate and rod coinbination.
b! a model v'ith bending plate and rod combination
c! a model with bending plate, rod and beam combination.

Table 1. Pri no i pal Dimensions

65 �11!
ulded
lded

fieient

A total of ten SafeHull load cases are applied to these three models, in which each load
condition represents SafeHull load criteria for different structural sections. Yielding and hu«kling
evaluation are performed and represented by yielding and buckling factors, which are thc ratio ol
calculated stress against SafeHull strength criteria. Tables 2 and 3 shov the SafeHull yielding factor»
for maximum load case at each location for the tankei model with dift'erent clcrnent type cottibinations,
shown in Figure I. The model has coordinates of x-for@,ard, y-upv ard and z-toward starboard v. ith the
origin at the intersection of bottom, center plane and frame I  shown in I igure 6!.

The panels for yielding and buckling checks have been selected between tramcs 13 and l4 as
shown in Figure Ci. It can hc seen that from Tables 2 and 3 Ihe differerices of yielding aiid hu«kling
betv'een different models are very sinall, However, three models will result in di fcrcnt displaccinerit
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boundary conditions for local 3D analysis, The model a! can only produce translational disphicements
since only membrane plate and rod elements are used. The model b! can provide both translational and
rotational displacernents because of bending plates are used. However, only those rotational
displaceinents are considered reliable at those planes where the plates connect  back up! to each other
orthogonally, such as on a transverse web frame plane, where no beams are present. The ntodel c!
should provide both reliable translational and rotational displacements.

Table 2. Comparison of Yie/ding Factors for the Tanker with Three Different Combinations
=12! I

e 3, Comparison of Buckling Factors for the Tanker with l'hree Different Com

On the other hand, solving a 3D global model with a mesh size as shown in l'igurc l is no
longer a big job with today s computing power, Table 4 shows the solution time required for 3D global
coarse mesh model with MSC/KASTRAhJ  gj on a Pentium 350 Mklz PC. ln order to obtain a good
design, the ship structure analysis is usually an iterative process  re-analysis!. The quick FEA analysis
time required to solve the 3D coarse mesh model make the iteration process much less time
consuming,

Table 4. Comparison of Fl'.A Analysis Time among Models with Different Mesh Density
h Model ~one Step Fine Mesh Mod ry Fine Mesh Model

33,746 69,478
17,440 l 28,942

! h48tn35s 2h I 8n34s on SGl Workstation

;HG 1 HG7HGs , HGS

HGs
~ Ge HG4 HGs

1 2 3 4 5 6 7 8 9 1011121314 l51617181920212223242526

Figure 6. Frame Arrangement of the Tanker Model
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Local Detail Model Analysis

A local detail model should be created for the principal supporiing structure of interest in the
case where the global model is of insuAicient mesh density. The typical local fine mesh models for
transverse web frame structure and horizontal girder are shown in Figures 7 and g, respectively. The
accuracy of the results from such a local analysis is mainly dependent on the inodeling of local details
and the boundary conditions obtained from the global analysis. provided that the correct loads have
been applied, The local model should bc at least as fine as the onc-step fine mesh model, described
previously. Finer mesh density may be needed for local details such as a bracket toe or cutout I%I.

Many such detailed models
may be needed to assess all critical
ship locations, such as transverse
web fraines, horizontal and [
longitudinal girders. double bottom p;-~" I' .'II' I 1

iI" i
girders and floors, connection of
corrugated bulkhead, inner bottom
and low stool area, eic. The i ' .1

number of local models required
;i

for local detail stress analysis will I

vary from different designs and
vessel types. 'l'he creation of all
local 3D models is time
consuming. Hence, an automatic Figurc 7. A Typical 3D I.ocal Fine Mesh Model for fransverse
zooming procedure has been 9'eb Frame Analysis  Tanker!
developed by ABS to generate a
local detail model by cutting and refining the part of interest from thc 3D global model.

The three simplified 3D global models discussed in the previous section may lead to diflcrent
boundary conditions for tlie local 3D
analyses, especially nodal rotations.
The motivation to use the
combination of membrane plates and
rods in the three-hold model is that
v ith only in-plane ti anslational
degrees of freedom, the » 1cincnt
stiffness inatrices are reduced by a
third and thc solution Iime is
reduced by a factor ot nine.
llov cv»r, if a local detail model is
then»rcatcd with hearn clcnients as

stiffeners and the nodal rotations on
th» cut boundary are unknown,

Figurc 8. A Typical 3D Local Fine Mesh Model for Horizontal inaccuracy in the displacemcnts and
Girder Analy sis  Tanker! stresses in the local model m;iy be

introduced.

Critical Stress Area

Critical stress areas for a ship structure [7] are generally located ai points of sudden pen»ietric
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change and structural connection areas. Figures 9 and 10 show the stress distribution and some critical
stress areas  shown by circles! for a transverse web frame and horizontal girder, respectively, in a

tanker model. Figure 9. Critical Stress Areas for Transverse Web Frame  Tanker!
Figure 10. Critical Stress Areas for Horizontal Girder  Tanker!

Such critical stress areas should be considered when determining the mesh density. For
example, a 3D global coarse mesh model should contain more elements in these areas to provide a
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good estiination for determining if local detail stress analysis is necessary. jf a one-step analysis is
performed, element density in these areas should be inuch finer. Otherivise, local detail stress analy»is
cannot be eliminated.

Comparison Study

'I'here are many modeling siinplifications that the analyst can niake to approximate a»olution.
thereby making the best usc of modeling time, computer etficiency and data storage. However, certain
simplifying assuinptions can lead to incorrect predictions of displacement and stresses. I his study
looks at the effects of inaking certain modeling assumptions in an effort to find a procedure that
Ic»scns the need for engineering judgenicnt in the evaluation of »tre»». Thcsc variations incliide.
~ Distribution of th» applied load
~ Eleinent type
~ Specification of boundary conditions
~ Omiss! on of stiffeners

Because this study co!r!pares the effect of certain simplifying assumptions on stre»» predictioii,
Ihc first step is to create and analyze a very detailed three-hold baseline inodel. which has bee! shown
in Figure 5. This model meets the mesh density criteria for local stress analysis as required [5J and ha»
a niesh density identical to thc local 3D fine mesh niodcls Actually, the local 3D models. as»hoi~n in
Figures 7 and 8, are cut from this fine mesh model, Therefore, the con!parison for thc element stress i»
based on identical FLA models. As shown in Table 4, this model coritains a total of 69.478 node» and
128,942 elements, Th«niodcl was solved in 2.3 hours of elapsed time h> MSC/NAS'I'RAN' on a SCil
UNIX workstation.

For the purpose of comparison. the most critical transverse i~eh  franic I!! and on«horizontal
girder  HG4! were selected. as depicted in Figure 6. 'I'he stress areas for comparison for the iveb 1'ranie
are labeled as A through Ci and are annotated in Figure 9, and for the horizontal girder are labeled as A
through C and are annotated in I'igure 10. For each <!f thc ten load cases studied, the inaximuni stresses
 corresponding to maximum load case! in these high stress regions ire used throughout this rcport to
assess the deviation in accuracy duc to certain simplifying assuiiiptions. 'I he result from the ~cry linc
rncsh model is represented by Baseline and is normalized to I. The ratios between stresse» I'rom other
models to the baseline model are used for comparison.

Load Distribution
The local 3D model can contain nodes that are neither on the ciit boundary nor in the plane of

interest. For this reason, there is an option either to apply loads to all nodes  distributed loads! or to
simply apply a lumped linc load only on thc nodes in the 2D plane of interest  linc load!. 'I l!is studv
f!nds that it the local detail model contains longitudinal stiffeners and nodal rotations on tlic boiiiidary
are»pccificd, either the distributed load or the line load leads to essentially the same result  'I'abl«5!.

Table 5. Stress Comparison on I rame 15 - Distributed l,oad versus Linc Load
'7

I
I
9I! ! '�

! �0. 9 ft

Special considcratinn is needed for the horizontal girder. In the case there i» no beam «lcrncnts
in global 3D model, the rotation boundary conditions on a cul. houndarv are only reliable;it loca!.ion»
which have longitudinal support. I'or example, the local model for HO4 has to bc extended io II�3 and
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inner bottom, which will produce a dc»per model than is shown in Figurc 8. Only then will thc local
analysis produce reasonable results using distributed load and specified rotational constraint on the»ut
boundary. Otherwise, a line load must be used to eliminate any rotational effects. Table 6 shows the
comparison, in which the distributed load has been applied to a 'larger" local 3D model and line load
has been applied to a "short" local 3D rnode1.

Table 6. Stress Comparison on llorizontal Girder IIG4 � Distributed I oad versus Line Load

A:LC6

0.83
0.94

In the case where the 1ocal 3D rncsh is of such refinement that there are two or more elements
between longitudinal stiffeners, some nodes between the longitudinal stiffeners will be loaded. 'I'hc
vertical stiffness against such a load will differ depending on the existence of a stiffener at that node
location. Such a situation will create a stepped phenomenon in the web shear and Von Miscs stress,
This is a local effect and does not exist in the case of lumped line loading.

F.lernent Type
The local bending effects are important and need to be included for local stress predictions.

Therefore, bending plate elenients should be always used m the local 3D model. The advantage of
using the bending plates in the 3D global model is that reasonable nodal rotations are calculated at
those planes with back up plates. These planes can be used as the cutting boundary of the local detail
model. Applying both translational and rotational boundary conditions for the local detail analysis will
improve the local stress prediction.

One timesaving technique that can be used is to model the lumped stiffeners as rods rather than
bcains in the 3D global coarse mesh model. This will not affect the hull girder strength evaluation
 Tables 2 and 3!. Because we are interested in only thc global displacernent, it is the axial stiffness and
nat bending in the stiffener that is iinportant, while the bending plate will pick up the nodal rot;itions
needed for the local 3D analysis. In addition, a rod property is defined touch more easily than a beiim
praperty that requires thc moments of inertia and orientation data to be defined.

Table 7 shows the stress comparison between the baseline model  l igure 5! and th» 3D local
model  with stiffeners! using bourrdary conditions from three different 3D coarse mesh models
 described in thc Section 3D Global Model Analysis!, The normalized rnaxirnurn stress  under line
load! for certain load cases at different locations is presented,

Table 7. Stress Comparison on 1'rarne 15 - Element Type in 3D Coarse Mesh  Line I.oad!
C1 I

I

It can be seen that from Table 7 the el»men  types used in the 3D global model will affect rhe
3D local detail stress analysis results. The global model with rnembranc and rod combination lead ta a
large differenc in local stress ca1culation since rotational displacemcnts arc not computed in the glohal
analysis.
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Specification of Boundary C:onditions
When a local 3D model of' a principal supporting structure is created for detailed stres.

analysis, the displacenients computed from the three-hold analysis must bc applied to the cut boundary.
if additional nodes arc created because of niesh refinement such that no corresponding node exists in
the three-hold niodcl, specified displacements on the cut boundary can be interpolated linearly for
those nodes. If nodal rotations arc computed in the three-hold analvsis. they should be included in thc
specified displacernents applied to the local 3D model, Otherwise, the nodal rotations on the cut
boundary should bc left free to ensure a conservative stress estiniate.

To study the boundary condition effects, the frame l3, as shown in Figurc 6, was selected since
it is close to transverse bulkhead and the horizontal girders HG3 and IIG4. The data in Tables g aiid 9
show that whether the rotations should be left free or constrained is dependent on the local area of
concern and no general guideline can be discerned. For this reason. it is best to use bending plates in
the global 3D model such that nodal rotations can be specified in the local 3D analysis, I lowc~cr, il
should be mentioned here again that without beam elements present in the 3D coarse mesh model, only
those rotations at locations where 'back-up" support exists could be nieaningful.

Table S. Rotation boundary effect at l'rame 13  Distributed Load!
t.C7

1.08
0. 96

Table 9. Rotation boundary effect at Frame l5  Distributed Load!

B:LC6

i.07
0. 87
0.98

Longitudinal and Transverse Stiffeners
The mesh density of the local 3D model should be of sufficient size such that all longitudinal

and transverse stiffeners can be included with no lumping required. Table IO shows the effect ol
existence of longitudinal stiffeners, Table I 1 shov s that the effect of omitting stiffeners  transverse
stiffeners! in the plane of interest, Only rods on faceplates and stiffeners parallel to the direction of
principal stress need to be included.

Table ]0. Stress Comparison on Frame 15 - Existcncc of Longitudinal Stiffeners

! Location and Load Case
I

G: LC7

13ase I inc
i With longitudinal stiffener

Line load, Rotations specified

l .02

; With iongirudinal sriffcner
' Line load, Rotation free

0 87

th96W/o longitudinal gtiffcners
Line load, Rotation specified

09s! W/o longitudinal stiffener
Line load, Rotation free

This study shovvs that the inclusion ol longitudinal stiffener s can improve thc stress predictions.
in thc case thc rotation boundary from 3D global is available. It'the ioarl is applier> only in the plane of
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the web  line load! and without rotational boundary condition specified. longitudinal stiffeners should
be removed. It can be seen that transverse stiffeners are not critical for the stress predictions at the
interested locations.

Table 11. Stress  'omparison on Frame 15 - Existence of Transverse Stiffeners

The One-Step Method

A 3D global coarse mesh model cannot be used for predicting local detail stresses. One
alternative is to use a single fine mesh model to pertorin a one-step analysis. The one-step 3D niodel
should include as much detail as possible for evaluating all structural strength such that fevv, if any,
local models will be required. The three-hold model should consist of bending plates and all
longitudinal stiffeners modeled as beams. Most other stiffeners can be omitted except in local areas
where the stiffener is parallel fo the principal direction of stress lij, The finite element size should be
at least half frame space in the longitudinal direction and one space between longitudinal stiffeners,

It has been shown in Tables 2 and 3 that the one-step fine mesh model will provide results vers
close to those front the 3D global coarse inesh model used for hull girder strength evaluation. In
addition, Tables 12, 13 and 14 show that the stress results in the critical areas for the transverse web
frames and the horizontal girder compare very well with the baseline results, Ratio variations in excess
of 5% at some locations are due to inainly geometric accuracy. The simplified one-step model is the
model without most transverse stiffeners on the transverse v eb frames,

However, it can be seen that such a model, shown in Figure 4, consists of 33,746 nodes and
77,440 eleinents. Even for the simplified one-step model, there are still 65,258 elements and the sanie
number of nodes. Hence. the processing for strength evaluation, including creating the inodel,
preparing loads, FI',A analysis and post processing is much longer than that for the 3D global coarse
mesh model. As shown in Table 4, the solution time for the one-step fine mesh model has been
increased about 10 times, which will prolong the iteration process. In addition, local 3D detail tnodels
may still be required if a one-step model is not fme enough for some local areas,

Table 12. Frame 13 � One-Step versus very Fine Mesh  Baseline!
C4

�

Table 13. Fraitie 15 � One-'Step versus very Fine Mesh  Baseline!
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Table 14. EIorizontal Girder � One-Step versus very I'ine Mesh  Baseline!

Recommended FKA Procedure

The stress comparisons presented have shown that th» results from the one-step fute mesh
model are close to those from thc very fme mesh model  baseline!. If computer resource is available,
the one-step approach is recommended because this approach will reduce the need for lurther local
analysis. If the analyst knows ahead of time which principal supporting members are to be checked,
such as those shown in Figure 9, those particular tuembers or structural areas should contain extr«
geometric detail or a finer mesh. Otherwise. additional local detail analysis may be re<Iuired,

For thc case where a two-step approach is used, the following recommend«tions apply:

Global Three-Hold Model:

~ Create a global three-hold
model o f coarse mesh

densitv  Figures I, 2, 3!
~ Use either bending or

membrane element for

plates and lumped
longitudinal sti Aeners as
1 0ds.

~ A Finer mesh may be
included in certain areas to

better determine if local

detail analysis is necessary
~ Applied load should be

shifted for those elements

without beam or out o f

plane plate element support,

Companson amOng LOCal, One-Step and Fine Meah MOdelS
'Zron-Irtz ~ Z Inrzz ~ 92 aonzOnlal Can rrr FOrWard Oarlrzn, Land Caza 7
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Figure 11. Stress Comparison between One-Step and I ine Mesh
3D Local Fine Mesh Model:

~ Models of principal
supporting members should be extended perpendicular to the members of interest to avoid the local
boundary effect.
Line loading or distributed loading is an option for those local models with realistic rotational
boundary conditions. Only linc load should be used if global model cannot provide realistic nodal
rotations,

~ Most stiffeners can be ornittcd except for longitudinal stiffeners «nd stiffeners close and p«rallcl t<t
the principal direction ttf stress.

~ When using line loading and not rotational boundary conditions. bending plates should be used ancl
longitudinal stiffeners < tmittcd.

~ When using distributed loading and rotational boundary conditions, bending plates and longitudinal
beam SI>ould be used.



translational and rotational
Figure 12. Stress Comparison between One-Step and I'ine Meshbound~ conditions The M d I  W b!

"L3d line" result is from the

local 3D fine mesh model shown in Figure II with line load and both translational and rotational
boundary conditions. In order to applv the distributed load to the horizontalgirder, the local 3D model
was extended to HG3 and inner bottom, so that the boundary condition can be considered reliable. It
can be seen that using line load for the horizontal girder provides reasonable results,

Figure 12 shows the stress comparison for the recommended approach for the transverse web
frame between one-step and fine mesh models for the elements near the inner bottom along the line of
a-b-c-d-e-f-g-h shown in Figure 9. It can be clearly seen that comparison is fairly good fnr the
recommended approach for transverse web frames.

Summary

To reduce the time required to develop and analyze a highly detailed tinite element model, iwo
aJternate methods have been presented to simplify the stress analysis of ship structures. In the first
method, a two-step approach of a three-hold 3D coarse mesh analysis followed by a series of local 3D
analyses can effectively predict stress distributions. In the second approach, a one-step 3D fine mesh
of the three-hold model can reduce the need for local 3D analysis. I ither technique will arrive at
essentially the same stress predictions.

The advantage of the two-step approach is that inodeling and analysis time can be reduced
dramatically and 3D global model can still provide reliable stress results for hull girder strength
evaluation, It also inakes iterative design procedure  re-analysis! more feasible as the analyst can
inodify and rerun global model in a short period of time, For local 3D anal> sis, the zooming teclinique
can be applied to automatically generate local 3D detail models, The load and boundary displacement
can be applied autoinatically to the locaJ model, Thc disadvantage of the two-step approach is thai
many models need lo be created and analyzed.

The one-step fine mesh approach reduces the need for further local 3D analysis. When local 3D
analysis is required, zooming and retinemcnt procedure is very siinple because the structural det;iils
and geoinetry have already been defined in global 3D inodel. Of course. the disadvantage of the one-
step fine mesh approach is that extra time is required for modeling and solution. and inore computer
resources are required to solve such a large problem. Therefore, this apprrl;il:h makes the iterative
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Figure 11 shows that the
stress comparison of the
horizontal girder  HG4!
between one-step and fine mesh
models for the elements of the
inner edge along the litic of a-b-
c-d-e-f  as shown in Figure 1�!.
The "Baseline" result is from
the very fine inesh model,
shown in Figure 5. The "One-
step" result is from the one-step
inodel, shown in Figure 4. The
"L3d dis" result is front the
local 3D fine mesh model,
shown in Figure gr with
distributed load and both
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design procedure less feasible because small change in mesh detail requires the re-analysis of the «»tire
ship structure. Local 3D models will be required for those principal internal supporting structure
details where it is impossible to include a sufficient element density in tlte three-hold model.

The best practice is ta always create the three-hold 3D coarse mesh model to consist of bending
plates and beams, whenever possible. To reduce modeling time, rods may bc used in place of bcants
and inembrane plates may be used instead of bending plates in three-hold 3D coarse»iesh model.
When membrane plates and rods are used, nodal rotations will not be computed and will not be
available for use as boundary conditions on the local 3D models. This study fiends that ignoring nodal
rotation in thc global 3D analysis will affect the accuracy ot the local 3D models. For this reason, morc
engineering judgement wi	 be required for those global models consisting of something other than
bending plates and beams. The local 3D model should consist of loitgitudinal stiffencrs if rotation
boundary can be provided from 3D global analysis, I ongitudinal bean> should bc antittcd from the
local 3D model when rotational boundary conditions are unavailable.

All nodes on the cut boundary should be prescribed boundary displaccmcnts computed i» the
3D global analysis. When extra nodes are added on the cut boundary duc to mesh refinement. then
prescribed displacements should be interpolated from neighboring nodes, All other nodes shoiild hc
loaded with the appropriate cargo, ballast and sea loads. Either line loading  all loads luntped onto the
plane of interest! or loading all nodes of the local 3D sub-model is acceptable. If line Ioadirig is used,
the exclusion of bear» stiffeners is a conservative assumption and has little effect on the results o1 most
load cases.
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TANK TESTING VS COMPUTATIONAL FLUID DYNAMICS  CFD!
IN SHIP DESIGN

Paul D. Sclavounos, MIT, Dept. of Ocean Engineering, Cambridge MA
5ungeun Kim, Boston Marine Consulting Inc., Cambridge AA

L Introduction

Computational fluid dynamics  CFD! is playing an increasingly important role as a tool in
ship design. The last two decades have witnessed rapid growth in the development of computational
algorithtns for the simulation of a broad variety of ship f1ows. Fueled by the advent fast micro-
processors, ship fiow computer programs are progressively finding their way to desktop PC's and
into the toolbox of naval architects.

Tank testing is a necessary step in ship design and this state of affairs is unlikely to be
seriously challenged in the near future, Yet, the frequency and extent to which tank testing is likely
to be used will be challenged by computational methods which have been properly verified-
debugged, validated � compared to physical results, accredited- accepted as valid design tools and
transitioned - used by people other than their developers. A survey of such methods in various
stages of development was presented by Beck, Reed and Rood �996! [1]. Larsson and Baba �996!
[2] presented a review of the use of viscous CFD in predicting the ship wake and resistance. Recent
progress towards the computation of potential flow wave ship interactions is reviewed by
Sclavounos �996! [3].

The present article is not intended to be a survey of ship flow computational methods or of
the attributes of their respective solution algorithms. Interested readers should refer to the articles
listed above and the references therein. Instead this study wiII address areas in ship hydrodynamic
design where CFD has made considerable inroads. The primary accomplishments and challenges
faced by computation will be identifled. Finally, emphasis will be placed on the ship flow
computational method SWAN  Ship Wave ANalysis! developed by the authors and their associates
[cf. Sclavounos et. al. �996'! [4]]. Several of its applications in ship design will be discussed.

The paper is organized as follows, A variety of ship flows of interest in design are identified
and a general discussion of the successes and challenges faced by tank testing and CFD is carried
out. Various types of ship hulls are identified and the performance and use of specific
computational methods in their hydrodynamic design is addressed.

2. Ship Wave Pattern

Knowledge of the ship wave pattern via tank testing or CFD is important in ship design in a
variety of ways. For example, the accurate prediction of the wake trailing a ship is essential for the
evaluation of the ship wave resistance, The ship wake and its signature are essential attributes of
modern naval hull forms. Moreover, the wave elevation along the waterline of high-speed vessels
may play an important role in the design of the ship waterjet propulsion units.

The ship wave pattern is affected both by viscous and ideal effects. Along most of the ship
waterline and away from the ship wake, the ship Kelvin wave pattern may be modeled by assuming
that water is an ideal fluid, Near the ship stern and in its wake, vorticity generated within the ship
boundary layer, the propulsion mechanism and by the stern geometry plays an important role in
defining the ship surface wake.
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2,1 Tank Testing

Tank tests are effective in evaluating ship wakes since the wave elevation over the entire
free surface may be easily measured by a variety of experimental techniques. The challenge faced
by experiments is the scaling of the measured ship wake to full scale, where the high Reynolds
number alters appreciably the properties and evolution of the free surface turbulent flow compared
to laboratory measurements. The comparison of laboratory and full-scale ship wakes is necessary
for the development ofbetter scahng laws.

The measurement of the portion of the ship wave pattern not affected appreciably by viscous
effects is very reliable and is widely used to verify and validate CFD methods, discussed next.

2.2 CFD
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Figure 1: The wave profile along the Series 60 Hull advancing at a Froude number 0.316 along the waterline
Figure a! and at a cut along y/L&,108, Figure b!. Results are shown with increasing numbers of panels and
are compared to experiments

Near the ship stern and in its wake, the validity of potential flow solvers must be questioned,
Their ability to predict ship wake features which are affected appreciably by viscosity and
turbulence is limited, For certain hull forms and large scale &ee surface flow features, such methods
oken provide useful suggestions which however must be carefully tested before accepted in routine
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Computational methods have been successful in predicting the ship wave patterns in regimes
where the free surface flow is governed by ideal fluid effects. Several such methods have been
developed, the majority solving the 1inear or nonlinear flow around the ship as if the water was an
ideal fluid. A comparison of several such methods  and others which account for viscous effects!
with experiments was recently carried out by Ratcliffe �998!.

Near the ship hull and in regimes where viscosity does not play an important role, potential
flow solvers and RANS  Reynolds Averaged Navier Stokes! methods can predict the surface wave
elevation with very good accuracy, Details of the surface wave steepness require a large number of
elements or the use of a nonlinear method. Figure 1 compares measured and predicted values of the
surface wave elevation with the linearized SWAN method along the Series 60 hull.



design. A number of methods which account for viscous and free surface etfects are under
development for this purpose.

Far from the ship and in regimes where viscosity is not important, potential flaw methods
which solve the free surface flow equations without introducing numerical dissipation have been
very successful in predicting the ship Kelvin wake. Figure 2 compares predictions of SWAN-1 with
Kelvin wake measurements by Lindenmuth, Ratcliffc and Reed �991! for a naval combatant
known as the 541S Hull.

v L

Figure 2i Contour plot of the v ave proflIe around the 54 I 5 hull advancing at a Froude number 0.4I. The
bottom ha1f of the figure compares the measured and predicted kelvin wake spectrum as a function of the
wavenumber

Several interesting conclusions may be drawn from this comparison, supporting the SWAN-
1 predictions on one hand and pointing to its limitations on the other. The SWA%-1 Kelvin wake
computations may be seen to converge w ith increasing numbers of panels and to be capable to
better resolve flow details as the mesh density increases. Moreover, the measured and predicted
Kelvin wake spectra, plotted at the bottom of the figure, are seen to agree well over-the smalI and
moderate wavenumber regime. The agreement over the short wavenurnber regime is not satisfactory
and is attributed to viscous and nonlinear effects arising from the ship wake where free-surface
turbulence can no longer be ignored,

Related to the ship wave pattern measurement and prediction, is the evaluation of the ship
nominal and effective wake for use to design ship propulsors. The literature on this subject is
extensive and this subject will not be addressed in the present article. However, it is worth noting
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that most of the RANS methods under development for the prediction of the ship wake, are
evolutions of methods originally develo~ for the prediction of ship propeller wakes.

3. Sbip Resistance

The evaluation of the resistance of a ship by analytical or computational means remains the
Holy Grail of ship hydrodynamics. Since the l 898 Mitchell thin-ship theory and a century of
advances in theoretical and computational ship hydrodynamics, the evaluation of the resistance o f
many vessels with the accuracy demanded by industry is still the purview of tank testing,

However, while modern CFD methods are not capable to predict the ship service speed to
within a &action of a knot, they may offer valuable assistance to the ship designer on how to
minimize ship resistance and improve hull form design.

Here, it is necessary to defme and discuss the resistance components of conventional and
high-performance ship hulls, and identify those that stand to benefit from improved tank testing
techniques and CFD methods,

3. S Frictiona 8esisianee

This is the resistance component obtained by treating the wetted surface of the ship hull as a
flat plate and using the lT'1C friction Line for the relevant Reynolds number to evaluate the
kictional drag. Areas where CFD may improve the prediction of the frictional resistance is in the
evaluation of the ship wetted surface which may differ appreciably from its static value for hulls
with overhangs at the bow an stern. This is typically the case in sailing yacht design,

The frictional resistance evaluated as defined above, is largely dependent on the Reynolds
number and to a far lesser extent on the Froude number. The latter dependence arises from the
variation of the ship wetted surface and the influence of the Froude number upon the Form
Resistance, discussed below. The frictional resistance using the static wetted surface is oAen
subtracted Rom the total niodel resistance measured in tank tests, in order to obtain the remainder,
often referred to as the Residuary Resistance.

The contribution of CFD in this process is to better predict the dynamic wetted surface and
on certain occasions the influence of wave effects upon the form factor. Both these effects are
complex to identi fy via pure tank testing,

3.Z Residuary Resistance

The simplest definition of the Residuary Resistance, adopted in the present article, is the
difference of the total resistance and the flat plate fictional resistance evaluated using the static
wetted surface. Under this definition the kictional resistance is purely Reynolds number dependent,
with all Froude and some Reynolds number effects transferred to the Residuary Resistance. If the
dynamic wetted surface is used, e.g. estimated by a CFD method, some Froude number effects are
included in the frictional resistance,

Tank testing, ofien evaluates the Residuary Resistance as described above, namely using the
static wetted surface to determine the frictional component, On certain occasions dynamic effects
may be accounted for by sinking and trimming the model to their values at the vessel cruising
speed. Thereafter, it is left with the ship designer to identify the various components of the
Residuary Resistance, either via further tank testing, e.g. low-Froude number runs to determine the

328



form resistance using Prohska's method, experience or CFD. AII these are discussed in more detail
below. The primary components of the Residuarv Resistance are:

a Wave Resistance
a Form Resistance

a Induced Resistance

3,3 Wave Resisraace

The wave resistance is defined as the component of the Residuary Resistance which depends
primarily on ideal fiuid effects and is therefore Froude number dependent. 'I his is the component of
resistance which may be evaluated by standalone potential flow CFD methods, When available via
computation, the wave resistance may be of great value to the designer particularly for ship hu! ls
cruising at high speeds.

Identifying with accuracy the wave resistance from a tank measurement is not easy, unless
the form and residuary resistance components are known for similar hulls, experience or further
tank testing. As discussed below, this may not always be a feasible or inexpensive task,

Therefore. the evaluation of the wave resistance from linear or nonlinear potential flow CFD
methods is of great value to ship designers. Several such linearized and some nonlinear methods
have been developed and have shown considerable promise in evaluating the wave resistance of
cruiser and transom stern ships. as well as sailing yachts  cf, [3],[4]].

A fully nonlinear potential flow solution will generally produce a more accurate prediction
of the wave resistance. However. equally important to the selection of a nonlinear wave resistance
method, is the development of a robust solution algorithm. Discretization errors must be identified
and controlled via systematic convergence tests for a base linearized method, prior to an attempt to
include nonlinear effects which are often delicate to model numerically.

Moreover, from the point of a view of the ship designer, it is important to identify the
various sources of nonlinearity in the wave resistance of ships. At moderate and high speeds they
are:

a Vessel sinkage and trim
cr Nonlinear Variation of the Ship Wetted Surface

Nonlinear Variation of Pressure along the Ship Hull

Several of these effects may be approximated with good accuracy by linearized methods like
SWAN. The vessel sinkage and trim and the respective wave resistance may bc determined from
the iterated execution of a linearized CFD method. Thc same applies to the approximation of the
nonlinear variation of the ship wetted surface, Finally, a wave resistance method like SWAN, which
does not introduce numerical dissipation into the computation of the surface wave profile, may be
used to evaluate the wave resistance &om a wave cut analysis [cf. Nakos and Sclavounos �993!].
This technique was pioneered by Eggers, Sharma and Ward �967! as a very reliable means of
identifying the ship wave resistance experimentally.

Later in this section the implementation of the techniques discussed above will be
demonstrated with the linearized potential flow CFD method SWAN for the evaluation of the
Residuary Resrstance of ships, including nonlinear effects,

However, the comparison of these SWAN CFD predictions with experiments is premature
before the two remaining components of resistance are discussed. In ship design, an effort to
evaluate the ship wave resistance with a CFD method with high accuracy is often misguided when
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the Form and Residuary Resistance components are important and often hard to determine through
tank testing or via the use of CFD methods.

3.4 Form Resistance

It is common practice in the marine hydrodynamics and ship design literature to define this
component of resistance as the remainder when the sum o f the Frictional and Wave Resistance as
defined above, are subtracted from the total resistance measured in a tank test.

For conventional ships which cruiser stems, the Form Resistance is often a small yet
important component which scales primarily with the Reynolds number. This is the fundamental
assumption of Froude's scaling law which is widely practiced with success by the ship design
community, especially for ships with conventional hull shapes cruising at moderate speeds.

The precise determination of the Farm Resistance, or its form factor, is far from a trivial task
either experimentally or by using advanced infinite flow CFD methods. The Form Resistance
depends critically on the viscous and turbulent flaw features near the ship stern, which are known to
vary drastically for various hull forms and stern shapes. Moreover, at high speeds the Form
Resistance gains a dependence on the Froude number due to the influence of free surface effects
upon the Frictional Resistance  through the variation of the wetted surface! and upon the viscous
flow features near the ship stern,

Therefore, the estimation of the Form Resistance via tank testing is oAen more art 1.han
science, particularly when it comes to the scaling of tank measurements of resistance to the full
scale vessel. Through experience, experimental facilities have developed empirical methods to
accurately determine the Form Resistance for classes of ships or sailing yachts, the full scale
performance of which is known, This experience is aAen translated into a correlation caeflicient
which when included into the scaling law produces full scale values of the ship resistance or
effective horsepower acceptable by industry.

Similar empiricism is frequently present but not widely advertised in CFD methods,
particularly when it comes to the selection of the solution algorithm and the choice of the
corresponding discretization parameters, It is the authors' view that such empiricism in CFD is
justifiabl, as long as it is practiced in an open manner. The free surface flows treated by the current
CFD methods are complex and the marine hydrodynamics and ship design community stand to both
benefit from an open communication on the degree to which empiricism is practiced both in
experiments and computation.

3.5 Induced Resistance

The Form Resistance of high-speed vessels with streamlined huHs and transom stems arises
largely from the flow separation around the transom section. Vorticity is generated and shed on the
free surface and the ship wake generating a coinponent of drag which may be significant and
depends critically on the ship speed and the design of the stern region. Because of the evident
analogy to the origins of the induced resistance of three dimensional lifting surfaces, thc Form
Resistance is for this class of vessels is here referred to as Induced Resistance,

There exists no clear demarcation between the stern shapes for which the fluid mechanics
described in the previous paragraph becomes dominant, relative to the fluid mechanics responsible
for the more conventional Form Resistance discussed in the previous section. Yet, for the class af
high-speed mono or multi-hull vessels with transom stems the classification of this component as
Induced Resistance is more appealing.
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!t is clear that a portion of the Induced Resistance as defined above, belongs to the Wave
Resistance as evaluated by potential flow CFD methods or via wave cut analysis in tank testing.
Yet, the significant portion of it which is of viscous origin cannot be accounted for by a linear or
nonlinear potential flow solver, This becomes evident from the discrepancy between tank
measurements of the total resistance relative to the sum of the Frictional Resistance and the Wave
Resistance evaluated by potential flow CFD methods like SWAN. This difference, defined here as
the Induced Resistance, depends on both viscous and free surface effects and therefore must scale
with both the Reynolds and Froude numbers,Extrapolating the Induced Resistance to full scale remains one of the primary challenges
faced by fluid dynamicists, CFD developers and ship designers. By virtue of its complexity, this
scaling law will need to draw upon the combined used of tank testing and CFD. Its practical
significance is hard to overstate. Several high-speed vessels are under consideration for naval and
commercial use and the need exists for their full-scale resistance to be extrapolated Rom tank
testing and computation. In light of the speed and scale of these vessels, progress towards the better
detertnination of their resistance is of undeniable value.

4. Ship Resistance Computations with SWA1V

This section presents comparisons between measurements and computations of the
Residuary Resistance of various vessels, using the CFD method SWAN. The various components of
resistance are separated as described in Section 3. Namely, the &ictional resistance, evaluated using
the ITTC 57 line assuming that the flow is turbulent along the entire ship length, is subtracted from
the measured resistance. The wave resistance is determined from the SWAN-I  steady-state! or
SWAN-2  time-domain! potential flow solvers, allowing for the vessel sinkage and trim. In the case
of the sailing yachts, the dynatnic wetted surface of the yacht has been take~ into account both in
the evaluation of the Frictional Resistance  increased wetted surface! and the Wave Resistance
 elongated ship hull for the same displacement!. The treatment of the Form or Induced Resistance is
discussed on a case per case basis.

b! Pressore integration a! Pressure integration + watehtne tenn
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Figure 3: Wave resistance coefficient of an IACC yacht, The convergence of the SWAN-2 computati<ms
with increasing numbers of panels is illustrated for the linearized method  solid line!. The approximate
account of nonlinear effects  dashed line! arising From the evaluation of the variable wetted surface is seen to
improve the wave resistance prediction.
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Figure 3 compares the Residuary Resistance of a 1995 America's Cup yacht cruising upright
ber of 0,3. At each speed the yacht is allowed to sink and trim and the resistance isat a Froude num r o, . t eac s

determined at the converged values of these offsets as computed y t e poten ia ow
SWAN-2 Jcf, 3]. At high speeds, the wetted surface of the yacht increases appreciably over its static
value due to the hull overhangs near the bow and stern. This apparent lengthening of the wetted
length of the yacht has been taken into account in an iterated execution of SWAN-2 at high Froude
numbers leading to an improved prediction of the wave resistance.

The agreement demonstrated in Figure 3 is an example on how a linearized potential flow
solver like SWAN-2 can iccount for essential nonlinear effects in the wave resistance leading to
useful predictions for yacht design. After accounting for the effects of sinkage and trim and the
increase of the wetted surface at high Froude numbers, the Form Resistance, was extracted from the
tank tests and found to be relatively insensitive to the Froude number for all the coinputations

Figures 4a and 4b illustrate the steady wave pattern and Residuary Power of the FastS 'p
hull, a 770 ft 40knot containership being considered for service across the Atlantic. The FastShip '
isanexampleoias 'p u wi awi eaui hi h ll 'th 'd and shallow transom stern and therefore with a significant
Induced Resistance component. The Residuary Resistance was evaluated as the suin of

i %1Figure 4a: !3tea ]v waVe pattern nnd panel ineSh Of the 13aat!3hip
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Figure 41: SWA'V-1 Residuary power prediction for the FastShip '
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the Wave Resistance computed by SWAN-I and an Induced Resistance component that was found
to be significant. Its value was determined as a function of the geometry of the transom section, the
ship sinkage and trim and correlation with experiments.

This is an example of the synergy between tank testing and CFD in identifying the
magnitude of a resistance component that is very complex to estimate from first principles, By
subtracting the Wave Resistance as evaluated by SWAN-I, it became apparent that the remaining
component, the induced Resistance, was both significant and dependent upon a particular
geometrical feature of the ship hull, the shape of her transom section at the sunk and trimmed
position. As was the case with the lACC yacht example, the Induced Resistance of the FastShip' '
was found to be relative Jy constant across the speed range shown in Figure 4b.

The same conclusions may be drawn from Figure 5 which compares the Residuary
Resistance of a Series 64 hull computed by SWAN-2 with the experimental measurements carried
out by Hugh and Yeh �964!. This evaluation was part of a design study conducted at BMC for a
tri-maran vessel intended to cruise at Froude nuinbers ranging from 0.4 to1.4,

0
0

Figure 5i Residuary resistance computations for a Series 64 hu11 with the SWAN-2 method and comparisons
with the experimental measurements in the high-Froudwnumber regime.

Unlike the resistance computations for the FastShip", the results illustrated in Figure 5 fall
in the regime where the total resistance coefTicient decreases with increasing speed, In this Froude
number range the Wave Resistance is a decreasing portion of the total resistance, when compared to
the Frictional and Induced Resistance, It is interesting to note that in the limit of high Froude
numbers, the wave resistance tends to zero with the remaining two components  frictional 4
induced! becoming almost equal in the limit,

The Series 64 study illustrates an important aspect of the total resistance of high-speed
vessels, namely, it consists of the frictional component which becomes of increasing importance
and of the induced resistance which may be of comparable magnitude. The estimation of its
magnitude as well as its scaling to vessels of large size, may be carried out from the combined use
of tank testing as well as current and future developments in CFD technologies,
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5. Ship Seakeepiag

The prediction of the motions and wave induced loads on ships and floating structures in a
sea state is one of the unqualified successes of theoretical and computational ship hydrodynamics.
as witnessed by the popularity of strip theory and of recent potential flow CFD methods. A
comprehensive survey of recent developments iri this area mav be found in [1].

The primary reason for this state of affairs in ship seakeeping, is the reduced influence of
viscous effects on the unsteady forces exerted upon floating structures hy ambient waves. An
exception is the importance of viscous effects in the determination of the damping mechanism
governing the rolling motion of certain ships. There exist other such examples, yct drag models,
based on Morison's equation, have proven very reliable. Otherwise, viscosity in seakeeping if far
reduced compared to its leading role in the ship resistance problem.

S.l Tank Testing

Established tank testing techniques exist for the evaluation nf the seakeeping properties of a
variety of ships. The most common are usually conducted in towing tanks or wave basins equipped
with wavemakers capable of generating monochromatic or random wave trains. The standard output
from such experiments include the vessel Response Amplitude Operators  RAO's!, namely the ratio
of the ship-motion/ambient-wavc amplitudes in monochromatic waves, The subsequent use of
linear system theorv, permits thc study of the vessel responses in a variety of wave spectra and
design conditions.

More specialized seakeeping tank testing techniques involve the measurement of the vessel
added-wave resistance. the vessel response in extreme v aves and in conditions likely to cause
capsizing and the measurement of wave induced impact and structural ]oads upon models which
have been properly instrumented,

A large body ot'experiincnts is available. Moreover, our understanding of the basic physics
involved in the ship seakeeping problem is at a very advanced state. The same applies to recent
CFD methods which are increasingly capable to simulate some o f the most complex wave induced
effects, Consequently the use of computation is increasingly gaining ground as a reliable and
necessary tool for the design of ships designed to withstand severe weather conditions.

5.2 CFD

Strip theory. it still the most widely used analytical/computational method for the evaluation
of the seakeeping properties of ships by theoretical means. Its simplicity and effectiveness for many
ship forms and wave conditions are two of the reasons. Yet, its limitations can be quite severe and
are weH documented. Examples are the prediction of the ship motions at high speeds or in following
waves, seakeeping prediction for ships with transom stems, the evaluation of the wave induced
structural loads in v aves of moderate and large steepness. Finally, the capabilities of strip theory
are quite limited when it is used to predict the seakeeping of modern multi-hull vessels v here the
hydrodynamic interaction between the hulls is of importance in design.

The primary shortcoming of strip theory arises form its approximate two-dimensional
treatment of the flow along the ship hull, but in particular near its ends, This limitation was
recognized by several researchers in the 60's and 70's but the complexity of the unsteady tlow
around a realistic ship hull and the lack of powerful computers until the early 80's prevented the
emergence of three-dimensional potential flow Cl'D methods.
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This state of affairs started changing rapidly in the mid-80's when several powerful three-
dimensional panel methods were developed for the treatment of the seakeeping of stationary
structures and ships. A complete account of these developments may be found in [I j,

In this article we present examples from the performance and use in design of the SWAN
CFD method, which has been used extensively of the study of the seakeeping properties of several
hull forms, A complete account of the range of applications of the SWAN CFD method in ship and
offshore platform design is presented in I Sclavounos et.al. �996!].

Figure 6 illustrates the SWAN computations of the heave and pitch RAO's of the Fast Ship"
hull and their correlation with experiments in waves of moderate steepness.
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Figure 6: Comparison of the heave and pitch RAO values for the FastShip evaluated with the methods
SWAN-1 and SWAN-2. Comparisons with experimental measurements shows good agreement.
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Figure 7: Comparison of the heave and pitch RAO values for the high-speed containership Snowdrift
advancing at a Frou4e number 0.325. Comparisons with experiments shows the superior performance of the
nonlinear SWAN predictions over their linear counterparts.



The comparison ol the SWAN heave and pitch RAO predictions with experiments for a
high-speed containership in steep waves is illustrated in Figure 7. where the linear and nonlinear
versions of the SWAN CFD method are seen to deviate a lot, The nonlinear method is seen to
correlate very well with experiments, confirming the validity of a nonlinear potential flow CFD
method in modeling the seakeeping of ships in steep waves.

An attractive attribute of a three-dimensional C I 0 panel method, like SWAN-2, is its ability
to model complex ship hull geometries. Figure 8 illustrates the steady wave pattern generated by a
generic catamaran vessel cruising at three speeds, or at Fr=0.3, 0.55 and O.SO. It is evident from
Figure 8 that important interaction effects may persist between the two hulls that a three-
dimensional CFD method can model.
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Figure 8: Kelvin wave pattern generated by a catamaran vessel cruising from moderate to high speeds.
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Figure 9a-d: a! Wave resistance coefficient as a function of speed of a catamaran with various demi-hull
separation ratios. b! Roll RAO for a catamaran advancing at a Fr � 0.8 for two separation ratios. c!-d!. Heave
and Pitch RAO's for a catamaran at various separation ratios and two speeds.
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The sensitivity of the wave resistance, roll, heave and pitch RAO's on the hull separation to
beam ratio is illustrated in Figure 9, The wave resistance predicted by SWAN-2 may be seen to
increase with decreasing separation, indicating destructive interference for this catamaran
configuration, The roll RAO is seen to display a drasticaHy different behavior as a function of the
wavelength-to-length ratio as the vessel advances at a Froude number 0.8 in beam waves. The
hydrodynamic interaction between the hulls also affects the vessel heave and pitch RAO's in head
waves. It is evident from Figure 9 that decreasing the hull separation introduces significant
interaction effects which tend to decrease the heave and pitch RAO's for smaller separations and to
shift their resonance to longer waves  or lower frequencies! as the speed increases from a Fr=0.55 to
a Fr=0.8. More details are presented in Kring et. al. �997!.



These computations illustrate the usefulness of a CFD seakeeping method like SWAN-2 in
the design of conventional and modern ship concepts. The accuracy, robustness and efficiency of
the method allows the easy evaluation of the ship performance in waves and  he study of several
attributes of the ship design. This is particularly true for multi-hull vessels considered for leisure or
commercial markets. Their seaworthiness is a very attractive design attribute. It may be achieved in
a variety of ways, namely the selection of an appropriate hull shape, the use of a single or multiple
hulls with optimal spacing for a given displacement or the design of appendages which act to reduce
the vessel responses and structural loads in severe weather, In this endeavor, the use of CFD can be
an invaluable addition to the toolbox of the ship designer.

6. Conclnsion

The article addressed the role of tank testing vs. CFD is ship hydrodynamic design. A
review of fluid dynamic issues and widely accepted approximations, practices and trends in tank
testing and in thc development of CFD methods was carried out. Two areas of ship hydrodynamic
design were addressed in some detail a! the evaluation of the ship wake and resistance in calni water
and b! the ship seakeeping in waves. In the first area, tank testing plays a central role for the
evaluation of the ship wake and resistance. Yet, recent developments in potential and viscous flow
CFD are beginning to generate very reliable predictions and trends of value to ship designers,

In ship seakeeping, recent potential flow CFD methods are beginning to show great pronuse
as alternatives to tank testing, The reduced importance of viscous effects and the ability oI these
methods to treat complex ship hull geometries and configurations increase their value as design
tools for the new gener ation of high-performance vessels for which design databases and experience
are both limited.

The relative merits and interaction between tank testing and CFD were underscored by
presenting and discussurg examples from the application of the potential liow CFD method SWAN
to several ship and yacht design studies.
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Abstract

This paper contributes to the field of preliminary ship design by introducing a new approach to
the geometric modeling of hull forms. The approach is based on form parameters, i.e., design relevant
descriptors of the envisioned shapes. B-spline curves and surfaces are utilized to mathematically
represent a hull's geometry, The modeling process is viewed as an optimization problem in which
fairness measures are applied as quality criteria, form parameters are met as equality constraints and R-
spline vertices are treated as free variables.

Replacing the currently prevailing design methodology of purely interactive point manipulation,
the new parametric approach provides the means for fast and accurate form generation and variation
while intrinsically yielding excellent fairness � thus providing the key prerequisites for the systematic
iinprovement of a ship's hydrodynamic performance.

Introduction

In computer aided ship hull design  CASHD! the modeling of a hull's geometry is an
undertaking which requires know-how and experience in both naval architecture and geometric
modeling � the mathematical representations having largely replaced lines plans drawn with splines
and ducks. The prime objective of the hull definition process is to develop a geometric description of
the hull form such that

l. all relevant physical and geometrical characteristics � i.e,, form parameters like
displacement, center of buoyancy, waterplane area, center of flotation, angle of entrance of
the design waterline etc. � are met and

2. an acceptable shape quality � often expressed by fairness � is achieved.
Primarily driven by the underlying mathematics, the current methodology of most CASHD

systems is based on interactive shape generation. Typically points � e.g. the vertices of a R-spline's
defining polygon or polyhedron � need to be manually positioned in three-dimensional space in a
highly concerted manner. Conventionally, a naval architect produces an initial shape. He or she then
evaluates the hull form in terms of its various derived properties. This means that the current design's
actual form parameters are analyzed and compared to desired values and the fairness is judged from
curvature plots or simply from a sharp  but subjective! look at the ship lines. The designer then has to
modify and assess the geometry repeatedly. Once finished, further changing the geometry either to
accommodate new form requirements or to systematically improve the shape to the benefit of, for
instance, hydrodynamic performance is a tedious task since fairness has to be brought about by hand,
and interactively introduced modifications usually propagate into considerable parts of the hull.

Within this paper a more problem-oriented approach shall be presented which follows the
classic naval architect's parainetric design technique building on work presented by D.W. Taylor, G.
Weinbluin and others in the first half of this century In parametric hull design the prime features of the
hull shape are defined via geometric descriptors called form parameters. A ship's geometry is
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described in tcrnis of'longitudina! curves � s<>-called biisic curves lil e tlie sec i<>n'i1 area curse,i»d th<
design waterline. The basic curves are modeled 1'rom f'<>rm paraincicr input. ideally conn<i»i»g iil.
information needed to pr<>duce a hull's sliap». sec e g,  kwil. 1'�'!!.  Reed and Nowiicki. !'�A'!
� uller and Aughcy, 1'�7'!,  Now«el'i,  .'rcutz. Munch»>eyer, 1'377!,  'vfu<>chir>eyer, >cl>«bcri a»c

vacki. I'�'!!. Vigure 1. C'onvention;d >nodcfing  c!ockx>,isc! x s,
form p.irameter desi»n  coimterclocl wise!

Instead of conveiiti»»ally «c»crating a shape and dcrii iiig its pr<>periies iifiervviir<ls;is ill«strated
by the clockuise process in t~< urc 1, in t<>rin piirarnctci desigii tile of>ject's required properties arc
specified tirst � i,e quantified numerically � a»d tlleil its sit«pe is computed accordiiig t<> these
specificati<>ns, scc counterclockwise process in figure l. ln tliis w;iy. rather than coping v ith the
underlying mathematics, tlic naval;irchitect is free to think lines «iid In<11 form as expressed. by their
torrn parameters. Form par,u»eters can thus be regarded as high-level dcsig>n clcnicnts: the! ai>e  lie
vocabulary with which to I ormulate design ideas.

In th» sections to come. the»cvvly devel<>ped approach to th» parametric desi >n of shili hiil!
forms will be presented. K nevv method for mod»ling planar 8-spline curves will be desciibed..'~,
generic formulation and several sclcctcd examples will b» pro< ided. S«bsc<lue»tly, a new skiiining
method for the generation of' I'air t3-sp inc surfaces will be proposed. 1'he quality and faiiness <it' thc
resulting shapes v.ill be demonstrated for the desigii of a last monoh«ll. documenting thc functtonaliti
of allsucccssive design steps. Finally, a brief outlook will hc given with respect to the riicthod's
applicability to CFD-based hydrodynamic optimization of hull forms within 'i tully-'iutomatic
synthesis model.

Parametric design of ship hull forms

I ocusing nn hare liulls without;ipp»nda>cs as depicted in  igurc 2. the modclin~ prt>cess is
subdivided into three consecutive steps as shown iii figure 3, sec  I la>ries. I'!'!8'!:

Param»tric design of« suitable set of' longitudinal t><rsi<: cia ve<.
2. Paranietric modeling of a sufficient set of desi>» s«:lt<>»s d»rived from the basic c«ri es.
3.  >eneration of a sniall set ot'si<rfac<» >vhich interpolate the design sectio»s.
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I'inure Z. Hare hull without appendages along with global C'artesiatt ci>ordinate systein
  >' -axis pointing to port! � l'orm paran>ct»r red»signed mot>ohuff DJ

Z" step 3" step1" step

Vigurc 3. Steps of the shape definition pn>cess
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'f'wefvc longitudinal, planar curves consiitut» the set of' basic curv»s currently provided for th»
design of bare hulls, sc» tables I and 2. Adequate sub-sets can be flexibly coinbincd such that tl>e ntival
architect is free to choose the sct of basic curves depending on his or her p irti»ular design task. The
basic curves of thc t'ast round-bilg» monohull Dl � the parcn  hull ol  he D-Series by th» Berlin Xt1odel
Basin VVv'S  Jacobscn and Kracht, l 992! � arc shown in li«ur» 4, th» curves having been derived troni
the original offset reprcsci>tatio» ri»gl»»ting th< small flat keel in DJ s middle body. Figurc l displays
the f'orm paran>»ter redesign monohull Dl without deadwood and appendage»

l:ach basic curv» is deftn»d by its individual s»t of' forn> paramet»rs. All curves are thoroughly
spc»ified in non-diin»nsionaliz»d form in  l-[arries, i998!. f!u» to its in>portancc for design and
hydrodynamics, the I»ngtl> of'thc design waterline L», was selected as the univ»rsal reference length.

The sectional area curve.'>.1 .' is depicted as a r»pr»scntative»varnpl» in figurc 0, the abscissa
being the non-dime>>si<>t>al longitudinal ci>i>rdin ite x =x,,  /�, and tl>» ot<linate being deftn»d by
> = A x!/Ar v'here 4 r is thc ar»a of th» maximum transverse secti<>r> at design draft. A set of'iip tt>
24 form paraineters is utiliz»d f<>r n>odeling th» s»»tii>nal area curve. »oiitaiuing importai>t quantities
like displacerneiit. position of maxitnum section. »»ntcrs of buoyancy. slop»s at th» aft and forw'>rd
perp»ndicu lars.

Basic curves generally comprise three s»ginents: a curved. portion for tli» run a straight part tn
ti>e middle and again a cursed portion for thc»nirance � though th» straight part inight vanish, L'ach
curved portion is modeled froin a flexibf» s»t of' up to l.f f'orin paran>ct»rs, representing positional,
integral and dif'ferential shape requirements «s illustrated in figure 6 f' or th»»ntrancc segmei>t of',>,4 '.

A coinpletely curv»d design section alt>ng with its geometric parameters is defined in figiire 7
Oi>ly the port side is depicted since center line symmetry is assumed. lt may b» i>bscrvcd from figur»s



Table 2. Sct of sc«ondary basic. curvesTahle 1. Set ot primary basic curves
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Figure 4, ltasic curves ol monohull DI dcrii cd fton> original geometry-
The monohull does not feature I" 0'5 and FOB; CAB and  . Al' arc omitted

Parametric design of planar curves

B-split> e>.
A>nong the many availabl«mathematical techniques tb» 8-splines are outstanding du» to the t

many advantageous features like local shape control, cc>r>vcx hull propetty and invariat>c«und«r
coordinate system transformation Shapes with axis-parallel portions and surfaces that. are ' tl>%cd ir
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 > attd 7 that the very sa»ac g«ncric curve par;>meters are en>ploy«cl tc>r both th«segments ol basic
curves and the design sections. Th«current set of'generic form parameters is presented in tablD '

l rom the mathcrnatica! point nf vieiv. the curve gcncrati<>n problcnt is the same for basic curves
and design sections, i.e., planar curves need to he found which simultaneously satisfy a set nf chose>>
form parameters. IIowever. there is a decisive semantic diffcrcnc«between the ntodcling nf thc tive>
types of curves: Laying out the basic curves essentially means pr»pc>ring;  h» menia i>lc<» t<>r th«hull
~bile creating th«design sections n>cans real>zi»>;  Ae el»rig» idea.



various directions can he vasily handled and. consequently, ir>ost state nf the art modeling system»
support the B-spline technique.

SAC 6 I,C
I'1,3

I I,
r. 0

CeC,C

0 I

06

0 5
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C,3

para641 Iurp

E 'i
I Q r r

e
.4. I

00 00 00 QI r.,/ 23 04 C' 06 ~ 0,6Ql '52 03 4,5 0 ~

/, /. /,/

0, 08 0. 00 10

Fp

Figure 5. Definition of a geiieric sectional area Figure 6. Form paranieters for planar curve
curve I.xainple Sit  for a container carrier design illustrated for entrance segment of .'>'<t
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8-splines have been the subject ot nunicrous publications - sec e g. I 1<ogcrs and Adams, 1991>!,
and  Nowacki, 131oor and Olel siewicz. 1995! � and shall be discussed here only as iieeded to
understand the new parametric design principles and to get acquainted with tlie nomenclature u»ed.

A B-spline curve is defined as a piecewise continuous curve which results from the linear
superpositi<>n of I control points, the so-called vertices of the defining polygon

I!!

multiplied by their correspoiitling blending f'unction» %�tr!. the so-called basis spline». It is a
parainetric curve  here in two-dimensional space!

r r! ra i
p r! = =g V, '<',I r!, m>k I3!

J r!!
where the curve parameter varies between a lower and an upper hound, often 0 <   < I, determining
the beginning and the end of the curve. 'I'he basis spiincs,V� r! are ordinary polynontials of order k
and inay he expressed by the recursive formulae of de Boor, Cox and Mansfield, see e.g.  Nowacki,
Hloor and Oleksiewicz, 1995!. A knot vector fornis an integral part of' thc 8-spline definition. It
specifies the paranieterization ol' the basis and. hence, directly inliuence» the properties of the curve.
Accordingly, the knot vector decides on the cia»sification of 13-splincs.

I/or thc parametric design probleni open uniform B-spline curves  UBS! werc selected lor
several reasons: Open 8-spline curves interpolate the first and last vertex of'their defining polygon
which is knov'n as the end point interpolation property. At these eiid points the open H-spline curve is



tangential to its polygon's first and last segment, known as the end tangency property. Uniform knot
vectors are the convenient choice unless the extra freedoin of non-uniform knot spacing is needed.

Table 3. Set of generic form parameters for planar curve design
M,rthertt,rtienl deteriptiun Ccllatl;lllltForm parirmeter

Xrr =X[, o! I' n nit ron at beg i nning B Zrr

Vrr Vir=V,�

x, =xi,,1 Poartron al cnd E

Vri

Iiiir open I3 apline dircctlv vraTungi:nt angle at iiCgnimng B

di T,ingent angle at end E for iipen li-aplinc directly vra ia- »i-i,.v .v

7  ."urvalure al beginning B xa! 'a

 "+ v"!
rvrtlr x =,i, x I j, vlc

I" a

 :uivatuie ut end E xl v> x> 'iirt �.=�
 x,'+ v,-'!

,ra
xi = � ' f Vx � ZV'!CI -r v�x, � t�x,

g Area bettveerr curve and x-axrr

..d=,w, =-,- J  ~ -<!.dr.y�.�- �.,
Centroid iil area
ltirat order momen j

10
xc

II,
yc d = M, = � J vx' � xy'! y cir + ! yj xi

3b

x, =xi,,Inrerpolation of'nn intermediate
point I

13 x 

Vr =g,,33

Fn = � ',." + .' dt �!
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Mathematical model for form parametric design of planar curves

Conventionafly, a H-sp ine's vertices V, are positioned within a highly interactive process as
already discussed. The designer is able to anticipate the approximate shape of the curve from the
defining polygon. Yet, so as to obtain the desired geonietry the control points inust be cautiously
repositioned by hand, Simultaneously fulfilling several form paraineters as specified in table 3 is
extremely time-consuming  if not impossible! to achieve manually.

The lnodeling problem pursued here therefore rather reads: Find an open B-spline curve of
given order k, nuinber of vertices m and specified knot vector such that a flexible set of selected form
parameters is accurately met, ln addition the resulting curve also needs to display good shape quality
which means that the curve ought to be fair.

Apparently, a computational model has to be employed to solve this problem. Following an
earlier work for Bezier curves presented by  Nowacki, Liu and I.O, 1990!, fairness measures can be
successfully utilized as problein-oriented criteria in whose terms the quality of a curve may be

quantified. Parametric fairness criteria En of planar curves are defined by



with n = I, 2. 3, .... Employing these fairness criteria as measure of merit and selecting some nr all of
thc form parameters given in table 3, parametr!c curve design can be viewed as an equality constrained
optimization problem: Dctermiiic thc coordinates of the unknown vertices V, of the 8-spline curve
�fi! hy rniniinizing the functi<!nal

I ' = e! F, + e, E. <  ', F., � .Min.  -I!
subIcct to all or several of the following equality constraints

h, =x�� x�=D, Ai !!

Ili =x,�! � x!; =0 -is> � ! !!

A. =a � a =0, h =a � a =0,J

h, =C'�-c'�

h�� iI ���,< � 3,, =- 0 .
h!,! � � M, � x,. A,,�,��� 0, h�=- M, � t,. ~I,,�,,�= 0,
h!, =x r, ! � x, � !!, h�=! i< !-!, = 0.

Thc above equality constraiiiis h, correspond to the form parameters su!r!rnartzed in table I;ind
illustrated in figures 6 a!id 7. Table 3 also gives closed form expressions for computing the area .I
between a parametric ciirvc  !  ! and the x-axis as well as the area's first <>rdcr moments. Tlie
different fairness criteria in equation �! can b» selected and prioritized by means of their respective
weighting factors e!, e, and e, as will be discussed shortI>, see figure 8.

The coordinates of the first and last vertex may be readily computed f'rom the simple equality
constraints h! to h<, utilizing the B-spline s end point interpolation propert>. I urther making use of'
the B-spline's end tangency propert>, constraints h, to h, tor the tangent angles at both ends may bc

= ;3= ::,'.  '- i = : != '.�  '-.j
where x, and x are the unknown distances between the f~rst two and the last two vcriice».
re»pectively,

By employing Lagrange inultipliers 2., w 0 for the re!r!aining equality constraints h. t<i h�an
unconstrained minimization problem and hence free variational problem can bc established:

F = F+ P2,h, =Min. f7!
!e!'.!i]

whose unknowns are the coordinates of the B-spline's f'rce vertices and the I..agrangc multiplicrs f<ir all
incorporated forir! paranieters, I'resuming an unbounded feasible domain, the first order necessa.ry
condition I' or a local cxtremurn is

I
VF � 0.  Q

i.e., the gradient of the functional equals the null vector. This leads to;in equation system whi<.h, in
general. is non-linear and needs to be solved numerically, 'I'hc Newton-Raphson algorithm wa» used as
a standard procedure froni  ' Press et al� 1992!. It is importani. to note, however, that both coni ergence
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and outcottte depend on a teasonablc initial guess for the vertex coordinat»s to b» contputed, see
 'Httrries, I 998! tor an elaborate discussion.

.0 02

0 02

~ i4

Kl

Figure 7. Eorm parameters tor a generic design section�
Example att section of a corttaitter carrier

El E2

Figure 8. Itttluencc of fairnc»s measures � l ortn parameter designed at't section of a container carrier
ivherc  x�, i �! = �.0, 0. �99!,  x,, y, ! = �.06 l 0. 0.0!, rx�-= � s !'. rx,, = � 90

.0/2 = 0.002,  x,, p,. ! =   !, 
27,  !.020 l!

In order to cstublislt att uttder-deterrnincd optimization problem � in order to gain «tn>ugh
lceivay for fairing � the number of lrcc variables, herc the 8-spline vertex compo»e»ts, »tost be gretttcr
than the nutttbcr of cottstraittts. The relationship between;> spccittc cutie and its fornt parameters is
obtained by computing a minimum ol'thc selected measure of tncrit f
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lf all thirteen scalar form parameters are to be acconimodated at tbe same time, thc planar �-
spline curve has to comprise «t least seven vertices, amounting to fourteen free variables. The curie
acquirc» a higher degree of freedom, however. if morc vertices are provided. Yeverthe!ess. all free
vert»x. coordinates have to be computed within the optimization process hy means of solving a n<in-
linear equation system, I-Ience. a compromise between flexibility arid coinputationaI effhr  needs to bc
found. For the modeling ol planar ship lines � design sections, run and entrance segments of the ba»i»
curves � about eight vertices ar»»onsidered reasonable.  :hoosing a cubic basis, local »hapc control i»
«Iready provided with eight vertices since no single vertex influence th» ciitirc curve. A cubic H-
spline also is twice-differentiable at its inner knots and therefor» curvature continuous � a I'avorable
characteristic. Consequently, a cubic open and unif'orm B-splin» curve ivith eight vertices is a conim<in
and possibly standard choice iiithin the form paramelcr modeling ipproach.

Fxample carves
The applicability ol th» optirniz«tion approach to the parametric design of planar curi es sh«11

hc demonstrated by three representative examples.
Figure 8 displays the underwater part of a container carri»r's alt section which iv«s r'ullv

designed from form parameier iriput � »ee form parameter dara iii the caption <if flgure I3 a» v ell as the
illustration in figure 7. Tliree ditferent curves are shown which v ere ccmputed using the criteria l;,
 spring n«easure!, I:,  bending measure! and F.,  jerk measure! separatcli. I.ach curve is a cubic open
I3-sp!ine with uniform knot iector and eight control point». Curvatur» porcupines are pr»iidcd to
document the excellent fairness resulting from the optimizations. The porcupines also emphasize
differences in the outcome, As may be noted from the slightly inore pronounced changes in curiature
at thc inner knots for the l..', optimized curve, thc»pring in»asure F., teiids to yield slightly ti< htcr
curves than the other tivo fairness criteria. Minimizing only the jerk measurer., prodiice» the
smo<ithest curve, IUaturally, the f'airne»s criteria can be combined in a»c»rd«nce with equation �'!, tlic
iiesulting curve thcii being dependent on the selected weighting, factors.

Thc second example is conc<.mud with sectioii«l desi >n for the last round-bilge monohull L>l
iihich was already introduced above. flic three cxcniplary sectio»» showii in figurc '! are th<. cntr«nce
section at x = 0,'. thc maxinium secti<in at x =  ! 43 and th» tr u>sorn stern at x =  !.0. 'I'h» sccti<>ns
arc rcpr»sent«tive to the distinct regions of thc hull. The forin parameters u»cd I' or the modeling «re
summarized in table 4, th»»c that were included in the optiniization given oii white background.

Again open uniform cubic B-splines with eight control points w»rc used. The curves ivcre
optimized ivith respect to the E. criterion. Figure 9 depicts the three curves along with their i eiciccs.
The honiogeneity of the c<introl point distribution would be difficult to achieve in a manual design
process. The first and last three control points, respectively, lie oii straight lines for enforced zero
curvatures at the ends.

Thc final exainple for curve design presents the modeling of three alternative sectional area
curves lor the rnonohull Dl, see figure 10. E;ach sectional area cuiie coinprises iwo B-spline» I' or the
run and the entrance. the tivo segments heing merged at the position»f'maximum sectional area:>, «t
x = 0.45. While maintaining displaccmciit, positional and tangency conditions, the longitudin;il ceiiter
of buoyancy ivas»hiftcd iivo percent f'orward and one percent aft, resp»»tiiel>. The thick linc is the B-
spline representation of the original h4  ivith i,.« � � 0.475, the thin linc shows the B-spline curves I'»r
the neiv &f ". with x, �== 0.49> v bile tlie dashed line is th» XA .' with x, « � � 0.468; the B-splines'
corresponding vertices are displayed ton  circle»!.

349



'I'able 4. Sets of form paratneters lor ntodeling
the entrance, maximum and aft section of monohull Di
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Figure l0. Variatiott of !'AC' f' or rnonohull l! ' by
shifting the longitudinal center of bt oyancy�
1 1igher level tnult.i-segntent B-spline curves

Figure 9. B-spline curves a td their vertices  dots!
for underwater part of'entrance, maximum and aft

sectio n of' mono hu1 1 D 1

All H-spline curves arc cubic;tnd cotnprise eight vertices. fhe F., criterion was selected as thc
sole measure of tnerit. instead ol' optimizing the two B-spline curves of' each .'!'AC' sepa .atcl~, the
curves are combined tn a hi Cher level ntulti-segment curve to be optin»zcd as a whole. Siniilarly, all
other basic curves are also treated as multi-segment curves v herc the entrance, straight  nirldlc fit'
present! and run segtnent are handled in a concerted  nanner, see �larries and Abt, 1  !'!'!! for details.

The,h'AC' vari; tion example nicely dcntottstrates that form parameters can be selected and
changed as needed ivithout aff'ecting an> other fornt parameter. within certain lintits form parameters
can be modified and controlled independently  Harrics. 1'!QS!.
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Surface generation

Fair sAinning inrerpolarion
Within the parainetric approach the process ot' designing a vessel is subdivided into three

consecutive steps, thus reducing the complexity of free-form surface design to thc level <if' curve
niodeling � see f<gure 3. While in thc first two steps planar curves � ilic hasic curv»s defining the
desired shape and the design sections fiving the ac ual g>eomctry are modeled from 1'orm parameters
as discussed above, a surface representation is produced in th» third step bx ineans of a new techiiique
which shall be presented below.

An excellent procedure for establishing a inathernatically closed surtacc representation 1'roin an
ordered set of curves is the skinning> algorithin as introduced by  Woodward, 1986 and 1<>88!. lt
produces a 8-spline surfa»c by interpolating a set of transverse curves � thc so-called skin curve!, herc
a set of q design sections g   ii! pararnetrically generated in step  , see figure 3. Skinning's basic
idea stenis fron1 lofting. 1 owe>, er, th» bl»nding is done with respect to thc control polygons of thc skin
curves rather than v ith respect to the skin curves themselves. A new sct <If so-called longitudinal 8-
spline curves is gcn»rated sucli that the vertices of the transverse 13-spline curves arc interpolated «t
prc-selected parameter values The vertices of the longitudinal curves ar» then employed as the
d»fining polyhedron ot a J3-spline surface which contains the skin curves as iso-paraincter lines.

I,et

.Y  ii. v! rr Irr � I

/' i<,v! = g  < ,v! = PPP�V,   i!.A'� < !
 li, v!

denote thc 8-spline surface to be coinputed, L'�being its yet unknown»ontrol points. Since the design

s»ctions 0   ii! are to be interpolated h>, F    .v!, n  r<iws of verti»cs, oider k and the knot vector
used for sectional design are readily chosen for the surface's transverse direction n. For its
longitudinal direction v one m;iy use n columns of vertices, order l and a different knot vector

The interpolating condition reads
rrr � I rr � I rrr-I

F  u,i  ! = Q Q P�h � v ! Y� u! = Q 1;"v',� i ! =  !   u'1 �<!!
I !   � I I

v hich has to b» fulf<lled;it selected parameter values v, = « ns . z ith d = 0, ..., q � 1. liquation �0!
is known as the skinning c<indition. Equating coefficients wc conclude that for each row
i = 0, .... ni � 1 the relation

g P,V,   v ! � 1'

must h<ild f<ir all parameter values <  with  i' � 0..., q � 1. 1hc surface generation problem c;in
ther»for» b» broken down to determining m longitudinal B-spline curves

rr � I
i.,  i! � PP A',,  v!.
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eacli witli n unknown vertices P where i = cons ., such  hat the q related vertices I' ol all skin

curves are interpolated at i�, i:,, ..., v,, and i... rcspcetiv«ly. The in. n resulting vertices l-'�<>I'all

longitudinal B-spline curve» l.,  v! then tnakc up th«polyhedron of the skinning surface F  u, i ! .
Traditional sl'inning algorithms solve the linear equation systems set up from equation  I I!

separately for each  ' artesian «ompone<>l and row hy row, sce e.u.  X<>ivacki. 13loor and  !fcksiciv>cz,
I <!95!. I>sualfy the parameter values i, at whicti the interpolations sha!I take place are clio»cn to
coincide v,ith the 13-splin«s' kn<>t», i>i this v,ay unf'avorahly prccmptiiig thc surface's longitudinal
paramcterization unless thc skin curves happen to bc ordered morc or fcs» «quidistantly.

Alternatively. I'airncss criteria may bc utilized for computing the longitudinal curves i,  i ! hy
extending the proposed optimization technique for planar curve design to the modeling of »pa««
curries. The interpolation pr<>hlcm then becomes: Find a longitudinal 8-»pline curve L,  i ! such tli;it;i
three-din>ensional parametri« fairncss critcri<>n is ntinimized, say

~. ,= JI ,',:l'   � �'l. ",!'I i �.>!

' r

v hile the �  q � 2! ! equality constraints
h, =- x, va!,r, = i!. h, = v, v,! � 3, -  !. h =- =, i�! �: =-- 0, �4!

for all u' � 1... �q � 2. are sin>ulf<rn<ousl>< fulfilled at freel>»elected parameter vtilue» i,. I'hc
determination of thc first vertex  <>' = 0! and last vertex  <J = q � I! is trivial, since tli««nd I>oint

interpolation propertY can b» put t<> use. I he other vertices P�of all l<>ngitudinal B-spline <l>««««rve»
are computed nutnerically I'or each rov, i = <:on~i, just like the vertices of tlie paranietcr desi n«<f
planar B-spline curves, i.c.. by means of optintization,

Despite higher computational effort, this new skinn>ng approach has scv«ral advanta «s over its
traditional counterpart: 'I'hc longitudinal nuinber of vertices n hecoiue» in<lcpcndcnt of the n«rnb«r ot'
skin curves q as Ion < as n > q to ensure leeway I'or optirnizati<>n. Th» longitudirial B-spline curves
beconae inherently fair whi«li has an indirect fairiiig effect on the sl'inning surface; thc appro.ich w;is
consequently called fair ski]>ning. No additional information � for instan«««nd «ondition» � need to h«
provided and the longitudinil pararnetcrization of the surface can be chosen;is desired, e.g. «nif'ortu,

ExampIe Surface.s
Tlie various steps <>I' the skinning interpolation are illustrated In figurc 11, dispfai iiig the

surface generation for thc undcrw;itcr portion of the fast round-hil<'e ni<>n<>hull Ol. I'cn d«sign s««<ion»
plus a hov, coiitour were form para<»«ter dcsianed;is cubic 13-»plinc eurYcs, making up the set <>I'sl'in
curx es shoxvn in picture I. f-'or e;ich 13-spline curve a unit'orm knot i««tor,>rid «ight vertices were «»ed.
'I'hc defining p<>lygons of'.ill skin cut'ics are sh<>wn in pictut«2 Eight h>ngitudinal «uhi«. B-spliiic
curves with uniform knot vectors Yiefc coniputed»uch tllat th« lhr«e-di>nensional F., criterion wa»
ininimizcd and the vertices of the ski>i ciirves v ere interpolated, scc picture 3. A total of <5 vertice»
v;as clio»en for each longifud>nal curve. the defilling polygotls arc displ;ived irl picture 4. [ he defining<
polyhedron of thc resulting hi-cubic 13-spline surf'ace is illustrat«d i>i picture 5. the vcrtice» <>f the 8-
spline surface heing the v«r>»amc as those of th» longitudinal <'.«rvcs by premise. Isolin«s <>t' tflc
resulting B-spline»urface arc present«d in f>gure 12,
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Figurc 11. Steps ot the lair skinning interpolation Figure 12. Perspective. side and top views ol the
� Design sections and bow contour for underwater skinning 8-spline surlacc for underv ater part ot

part of monohull 0/ monohul 1 Ol

Figure 13. Comparison oi 1'ully form parameter designed monohulls � Vlonohull Ol  initial! and
automatically derived vessel  varied! with decreased was e resistance

1 igure 2 depicts the final form parameter generated surfaces for both the und«rwater part and
the freeboard of Dl. The follov ing basic curves were used for this design task: 5'A .', D!Vi..  'T' .',
DF ,', TAJ3 at the design water!inc and Thf.' at the center plane curve, see again tables ] anrt 2. Body
plans of two alternatii c vessels arc suhniitted in ftgure 13. the sections heing derived from intersecting,
the surfaces with planes x,, =- const,

It shall bc pointed out that absolutely no manual vertex manipulations >vere performed: rather
all shapes werc purely derived from t'orm parameter input, Given quantitics like displacement, center
of buoyancy, v aterplane area and center of flotation werc rtiet with an accuracy of around 0.1 in. '1 hc
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modeling examples required only a few C.'PU-seconds on a curt»«i I'C' with a 300 MIIz 1'ciitium
processor for the an entire liull and considerably less for a singl» cur~e. Addition;il examples ni;iy be
found in  Harrics and Abt, 1997!,  Harrics, I'!98! and  Harries rued Abt. 1999!, the former tiii> being
more elaborate with regard to ship design problems, the latter focusing <>o sailing yachts.

Design scenarios

Geometric modeling
Parametric curve and surface design requires that values lor form paramctcrs b» knoiiii. In

general a naval architect m;iy not be able to immediately spccit'i all form parameters ncctlcd t<»i>odcl
an entire hull geometry frortt scratch. liow:ver. thc introduced r»«them«tical model permits t >at ani
fornt parameters beyond a small set nf necessary  mainly positional! parameters may bc lef't n> bc
determined from the optimization if unknown «t the beginiiing. They can then be nu>dificd and
reintroduced into the i>ptimization so as to gradually build up the final shape.

Frequently a design task starts lrom an available parent hull. In this case thc cxistini> i esse! «; in
bc analyzed for its forin parameter content and subsequently redesigncd iiithout any difficulties a» has
been done for the example monoltuII i! l. Systematically varying the geometry then beconies a matter
oI simply and intuitively changing the values of selected parameters.

r4pproach to formal itydrod! namic optimization
'fhis also opens the path to the second  and optional! design sc»nario ot forinal hydri>din;ii«ic

optimization. In the proposed pararnctric design method a bull s gcomciri is created from its <lie»et
geometric properties, deterniining the vessel's hydrostatic conditions, I'lic g»i>crated shapes accui;itcly
meet all spccitied form parameters «nd intrinsically acquit»»xccllcnt f'iirnes». Both t'eatures arc kei
prercquisites for the systematic optimization of a hull's most import«i>t indirect properties � i.c., its
various hydrod!namic qualities like resistance, propulsion and sea-kecping � and. conscqucntli, ihc
parametric method is well-suited for integration into a synthesis mndel of formal hydn>dynami».
optimization.

The synthesis model for hydri>dynamic design as presented bi  Harrics. 19'!8! coiit,iii>s four
stages;

Form generation via paramctnc design.
2. Fluid dynamic analysis by means of numerical floiv simulatinn.

Design evaluation � for instance in terms of v'ave resistance,
4. Systematic variation driven by non-linear programming.
I he optimization process contlnerl«es with an initial set ol free form p iramctcrs, i,»., the free

variables of the hydrodynamic design problem. This set ot form paramct»rs is used as input to ]he first
stage � shape design in v hich the hull is pararnctrically gener itcd within an inner optimization loop
as discussed throughout this paper. The hull geometry is then passed on to the second stage � shape
analysis in v hich th» flow tield is computed using a state of the art C'omputational Fluid Dynamics
 CFD! code. At the third stage � shape evaluation � the performance ot The current hulI is dctcrmined.
yielding a hyclrodynamic inc«sure oI rncrii by which to assess the geotnctry, At the t'ourth stage�
shape variation � the nteasure of nterit is exainined to decide on a proinising «hange t>f Ihc free
variables according to th» chosen optimization strategy. In  I-Iarries. 1998'! a multidintensional
conjugate gradient method is used in coir>binatiori v ith a CJoldcn Se«tioii line search. Neiv ialucs for
the frcc form parameter are thus devised and then transferred to th» geoinetric ntodcling process. The
next round of the hydrodynamic optimization loop is started. In I.he cnd, a local optimum is found and
the process is terininatcd.
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Following this procedure an example wave resistance minimization was perforined lor thc fast
ntonohull Dl at its design speed F�= i!,433, see  Harries, 1998! for a comprehensive discussion. '1 hc
wave resistance vvas computed with the non-linear potential t!ow code of the CI'D system SHII'FLOW
by  Larsson et al., ]990! after a careful reliability study had revealed good accuracy ol' ranking
alternative hulls of the D-Series correctly  Harries and Schulze, 1997!. ln figure 13 the body plans <>t
the initial design and a variation developed within the forrnal optimizatioii are shown. The geometric
changes deduced automatically display meaningful features like bulbous shapes close to the forward
perpendicular, decreased angle of entrance of the design waterline and increased breadth of ihc
transom. The displacement and the waterplane area were kept constant during the optiinization by
means of simply freezing these important form parameters. promising reductions in resistance could be
achieved. Compared to the initial hull the varied design given in figure 13 1'or instance encounters 7",~o
less wave resistance and 4.5"fo less total resistance at I;, = 0.433.

Naturally, the acconiplished iniprovements can only be as reliable as the computational niodcl
employed io analyze the flow field. One should therefore not expect the full advantage predicted and
experimental validation studies are still required to prove the validity of C'.FD-based hydrodynaniic
optiniization.

Conclusion

A iiew approach to the parametric design of ship hull forms has been presented. The shape of
the envisioned hull is specifie in terms of its desired form parameters from which basic curves are
laid out. The basic curves then contain all information needed to derive a design section at any
longitudinal position. An ordered set of design sections is created and then interpolated to produce an
accurate and mathematically closed surface description.

Coinpared to previous methods major iniprovements are:
l. A 13-splincs curve representation is utilized which provides high flexibility and alkiws flor

the accommodation of an> desired number and meaningful combination ot torm
paraiueters.

2. Fairness criteria are applied at thc carly stage of shape definition rather than at the later
stage of shape evaluation.

3. All important planar curves � the longitudinal basic curves and the representative design
sections � are modeled in a unified way via optimization.

4. 'I he common set of' basic curves is extended by several more longitudinal curves whicli
may bc included depending on the modeling problein.

5. A new skinning interpolation for the generation of 8-spline surfaces is introduced whicli
also eniploys fairness from a functional point of view.

6, '1 he entire process of hull shape generation is supported by forni parameters without ihc
need for a designer s interaction, e.g. manual point control,

7. The approach is thus well applicable to fully automatic hydrodynatr>ic optimization.
Ncverthdess, further research is required to develop the form parameter approach to its full

potential, J<egarding curve optimization for instance inequality constraints should bc taken int >
account � e.g. to confine dcsigii sections to lic inside the hull's maximum pcrrnissible draft and beam
and outside given hard points which may originate for example front prcdctcrntincd container
positions or structural considerations. Vforcover, the parametric methods mi>st be extended to complex
hull forms which also feature bulbous bows, stern bulbs etc. These substantial design elenienis have
yct to bc suitably paramctcrizcd and adequately integrated.
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It is the authors firm believe that the f<irm parameter approach i<i the design of fair huff »hapcs
will play an important role in establishing a modern hull design nicthodology to the benefit <>f I'aster
preliminary an  better hydrodynamic design,



PARAMETRIC GEOMETRY AND OPTIMISATION OF HVLL FORMS
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Abstract

A method is presented For generating the surface of a ship hull from two-dimensional section curve».
It is an extension of a method for the efficient parameterization of complex three-dimensional surfaces
called the PDE Method. The method views»urfacc generation as a boundary-value problem and
produces surfaces as the solutions to elliptic partial differential equations.

Introduction

The geometry of ship hull surfaces is traditionally designed and represented bv a set of curve».
called the ship lines plan, Conventionally, ship line» are made up of plane curves, namely the
waterlines, sections and buttock lines, which lie in orthogonal planes parallel to the coordinate axes.
The curves in the lines plane together form a mesh of curves lying on the surface of the hull. I'rom
which a surface representation can be obtained by interpolation. This approach to hul! design dates
back many years, and although  he adverit of computers has transformed the drafting and fairing
techniques used by ship designers and loft»men, the favoured approach i» still to design a surface iii
terms of a curve mesh, even when modern techniques I'or direct surface definition are available  for a
discussion see Nowacki in [ I]!.

The introduction of techniques for Computer Aided Design into ship building has led to a new
field of research called Computer Aided Ship Hull Design  CASHD! [2]. a large proportion i»
concerned with the development of efficient techniques For curve definition and manipulation with
which to produce a lines plan. In common with other areas of CAD, B-spline based techniques are
popular in CASHD, e.g. [4,5,6,'7,8]. For an up-to-date survey of these methods the reader is referred
to reference [2].

Although large portions of' a hull surface can be defined via ship lines, eventually a surface
description of some sort must be con»tructed, and the problem of moving from a curve mesh to a
mathematical surface description is another research area in which there is a great deal of activity, not
only in the context of CASHD but in other application areas as well. Far example Munchtneycr ez a/
f3] describe developing a lines plan from B-spline curves and then producing a surface description by
using biquintic Coons Cartesian patches.

The term often applied to the quality of a surface produced is fairness, and recently much
effort has been devoted to techniques for automatically producing fair suifaces according to some
quantitative measure, often related to surface curvature. For instance, iVowacki and Reese in reference
[9] describe fairing a mesh of bicubic Coons patches by minimising the integra! of the sums of the
squares of the two principal curvature» over the surface; later iNowacki and coworkers [l0] de»cribed
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generating a faired curve mesh, from which to generate a surface description, by rninii»tsing an ela»tic
strain-energy functional.

Now although there i» fairly general agreement that surface fairness is in»ornewa> related to
the curvature properties of a surface, and also that fairing a surface by minirnising the integral of »arne
curvature-related property aver the surface is a good way to proceed  s»c for example [1 1 j!, there is na
real consensus as to what constitutes a unique measure of »urtace fairness. And as might be expected,
there is an extensive literature comparing various approaches to the problem, i.e. the relative merits of
different fairness measures, e.g. [12,13,15,16.17]. For recent review of the area the reader can consuli
reference [1 1], while [14] provides a corriparison of results obtained using different measures of
fat f n e ss.

In this paper we describe an approach to the generation of a hull surface from a lines plan
definition based upon a method for surface generation know n a» the PD1- Method. which adopts a
boundary-value approach to surface generation and produces a surface as solution to an elliptic partial
differential equation. The boundary conditions needed to produce a patch of PDE surface take th»
form of the curves making up the boundaries of the patch;is well a» associated derivative biform;itian.
In the present context, the patch boundaries are obtained from a»eries of ship section curv»s defined at
various stations along the length of the ves»cl. When de~igning u»ing the PDE Method, a»oniplex
surface,' such as that of a ship, i» broken up into constituent patches which meet at »pace-curves
 'characterlines'! which form the boundaries betv'een adjacent patches. Adjacent patch»» share
common boundary conditions and thus continue tn meet exactly throughout any changes to the overall
geometry that may occur during the design process. This is in contrast to many conventional boundary
representation systenis, which typically usc surface patches generated from polynor»ial spline
functions, and often require 'trimnting'at the boundaries where adjacent patches meet.

Although the PDE Method was originally envisaged as a technique for surface gert»ration
rather than representation, work. has been carried out using the PDF. Method to create a surface
model of an existing object, for instance that of a t»arine. propeller. Initially the method w:is used
to create a qualitative representation of thc surface, and then extended to a quantitative fit using data
describing a real propeller [18,19], According to current practice, propeller blades are usually de!'incd
by specifying the shape of sections at certain stations along the span of the blade. These sections arc
arranged so as to produce the desired load distribution for an efficient propeller. The PDE r»ethod can
produce a marine propeller blade by a boundary-value approach where the two boundaries between
which the surface is foimed are a curve with a airfoil shape at the root of thc blade, and a curve ot
vanishingly small size at the tip of the blade. By a suitable choice of derivative boundary conditions
the shape of a marine propeller can be obtained. Furthermore, Dckanski [19] showed how an
accurate fit with an actual propeller could be obtained by a»uitablc choice of boundary conditions.
Subsequently work was carried out on the problein of producing a wing surface that interpolated a
series of specified airfoil sections distributed at various points along thc span [20].

The problem addressed in this paper is similar in aim to the above work in that we arc»eekin
to produce a smooth surface that interpolates specified section», in this case so that a hull surface is
obtained. The present work differs from this earlier work in two irriportant respects. Firstly, the
curves through which the PDE surface is supposed to pass are no longer periodic, i.e. closed. so that
the scope of the method is extended hy the work described here. Secondly, once a PDE hull surface



has been created, numerical optimization methods are used to automatically improve the quality of the
surface,

In the next section we give an outline of the PDE method, while in the section followtng we
describe the application of the method to the problem of generating a curvature continuous hull surface
that passes through specified section curves, Finally we present some preliminary results obtained
using the method.

Outline of the PDE Method

.+a �, X � 0a-'�

which is solved over some finite region Q of the  u,v! parameter plane, subject to boundary
Bxconditions which specify hov' X and its normal derivative � expressed as parametric
r3n

functions of u and/or v, vary along the boundary of t.he region dQ, For example, if we were solving
over the rectangular region [0,1]x [O.l] the function boundary conditions would take the form:

X O,v! = F v!, 0< v < I

X R.I! = F, B !, 0 < R < I

X  I, v! = F,  v!, 0 < v < 1

X u,O! � F, u!, 0< u < I

where the functions F  v!, F, v!, F, v!, and F� v! give the shape ol' the curves bounding the surface
patch, while the derivative boundary conditions

X. �, v! ='- D,  v! 0 < v < I

A'',  B,] ! � D, � !, 0<r  < I

�>X��, v! = D, v!, O < v < I

X� n,O! = D, u!, 0< u < I
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The PDE Method produces a smooth surface from boundary-data by generating the surface as
the solution to a suitabl> chosen elltptic partial differential equation. The boundary-data typically
takes the form of pararneterised curves with associated derivative information which form the edges ol
the PDE surface patch. For example, work has been carried out upon solutions
to the following fourth-order equation,



basically determine the direction in physical space in which the surface inoves away froin a bouniliiry
and how 'fast' i» does so.

The partial differential operator in  I'! represents z smoothing process in which  he vahie ot'
the function at any point on the surface is a weighted average of thc surrounding valuei. In thi»
way a surface is obtained ai a sniooth transition between thc boundary conditions irnpoied on the
function and it» first derivative, Hence, PDE surfaces tend to be naturally smooth or fair since they
do not possess any in ernal I'eatures that are not  in soine sense! present in  hc boundary condit~ons.
The parameter a controls the relative rates of smoothing between thc ii and i parameter direction».
Indeed, when a =0, the procedure reduce» to a polynomial interpola ion between corrc»ponding i
values on the boundaries. and as such this case i> appropriate for genera ing pl;ine section» <it »urtacc.
The influence of a is important and can be used to 'spread'regions ot high curva ure very cftcctiicly.
It can also be used selectively to prevent  hc propagation of unv aiited boundary featurci into thc Iiulk
of the»urface [21].

To make use of an efficient solution method [22] based upon a Fouricr decomposition ol'  hc
boundary curves, periodic solutions have often been considered in the pa»t where, for exainplc,
equation  I! is solved over ihe  u,i'! region 0: [O,IIx[0,2w], subject tii periodic boundary conditioni
in  he v direction. Topologically. the reiulting surface is like a cloied 'band'with  he u = 0 aii.l w = I
iso-pararneteric lines fiirming closed curves. !n work on generating aircraft wings [20] foi example,
the u = O,l isolines ciirresponded to particular wing-sections through which the PDE iurfacc wai
required to pa»i. However. in the present problem the curves through which the PDE surface i»
required to pass are »ection curves on a ship hull. and as such arc not. closed. Despite thii, by uiing
the method described in the next sec ion, we can rapidly generate a curv;iture continuous PDE iurface
that passes through the given section curves and generatei a complete hull surface.

Generating a Ship Hull from Section Curves.

The section data is given in the form of N plane section curves diitributed at varioui it,iiioni
along the length of the vessel, normal to the axis of i.he veisel. The»cctions are »bown in Figure  I!.
To produce the complete hull surface, a patch of PDE surf'ace wai geiierated between each pair ot
section curves. Hence, except for the cnd sectioni. each scc ion curve forms the boundary between
successive PDE surface patches that meet along that curve. The boundary condi ions iniposc<l arc
chosen so that adjacent PDE surface patches rncet with function. tangent plane and curvature
continuity along their coriunon boundary. To achieve this, solutioni of thc follov ing 6th-iirdcr
equation is used;

As mentioned above. a particularly efficierit solution method exists for the case where periodic
solutions to equation �! are sought [20,22]. but in the present applicatioii the boundary-con Jitions. i.c.
the iection-curves, are not naturally peiiodic. IIowevcr, dc»pi e ilii», ii. ii pri»»iblc to exte»it the
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section curves so that they become periodic, and hence a hull surface can be generated very rapidly hy
the method described below. To achieve this what that is required is to connect an extra section of
curve between the two end points of a section, as shown in Figure �!, and so make a complete loop. A
convenient way of doing this, which is the method employed in this paper, is to add a circular arc
between the two end points of the section-curve. The centre of the arc and its radius are chosen so that
the circle rnects the section curve with continuity of tangerit direction, thus ensuring that the extended
section curve is as smooth as possible,

Figure 1: Two views of the section curves

T o generate a complete hull, a periodic PDE surface is generated betv een each pair of extended
boundary curves by solving equation �! over the  u,v! region IO,ljxI0,2+]. The function boundaryconditions take the forin X�, v! = S~ v!,

X�,v! =S, v!,

the boundary conditions on the first derivative ot' Y are of the form
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�, v! = Do ~!'

�,v! =- Di v!

" tive of X are of the formon th econd derl atlve 0while the boundary conditions on

�!
X���,v! = DD� v!,

X�,, �, v! � DD,  u!

Figure: >r en2: E t ded section curves

e arameterization of the twt>S and S are obtained froln the para twt>

b h d»i

0 1

hec ion '~ e . ' f the periodic paramete-.d

h . O1 tion surface corre»popo

extracte .d. The method used in this paper i» to para

362



The derivative boundary conditions D,, D,, DD«, and DD,. are obtained by finite-differencing the
boundary curves, a process which will be described in more detail in the Results section,

In these circumstances we may write the solution of equation �! in closed-form:

X u, v! � A� u! + PA,  u! cos nv! + B,  u! sin nv!

where, depending on the bouridary conditions, M may be infinite, and the 'coefficient' f'unctioits
A� u! and B� u! are of the form

Ap u!: a««+apiu+ap u +a�,u + a«4u' t a«au

B� u! = b,«e'"" + b�e '"" + 3~�,ue"" + b,>ue '"" + b,�u e"" + b,,u e "'"

where the a�, b,«, etc. are constant vectors.

Now, since the extended section-curves and derivative boundary conditions are periodic in the
variable v, we can express them as Fourier series. It these series are finite, then by inatching the
Fourier series expression  8! for the solution and its derivatives v ith the Fourier series expansion tor
the imposed boundary-conditions, it is straightforward to calculate thc values of the constants a�,>,
b�«, etc. in the solution  8!, aiid hence the solution itselt. liow in general it is not possible to expre»s
the boundary conditions as finite Fourier series, but in spite of this it i» still possible to find an
approximate solution that exactly satisfic» the boundary-conditions in the following way.

Note that the extended section-curves and derivative boundary conditions can be written as the
sum of a finite Fourier Series with M terms plus 'remainder' functions Rs  v!, Rd  v!, Rdd, i:!
containing the higher order Fourier modes:

S,  v ! = P Cs,'  u! cos nv! + 5s,"  a! sin n> ! + Rs,  v! i = 0,1
n=p

D,  v! = /Cd,-  u! cos nv!+ Sd," u! sin nv!+ Rd, v!, t = 01
n =«

DD  v! = g Cdd,"  u! cos >tv! + Add,"  u! sin nv! + Rdd,  v! i = 0,1

�0!

�2!

n=«
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The approach is to choose a value for M in equations �0!, �1!, �2!, and approximate the extended
section-curves and boundary conditions by a finite Fourier»eries, i.e. ignore the rcrnainder functions,
and use the procedure outlined above to generate a surface X a, v! that interpolates these 'approximate'
sections and satisfies the 'approximate' boundary conditions. Then the following 6 'ditferencc'
functions are defined



c5',  v! � .'Y,  v! � X  u, v!

dD,  v! = D,  v! � X,  u, v!

dDD, v! = DD, v! � X,,  u,v!

�4!

Then to obtain a suri'ace X u, v! that exactly satisfies the boundary conditions, the following
function is defined

R u,v! = r<i v!e'"' i «, v!e ' +r,ti!ue + r, viue +r, v!u e' +r, v!u e   1 e!

which is required to satisfy the conditions

for u, =0,1

fbi u =O,l

for u, � 0,1

dS,  i! = R i<,, v!

riD,  i l � R.  u,, v!

rJDD  i'! = R�,  u .v!

�71

�8!

�9 i

of which there are sufficient to determine the 6 functions r� v!�.....,r.  v! in equation �6!, and then
finally X u, v! is given by

X u, v! = X u, v!+ R u.v! �0!

The physical hul! surface itself is extracted from that portion of the periodic solution th,it lies
between the v values corresponding to the end-points of the original section curves.

This procedure can be viewed as a means of generating an approximate solution 120! to
equation �! that ex ictly satisfies the boundary conditions and interpolates the specified cxic»ded
section curves. The choice of Af will obviously affect how good an approxiniation �0! i» to thc actual
solution of equation �!, hut since the higher-order Fourier modes decay exponentially., M does not
often have to be very large for the di!ference between the approximate solution X u,v! and ihe exact
solution X u,v! to be negligible, 5'ote that in choosing R u, i! to be of the forin �6! we are, in e fcc ,
Solving �! with u = u n! 1 for more details scc reference [22]!.
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In some circumstances, in particular in the results presented in thi» paper, the section-curves;ire
specified as data points distributed around the sections, rather than as closed-form expression». These
cases can be treated using essentially the same method as outlined above, either by first interpolating
 or approximating! each section curve using sornc sott of spline 1'unction to obtain a closed form
expression, or by using discrete Fourier transforms and a discrete version of equations 113'}. i 14! and
�5! where the functions r,, v!,,..., r, v'! are expressed discretely,



Results

In this section wc show some results of using the method. The original section curves u»cd to
generate the hull surface were provided by courte»y Ian Applegarth of the UK office of Kochurn»
Computer Systems. The complete set of sections are shown in Figure �!. To produce a patch of PDE
surface between each pair of »ection curves, boundary conditions must be derived from these»ection
curves which are provided in the form of discrete points, As mentioned above, the 1'unction boundary
conditions were obtained hy reparameterizing each curve in term» of arc-length and distributing «n
equal number of points around each section. Each curve v, a» then extended so that it became periodic;
and again each extended curve had an equal number of points it. The derivative boundary conditions
imposed at each data point were then obtained by finite differencing the function values at
corresponding points v,. on neighbouring curves using central differences in the obvious way, i.e.

D  v,! = �  S' v,! � S  v,!!
D  v,! =  S  v,! � 2 S  v,! + S  v,!!

12 1 l

The resulting hull surface is shown in Figurc �!. Note that thc value of 0.1 has been used for
the smoothing parameter a; the number of Fouricr modes M that have been used is 8; and thc value of
the factor co that controls the decay of thc remainder function is ga. A» indicated above the original
hull sections have been reparamcterized in ternis of arc-length. To generate the figures, 40 data points

3�5

where the superscript 0 refers to a value at the»ection in question, whil»t the superscripts + and - refer
to values at the section curves on either side. To ensure the required degree of continuity bctv een
successive surface patches, i.c, up to curvature continuity, the same boun<lary conditions were irnpo»ed
at each section curve in the solution for both of the surfaces that share the boundary. The derivatives
at the end sections werc cstinuaed using one-»ided differences with quatlratic accuracy. It should be
noted that although this is a convenient way of ensuring curvature continuity, there can bc niore
independence between patches in the choice of the boundary. However. the conditions neces»ary to
otherwise ensure curvature continuity are non-linear and co»tly to impo»e, especially in the
optimisation of the hull surface which is described below.



Figure 3: PDL' hull surface passing through the entire set of section curves.

have been taken around each section with 11 data points between each section to produ»e each PDI;
surface patch. Note that the process of generating a complete hullfrom th» original section data takes
only a few seconds on a 400 MHz Pentium II PC. Figure �1 shows thata smooth, realistic hull
surface has been produced. In order to assess the fatmess of such su<faces, plots of the variou. types
of surface curvature are ot'ten given across the surface, e.g. [11,13,14~. 1lnfortunately, thc reg><>ns of
high curvature at the bow and stem dorninatc such plots for this surface. Therefore, Figurc �! shows
the shape and Figure �a! a plot of mean curvature across it, for a surface that passes through son>e of
the intermediate sections, for which the shape change is not too drastic,
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Figure 4: PDE huII surface passing through intermediate sections

D  ',!=  S  v ! S  v!!
D"  v ! = vvdd S ' v,! � 2S'  v !+S  v,!!

�2!

and then vary the values of thc weighting parameters hy numerical opiimisation so as to improve thc
value of some measure-of-inerit for the curvature distribution over the surface.

The results of just such an optimization are shown in Figure  S!. Thc initial starting design was
that shown in the Figurc �!, The algorithin used for the optirnisation was the standard Bro>d n-
Ftercher-Gotdfarb-Shann�  BFGS! algorithin as described in Press er a  [23]. The number of sections
used to generate the hull surface was 12, hence the number of parameters in the optirnisation was 4,7,

which takes a few minutes to run on a 400 MHz Pentium II PC. The objective function that was
minimiscd was a discrete measure ot' thc curvature variation across the surface, namely:

V-H dA �3!

where 0 is the mean curvature and dA is an elcrnent of surface area. This intcgrand is a ineasure nf the
deviation of the incan curvature at point from thc average value of surrounding points, and gives an
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From Figure �a! one c.in see that the distribution of mean curvature across the surface is fairly
smooth. This is a combination of the fact that the PDE Method tends to produce naturally fair  !r
smooth surfaces, and the fact that equations �l! are a sensible basis on which to choose the deriv:itive
boundary conditions. However, it is possible to improve upon this choice of boundary conditions by
introducing weighting parameters wd, and wdd that multiply the derivatives at each section. thus



estimate of curvature variation.

Figure 5. Distribution of mean curvature over  a! original hull,  b! optimised hull  a=0.5!
 c! Optimised hull  a=0.1!.

The results are given in the forin of grey-scale plots showing thc distribution of mean curvature
over the optirnised and the original, unoptimiscd, surface. The number o  Fourier modes used to
generate the surface was 8. a was 0.5, and ai was 8«. Alth<>ugh it is not clear from the grey-scaling,
the curvature distribution is morc even for  he optimised surfaces, and in facl the value of the mcasuic
of merit on equation �6! has been reduced by about a fifth. No c that the size of the maximum  <nd
minimum values of the curvature have not been significantly affected by the optimisation. Also
included for the sake of coniparison i~ an optimiscd hull tor  hc case ~ herc o = 0.1,

Conclusions

The results prescn ed in this paper are of a prelmiinary nature Intended to show the potential o,'
the method and indicate that that it has some merit. The surfaces produced by using it shov a srno<nh
curvature variation, and fr<>m the initial section data, a complete descrip ion of the hull can hc
produced in a matter of seconds. Fur her work needs to be carried out on the autoinatic <>ptimisaticu
of the surface, for instance in thc choice of <jesign parameters  hat;irc varied in the optimisation. For
example, at present the factors tha  weigh  the derivative boundaty conditions imposed at th» scctioris,
and which were varied during  hc optimisation, v'ere taken as cons ants;<round each section, To
increase  he range ot shapes accessible to the sys em, these weighting factors could be allowed to vaiy
around each section. although this would introduce morc design parameters and consequently increas»
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the cost of the numerical optimisation. Furthermore, the use of alternative objective functions in thc
optimisation could be explored. For in»tance one based on Gaussian curvature might be used to
produce a surface that was as close to developable as possible, and so enhance the manufacturability of
the surface. Or else an objective function directly related to some functional measure of merit such as
viscous or wave resistance could be used, e,g. [24].

Finally it should be noted that once a suitable final design has been obtained, the PDE surface
description can be converted into a standard spline-based representation suitable for tiansfer to other
CAD systems [25].
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Abstract

The research and development on Computer Integrated Manufacturing  CIM! systems has
been carried out intensively by shipyards for years in order to increase the efficiency of the whole
process of design and production of ships, Also, utilization of Computational Fluid Dynamics  CFD!
is being pursued for the development of hull forms v ith better performance in the seaway. One of the.
most important technologies of these developments is the precise digital expression of hull forms
ready for use by the computer software and its efficient generation in short design period.

Practical hull forms are composed of 3-D surface components, some of which are
complicated ones, others are gradually changing delicate ones. Although many kinds of enhanced
surface patches are available, it is still difficult task, from the practical view point, to generate the
faired and precise 3-D digital hull surface model.

Mitsubishi Hcavy Industries, I td.  MHI! has been carrying out RkD on the practical lines
faring and hull surface expression method for years and has developed the integrated lines faring and
3-D surface generation system called "MELFAS  Mitsubishi Expert Lines Fairing system for Ships!".
MELFAS has been put into practical use in the ship model basin of the Nagasaki Research k
Development Center. At the same time, MHI has developed the first simultaneous 5-axis numericall>
controlled model ship milling system for towing tank tests by useing of the 3-D surface data
generated by MELFAS, and through these systems integration, the hull form development and its
verification work in the ship model basin has been much improved.

Furthermore, the hull form digital data generated by MELFAS has been transferred to the
shipyard CIM system MATES and continuously applied to the ship design and production. This has
eliminated detailed hull surface fairing for production which had been successively carried out in the
design department and led to a shorter design period.

In other words, design process re-engineering has been achieved through the integration ol'
MELFAS and the shipyard CIM. Thus, MELFAS greatly contributes to the shipyard CIM system,

In this paper, the authors present the advanced characteristics of "MELFAS" and its
applications in various fields, such as precise and efficient fairing work, transmission of hull torm
data to numerically controlled model ship milling machine, and delivery of hull form data to the
design and construction depar tments of the shipyards,

Introduction

In hull form design, performance estimation by Computational Fluid Dynamics  CFD! is
being used in addition to performance evaluation by the towing tank test, At present, the,
development of the shipbuilding CIM, which is aimed at an increase in efficiency of the design and
production, has been carried out in forward thinking shipyards. One of the most important

373



Traditional Hull Form Design and Faring WorkfIow

Tradifional Faring Workflorv
Hull form design is composed of two tasks. One is hull form planning so that the required

performance in seaways and the demand for the arrangement of hold and tanks are satisfied, Thc
other is hull form faring so that the hull surface has adequate fairness and accuracy as the 3-
dimensional free form surface. Traditionally, the faring had been carried out several times b> design
department, towing tank and production engineering section to satisfy their own required accuracy
and fairness because the required level differs for design task, model test and parts lofting. Figure I
illustrates a traditional workfiow of hull form design.

Detail/Production DesignBasic designInitial design

Lmes for construction

 Design section!
Model Lines

 Design section, Research center!
Rough I.ines

 Design section!

Figure L Traditional Workflow of Hull Form Design.

~ Initial Design Stage: "Rough lines" is generated as initial hull form based on the type
ship stored in the hull form database, Principal dimensions and tank arrangement are
main interests at this stage.
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technologies of these development is the precise digital expression of hull forms ready for use by the
coinputer software. This technology is also required for the development of numerically controlled
milling system for model ship for the towing tank test, and propeller, etc.

Usually, 3D CAD system is prevailing and these system provides advanced surf'ace
generation/manipulation functions. However, it is still difficult to express the hull form precisely
because the hull form has several unique characteristics on surface shape comparing with other
products.

MHI has developed the new hull fairing system with high accuracy for the wire fraine model
and also developed advanced surface manipulation system by customizing the ready made surlace
CAD system. These two system has been integrate as a surface design system, Using this system,
whole hull form including bow and stern has been expressed precisely. At the same time, MHI has
developed the numerically controlled model ship milling system for towing tank test by use of the 3-
D surface data generated by this system. Furthermore, the hull form digital data generated by this
system has been transferred to the shipyard CIM system MAI'ES and continuously applied for thc
ship design and production. The fairing work, which had been carried out several times in research
department, initial design, and production design stage, has eliminated to only once in research
department. And, reduction of desigri period and cost has been realized,

This paper describes the advanced characteristics of this system and its applications in
various fields, such as precise and efficient fairing work, transmission of hull form data to
numerically controlled model ship milling machine, and delivery of hull form data to the design and
construction departments of the shipyards,



~ Basic Design Stage: Initial hull form is examined and rel'ined Irom the view point of
performance in seaways and "Planned lines" are generated. Then, "Planned lines" is
refined and faired into "Model lines". The frequent communication about tank
arrangement is performed between destgn department and towing tank, The "model
lines" is verified through the towing tank test and the hull form below the load water
line is fixed.

~ Detail/Production Design Stage: Finally, "Lines for designing work" is faired to be
morc accurate "Lines for Construction", This is u»ed for parts lofting and construction
in production department,

Thus, in the traditional workflow, hull lines are refined and become more accurate step by
step through the fairing work performed in several sections,

Demands for Fairing Process Re-engineering
ln this way, the faring work is a collaborative task between design department and th» RkD

department. Furthermore, faring task is performed several times in different sections because the
required accuracy level for hull surface is different in each section, However, the advancement of
information technology, related to the surface geometry expression/handling and surface data transfer,
gives the possibility to define highly accurate hull surfaces, applicable to the actual ship construction,
in rather early hull form planning stage, If this could become possible, the hull form design and
faring workflow would be simplified, the design period would be shortened, and the. design
efficiency will be improved.

Furthermore, the efficient hull form generation and faring in towing tank makes it possible to
shorten the model test period. 'I'his enables us to fix the hull form earlier and leads to the early start
of design work and also enable to shorten the total design period, So it is highly desired to use thc
software tools which enables us to do the faring task efficiently, to shorten the verification period in
towing tank and to provide the accurate hull form data to shipyard CIM system.

Survey of Commercial Software Products for Hull Form Design

In order to realize our goal, we firstly surveyed the commercial software products. These day»,
many commercial »oftware products are available for hull surface generation and lines fairing
through interactive operations, These software have functions to define hull form. These software ar»
roughly classified into following two types,

2D-Lines Fairing System following traditional fairing process
The software in this category follows the traditional 2D-line» fairing approach, i,e. 2D curv».

fairing using batten and weights. It expresses the hull form through a wire frame model. Three
sectional planes and its intersected curves  frame lines  waterline» / buttock tines! are used to define
the hull form. Several kinds of curves such as spline curves and arcs arc used to express 2D sectional
shapes. The consistency betv een sectional curve~ on three kinds of plane have to be guarante»d by
the operator. This way of fairing is easv to handle the curves and fit the image of experienced
workers. However, this method can not provide a smooth surface and it is difficult in general to keep
the consistency among sectional curves on three kinds of plane. The result of fairing work rather
depends on the operator's skill.
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3D-Surface Fairing Using Control! ines
This method defines hull form using 3D surface patches which are generated from 3-

dimensional control curves, I:irstly, 3-dimensional control points both on the bodi plan and
stem/stern profiles arc defined, a» base reference points for the hull surface. Secondly, these control
points are connected and fitted by 3D spline curves, and a wire-frame model is generated. Thirdly,
the surface patches are defined by use of these wire-frame model. This method can generate rather
smooth 3D surface efficientl> and fit the image of the hull form planing engineer. However, many
control points and, consequently, fine meshed wire frame control curve» have to bc added, ll that hull
form is complicated  such as having large surface curvature change!, In this case, the strong points ol
this method are weakened.

Some Comments for Commercial software products
These commercial software are specially developed for the hull form fairing. Therelore ail

these software provide necessary functions for hull form fairing and makes it possible to do an
efficient fairing task. However, these software seem to assume traditional hull forms. For example,
some systems cannot express special hull forms such as un-symmetrical stern end, catamaran ships
and submersible vehicles, They can't express propeller and the appendages such as bossing, etc,
Therefore, there are problems for the fairing and surface generation that is required in ship hull form
design in a wider sense. In other words, their functions for surface generation and manipulation
capability are not so strong compared with generally applicable and advanced surface modeling
ability that mechanical CAD sy»tern» usually provide.

In conclusion, the commercial software which provides both enhanced surface manipulation
functions and special features necessary for hull surface fairing don'I exist. Furthermore. the CAM
functions to generate cutter passes for model and propeller milling machines, which arc very
important for hull form development and most of the mechanical CAD systems provides, are not
available in these commercial software at the moment.

Development of 3D HUl} Form Design and Faring 'System: MELFAS

Based on the understanding of the state-of the-art of the hul!-form CAD system, we have
decided to develop our own system, which was later named Melfas  Mitsubishi Expert Lines FAiring
system for Ships!.

Functional Requirements for MF'LFr4S
Primarily, requirements for our system are as follows;
~ To realize the fairing system which does not depend on the operator's skills, especially

the consistency of frame lines, waterlines and buttock lines are kept automatically at
all times, Surface smoothing can be done.

~ To perform efficient rounding for the end part of bow and stern where a large amount
of work time is always required comparing the fairing with the main hull.

~ To be applicable not only for traditional hull forms, hut for all kinds ol hull forms,
such as catamaran ships and submersible vehicles.

~ To be able to do the fairing of appendages such as bossing, propellers which can not
bc expressed in mathematical forms, and offshore structures.
To enable lo generate surface patches efficiently and ea»ily using fairing results. These
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patches should bc accurate enough to be directly used in detailed/production design.
To provide the surface information to the shipvard CIM system MATES.
To be able to generate NC data for NC model ship milling system with simultaneous
5-axis coiitrol.

To provide enhanced surface manipulation function» with good user intert'ace
equivalent to a general purpose mechanical CAD system has.

Development Concept of MFI.FAS
To fulfil the requirements shown above, functions of 3D surface CAD system are absolutel>

necessary. However, it is considered very difficult to accomplish the tairing work by using the
functions of the existing 31! surface CAD system only, into the fairness which is presently
accomplished by skilled worker~. Therelore, we decided to adopt the basic concept of a combined
system, which has both functions of general-purpose 3D CAD system based on a surface inodel and
lines fairing system in 2D based on a wire frame model.

We selected an advanced 3D CAD system as the core system and customized it by adding
specific functions which are prepared by MHI on the basis of long-term experience in hull form
design to express unique and complicated features of hull surface. The core system provides us with
good GUI. The specific functions enable us to handle hull parts bv gently changing and freely curved
surface which characterize a ship's hull, and parts of the surface at fore/stem ends with a big change
in curvature.

As for the CAM functions to be used for the model ship milling, we have decided to
customize the original CAD system functions.

System configuration of MELFAS

MELFAS is a practical hull form fairing and surface generation>manipulation CAD/CAM
system based on MHI's experience and know-how in shipbuilding. MELFAS is an integrated system
with fairing capabilities specific to hull fairing, and advanced CAD capabilities of a general purpose
3D CAD system. Figure 2 shows the. system configuration of MELFAS. The main software
components of MELFAS areas follows.

~ "Hull fairing function" to define highly accurate hull forms with wire-frame models,
~ "Automatic rounding/fairing function" for end parts at the bow and stern where. large

change ot surface curvature exist.
~ "Surface CAD' to apply surface patches and provide hull form data to NC system;ind

the shipyard C1M system MATES.

These three�! function» are linked firmly and the information generated by one program can
be transferred freely. Therefore, the wire-frame data and surface data is transferred to the
surface CAD components very easily. The functions of these programs are described in the
following sections.
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Figure 2. System configuration of MF',I.FAS

Hull fairing function
Hull fairing function is composed of more than l0 sub-programs which provide specific

functions necessary for the fairing of a hull surface. The operator can perform fairing work smoothly
through the comprehensive windows specially designed for considering efficient fairing process,

Figure 3 shows screen images of 3-dimen»ional fairing»ub-system». The hull form i»
expressed by 3-dimensional wire-frame model. The operator can perform 3-dimensional fairing work
automatically keeping the consistency ot' frame lines, waler lines and buttock lines. The control curve
expressed as a 3-dimensional»pace curve is also used to help the fairing work. The type of continuity
of the curve and the target region of fairing can be defined as attribute data, and the offset point is
defined as a fixed point or a movable point, These fairing condition» can he easily set through the
buttons arranged on the graphical window s.

A large variety ot fairing support functions are provided, for example, verifying  he surface
fairness, slicing the hull surface with an arbitrary plane, curve fitting by spline/mathematical
formulae/arcs, and display functions»uch as zooming and rotating arc also availablc. One of the
features of this sub-system is that l'airing on a 3-dimensional rotating coordinate system can be
performed efficiently, This l'unction is effective for thc fairing of propeller».

ln this way, the user can perform hull fairing work very efficiently and can do the tairing
with high accuracy,
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Fi gure 3. 3-dimensi on al fairing program.

Autotnatie fairing function of hotv and stern ends
Figure 4 shows a screen image of the automatic fairing function of a bow end. In general. it is

difficult to con~ect the gently curved surface of the main hull with the hull surface of the bow~stern
ends with a big curvature. Also, fairing the hull parts near the bow and stern is very time consunsing.
This sub-system can perform the fairing of bow and stern parts almost autotnatically by use of
mathematical formulae implemented in this sub-system. The generated surface can be connected
smoothly to the main hull surface while keeping a connected condition. In this function.
mathematical representation of hull surfaces are defined based on MHI's practice in consideration of
propulsion performance and productivitv in the production department, The result can be confirmed
at once by way of a 3-dimensional screen image. By use of this sub-system, fairing work hours at
bow and stern end has been much shortened, and highly accurate hull form surfaces have been
obtained with ease,
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Figure 4. a screen image of automatic fairing function of bow end section

Surface CAD
Several functions which are necessary to model the ship hull form have been added to

customize a ready made 3D CAD system for general tise. A surface motlel of hull form can be
defi~ed efficiently by the sub-systetn when a v ire-frame model is pr"pared by thc above nieritione<l
fairing sub-systems. This sub-system provides a very enhanced viev ing operatio» by use of
functional devices such as a dial switch and a jov stick. The real-time rotationand zooming nf the
model can be done very smoothly. This function contributes to the verification of surface fairness,
and the efficiercy of fairing work has been much imoroved. It has also the function to verify a
surface, Figure S shov s the examples of screen image for the verification of a surface. The lett one.
shows normal vectors at numerous points on a surface and the right one shows "highlight li»es"
which are reflection of hnc light sources. By use of these screen image, the operator ca» check the
fairness of a surface quite easily.
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Figure 5. Verifying the surface model

As this sub-system has been developed on the basis of an advanced CAD system, this sub-
system has very strong surface modeling function. Figure 6 shows the stern part of a hull form, and
figure 7 is an example image of a high speed craft. Not only the hull form but also the parts with
geometrical shape, such as propeller, rudder, shaft bracket and bossing and super structures can be
expressed easily as shown in these figures.

Figure 6. Stern view of hull form including propeller, rudder, and shaft bracket
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Figure 7. An example of high speed craft

ln addition to the surface manipulation function mentioned above, this sub-system provides
several functions to support hull form design work. For example, calculation of displaccmcnt, area of
wetted surface, curve of center of buoyancy, generation of oi'fset data and coordinate of frame linc.
can be performed by this sub-system.

Numerically Controlled Model Ship Milling System

Current NC system for model ship
The size of the model ship used for the towing tank test is about length of 6 - 10m. The A 

milling system for the model ship is usually the gantry type, and the work piece is fixed to the table
of the pit. Usually, it has two cutter units symmetrically arranged. A milling cutter, ball-end-mi11 and
a straight-end-mill is used for cutting the model ship.

Most of these milling systems adopt the simultaneous 2.5 axis contro1 along the v atcrlinc of
the constant Z value. There does not seem to be an NC milling systcrn that can produce a complete
model of the whole ship including the complicated surface of the bow and stern.

Development of the 5-axis numerically controlled model ship milling system
By developing the surface generation system, MELFAS, an accurate hull form cau be

expressed for the whole ship hull form including a bulbous-bow and stern-tube, MHI has developed
the world's first simultaneous 5-axis numerically controlled model ship milling system using 3-D
surface data generated by MELFAS. The specification of this system is shown in table l.
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For the NC data preparation, a CAD/CAM system installed on the high speed graphic work
station is used. This software can be applied not only to the hull form but also to general structure,
The NC data  cutter pass! of the simultaneous 5 axis control processing and the simulation of the
cutter head are shown in the figure 8.

Figure 8. The simulation of the cutter head

Figure 9 shows a model ship under process. In this figure, the tnilling process of the aft hull,
and the rough cutting process for the fore hull have been finished, The final cutting to refine the
surface still remains to be done,
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Figure 9. A model ship during the processing

As the usual morlel ship INC milling machine had a simultaneous 2.5 axis control, it couldn'I
make the complete hull form, especially in the bow and stern areas, and much manual work for
surface refinement remains, However, this system can produce a complete hull surface as shown in
figure 9, Accompanying work, such as drilling of the thruster tunncland the layout of the waterline
for photographing the wave height measurement, is also carried out by this system. This NC'. miiling
system can be used for not only the model-ship but also for the mode!-propeller, model-inlet ot water
jet, and for a topographical model in a wind tunnel test, Figure 10 shows a model-propeller during

the milling process. 1-igure 10. A model-propeller during the milling process
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Integration with Shipyard CIM System

As was explained in the previous section, the required accuracy for hull surface differs in
each stage; initial design, model for the towing tank test, preliminary design and the parts lofting
stage. Additional work for the hull surface refinement had been carried out in these design stages so
that it has adequate accuracy for its stage's design work. Also the information transfer of hull forms
had been performed by means of offset data and/or primitive points coordinates data of hull lines.
This implies that the poor transferring function had caused information omission and the less
accuracy.

On the other hand, the shipyard CIM system has already been constructed and put into
practical use. The explanation of CIM system at MHI was reported in the previous ICCAS paper. The
shipyard CIM system is composed of MARINE, MATES, factory automation system and production
management systems. Therefore, if the very accurate hull form data is enough to adopt for the parts
generation in the digital form, it is prepared at the beginning of design, Considerable improvement of
design efficiency is expected, Due to the efficient generation of the highly accurate hull form and
information based on the surface modeling function of MELFAS, It becomes possible to improve the
hull surface information produced for the model test into more accurate surfaces applicable to actual
ship construction, and to provide it to the shipyard CIM system, MATES.

The surface data transfer from MELFAS to MATES is performed by IGES format. MATES
uses commercial software product as the geometry modeling kernel, so the surface information is
smoothly exchanged without any deterioration of accuracy between both systems. The faring work,
which had been carried out several times in different design stages, has been unified into a one time
execution in the towing tank by use of MELFAS. When doing the faring for thc test model, the
succeeding refinement such as consideration of thickness effect etc. for the actual ship usage is
considered beforehand, Immediately after the performance of the model ships has been verified
through the model test, the model surface data is refined into thc actual ship's surface data by use of
the MELFAS' very advanced surface manipulation function. In this way, it becomes possible to
transfer the accurate surface information to the design department, The faring work in the design
department has been completely diminished. Also the design process has been much improved as the
confirmed data is provided at the beginning of design stage. The design lead-time has been much
shortened and design alteration related to the hull form has been scared. Improvement of design
accuracy contributes to the elimination of re-work in the production stage and improvement in the
design workflow. In other words, the optimization of design and production has been much
promoted,

It is a well known fact that the data exchange between two differen CAD systems arises
accuracy discrepancy problem. To counteract this problem, some enhanced functions such as
automatic re-projection of the trimming boundary of the trimmed surface patches and automatic
verification function for the opening of the adjacent patch boundaries has been implemented.
Furthermore, the standardization of how to make patches for the hull form has been achieved in the
operation level.

The integration of MELFAS and MATES has realized not only the elimination of doubly
input work but also the improvement of efficiency of shipyard CIM system. [t can be said that the
shipyard CIM system has been extended to the upstream direction.

385



Concltjsions

1. MHI has developed practical lines faring and hull surface design system MELFAS on the basis of
MHI'S long term experience and know-how of shipbuilding, MELFAS provides not only ship
specific faring features which enables to do the faring work ver> efficiently, but also advanced
surface generation/manipulation function based on the commercial surface CAD system for general
use, The combination of these two functions makes MELFAS a very unique and advanced system.
2. Accurate digital data of hull surface can be generated by MELFAS at very early design stage.
This digital data can be transferred to shipyard CIM system MATES and directly used in ship design,
This eliminates re-works in the design department. Also this has realized a shorter design lead time
and improvement of design accuracy, In other words, design process re-engineering has been
achieved through the integration of MELFAS and MATES.
3. MHI has been first to develop a simultaneous 5-axis nuntcrically controlled model ship milling
system for towing tank test by use of a 3-D surface data generated by MELFAS, and through these
systems integration, hull form development and its verification work in the ship model basin has
been much improved.
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THREE-DIMENSIONAL NUMERICAL SIMULATION OF
PLATE FORMING BY LINE HEATING

Henrik B. Clansen, Techriical University of'Denmark, Lyngby, Denmark

Abstract

Line Heating is the process of forming  steel! plates into shape by means of localised heating
often along a line. Though any focussed heat source will do, the inexpensive and widely available
oxyacetylene gas torch is commonly applied in ship production,

Over the years. inany researchers have addressed the, problem of simulating the process, and
although very few have been successful in gaining accurate results valuable information about the
mechanics has been derived. However, the increasing power of computers now allows for numerical
simulations of the forming process using a three-dimensional thermo-mechanical model.

A general numerical analysis tool for the proces~ has been developed for use with the
cotzmerciaily available finite element code ANsYs. It models the three-dimensional therma-elastic-
plastic behaviour of a plate being heated along a straight line between any two points. There is taken
account for temperature dependant radiation, convection, conduction, Young's modulus and tangent
modulus  in a bilinear plasticity formulation! in the modelling.

The model provides information not otherwise available, i.e, plastic response due to the heat
treatinent, time history of the temperature field, residual stresses, sensitivity to input parameters, etc.
Further, empirical relations can be derived from the analysis. Once available, the empirical data
 relating temperature field and local deflections! may be used in an optimisation procedure utilising
pure elastic analysis telling where and how much to heat to obtain a desired shape.

This paper will present the three-dimensional FE model and analysis results, along with
derived empirical relations, and sensitivity analysis of the model.

Introduction

The motivation for thc present study is the need to obtain simplitied relations between input
parameters such as plate thickness, torch speed and heat input, and final local deflections. This need
arises if an iterative aptimisation procedure is going to be used to predict the heating pattern», Direct
iteration is not feasible, becatise the problem is already large. Instead of using hours per iteration»i a
fully thermo-mechanical analysis, only seconds arc required with the empirical data at hand. A series
of simulations with varying parameters has been carried aut, and by using inultivariate «nalysis,
relations between the parameters and local plastic strains have been derived,

The Numerical Modelling

A model that simulates the line heating process should posses the following properties:

It must consist of'as few elements as possible to save valuable computing time.
There should be a sufficiently fine inesh in thc heated area to ensure a converged solution and
precise description of the final deflection state.
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The model should be physically large enough to provide boundary conditions for the heated
region, as uould 'i real plate.
Material properties and ccnstitutive relations should correspond to thc actu;il behaviour of' ihc
m«tcrlal.

Figure 1: Part o  the mesh that m;ikcs transition
I

I
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L

Figure 2: Fine mesh cut at the edge of the plate.

Heat di stribution
Thc. heat is app]ied as an axisyrnmetric Gaussian distributed flux, which is not nccc»sarily a

precise representation of the actual heat flux absorbed by the plate. frc m a gas  orch. Nevcrthele»s, it i"
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Choice of Mesh
Convergence analyses have indicated that at least »ix linear solid eleinents should hc used

through the thickness, and that approximately 15-20 linear elements should cover the plastic zone
perpendicular to the healing path. This applies when using a torch width  discussed later! of 4 cni.
Convergence tests also reveal that linear eleincnts are tinuch inore efficient measured in coinputation
tiine than quadratic eletnents even for the sainc accuracy.

These requireinerits have led to a model, where a refined mesh with six elemeni.s through thc
thickne»» and 18 elements perpendicular to the
path in the heat-affected zone ntakes a
transition into a coarse mesh that is only onc
element thick, as shown in figure 1. The model
allows the heating to»tait and end in any two
points itisidc or outside thc plate.'s edges the
latter option to allow edge e ffccts to be
investigated, Thc niesh will then be cut at the
edge of the plate, see figure 2. lf the distance
between the two points i» 1«rgc, more blocks of
fine elements wil I be inserted. Further, all
properties such as thickness, torch speed, and
input flux are input as parameters, making the
model very versatile.



siinple and generally accepted by researcher in the field of linc heating, [3J, [6J and [11], The heat flux
is

Q =Q."�e "'

IO

o ~ 4

u

200 400
Temperature ['Cj

600 BOO

Figure 3: Heat convection film coefficient, based on average
teinperature of' plate surface and quiescent air.

Material Properties
Material properties are adopted from [4] and are verified with data from [7[. It represents mild

steel in a bilinear isotropic hardening plasticity formulation, defining Young's modulus and a constant
tangent modulus for various temperatures. Though it is questionable, whether the data are sufficiently
precise, and whether thc constitutive relations  elastoplastic formulation rather than viscoplastic! arc
adequate to describe the real nature of the thcmtomechanical process of line heating, it. will have io
do. Material property data is very ditficult to come by, even for the very simple case of
elastoplasticity it becomes even tnore difficult to find data for viscoplasticity. Material properties are
shown in figures 4 through 6. The influence of changes in the yield limit is investigated in the section
Sensitivity Analysis later in this paper.

389

where Q is power per unit area, Q,� is the inaximuni flux at the centre of the plate, yis a

distribution factor and i is the distance from the centre. To be able to assess the size of the heated area.

a measure is defined as the radius where the flux is 1 "7~ of Q,',. This quantity is called the 'torch
width' throughout this paper,

Cooling of thc plate is modelled by free convection and ridiation. The theory ot free
convection is adopted from [2]. pp, 460ff, which describes convection on a uniformly heated plate.
Convection as a function of temperature is shown in figure 3. As the plate subjected to line heating is
heated locally, the physical conditions are not similar. However, conduct~on in the steel is prevailing
compared to both radiation and convection, and therefore it merely serves as a way to allow the
average plate temperature to descend to room temperature af'tcr a while. For that rcasoii, the
convection term is modelled as the average convection flux at 7.5 'g'',,: Radiation is modelled by the
Holtzmann equation, with ernissivity at 0.5. As with convection, radiation is negligible coniparcd to
conduction.
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Simulation Programme
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Among the factors that control the final shape of the plate are plate size, heating line positio i.
torch speed, power of the heat source, plate thickness, rnatcrial properties etc. To gather relatioiis froni
a sensible number of simulations, the number of unknowns must be reduced. Therefore, focus i» p.it
on the loca ' def'lections, as they supposedly are more general than the description of ihe total
deflection of the plate � this more or less removes the result's dependency on plate size Considerin >
only plates of identical inaterial «nd neglecting edge effects  positio > of heating line!, the proble » is
reduced to depend on physical measures as thickness. torch speed and amount of heat.

In [1 1 j, parameters based on input power, Q, plate thickness, A, and torch velocity,   are fouiid
frotn dirnensionless analysis. The quantities h and v are easily measured, but how much heat, Q!, that i;
actually absorbed by the plate is difficult to say, Also inspired by the dimensionless analysis in [1 1 l
one gets the idea that the maximum temperature is very important, as any similarity in result.
prescribes similarity of the temperature fields. 'I'he maximum temperature is easily measured. and it i.
a function of the other parameters, g, v, and h.

For these reasons only maximum temperature, T��, plate thickness. h, and torch velocity, i.
are considered in the sitnulation programine. As seen in the section Empirical Relations, go i�
agreement between residual plastic strain and quantities based on these three parameter» is found.

The simulation prograrnrne must cover a representative range of the possible parameter values.
Three thicknesses �0u 1 ~ and 20mm!, three velocities �, 10 aiid 15 "I/! and three inaxinrum
temperatures �00, 600 and 700'C, reference temperature at 20'C!; re chosen. These aie belicvc� t i



Empirical Relations

To establish relations betwceii the input parameters and the coinplex results froin the thrce-
diinen»ional sitnulation» soinc»irnplifications must he made, The aim is to be able to extract the local
deformations from thc analy»is and apply them locally to an elastic analysis later. Data i» extracted
from the heated zone only, v, hich is assumed to be of same length as the heated path and having the
average breadth of the plastic zone in general shown as the shaded area on figure 8. A zone of equal
size mu»t then be applied to thc elastic analysis.

.Simplification
The following i» done:

Evaluate only data from the section. 5, perpendicular to the
rniddle of the heating path, see figure 8. This is the same as
assuming constant plastic strain along the x-direction,
which is not conipletely true.
The plastic strain in the section, S, is averaged in the y-
direction. The average plastic strain in either x- or y-
components, c,', can be expressed a»

Figure 8: Heated zone

HP Visualize C200 with 1GB RAM. beiichioarked by HP to 21,4 SPIlCfp95,
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be adequate. Though the line heating process is used and approved by classification societies up to
900'C, [5], lower temperatures may be sufficient, "... because efficient bending was already being
performed with lower temperatures"  quoted from [5] p. 6!. Embrittlernent is also more likely to occur
at higher temperatures. Further, the constitutive inodel is unable to model temperatures above the
phase transformation temperature of low carbon steel �23'C!. Among others, the thermal expansion
coefficient, the yield limit and Young's Modulus are different in heating and cooling during the phase
transformation, [8]. This is the reason for not using higher temperatures than 700'C,

All in all the choice of parameter ranges causes 27 �'! simulations to be carried out. For
details, refer to Appendix A.

The calculations are inade for a Ix'/i m plate
with symmetry conditions. IIcat is applied along a
20cm path on the long side  x-direction! at the centre 1 mz
of the plate  from point A tii B in figure 7!, A torch
width of 4cm is used. This model consists of 5100
elements and 6380 nodes, spending about 10 coinputer /
hours on a Hewlett-Packard workstation running1

AtslsYS 5.3. Symmetry '/2 m

It is found that even for this short heated
distance the plastic strain reaches a constant value Figure 7: Sketch of model
independent of the position of the points A and B.
Con»equently all result» are evaluated along a linc
perpendicular the heating path at the centre.



where ii~' is an average width of the plastic zone, t',', is thc plastic sl.rain x- and y-components
respectively, and the integration is done over the full v'idth of the plastic zone. This is done in
every layer of cletnents through the thickness, giving average values for every layer. l'ic
width, vi~, is in average 3crn in all the 27 simulations, which means that the average strain in
an elastic analysis must be applied to a 3cm wide zone.
The results are linearised in order to divide the strain into shrinkage and bending contributions
to the strain field. The integration above yields a distributed average plastic strain that ii
everything but linear, so v ith the method of least squares a line is fit to the average strain da:a
This is a very efficient wav to simplify the data, and it can hc done as illustrated in figure 9
Shrinkage strain, D � is calculated as the lincartsed value. at the centre of the plate, wh lc
bending strain, 8,-, is calculated as the difference between the linearised data at thc surface el'
the plate and at th» centre of the plate, see figure 9. Data for D�, D,�B�and 8,. is given in
Appendix A.

Figure 9: Linearisation of plastic strain

Fsnpirical Relati 0>is
The empirical relations are derived using a multivariate analysis as described iii [1 j and [3I.

With this tiiethod, one can find relations among a number of variables again using a least squares
method to fit data, To find the parameters that D,, D,. 8,-, and B,, depend on, a heuristic approach is
taken; Almost any plausible important factor is tried for correlation with the four de lection
parameters, Thus 87 different combinations of 7; h, and v has been correlated v ith D�D�B,. and 8,,
yielding the correlation factors in the range [-l;l]. From the analysis, the combinations v ith tn»
numerically largest correlation are chosen,

The regression is described with the following equation

Y =b, +b,X�+h.,X�+ +b,,X,�+e, or Y=Xb+e

v here Y is a colunin vector holding the dependant variables  D... and 8,-,!, X is a 4xp matrix, that in
every row, i e Ii;4!, holcls the evaluated combinations of T, h, and v corresponding to l',. b are the
coefficients for the best fit, and e are the residuals. Minimising the residuals yields:

b-IX'X! 'X'Y
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Tables 1 through 4 show the best fit coefficients and the parameters of equation �! along with
thc correlation constants.

Table 2: Expression for BTable 1: Expression for D,

Table 4: Expression for 8,Table 3; Expression for D,

Each fitting procedure's residual is represented by "stdev." and "max,", which refer to the
standard variation and maximum value, of' the errors in each data set.

Va lidatiorr
'A'ith these coefficients, it is possible to interpolate to yet unknown parameter values. As a test,

an extra calculation is ca~ried out with T = 650 C, h = 12.5rnm and v = 8 "/. The result from real
simulation and from prediction is compared in table 5.

Table 5: Comparison of predicted and sitnulated data
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Unfortunately, the interpolation docs not work very well! This may be caused by any of the follov, irg
factors:~ Polynomial» of too high order add noise when fit to only a few points. Either bett<..<

polynomials or morc data must be made.
~ During thc test programme, the new version 5.5 of A1»SYS was installed. Thi» ntade th»

analyses much more stable, but unfortunately it also changed the results from simulation. Thi,
means that it is difficult to predict new results from the results of the old version.

Obviously, the itnplementation of the multivariate analysis method st<11 needs some refinement.

Applying Strain to an Elastic Analysis
Normally one cannot apply initial conditions as plastic strain to models in commerciallv

available FE programs. hi fact, Ar sos can onIy have displacement» and temperatures as input. Ot><.
way to apply the averaged strain is to use an artificial temperature field along with orthotropic therm;<1
expansion coefficients. By using a mean temperature, 7; a temperature difference from the upper»ide
and the rniddle of the plate, AT, and different expansion coefficients in the x- and y-direction», rr, an<i
n,� it is possible to transfer the information. Based on the above definitions, the following holds true:

rr,T � - D, ct,T = D, . a,U1 =B, and rx,UT � B,

D B,
tz, = and UT= � � T,

T D

D,cr, = � '
T<

To test that this method may actually be used a simple model equal to the test slo.
17'=600'C, h=15mm, v=10""/'! is made. Herc the above mentioned ratio is 2,4. Figure 10 below
shows a comparison of the test case and thc elastic case evaluated for deflect<on in the z-direction ct
v=0m and y=0,5m. "Elast" denotes elastic equivalent analysis and "Orig" denotes original full

Figure 10: Compartson of full analysis and elastic equivalent case,
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This is unfortunately an underdetermined equation systetn. leaving one parameter free. and
forcing us to throw one equation away, The problem is, that the ratio of 8�/D�must be equal to R,lP,
This is not always the case, as the ratio between the two ranges from 1 to 6.7. It is chosen to discard
the equation with B�because bending in the >-direction is morc important, Choosing 7 as fixed to a
temperature T> this yieltls.



modelling. "0" and "0.5' are the y-coordinates.
As can be seen, a surprising good agreement is found between the elastic and the

thermomechanical modelling � considering the assumptions and simplification. This can certainly be
used for an approximate optirnisation procedure and later be confirmed by an elastoplastic analysis,

Sensitivity Analysis

A smaller number of simulations have been made to examine the sensibility of the model to
variations in input parameter related to assumptions made previously, It provides information on
which parameters, further study must focus on. The following simulations are done:
~ Two simulations investigate change in the yield limit  'sensl' and 'sens2'!. In the first all data

for the yield limit is raised by 10%. In the latter, the room temperature yield limit is changed io
400MPa  from 2SOMPa! leaving all other untouched. Since the next data set is given to ANsvs
at 400'C �10 MPa!! incar interpolation is used for intermediate temperatures.

~ Test with a narrower torch  'sens3'!. A torch width of 3crn is used instead of the usual 4cm.
The maxitnurn temperature is kept. constant.

~ One test investigates the influence of the plate size on the local plastic deformation  'sens4'!.
A plate size of I.5m by 0.75m is used,

~ Test the influence of using kinematic hardening instead of isotropic hardening  'sens5'l.

All the sensitivity calculations are modifications to test No. 14  T=600'C, h=15mrn, v=10"'/ !.
As reference a new simulation, 'sensO', is made similar to test case No. 14 � but this time carried out
with ANSYs 5.5. Comparing with data for test No. 14 in Appendix A, one can see the difference
between the two versions' results.

Table 6: Influence of various parameters on residual plastic strain.

Table 7: Percentage change from case No. 14 based on table 6.

From these tables one can see, that the bending in the x-direction, B� is highly influenced hy
the yield limit. However, D�D,., and B,, are much less sensitive to those changes. The results not very
sensitive to the use of either isotropic or kinematic hardening.

A narrower torch will produce less deflection in general, but with more x-direction bending,
B,. Finding the optimum torch width needs more investigation. The results are moderately sensitive to
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changes in torch width, why this should be investigated in detail, for example by direct measuremen s
on the temperature distribution on a heated plate.

Finally, the results presented in this paper are actually independent of the plate size.

Conclusion and Recorntnendations
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Test Programme Details
The table below summarises the parameters used in the 27 test runs that are used for deriving

the empirical data. For example, case No. 23 has the properties T, = 700'C, h = 15mm and v =
10 rim/



Dnearised Deformation Data
In the following table all the linearise4 deforrrIations are sumntarised.

Table 9
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Abstract

A control system for an automated line heating process is developed by use of object-oriented
methodology. The main funcn'on of the control system is to provide real-time heating information to
technicians or automated machines. The information includes heating location, torch speed, heating
order, and others.

The system development is achieved by following the five steps in the object-oriented
procedure. First, requirements are specijied and corresponding objects are determined. Then, the
analysis, design, and implementation of the proposed system are sequentially carried out.

The system consists of six subsystems, or modules. These are  l! the inference module with an
artificial neural network algorithm, �! the analysis module with the Finite Element Method and
kinematics analysis, �! the data access mcdule to store and retrieve the forming information, �! the
communication module, �! the display module, and �! the rneasurernent module.

The system is useful, irrespective of the heating sources, i.e. flame/gas, laser, or high-
frequency induction heating. A newly developed automated line heating machine is connected to the
proposed system, Experiments and discussions follow.

Introduction

Line heating is a method used in the production of curved shells at the bow and stern of a ship.
The process is generally regarded as one of the outdated technologies in the modernized and automated
shipbuilding process. Only a few chief technicians at a shipyard are able to provide limited heating
information, which is based on their long experience. Other workers simply apply heat to a plate along
lines, as requested by the chief technicians. No reliable data can be obtained from shipyards, since
measurement of input and output quantities is not practical. Basic questions may arise as to which
quantities should be measured in order to use them in succeeding jobs.

Since the line heating has been introduced, numerous studies have concentrated on how to
determine the heating paths. In practice, the heating paths are determined in an obscure manner by
skillful workers. Thermo-elastic-plastic mechanics [Moshaiov and Shin 1992], geometry analysis
[Letcher 1993] [Yoo et al. 1995] [Ryu 1998], finite element methods [Shin et al. 1995], inherent strain
concepts [Ueda et al. 1994] [Chang and Moon l998], as well as other approaches have been applied to
the understanding of line heating. Most have commented on the automation of line heating in their
research on heating paths. However, in order to achieve the automation of line heating, a control
system needs to be developed. The system should be able to integrate the large amount of forming
information and to create a seamless data flow. In addition, it should be easily updated or revised as the
relevant technology improves,

Formly, gradtta e atttdents in the Dept, of Naval Arch. and Ocean Enz., Seoul Nat'l Univ., Korea
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The objective of this paper is to develop a control system for an automated line heating process.
Object-oriented methodology is employed to develop the system efficiently. The methodology can bc
useful for the development of a system having large data, complex information flow, and which
requires frequent revisions. The major concept on the automated process is presented, followed by
methodology and implementation, For verification of the system, a corresponding machine has been
designed and tested. Since the system produces the forming information, it can be useful for individUal
workers as well as for any autoinated line heating machine.

Current Line Heating Process

In shipyards, the current process has already been investigated in [AESA I992]. The proces; is
almost the same in most shipyards in the world, Figure I shows the current line heating shop in a
shipyard,

Figure I; A typical }inc heating shop

The shop is very hot and noisy. A set of several wooden or recycled-paper teinplates per each
plate are used as tools for checking the surface of a formed plate. The templates are discariled atter
checking a plate piece. Heating paths are drawn by one of the chief technicians. The paths are the
result of the experience and intuition of an expert. It is said that at least several years' experience is
required for a technician to draw heating lines with confidence. In addition, in the middle of the
formation process, the templates do not exactly match the surface of a plate, The workers then
determine the new heating paths by qualitative differences between the templates and the plate. In
conclusion, every information in the line heating shop is not quantified, nor computerized.

Based on the shipyard practices, the information flow of the current forming process is
illustrated in Figure 2. It can be seen that the design and production processes are separate in terms c f
information and participating personnel. Usually the design is carried out by engineers. while the
actual production by technicians.

To overcome this, a new automated line heating proces» would be desireable. The process
should be based on quantitative heating information, compared to the qualitative one in current
shipyard practice. The information is not only concerned with heating paths but also others, such as
torch speed, cooling, and torch height. For example, a heating path is determined by coordinates of two
ends. All data should be stored in a computer so that it can be used in the next job. Since there is
considerable data, the relation of which is very complicated, a systematic approach is inevitable in the
development of a control system of the new process.
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Figure 2: The current line heating process

An Object-Oriented Control System for an Automated Line Heating Process

In order to develop the control system for an automated line heating process, object-oriented
technology is employed in this paper, The five steps in object-oriented technology, shown in Figure 3,
are system requirements, selection of system objects, analysis, design, and implementation of the
system.

Figure 3: Developing steps of a control system for an automated line heating process

In the system requirement step, the automated line heating process is identified in detail. The
objects of the machine and the control system arc then deterinined. In the analysis step, the line heating
process and the related processes are analyzed with the objects. At this point, the specifications of each

401



object are determined v ith attributes  or data! and method»  or functions!. In the design step, the
objects are designed and prograrnrned corresponding to their functions, The objects are realized by tfse
of proper developing tools in thisstep, following which they are integrated into a single system, In the
implementation step, the developed control system is connected with the virtual machine and the hu11
forming process, i.e. the!ine heating is simulated with this integrated line heating system. For the sake
of convenience, the control system is referred to as 'KOIEDO', which is a Korean acronym for 'an
assistant to the formation of hull pieces.' Internationally, Koje island, or Koje-Do of Korea, is known
as one of modern shipbuilding complexes. The details of each step are as follows.

System Requirement and Deternrination of 5ystern Objects
The system requirements are specified and the modules of this system are deterrninctl in this

step. The new automated line heating process should be computer-controlled in order to:
~ serve as input for the computerized data
~ form the hull pieces with high accuracy,
~ reduce man-hours required
~ automatically generate the process planning in real time or in the off-line program
~ manage this workshop in the integrated manufacturing system with other work»hops and

the information system.
The system objects are determined after focusing on the above requirements. Those;ire

classified into two categories with six subsysteins. The line heating process in Figure 4 shows the»ix
modules and their basic relations.
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and the objects in the hull forming system

The first category is the process information system which consists of the following three
subsystems, or inodules.

 9 Analysis module with use of Finite Element Method  FEM! and kinematic analysis.
! Inference rnodu]e with an artificial neural network algorithm  ANN!.
03 Data access module with the product database
The second category is thc process control system which consists of the following three

modules,

402

M 8
i tta uinv ng

Dale ace.ass
Svrf ce - Mr<<du a
Geon 8tf

~  NIJF csleomefry NUR 0Su< '808SI Module Gcolhelrv on »toom< nl
fnuffas pais

Devetopmanf
Mc'du la

Figure 4: Global information flow

analysis
Modlfta

J ~ r h cat ion In fe i en c effurfana
ncofhclff Module

Ctnd tlo Trelnlnp Scl
t tcallrip

ffalf cr np Condition
tore Date JSO»aSS

Model ~ Gn<nrt8lff
nnl ~

Ploeeal Display Vodu a
Plena ng Meat» ng a*neo<ad

Point Valve
ofyimultl..allolt

'I

Meddle Measuramanf
Module



Q4 Measurement module with measuring hardware
Q Communication module with the machine and other workshops
. Display module with the computer monitor and printers
Following the approach by Schenck and Wilson I1994], basic objects for our systein are

defined as follows.

Hull Piece, Kinematics, Bending Strain, In-plane Strain, Piece-fortrling Method,
Rolling, Line heating, Rolling Condition, Heating Condition, Material Property,

NURBS Surface, Offset Table, ANN Model

Next, all analysis and design are carried out on the line heating process and the adjacent
processes with these modules.

Analysis and Design of the Line Heating Process and the Related Processes
In this step, the subsystems of the line heating process are analyzed together with the adjacent

manufacturing processes. Figure 4 shows the subsystems and the information flow with the adjacent
processes, The Computer-Aided Design  CAD! process for the geometry of curved plates and the shell
development is included. In addition, the roller bending process to obtain the cylindrical shells is
included, since the rolling process is the pre-forming stage for line heating, These constitute the parts
in the entire hull forming fabrication, that is, production design, cutting, roller forming, and line
heating.

Each process requires input and output data, which are essential in the determination of the
processing information and for the control of the forming process. For example, these are the geometry
of an objective curved shell, forming conditions, and the measured data. The automated line heating
process can obtain the geometry of the objective curved shell and its developed shape from thc CAD
system, and should obtain the measured data of the initially rolled plate from the roller bending process.

The six subsystems of the control system have their attributes and methods on the basis of such
data in the line heating. The attributes and methods of each subsystem are shown in Figure 5. The
functions of subsystems are summarized, along with their attributes,

packages fShin et al. 199'] and to obtain the curvatures of the curved shell, the strains, and the heating
paths from the kinematic analysis IRyu 1998].

heating speed, gas pressure, and the like, by using ANN [Park et al. 1997] and the experimental
formula [Lee 1999].

retrieving the data by an application program corresponding to each access format. This includes the
access to the Plate Product Model Database  PPMDB! and the packing of the data that are required by
each module.

and to obtain the results after measuring the formed plates.
5. '; to transmit processing commands, information and status through

machines and the other forming workshops. In choosing two physically separated computer's
communication regulation, a standard communication regulation, or communication module is
appropriate. When the control system is some difference from the machine, this module enables the
main control system to operate the remote machine.

in a user-friendly manner.
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Figure 5: The attributes and the methods of each subsystem

Among data in each module and each process, persistent data inust be stored in the database.
For the automation of hull forming process, the processes and the data flow between them must be
known, These constitute the basis of the product data model;ind is referred to here as tnc
PPMDB Plate Product Model DataBase!. All persistent data used iti overall system arises from the
PPMDB, The measured data after forming and the forming conditions are stored in thc PPMDB. Ln
addition, for the case where the data are given in STEP  Standard for the Exchange of Product model
data! file formats, the STEP file is available. The STEP formats are of two types: one is for the
modeling of the products and the other for the production information

Integration of the six objects can lead to the development of a control system for the new
automated line heating process, as illustrated in Figure 6. The control systein computes the processing
information with curvatures and strains, and connects other inodules of system. The curvatures and
strains are calculated from kinematic analysis [Shin and Kim 19971. Using the results, the information
on heating paths of line heating [Ryu 1998! and on rolling process also can be obtained, The calculated
data is input to the inference module and the display module, and the processing information is
transmitted to the machine or technicians through the corninunication module. The measured points,
torch speeds, and paths are controlled through the measurement module. All information is stored in
the PPMDB through the data access module.
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Figure 6; The new process for an automatic line heating

Implementation of the Carrtraf System
Based on the new automated line heating system, as shown in Figure 6, the control system is

realized by implementing the objects. In this step, a virtual rnachine is developed instead of an actual
rnachine for modifing an accurate calculation and to provide smoothly flowing information. Since this
virtual rnachine cannot actually measure the curved shell, the measured displacernent is generated with
some assumptions. Figure 7 shows the template of the developed control system KOJEDO into which
the six subsystems have been integrated This virtual machine and the system can be used as an off-line
teaching or programming tool. In this paper, EXPRESS and EXPRESS-G are used as lexical and
graphical repr esentation methods.

Figure 7; The KOJEDO system template for the automated line heating process
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An Computerized and Automated Line Heating Machine

According to the proposed concept of the automated line heating process, an automatic line
heating machine is developed, as shown in Figure 8. The machine, called iCALM  Intelligent
Computerized and Automated Line heating Machine!, is based on PC � NC  personal computer
operated-numerically controlled! logic. 1t contains the heating and cooling unit, a measuring unit, a
communication unit, a control PC, and others. The control system, developed in this paper, is installed
in the machine to autotnate the process,

Figure 8: An automated line heating rnachine, iCALM, and experimental setup

Test of the System and Verification Example

A simple model was tested with this simulator. The simulation model is expressed in the
following parametric mathematical form,

2B j � v ! 2v l � IE ! � � Q !� � v !
S u,v! = a , b , c

�+a !�+v'!  I.+a !�+v'! �+a'!�+v'!

a = SOO, b = 300, c = 200, � 0,2   a, v   0.2

This model is one of the quadratic surfaces and is called the ellipsoid. The shape is shown in

Figure 9. Figure 9: The shape of the simulation model
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In the analysis module, the primary heating paths for transverse bending are obtained as shown
in Figure 10.

Figure 10: The heating paths for the first bending

After measuring the formed surface through the measurement module, the secondary heating
paths for the longitudinal bending are calculated as shown in Figure I l. It is not the concern of this
paper whether the heating paths are exact or not. The main goal is to develop an integrated system for
the automated line heating process.

Figure 11: The heating paths for the longitudinal bending

Conclusions

ln this paper, a prototype control system is proposed for an automated line heating process, In
addition, an automatic line heating rnachine is developed, in order to make the system complete.

Since the amount of data is huge and the information flow is very complex, object-oriented
methodology is employed for developing the system. By following the development steps of thc
methodology, a new automated process is realized. The proposed, automated system is compared with
the current, experience-dependent system. The proposed control system consists of six subsystems; the
analysis, the inference, the data access, the communication, the measurement, and the display module,
A product data model is constructed io store and retrieve all data in the automated process. By using
the development system, data are accumulated in such a manner that highly precise forming conditions
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can be obtained.
This system is useful, irrespectively of heating methods, i.e. flame/gas, laser, or high frequency

induction heating. In addition, the generated information is quantified, and thus useful for both
technicians as well as other automated machines.

However, the automation system in this paper is not connected to the other systems, such as the
design system, the roller bending systein, and the process control system. This results in a problem of
'islands of automation' which are found in most shipbuilding processes. If these connections are
considered in the future, the automation system suggested in this paper could be used more efficiently.
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Abstract

Line heating i» an cfl'icient nicthnd nf forming doubly crirve<l plates and shell». The
controllability and stability of the laser beam make it an ideal source for automation, Thi» p.iper
summarizes part of thc rc»earcti work at M1T on metal plate forming by laser line heating. Three
dimensional finite elcrncnt inethod  FEM! was empt >yed in the analvsi» of the forming proces».
rezoning technique was applieri to reduce computation time while cap urc the characteristics of  hc
laser forming process. By using  hi» model, we simulated the laser forrtring proces» and obtained
results consistent with tho»c obtained in experiments. A parametric study of edge eft'ects and 1;i»cr
heat input wa» also performed. I hc numerical results are con»iste»t v i h experimental nhscrvalions,

1 Introduction

Metal forming happens when a rrietal plate i» subjcc ed to stresses larger than the yield»tress si!
deformation goes beyond elas ic range. 'I'wo mechanisms are cnmntnnty used lo form steel plates in o
curved shelts, mec ranical forming and thermo-r>recha»icrrifon>ti>rg. ln mechanical for ming, an initially
flat metal plate is pres»ed to a dic of proper shape, or is fed to a»ct oi rolls to produce the plastic
deformation required  o produce the design shape. In thermo-rncchanical forming, plastic dc.lorm;rr inil
i» produced by he< ting and the» cooling the metal plate, Whci! a plate is heated at onc side wtiile the
other side is kept. cool, tire temperature gradicn  across the thickness of' ttic plate generates di tore»t
expansion acorss lhe thickness of the metal plate. thereby causing the plate  <i bend. Since the
lcrnpera urc is higti anil the yield »tres» of the met;i! i» lnv in the region directly under the hea  sr>urcc,
plastic deformation occur». After thc plate cool» dr>wn, as a result of comprcs»ive plastic ~trains, ttic
heated area shrink», causing th» pla c tr> bend rever»cly. Linc hcati»g by, in oxyacetylene torch is a
conimonly used method for lhcrnio-mechanical forniing, especially in shipyards. At!other»ietliod i»
laser forming, where a laser beam is u»cd a» the ticat sr> iree. Fsscntially, thc mechanism <>t laser
forming i» the»arne as that of fort !ing hv «n oxyacetylene. torch. The advantage of u»ing a laser hearn
over an oxyacetylene torch is that lhc heated area i» more focused and easier to conlrol and repe;rl..

Forming by ilarnc or 1'i»cr linc heating has been an active rescarcti topic in manutacturiri,
especially in shipbuilding [3, 16, 9]. Rcscarch on the mechanism of the l»ic heating process [13, 1!,
19, 14, 5] aims tn predict the linal shape of the metal plate when give» the heating condition» and
mech;rnicai prnpertie» nf the metal plate to be hcated. l.initc clement method  FEME or sirnphficd b 'iiii
or plate theory is u»ualiy applied. Research on design of the proper i!eating and cooling processes I2i,
24, 25, '22] is based nn the experience on forming siinplc shape surfaces from rectangular pl,ite». I»'o
general process planning »chem  for general curved»hapcs nor au orna ic control of the 1'orinirig
process is available. Therefore, crirrent »ta c-of-ttrc-art 1;iscr for ming procedures are far from
automatic.
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Froin 1996 to J998, Defense Advanced Research Program Agency  DARPA! funded ii 3-year
project on "Laser Formiiig for Flexible Fabrication" [26I. The research tcarn» consisted nf Boeiiig
Company, Massacliusetts Institute of Technology. Native America<i Technologies Company, Newport
News Shipbuildi»g Company. and Pennsylvania State University. 1'he activities the MIT rciearch
team has been involved iriclude  I ! development ol' a process design algorithr» for laser forming [ I !,
I8I, �! development nf a ti»ite element mode! to predict the nietal displacement during he iti»g
process and the rcsuiti»g nut-ol-pla»c di»tor i<i» [6, 7. 4, I . 11]. Thii paper reflects thc icco»d
activity and is organized ui follows: Section 2 presents the FEM moilel, while Section 3 veri 'ic» the
model by comparing the»urncric;il rc»ulti with experir»cntal results. Section 4 pre»en i the result
from a parametric study. Fi»ally. Sec i<>n 5 concludes the pi per.

2 k"inite Element Model for Laser Line Heating

The problem of bending met;il plates hy line heating can bc divided in o two sub-probleirii: the
heat conduction/traiiiler prnblein and the elastic-pla»tic dcforr»atio» problem, where th» iol itin» nl
thc first problem ii;i prerequisite nf the second problem. According to the mechanisrrr ot' I;iiei f'<irmi»g
proceii, we have developed a finite elerncnt mode! for thermal aiid r»echanical analv»is nt this
process. The ABAQUS ' »oftwarc ii used for fi»itc clement analysis.

2.1 Re oninp I'eehnr'que for Laser 1'arming .rinnlysis
Thc procc»s of shell forriiirig hv line heating is a couple<1 nonlinear therni<>-iiiccli;iniciil

procc»». which»iakes the complete iimulatinn difticult. Numerical »inruliitio»i of line he;<ting proce» s
such iii FFM a»; lysis have achieved .iomc succei» in prcdic ing tfic final state of distortion. but the
compu iition time ii typic;illy decry l<ing  i<i the order of days! which makes FFM not suitable tnr rcal-
tirtie a»aly»ii. During the shell 1<irr»i»g process. the heat inurce moves and only thc area is Iricll!» veI'i
near the heaL»/ourc» u»dcrgoe» large a»inu»t of heat transfer and plaitic strains. Thc re»i»i»iiig are;ri
have»mall changes nf leniperature a»d sma! I amount n  itrc»»e» a»d»trairis, which irirply rh;it a ipars<:
i»c»h in theie areas is sutt'icient. The ordinary I'L<M analy»i», which uses a uniform fine »rosh alo»g
the entire heating linc greatly increaie» thc number of degrees of' frccdnr»s, making the a»alyiii slow.
In order to ohtai» cn»vergcnt and highly;iccuratc resulti i» a rea»nnable time, we use a 3D rczo»i»g
technique in the FEM iimula iorii nf laser Ioirni»g proceii. Ttiis invnlvei rerncshing of th  metal plate
»n that the area directly uridcr thc I;i»er beam has;i denier niesh while other arcai have ip,iricr me»he»
 »cc Figures 2 and 3 for iir'. illustration!.

Th» pla ei foinied by line heating are usually trca ed ai thick plates, since it is the. gradient ol'
the temperature across the thick»esi that provides the mechanism to bend these ptatei. Thcret'nre, 3D
FEM analysii is necessary a»d a 3D mesh»ccdi to be generated. For our research, 8-»<idc bricl'
eleinents a»d 6-node tria»gular priim elements arc the  wo types of elements used in analy~i~.

An algnnthm ha» been des»loped to generate rezoning r»eshes for rectangular platei Ii rciidi
the»cccsiary information I'or thc rrrc>h to he geiierated from an input t'ile, and the ou put lilc fro»i the
thermal and rnccha»ical analysis in ttie prcviou» step  if any!. then gc»crates the input tile for  iiialyiii
in thc next step, 1 hc b;i»ic proce<iures of this mesh gcncratio» code ar»:
l. Gc»crate dense grid for thc planar are. nt onc side of thc plate surface,
2, Vie»crate previ<iu» mesh. i.e., gei ihe cnrrespnnde»ce hctwccn thc grid points and Ihc»nile pni»ti

of the previous mesh.
Re;id the node temperitures  from the output tile ol the thermal;in;ilviii of the previous step! <»
the cleme»tal stresses .it each»<r<tc  froni the output file of th» i»echanical analyiii nf the previoiii
step! and interpolate  hii dat,i at thc grid poi»ts.
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4. Pick up the corresponding grid points and geiicrate new mesh in 2D accordirig to the input file.
5. Take the offset of planar niesh in the direction of the plate thickness and generate 3D mesh, I'h»

thickness of layers increase» iicros» the thickness of the plate, being flnc near the heated side.
6. Write the node coordinaii;s, element formation for the 3D mesh. and the information  >f

convection/radiation faces corresponding to the elements at the surface.
7. Obtain thc initial temperature at e;ich node  for thermal analysis! or the initial stresses in each

element  for mechanical an«lysi»'> for the nev mesh according to the node and grid point
correspondence,

8. Generate input files for thermal and mechanical aiialysis for the new mesh.

2.2 Thermal Boundary Condition
Boundary heat transfer i» modeled by natural heat convection and radiation. Convection

follows Newton's law, where the coefficient of convective heal tran»fer is a function ot thc
temperature difference between the boundary and the environment and of the orientation ol' thc
boundary [20]. The rate of heat loss due to radiation is propoiiional to ihe difference between the
fourth power of the tcmperatur» of the boundary and that of thc environment. The surface einissivity i»
taken to he constant.

2.3 Spatial Distribution of Heat Flur
Heat flux from «n oxyacetylene torch or;i laser hearn i» usually inodelled as Gaussian

distribution [21], In this project. according to ineasurements by rc»»arch»rs at the Applied Re»carcli
L«boratory ot' Penn»ylvania State I'nivcr»ity [26], the di»tribution of heat input is modelled a» a
truncated Gaussian distribution involving a Gaussian distribution in an inner region and a unitoirn
distribution in an outer annular region. About 70% of the total energy is in the inner region. The
diameter of thc inner region is the spot size d;,. and the diameter of the eiitire heated region is about
+=2ds.

2.4 Material Properties of Mild Steel Plates
Material properties such a» density, thermal conductivity, specific heat, Young's modulus of

the mild steel plates u»ed during the experiment» are obtained from [I ][2]. These properties are till
temperature dependent. At high temperature», Yourig's modulus and yield »tres» are given small, flnite
values to avoid difficulties with nurncrit al convergence [I ],

2.5 Mechani cal Boundary Conrlitions
In mechanical analysis, necessary constraint» are added to eliminate rigid body movenient.

according to thc fixture» used in real experiments, with which comparison is meaningful,

3 Verification of the FKM Model

We have veril'icd our inodel by comparing thc nunierical results we obtained from our simulation with
experimental results, I'hc expcriinent» were performed on 0.3048m x 0.3048m x 0.0254n> inild»tc»l
plates with heating lines:it variou» di»tances from the edge. The power of the laser is 2.6 kW. Wc us~ d
the results from thc experimeiits when the heating line was 0.1143m fioiti the edge. I he plates w  ie
clamped at two points during experiment»  see Figure I !. Thc vertical displacement» at S points w»re
measured. The e xpcri ment a! setup is shown in Figurc 1, where d i � � 0.02 54m, d.=0.063 ~ tn.
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d>=0.0381m, 4=0.1143m. We perfortned tlctailed ttiermo-mech;inical analysts for two cases: �! Heat
source moving velocity 7.62 cni/»iin. and, t2! he<it source moving velocity 9,652 cm/min.

d

Hcati<>g linc

Figurc 1: Heating piittern anti meastiring poi»ts in ttiild steel expcrintcnts

Experimental resuhs foi these tv,o cases were obt;iincd tron> the research team at Pennsylvania
State University [26}. An af>sotyt>nn rate ot 60'l was used during iiut»erical simulation based <>n our
experience. The rezoning rncshcs fot the lirst two steps tire shown in Figure 2 and Figurc 3. By using
the rezoning tech»i@Lie, c<>rnputatiori time w;is rcdttced significantly. After the nutnetical siinulation
was cornpletc, the displaccments at ttie itte;tsuring points in f'igurc 1 werc i»tcrpolated froni those;it
thc FEM nodes. Thc comparisons between the numerical and experimental results are shovvn in Tables
I and 2. Error is the relative error ~ith respect t<> cxpcrintent;il results. We see that almost till thc
numerical results are withi» IS'/< o! the experimental results  thc error <>f 27.9~< in Table 1 is probably
due to measurement crroi!. This sliows the effectiveness of our FEY model. Figure 4 sht>v>s thc
deformed geotnetry lor case l.

Figtire 2: Mc h and temperature distribution at rczoi>ing step l
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Figure 3: Mesh and temperature dtstribution at rezoning step 2

Table I: Co~tn rari»on of numerical and cx erirnental di» Iaccment for case I

02746ement  cm! 0.011 15 0.02767 0.02626 ' 0 0030S2 ilaccment  cm! 0.07S56 0.03175 T 0.0292! 0

]O,I

Table 2: Cot~uari»on ol nutnericaI and exp' rt'mental~di» . Iaccrnent Ior ca»c 2
casurin oint I� K2�

x erimental di~slacen!cnt  cm 1 0. �226
I4.» 9.4 8.3 I 8.9rror  '7r!

Figure 4: Defortned gcomctrv ol' the plate due to 1ine heating I' or case 1
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0.02416~ 0.02096 t 0.02199
0 02667 ' 0,02286 I 0 02~13
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4 Parametric Study

C
[1 toz] 1 tf, I]l /> t ]

< � L=3/t.er'd

Figure S: locating linc! for analysis of edg» < ffccts

when he;itin at val in is l<>cat>ons

1

Table 3 Aver igc hcndinu,<nelcs
 ~in 1 inc .'slumber

!.1310
tercet~ed c/ed'e

r~di ~ .tttdte  de. re

4.2 Parametric Study of IIeat Input
In this section. we present the result» of a parainetric study of  he effects of heat input on th

angular distortion. We peti'ormed numerical simulations of laser line heating of a mild» cc. 'plate of
size 0.3048m >< 0.304gm x 0.00635m along its centerline.  ..omp <red to the plate used in Section
and Section 4.1, a reduced pla c  hicknesswas used here to save»imulation  irnc. Tlie ltl;<te w�'<s
assumed to dcforrn freely, .!o v,c only did simul;i ion on half ot' the pl;i c duc to syminetry con<tition.
The power ol' thc laser sva! the s« ne as that used in the previous sec ion. W» used tlie tollowin,"
absorption rates;  !. I, 0.2. 0.3,  !.4,  !.S. 0.6, 0.62S. 0.6S,  !.7, O.S <i»i.iiig thcrmo-mechanic;il analy»i!.
lIcrc s a ic «i»she» were ei»ployccl in all the an;<ly»cs because the !i»iulatiori ti ne was short due  t>
small thickness. The r»eslies and tenipcrat ire dis<ributioi>s aic shown i» Figurc 7 for absorption rate ol
O.S. A typical d<.formed geometry i» sh<>wn in Figure 8.;u>d the «:>r»puted angular dist<>rti<><is .<rc

4.1 Edge Effects
In the earlier experiinental study [8], it was observed that a I;iser linc heat pass crea »s lcs

bending as it appro;<ches a free edge. Wc investigated  his phenon>enon by numerical siinulations.
Four heating linc» a . loca ions  L. � ', L. - L, and � ', L fron> thc free edge v crc simulated. wheie L i ~
th» edge length of the plarc, L=30,48 cm. Thc heat source moving velocity i» 7.6Z cmhnin; the pov cr
of the laser is .6 kW; and the heat absorption rcitc is 60',/< for all cases

After ther<no-mechanical analyses. tlic bending angles for various locations of the heai.ing litic.
,i<e computed by avcragin the bending;ingles at cross sec ions passing  hrough poin s A, f3,,<nd C.
see Figure 5. The rc»ult» .irc shown in Table 3 and Figure 6. These results are in good agrceinent with
the experimental observa in<i», i.c. it i» niore difficult to hend a plate by hcati<ig it near the e<l;c than iii
the middle area.
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shown in Table 4 and Figure 9. The results are in general agreement with prior experimental
observations [8]. That is, there is an optimal heat input, which generates the maximal bending aiiglt .



1'igure 8: A typical plate geome ry;ilter line heating
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Figurc 9: Bending angle as « function of heat ahsorption rate

As pointed out in Section 1, it is thc gradient of the temperature field across the plate thickne!!
that provides the mcchariism ol pl;itc bending. The teinpcrature iield 1' or a» infinitely large plate
finite thickness without heat l iss due to convcctior> or radi itiiin wa! first sludic l by Rosenth.d [1 ]
EJnder thcsc conditions, ihe teitiperaiure field is proportional  o the heat input, which i»cans that the
temperature gra licnt and thus the hcn<li»rg angle. are «ll pi<iprartional io thc hea  iriput. This is partiall'
 ruc for our sirnul«tions. W'e see fioin Figure 9 that the bc»din ~ ari lc first iticrcases with the incrca!c
of the heat input.

When the heat input bec�nics la1ger. thc hc«  los! due to ra,li;ition and convec ton hccotne
i»ore impo tant, and thc ter»pe at»re liel l is »1111ingci proportional ro  he hea  iripu . t» t ic . l>ccau!ro



the radiation heat loss i» proportional to the tourth po~er of temperature, heat loss is more significant
on the hotter surface than on the cooler surface. Thus the temperature gradient may indeed dccrcii»e
with the increase of heat input, when the heat input is very large. This is the reason why we see in
Figure 9 that the bending angle decreases with the increase of thc heat input at high heat absorption
rates.

5 Conclusion

Thi» paper presents a finite element model for thermo-mechanical analy»is of the process of metal
plate forming by laser line heating. Rezoning technique has been employed to reduce the simulation
time yet preserve the required accuracy. Comparison of the numerical rc»u]ts with the experimental
ones shows the eflectiveness of thc mode1,
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An Autojnatic System for Line Heat Bending

Processing Method Utilizing FEM Application

3forinobu IsAi~ama, Ishijrawajima-Harima Heavy Industries Co., Ltd., Kun.; Japan
Yoshihiko Tan go, Is~wajima-H~ma Hea vp Industries Cw., Ltd., Kurt, Japan
Mk'to Shire,' Ishikavvajima-Harima Heavy Industries Co., Ltd., Kure Japan

Abstract

Ishikawajima-Harima Heavy Industries Co.. Ltd.g HI! have accomplished to employ the logic
of the Finite Element Method on the principle of Thermal Forming or Line Heating, which
facilitates uso of computer aided, fully automated line heating machine for forming any cmvature
precisely and ef5ciently on a hull steel plate in shipbuilding process.

It is undesirable for the future in line heating that only an experienced technician is able to
be skilled in the use of existing line heating for steel plate forming. Accuracy of shape formed by
existing line heating is not necessarily well controlled and work of sue<> cding stages is advere.ly
aBectcd by inaccurate interim products. though it is very useful method in forming steel plates and
all apparatus required for line heating is just light tools. IHI-Advanced Line-heating Pr<xess for
Hull-steel AssemblytlHI-ALPHA! have succeeded to solve these problems.

l. Introduction

Three dimensional curved surface of thc outer shell of a vessel, as shown in Fig<u'e 1, is
processed by means of line heating. 'I'hrough operation of expansion and contraction und<.r . tn-ss
&om surrounding area and resulting at heated spots which ue created by mobile heat, somm, Luge
plastic strain is obtained in tl |e end..

Numerous eftorts are being nvadc in the past four de<ndes to interpret hne heating in
technical terms in order to automate the pmccss, Some attempt<.d to replace thc pi~a. s by cold
work using universal press. and others offered to substitute selected human skills by,utifictal
intelligence technology~,
Because the deformation mechanism is so n>mplex that any practical quantification could not bc
defin< d, except for <xx.asjonal supp<».t t<m/s such as N ", heating. device to execute heating plans
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assumed by experienced naftsmen, few comprehensive eJorts to automate the entnx process
existed,

We apphed FEE'I a>ialysis technology toward Ml autoination of the pix>cess, and the resulting
system has been implemented at; Kure Shipyard of IHI . ince 3998.

]i'igure 1 G>nventionrd operation of li>ie heatiiig

Distinctive feature. <>f our at>E>roa<;h include the full<>wi>ig.
- A theory of calculation f<>r Llie he'iting plan  a processing i>i. tnict >on of he,>ting inethod to induce

intended c<>r'ed sur1'ace! E>y use of numerica1 anaEysis teckmiqne h;>s E>r <'n established. ln <1<.',along
with line heating where te>nper<>ture range is low< r compar<d Ex', say, welding, t?>ennoelastic-
plastic phenoinena i>i que.'E >on may k>e tr<.;ited as inherent. s>niin vvki>< h c>ui be explained in terms of
elastic analysis. Usir>g this nature also makes inv< >'~e prol>1ern e:.solutio>i possihle, in which 1»
w  k required heating pla» f>x>m the targe>1ed:3-D surface.�,2'l
- It: develops the targeted <.><ived sin.face und<. r <x>nditi<>n <!f >ninimum dyii>u>!ic strain en<.rgy via

FEM simulat>on. lt, would perfe<tly «gree with the <x>ntr-,><:tio>i <leformati<>n duriiig then>ial hend
1!iYcesslng, and >nsiire pr<Kxssing I>l<iclslon pal'tl<'.Ulal']y vvirhil> tll< s�1 face. a>'<.B.
- High 6vquency induction heating is  xlected as the heat source, <which is simple to <x»>t>x>1, ha-.

excellent reproducibility,:>nd atta>»s desired eA'c<it in >nuch shower E inie rx>nipared to ga'- burn< rs

2, Structure of the Theory

The calculate<>n sysEein for heat>ng <~ai<liti<»z.- lierei» d<'sc>shed is E<> <>htain > desired
<x>nfigurntior> 1>y s<:lerting <omt>i»:«i<>r> i>f h<;>E and tr:>nsf<>r>nat!or it<>r <E hi a d'it>< bai< 'fhe
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procedure may be divided in two phases, first of which is to establish a strain distribution over the
steel plate to be worked  which for the purpose of our system called the required inherent strain!,
and the second of which is a prcxxss of determining heating line arrangement by choosing
combination of heating conditions &om the data base that would produce commensurate str;un
distribution with the targeted configuration.

Some of the steps we have t;Ken to verify the validity of the system is described in the
following sections.

2.1 Data Base of Heat-Deformation Relationship
Characteristic deformation of heated steel plates is determined by the attribute of heat sourc~

and physical property of the heated steel plates, and varies with the changes in temperature
distribution, degree of restraint fiom the sunzunding area and of residual stress in the periphery of
heated spot, and other external force. In our study which aizns at practical use, the heat source is
restricted to a specific guided heat device, whereupon each variable factor is linked to relevant
process unit, whose effect is then quantified upon experiment using small samples and FF2vt
analysis.

heat 1 be t I

Figure 2 Test piece for parallel heating

Table 1. Deformation obtained by parallel heating experimental
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The study enabled highly pose estimation of mherent deformation and inherent strain.
Part of estimation procedure will be seen in the following examples.

�! EQect of residual stress Irom adjacent parallel heating line
Heating to induce inplane o>ntraction of steel plates kequently consists of short heating lines.

This own cause unsatisfactory dc formation when the heating is applied close to previous heating
line.

Figure 2 demonstrates the interference from the short and parallel heating lines to an
additional heating Ime. First two�! heating lines  c&ed the primary heating! had a distanc~ uf
140mm between them. Heating conchtion was at 37k% for 1;> sec. Subsequently, the <~nter of the
first two lines was heated on the same condition.  The latter is called thc secondary heating!
Table 1 illustrate the resulted deformation. It shows two kinds of data, one of which is indicate
apparent deformation of ihc uncli~turbed exp»>~r>ented s unple as measured after the heating, and
the other shows measurement after the heated area is severed from the sample stool plate thus
becoming reliev»d &om the residuM stress in containing area. In the diagram, - indicates
u>ntraction while shows elongation in deforination. As is obvious from the table, secondary
heating cause;d elongatio>i 1>oth in terms i>f inplane deform, ition   6 m! and bend deformation   d
b!. contrary to the intended purpose of hca ting.

To interpret the phenomena, an elastirity simulation has been >~a.�! As the initial conditioii,
a inherent strain equivalent tv <>ne cxi ting in the primary heating area is given, and the Youngs
moclulus is kept sufficiently small, Them will simulat» teinperatm~ rise dcu~g thc sea>ndarv
heatmg,
Then, another sct. of inherent »tram corresponding to thc sije of pnmary heating i» ~vcn to the
simulated»econcLus heating. '1'hc result, as shown in Table 2., illustrate an elongation defi>rmatii>n
during the sccondan heating, cr>nfi>ming the pertinence of the assumption.

Table 2. Deformacion obt;iined by parallel heating simulation  mm!

o.

�'j EIIcct of Heating on > hc. I,"dge of a Steel Plate
There see>us to b> a definiu trait that heating on the edge. of;i stccq plate produces le»»

deformat>or> compared to heating given toward the center of thc plate. This section discusses the
experiment and thermoe]a»tic-plastic analysis made to quantitahveh determine the s;ud etc.ct. To
the sample piece as shown in the Fig~ 3. a l>ri»f innnobil» heating i» applied at the i:enter of th
piece and it;m c dgc of the piece, there:iver deformation on the heated surface and opp<>site »cubic»
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in traverse direction to the heating line was measured by a contact strain meter. Measured
displaceznent at measurement points are plotted in Figure. 4,

ling lrnt

.Li50
car ing 1 lne

~ MeaSilreed Pnirrl

 a! Heat at the center  b! Heat at the edge
Figure 3 Pieces for experiment

0.'I

C * d rrr ~ X d tr

-0,1 O o

tl
~ ~

� 200 � 100 0 100

Dintarrace frorar the eerr<er nf plaatnirarm!

Figure 4 Measured displacement

In the Ggtuv., o m represents the mean value of deformation on t.1x heated and reverse side
of the plate  in mm!, indicating the contraction-elongation deformation of the neutral surface. 6 b
shows j./2 of the difference between the deformation on the heated side and opposite side of thc plate,
representing the value of bending deformation toward the exterior of the surface. 6 rm which are
nlar1ccd hp  ! And A offal  !nnn within,aAmm &om the edge, making the deformation on the
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edge an elongation. <> b which are marked by ~ andA show, between the edge and the cent<..,!.,
about 70'!0 of the deformation at the center of the piece, indicating lesser deformation than 0 m.

6
6
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I 46640
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ICI
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Figure 5 The> moelastic-p! astic simulation on the edge heating

Figurc o represents thc simulati<in resuk of two-dimcn.-:i<!r>al thcrinoelastic-plastic change
associated with inplanc deformation upon heating on the edge of ii l>liite, ln the calcul;iti<in >T>odel iri
Figiire  a!, an inplane c<.Interact ion upon lrcating &om i he edge of;i Hm x 3m x 16mm: teel plate l<!>.
the length of �0mm toivard th< center i» shown, lh suits of calculation iri case of heating f»»n tne
edge of the plate to its < enter and &>m thc u nter of the plate t<> the edge were mmpai»:d v ithoi;.i
any sigiiificant diAerenc<, l!efoimation along th< heating line rw ar the edge of the plate >s found t<>
be approx. 60'%%d of onc n  ar the center.
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2.2 Development of thc Curved Surface
An elasticity calcul;ition «llows frc<i dcfoiTnati<>n in the direction of thc inplane in <!rdcr to

coinpel conversion of the targeted cited su>a~<» into a Qat suHe<» . This is!.o simultaneously obtain
the strain distribution that gives the t;ugctcd cinved surface anti the shape of the oripnal Hat
su>Ace to be worked. In other words, the obtained shape of thc on~al su>face perfe<:tl~ miit.- h
the targeted c>uvcd sin<ace in terms of a mapping via a sct of inbennt strain. The set ><.l>i»..sents
the strain distribution to be applied to the oiaginal flat surl',ice to obtain the targeted eius e 8 su>4«»',
therefoile is named req<Lu< d inherent strain. It becomes the ideiil targeted sct of inh<ircnt strain
distribution to be r< suited l>y the set of heating line arrangement t<> be subseqi<ently d<..tcrmincrl.

The output of the inh<'.r<'nt straui distribution I orrcspond io the requi>».d amount;if hc!< ii<g
for the intended bend pr >L< ss, and t<> some extent to the degicc of'<IifHciiity <>f the bend pr<>ce, s. Ala<!,
t his developmeiit metho<l is applicable to variety of shapes.

An FEM calculation of I.»>mpulso>~ transformation has been run for the outcr bott< !n> shell of
the how of a sinalj lreighter. G>iifi~ation of the object shell is shown in Figu<ic 6,



>OO
o s

Figure 6 Configuration of the outer bottom shell of a small freighter

 a!

 L.!

Figure 7 l!evelopn>ent under &&rent restr;un condition
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Figure 8 Coniparison of thc aggregate of absolute inherent st.rain
in each development.

2.3 Development of Simulation Methodology
In oixler to ascetic;tin wh;it deformation is generated by a iiih«n nt strain  pi~~du««d iii!i«n nt

strain! caused bi a ccicain heating linc, a coniputer pimgrani which «sIimates .i .-urfa ~
configuration as the result of «Iasticity calculation by «ntcring diicolitinuous inhti;nt, irain cf
heating linc, mto I'I'31 <aid as equivalent nodal point force has bc< n developed. 'I'he Iirogram ii nn
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To develop requiir.d shape, three di6erent condition of conitraint were selected as seen in
Figure 7  a!,  b!, and  c!, ln  a!, the constraint was iinposed longitudinally along the center linc of t Iie
object, In  b!, the constraint was imposed along the diagonal axis of the torsion.  c! is when. at tempt
is made to miiiimijx corLstraints so that. deformation vM be as kee as practicable, by constraining
only two points near the leng<hwisc edges of the plate, The three developed shapes show notioeable
difference.

Figure 8 shows the aggregate of absolute value of strain over the entire surface of Lhc su.t I
plates among the said thine diEcrent developments.  a!,  b!, and  c! in the figurc correspond to
development  a!,  b!, and  c! in Fitniiv 7.

Two bar graphs represent inplane contraction stram and the bend strain and their add. iI
values respectively. They serve as the quantitative appraised of thc three methods in a s«nsc tha t
the smaHer the added v; duc of strain over the entire plate the easier the work in bend piiici ising, to
identify a better method of developm«nt.

Most of the differenc between thc three are the difference in the quantity of inplanc str;oii,
which in turn is generally related to the requited extent of contraction strain, as one mi ht. guess,
dictating facihty or difficulty of the bend processiiig.

Of the t1m~, development  c! shov's the least value, while development  a! and  b! shows
little significant difference. The index also mav be used as a conveiuent evaluating tool in .selecting
the position of joint to s~ parate the curved suiface.



indispensable subsystem in assessing the relevance of calculated heating line arrangenrent »s
discussed in the following seciion. Further, since the system can display the eQect of manually
selected heating line arrangement on the screen, it may be useful as a training simulator for hnear
heating specialists.

2.4 Calculation for Heating Line Arrangement
9'hen line heating is nianually designed, determination of the h»-ating line arrangement ro

obtain a desired curved. surface is an art that requires the most experrenced and skilled speciali. ts.
It is the core technique in th».' present automation. Any strain comprise of mutuaHy independent
inplane element and bend element,. Also, inherent strain created by a heating line has its owr»
longitudinal and transversal. components. KVith using these heating lines possessing such
characteristics, a heating line arrangement which can create as a required inherent strain as dose
as possible must be derived.

Heating by irrrmobile h< at source for a fixed period of time had 4. e»r studied;ts an alternative
in the earlier stage of the research.  '!! The method was ruled out ag~arnst the quicker and more
efR.ctive continuous heating by means of mobile heat source as the method to bc implemented.
Among the developed calculations, contour heating method to generate bend strain and mt thod to
place heating line athwart the <hrection of inplane strain component will be introduced in this
section.

�1 Calculation of Contrnuous Heathrg Line to Create Bend Stress
Thc principle of the cal<'ulation we have adopted is based on inference from the con»o»rr ]in» s

of topographical map as illustrated in Figure 9, In the topographical map, elevation z is an ink gra1
of contour ]inc s. '»%hen pitt»ed a unst hc;r ting line arTangement requirement. it will be as in Table .'3.
To obtain requisite heating linc a<nirdmg to the contour line, gradient surface distributi<iri of
targeted stuf;tee configuration which main bend strain is integrated needs to be obtain».»E. The
heating line is to be derived as a contour ]irre with an even gradient on the gradient surface.

Figurc 9 Topographical map and contotrr lirrc
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Table 3 AanparLson between contour map and heat line arrangement

Distribution of the bend element of the required inherent strain is gradual as i; exemplific cl
by the cup shape surface of Figure 10 whose targeted inherent strain is in Figucv 11, or the
di8eren<x between the direction of heating lines that are selected by thc developed mcth<cl
presented here and the correction of the main strain is small. Therefor the chances ol creating
shear elastic strain by the derived inherent strain of heating line are small, and an effective create n
of deformation is possibh . This method is then applied to a saddle . hape ccnved surface shown inFil~ 10, , 'f

/ 1OOO

Figure 10 Shape of objective cusvaune

tE J 'C5. C W fR DCCDAdC Plt CZ&fCI,

tNf   a! Inplane strain   b ! kknding strain
Figurc 11 Distribution of required inherent. strain
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Figure 12 Obtained hear lines anangement for ben<hng

Herein heating <:oridi!ron at '3<kW-2,336mrn/min. and 935mrn/min. rates is applied.
Obt;uned heating line irrrangerncnt is shown in Figurc 12. A pair c>f heating linc; is obtained which
 hagonally «cress each other cunesponding to slopes of two niain axis. The broken line indicates
bottom surfa~ heating line arid the solid line indicates upper surface heating line of the targeted
surface configurati<rrl in Fi~tv 1 !,

�!   alculation of Hc;it l,ines to Cause Inplan<i Str'un.
&quired in!>lane -ti «in distributio to crea!e a »a&le»h«pc curved suHace is illus rated iri

Figure 11 a!. 4s will b r <>bvioiis. distribution of inplane stram is fir mon complex in direction aiiii
larger in variation in dunensiori. It rnaI es the use of the equal contour hne method as in thc case of
hend h<.«ting line» impr:«:tieab1 . On thc other hand, patterris of inplane bend distribution to in iuce
the same contorted t rpomaphy air. numerous. Thi» may be easily suimised &om the fact that
variou» methocls of pro! ction are available t<> approxinrate»yhcricd distribution of locations to
prepare a world m«p.

Because single lirrc he;<ting is unable tc> piuduu shear»train, it must be combin d with
heating hnes pcrpendi<.uhrr to the dir<!ci ion of intended mrun strain m order to achieve the sir«in to
pr educ<. desired»urW'rc   <~nfi~~ rtion. To help;ichi  ve trrrgcted condition. distiibutrons <>f
compo »seel two <.lcrncnt- c x «n<l '- v wku h diagonrrllv eius» with and < qurrl to th '. ongnally
. ought inplane. ! r. rin d»iriliurinn rn'<' pep .«tc kli calculated.  '>!

 ';ricrrlated  h«g<irr;illv <rrt< r'; < cting compo sscd strairi distnk>utrori with rc. pcct. to th ' »  ddl»
sh;ipc <iorrfigirr ation of Frgure .tr! is .-hewn in Figiu . 1'3. In <x>mpaHson ti> Figiui. 11 a!. direction <>f
main strain is di;r«orr;rlly I;ryirrg nc;rt Ii in the direction <>f x an i y,;Vs,rg«in»r the above parallel
inp jane inhennt . tr iin, lic atr rig lin<.. th i  wilj: ubstil ute it» value; «ie c;r I< ul ~ted.
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Figure 13 Distribution of orthogonal coruprcssive inplsne inherent strain

Heating conditions for the heating lines to be arranged are automaticity maintained to have
distance &om each other to avoid interference &om residual stress of adjacent heating. The sampi»
calculation here took 37k V at a heating speed of 290rnm/min. as its condition. Heating line thus
obtained is as shoxvn in Figure 14. Fi1~v. lz illustrates a simulatinn m>nfiguration usirig the
inherent strain by the selected heating atTazgcincnt.

Figure 14 Heating lines for saddle shape

430



Me~ mum rNereerbr4 - -4 �4<4!Ih4~mr4rrr Werebee = ->>W?L1

Wu IXrr I~ e�� 4.,  r gI�!:q-I

Sect!,011 6 Section B

I'zrrTbr 4her rre � Ixc9!I 4'ebrmrr 5 "" ~:4 = -I ee�:-

!4

b

IIII' I X I� 12X4K

Sc.ct ion C Sect!on D Se .t!on I';
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3. Structure of Practical System.

A practical iy~t<b!i! whi<.h we h:<!r i developed arid introduced it!to the prod <cti<!n hn<
comprise of heating an't<ngon! nt c,!iculation syitern, heating derobee t I apply the cal<:<!lat<;d
«! rangI.m<.nt Eo the ol!inc ;teel plat ,.    ;,- 'nati I ! iy~tem lo !n  ai<rre the ohtan!ed mnf!wn'at!o!!

up<!n healing, and work table t<! inl!l! !! t the <eteel plate to he prcxx. ~ cl.
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3.1 Data Processing System.

Cont!~l data p!xx . ~~!I!g  rf the ~yitr «t 4<tro. tt<!  oth<.r than;u~.",!ny;<nent ~lr <.<ing iy.-t !!i,
 x	! ! .'et' of Lhc follow;nlg +Ul!-~l <4'nl!.



�! Creation and reception system of the shape of vessels
A delivery piiogram to generates position data on VKM grid from vessel data represent><> g tl!e

c<u~ed surface of the outer shell, and then transfer them to the elashc analysis program.
�! Conversion system for heating arrangement into NC device control data

The program translates the heating arrangement plan calculated via VEM simulation into a
machine language that the NC d<.vice may understand, which in many aspect. is analogous to other
operating programs for NC cutter,
�! Conversion system for measuring plan into JC device <x>ntrol data

The prograirr translates th<> measurement points and the <>r<ler and timing to 1>erlbnn su<:h
nreasr>rement into a valid machine language.

�! Data transfer .-ystein
The prograin convey the heating arrarrgoment plan t<> NC device via c<>ntn>1 P<',:rr«l

measurement, data of th< obtained surface Rom lhe device to remote 'inalysis c<>rnputer.

3.2 Structure of the Devices

Vigure 16 Apparatus for automatic line heating

Thc system comprises of hardware as shown in Fig<ir< lt>, with c~pabIlities that;rr'.
hereinafter described.

Heating Coils
Concentrrc <x>iLs ol. 80rnnr di;>meter is adopted. Its advantage is re<tillled 1e."s I>LllYlt><'r' <il

NC control axis due to non-directional nature of conceniric coils. i eating experiiner<t.- c<>rifi>~>» i 1
that it generates larger bend deformation when <x>spared to the result. fron> nanower h;r».-l>in coi!, .
�! Cul~<.d S<uiace Tracking Wlechanisrn

T<> insure heating v< ith pr< crsinn, it is ne<ressarg to keep the dr'stance fn>m tlie sui fsc> of it& <- i
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plate to the heating coil constant  at approx. 5mm! while it travels over the heating line. Vertical
movement of coil is actuated by bearing motion pipes and revolving movement by universal joints,
�! Measurement of Configuration and Evaluation Mechamsm

Configuration of a steel plate i- obtained by repeating laser tneasurement of elevation at a
certain numerically detei~nined x-y coordination point. Result of measuiement is transferred to the
control PC which will compare the received reading with the planned configuration for evaluation.
�! Support of Curved Steel Plates

In order to support a steel plate that would be subjected to gradual deformation &oin flat to

curved surface, multiple hydraulic jacks with long stroke are placed on the worktable. Height of
jacks are automatically controlled to accommodate intermediate anti final topography of the
proces@cd pic x.

4, .Exemplary Processing of Curved Outer Shell of Vessel

Exemplary processing by the practical system described in Chapter 3 upon calcul ition of

heating line arrangement uaTesponding to the inherent strain as discussed in Chapter 2 is

explained in the following. 280 OOO MTD NOIESEZ TANEFR
 SZ5'lZ JA!

9000w2000w

Figure 17 Target configuration of bow bottom shell in VLCC
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one thing the reLationship between the heating and ensuing deformation is complex and for another
p~ss reproducibility has been urn~liablr .

We have developed a system to calculate the requuvd heating arrangement to crr,'ate the
intended curved surface confirmatio with reasonable reliability ahab r quantitatively clarifying the
relationship between the heatmg and deformation. NC heatmg devil has been constructed to
implement the designed hearing arrangement to actually produ~ outer shell profiles for vessels
under construction. Test results sufficiently confirm the practicality and reliability of the quality of
hend processing, to eliminate tradition rl lunitatron of the prr>cessing.

As its secondary effect, subsequent assembly ~vork is expected to l>orx>me much easrer owrrrg
to improved accuracy of the bend pn>ceasing.
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NC PAINTING ROBOT FOR SHIPBUILDING

Tatrrar %fit'<z:aki "', k'oshz<r >Vakashima ", Hiroshi Oak><ho "'

K<.n>chi Hchart< ". k'arn<n<rri >Voborikau a ", Ka u<> Ootrz<ka "',

Kz<ni<r hf>'v<zi<.aki '. Tsz<neto M<»i ', Toshiaki,h'hinriizara ',
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Ariake 8'<>re, Hiiachi Zosen C'orjrora' ion,
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Techni< ai Acre<<> < h In>tin<te, /iitachi Zosen   '<rrporation,
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I. I rt troduction

So far.  he autotnation ot' production in,lapancsc shipyards has been focused on the cu tin ~ k
welding activities and it has greatly contributed to the improvement of productivity or qu«liti.
Especi«lly the popularizatintt of O'C cutting machines has pron>oted not only "I fardwar»'
»I'I'ect rationalization like unnianned operation of ntarking and cut ing activities! but also 'Sot'tv «re"

ef'I'ect innovative advancement <>f supporting s>sten> technology to operate the machine effcctiv»I> i.
",s>«ntely. it played a role of c> plosive»ncrgv to promote remarkable improvements of' whoI<.
shipbuilding activities such as znanut'acturing method, production system and managemenl.. In
particular, it is remarkable that the improvement of dime>lsional accuracy b>' NC cutting contrihut»J
to the improvement of manut«»turing tn»thud at the subsequent progress of work,

Hy the v ay, l-'igur» I shows the composition ot'number of vvorkcrs by discipline in the shipyard. It
shall bc noted that the porc»utage of' painters is equal to one o!' welders and the both activities are
cutTentfy 23% of the total number respectivel>'. Even if we automate only welding activity. the total
cost saving effect is small in the xvhole shipbuilding activities, .I«pancse shipyards are now living in
the tirncs when the approach to automation f' or painting and fitting can not be bypassed because they
«lso show th» large percentage for the total man-hour, Especially the painting cost is rapidly
increasing due to the shortage of painters. furthermore, the paint «rea has remarkably increased du» tu
th» application of double hull structure to VL ' ' b«scd on the IMO/MEPC' requirement�.5 times <>I
single hull!. Therefore. automation t>f painting ac is it> is the roost urgent development subject in thc
ship>urd. Depending on thcsc background, thc authors have st«ried the development of ITIC' painting
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Figure I C'omposition of I%umber of 4'orkers by Discipline

robot I'or shipbuilding since I 99l and recently succeeded in the de~ clopment of a unique robot. whiclt
enables to realize auton atic painting in the water ballast tank of closed double hull blocks. The

developed robot has been applied for the production of VLCC. Tltis paper reports the outline of
developed robot and the application s atua for the productiorr of double hull VLCC.

2. Development History

I igure 2 shows our development target on the application scope of painting robot for a double hull
VI.CC�07,000 D4'I' type!. The area to be painted of a VLC'C" is total 390.000 m . About 60'.o of i 

has been painted on land including painting shop! and the rentained 40".o has been painted in docl',
Automation for the all is unrealistic in terms of'ccononiical and technical points of view, I3ased on «

fundamental conccp  that just  he bad working environment vv here human dislikes shall hc automated.
thc authors tried an approach of automation for the painting activity inside water ballast  ank 'A I3T 
of double hull structure.
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The development of painting robot for shipbuilding is regarded as a hig>hly developed production
 echnology which requires a concentration ol potentials of' global technologies such as CAI!'C'AM.
robots. IT and ship-design.'building> e c. and there are no prcsidcn  in the history of shipbuilding
v orldwide. Metaphorically speaking to the devclopmcnf. of subntarine oil field. the authors are in the
stage that vve have just started thc real nsining of'crude oil finding a hopeful oil I cld at last attc;
repeating trial digging for a long period,
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Figure 2 Application Scope of'Painting Robot fora Double 1 lull VLCC'
Thc developntent has been promoted dividing into two steps. I'he l" step development is based on

an application concept of painting robot for the opened double hull uiiit block with the dintensions  >I
max. 25m length and max. I4n> width. After turning over of a block.. the robot approaches upward to
th» block as shown in Figurc 3. I he painting robot system consists of'a CAM system linked with 3l!
CAD»vstem. a controller. an automatic painting machine, and a robot main body. 1 he robot main
body consists of a unique placer with 3 axes freedom utilizing a k type link-inechanism and a
compact manipulator with 6 axe» freedom. A prototype robot was developed and the f'easibilit> study
of robot painting lor shipbuilding was carried out . But through the 1" step study. thc authors got a
conclusion. na>nely it is di f>cult for us to find econoinical merit in case ot the application for ttie
opened double hull unit block because the applicable area of robot painting is obliged to be limit»J in
order to avoid the damage by «»lding ol subsequent stage.

ndSo. changing the applieatioiI concept of'robot. the authors have started the 2 step developnie>it
since 1996. The 2"' step development is a challenge of real automation I'or the closed double hull
block. whose grand assembly and outf>tting activities hai e hccn completed. According to this concept,
as a matter of course, the block to be painted is the structure consisting of some divisions closed up
from all directions and also al1 outfitting parts have been air»ady fitted to the block. Coinpared with
the application concept of I" »tep. the technical difficulty increased retnarkahly. I or instance. how
shall we bring in the robot for the closed huge block " .liow shall v e let the robot move autonontousfi
in the block . And. how shall we avoid the interfcr»nce between the robot and structural inemb»i!

including outfitting parts '., and so on, Although ther» were so many subjects to be broken through, a
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confidence vith tenacity migh  have led us to a success ol development.  na nely. wc will he sure to
succeed in the development provided that v e could conccn rate our global technical po en ials
cultivated until now.!

NC PAINTING
ROBOT SYSTEM

Figllre 3 Application Style of Painting Robot for Opened f!oublc l lull t;nit Block

3. Painting Robot for Closed Double Hull Nock

.3.1 Application Concept
ln case ol thc authors' shipyard. the double hull block of 'v'I.CC is gland asseinbled as a huge cubic

block with 20m length. 30m width, Sni height, and  he weigh  is approx. 6SO ons. In order to
automate th» painting activity of closed tank ot such huge block.  he authors devised a unique
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applic;ition concept of painting robot «ith follov ing features: ','1'> l.lse of'selr-driving type portable 4C'
robots which enable to run on the f'ace plate of longitudinal frames v;ithout rail. gZ Lach floor shall
have a perinanent opening>  with the dimensions ol approx. 800mm x 1.60>.lmm! for passing through
of robot in the structural de~ign. '3' liigh adaptability for current ship production systeni since plureil

robots are optionally applicable to the
block anywhere.',>4, fni estrncnt scale of'

facility is very small, and nearly 10 !%

robot painting is geometrically possible
for the inside tank of closed double hull

block. g Operation linkage between

CAD/CAM and robot systems is possible

in the shipyard Cital eneirnnment.

Figure 4 shows the schematic

explanation of necessarv consi dcration on
the structural design of' ship, i/sing the

structural analysis pro ram of
classification society. the optimum 0 p 6 m > n g 0 r F I o o p

I ocat i on of pernianent opening for the

floor and/or the suitable stiffening method

are discussed and rcAected into the

structural design of ship. L

1'igure 5 shows th» tr insportation ~EL L
method of painting robots, The robot

painting is carried out shiftiiig a trailer

mounted two sets of painting robot systein Figure 4 Necessarv Consideration on Structural Design
frotrI stage to stage. 'I'wo robots are

operated by single operator.

Figure 5 Transportation Method of Painting Robots



3.2 Hardware

3.2.1 Robot Main Bodt

~tdaui ulalar: Articulated type
Figure 7

manipulator with six axes f'reedorn is

very compact and light weight d»sigrr,

In case of the most shrunk posture, the

nranipulator can keep 300nrm in height,

On the other hand, it has suffrcicnt

[nragc ot Rob<yt I',ri»ting in th» D<r<rbic I I<rlt 'I ank

movement range for the painting of

double hull tarrk v ith about 3m in

depth, Since the manipulator has been

designed at ~ unique shape with long ~aut.line t e -i in. line type
arnt. the arm of cy,lindrical shape has Figure 8 In-lirre Type Manipulat<rr

been used in order tu keep the

necessary stiffness. "In-line type" nranipul«tor as shown in Figure 8 i» also one ol highlight»<I f»«t<rr»s
Namely. the paint is supplied through inside rrranipulator in order to avoid tht' darll«g<' ttt Irlrlllre<!
surface due to the handlirrg of hose. It is a mandatory functi<rn lor th» painting, robot for»hil'brrildirrc
t<r be operated in the very narrov space, Regarding the co<rnrcrrrr»as<dr» for cxplo»ion. interrr«l «lr

prcssure type has been used.

The robot main body consists of a

self-driving carriage. an external axes

placer «rrd a manipulator. When the

robot enters into tire blocl. or passes

through the opening of' floor. the

placer and the manipulator keep the

most shrunk posture on the carriage as

shown in Figure 6. I'he movement of

robot main body and the automatic

painting nrachinc are perfectly

cnntroIled b> N : data. Ihc robot main

body nrovcs from th< most i»ner

division tovvard this sid». »c<lucn ially

painting each division, I igure 7 shows

tire image of robot painting irr the
double hull t«nk..

Figure 6 Rohot passing through th» Operri»g <yf Flit<sr



Placer: The role ot placer i» to n>ove an

origin of n1anipulator to th» suitable ktcation
in a division surrounded by flo<>rs and girders,

It is the external control axes of t<AO steps

telescope mcchanisrn isith five axes frccdom
as shov<n in I'igurc 9.

Sel -drivin carria e: The selt-driving

carriage mounts thc abos e n1»ntioned p!accr
and manipulator, and it runs <>n the faces of

tvvo ! ongitudinal fran1es ~ ithout rai ls by
utl!�ing tvvo sets of nlagnellc c I avv!crs.

3.2. 2 Con rr>lier

Figure 9 Frcedo>11 of I'lacer

3.3 Soft>»are

Th<. C Avf system fol

painting robot  so ca! !eel
CAMI.X-I'aint! autotnatical	

input data

Paint. Spec
generates the rnovcn1»nt data ot

robot based on thc structural
I

Library I

Painting
I Spec.

data output fron1 the  . Al >

system  HICADI.C-FI! ' and
the outf<tting data output front

the pr<>du»t ntodel  P!!I! ' or

bv manual input as sho~vn in

I-igur» ! 0. And it outputs th»

NC d;lta. the application plan

and the management data. Th»

speci!<»ations of painting an<I

CAMEX-Paint

Painting
tttoven>e nt

Libraryllenagernen i

data I

I

I
Ap><<tea<tan Plan

NC data
I

I Output data
/ ROBCAO

Figure 10 CAM!>ystcm f' or Painting Robot
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A PC-based controller has been developed, <vhose CPU is Intel I'entium ! 50MH7, OS is Rind<>vvs
N I, and it uses an object oriented control method considering the performances of high speed
processing and possibility o!'extension.

3.2.3 Auto>nnt'ic Prti>r ing Muchine
Txvo liquids mixture type paint Tar-E.p<>xv! is used tor the water ballast tank of double hull, Ih»

base material and the hardener are homogeneously n1ixed by th» auton1atic painting machine and
airless sprayed. ! he start end o  painting are control!ed by NC data depending on the instruction from
th» controller.



th» pain in<>  ibrary 1!as b»»n prelin!ina!i prepared and !hei are r»f'crr»d in the process of CA% sh stem
and incorporated in tlic NC data. I:urthermore, a simulation system»f painting robot utilizirig> the
ROI3CAD has b»cn also developed in order to support th» op»ration. Ii has been used for tlie purposes
of the interferei!cc check he!veen rohot and ivory and the pre i!t!inary sin!ulation of coati!ig thi»l ness

o  paint.

3.3. l CA.>ffE'~'-Paint

: Distance ot'paintin<> " velt>cith

: Distance of air cut * Vc »city

e! I'ainting timc min.!

1! Air cut tim» min.!

g! Operation tl!ilc�11!ll. !

h! Consum»d paint�!

e- t'

: e " spraying velocity
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The CAM system f' or painting robot has bc> n d»vclopcd in the environment of I'entiun! I C.
'A>i!ido~s-9>, and 13orlai!d C L3uildcr using the software t»chnol >gies v,hich the !utht>rs' have

cul  ivated in the field»f >the ld in<> robot up to noh', Nam»ly, an object li hrary so cal led CC I.  .'Abf  -.X

Ci>mnion Lihrar ! hvas utilized considering the elTici»ncy of Je~»I<>pn!ent and the performance <>t

ntaii!tenai!ce. hvhich thc authors had been alread~ developed for the   Abf system of vvelding r»bi>is
'. �gure 11 shoivs the  .  .'l. data structure tor painti!lg robe>t. The pai t ot "Structure" is just the sam»

to one i>f hvcfding robot and thc parts i>  "Recognized siructure' and '."v oventent' hv»ic t!c~vly

extended for the painting robot.

>~st ur daru: input data 'on»vista ot' sttu turai dnta and nuttitting. data. i hc structurai three hus hecn
expressed hy 1 >i',S f'ormat compos»d by geometric d;ita»f' structural parts and thc atiribut»s such,»
ship no.. block name. and parts nam», all of vvhich are sent via an inter acc�!I'! fr >nt 11 CADI'C-fl.
 !n thc other hand. the atithors are currently ditficult to gct the co!Tcct shap» ol ihc outfitting iosid»

douhle liull tank such as ballast pipes, anodes. steps. and 'rips. etc. since  hc fulJ «pplicati»n of
outf!tting  .'AD syst»n! aiid product model have not been rea ized y»p., I'hcr»t'orc, the h>uifittiog data
has b»»n used f' or only tlie purp»sc» ' intert'e!ence ch»»k by inputting th» locations a!id the ot!tline
dimensions o! thcnt. 1 Itch h.!he iiot been painted h~ the n>bot.

O~nr nt dntn: Output d ttn consists ot'nttttemcttt data. appticatiott pi m. tnd ntsnadem nt tatn, 'i'h
movement dat;i of robot ond the piittern data of painting are output k> thc file, All niov»i»ei!is of the
s»ff-driving carriage. thc pl;icer, the manipulat»r. the starL'»nd ol painting arc controlled hy Ihe N '
data, 'I he application plan include» following itcnis: '.I > Nanie of N  data. I'140 i No.. h',! 	3 No..
:?' Structiiral ii! f'ormati»n <>t'cwork ship No., bio»1' nant» vving»r center tank!, .3, Drav ing i>f' painting
area. '1! I!rahving> of'area to bc rcs»r~ ed painting. 1'he management data includes f'olfo>~ing itents:

1
a! Area subject to painting m !; I'otal area to bc paii!ted.

7h! Actual painted are;i ni !: 1'»tal area of actual painted elerilcnt surf'aces.
c! Reserved area ot'painting m !: a - b

d! Ratio of I'cs»lved arc;i  '<>! c! a 10 !
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Figure 11  '. .'L. Data Structure for Paini.ing Robot

~Lihrar: The iihrar, ron. isis ot paintin speeitieations and painting mosentent tihratg. The
painting specifications arc th» necessary information of spray painting to bc selected for each blocl .
Follovving items are included: '1'. Name of painting condition, '.2,'' Coating thickness.,'3j Nutnber of
layer. ' t, Name of paint, '',.it Coating thickness of' dried condition, '',6;. Secondarh pressure..7:  'hip
No., 'fh: Spray distance.,'9 pattern vvidth. '.til' Painting velocity..tU Accelerated velocity of painting
start, 'l2' Accelerated helocity of painting end. The painting movement library is the necessa!>
inf'orntation of spraying technique for the robot. and it has been preliminary set to be able to
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au<on>at>et>lly p>ck tip.

Cierrerulitrr~iroc'<~cs n rnbnt mn> emertf rIafirr

I he huff stl ucturc sent tl oln

Floor

W,T.B

F I oo r

Ftoor

I II 'AHf; .'-I I is rcc<ignizcd

dividing int<i thc l~irder space. thc

floor space, the loi>g. space, and

th» bos space. For the eiich sp.icc,

the robot move<»ci>t d;ita

generated. I'hc girder space i» a

division die ided b> t>v< girders

Pattern 4Pattern Pattern 3Pattern 2

Figure 13 Patterns f' or Iko~ Space

3.3.2 Puirttirrg Rnhnr .'>imulutirrrr Syirem
lJtilijing a s<rft>care oi> the i»arkct »o called I< 	3 ' ><I!. thc iuthors have dc>eloped a sin><ilatiori

»i»tet» for p;tinting robol in order to support thc operati<in. I'Iic dc~clopn>el'IT hits been ci>I'ried out iil
th» cni ironi«eiit of' Silicon   raphics Indig<> R4400 'Solid in>pact.'IRIX V5.', ROB .'AD X". > 'I >C'iaaf.'
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a» shovvn in I'iguri 12, Ir< case
Qi> 'A a t C r t l i�'h t liul khei>d 0 8

V>
 %. I.H! cx>sts in ii block. the

irdcr space is I'urther di< ide<l by Figure12   ii rder Space
it,  !nc girder space corre»p<>nil» to PR� i ot' 5'  data and it is a uiiit <if continuous n>i»cn>ein f<i"
painting robot. Ihe flooi sp,'>cc il i> division divided b< thc f'loor iiithin thc girder space. 'I'he roho.
per for<us painting se<Iue<>ti illy fi I tn> the n>ost i i>ner floor space tovvard this side. Thc ho » sp;ice is
Jix isioi»which eni>bles to paii>l by the n>oven>ent of' only the inanipulator or the placer. I.igurc l.
»ho~s the hpical patterns of boi space. I'or the each pattern, the robot n>o>cn>ent pattern has been
prelin>inar> prepared. ai>d actual rnovei»ent data is iiutoniatic;illy generated depending on th<
ditnei»i<>i>s of con>posed imentbcrs.



Paint-Master. Ci '. I'i >ur» 14 shows thc

outlin«of sitnulat>on Last»nl, It has HtCADEC-tGES

Structural data UF g P Simulation

Operation Q ~UF
Operation

data

~ -" Developed itemInterf'ace to supply the KC data output

I'rom CAM1>X-Pttint to the robot model
Figure 14 Simulation Syst»m f' or I'ainting Robot

vvithin ROHCAD I pIoad I I'I,

Interface to perform the simul;itin» based o» mt>iement mode Sitnufation I' F!. t' ,Intcrfacc to outpui.

the NC data of ainended move»>»nt l!ownload I,'F!. l-igure I> shoves an evampfe of simulation screen

of robot painting. It is a very useful supporting systein  or th» operation <>f robot. since it is «flcctiv»

not only  or the discussion of optimum rob>>t ntov«ment but also for th» avoidance of trouble due to

visual interference checl a»d/nr for thc simulation of coating thickness of paint.

t
~~48k$kW%~ -' Xiii"

Figure l5 Si>nulation Screen of'Robot Pait>ting

4. Applieatiort to VLCC

The application <>f developed robot w;is tried 1'or the buihfing> of'307,000 DWT type VLCC it> June

1998 in the authors' shipyard. I'he applied block is the wing tanks of'double hottom. Figurc 16 shows

the plan of applied structure, the possible area of robot painting, the in>possible area due to geometric

reason, and the actual applied area of' robot painting. Iable I shows the painting condition. The

painting robot vvas applied in ct>mbfnation with a manual airless spray machine in lieu of auton>atic

paintin» machine duc to the un»vpcctcd trouble in this trial.
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been effectix ely utilized adding th»

follovving functions to th» ROB .'!%L!

system: ',1,' Interface to g>enerate liull

surface nsodel automatical ly fron>

I IICADL'C-I JLS data<CAD I I !,

ROBCAD
system

L

P ~UF



'>'able, 1 1':tinting Cottdit ion

W.T.B

floor

Floor
Reeerver<or<etyaintieg

Permanent
ape mes

Entrance
of robot

Fifrurcf6 Applied structure <if f>aintinur R<ibot

1'incur» 17 sho<is thc paintin< robot cut»ring ittlo
th» block, !'igurc 18;h<>xmas thc rob<it passhtg

throu<!h the pclrlianen  <>pcning, <>t floor.,ind
F'igure I<! shoiis thc status of robol. paintin r in the

closed double hul1 tank. I'ftrough ',h» applic;<lion to

;lclua1 ship. it n<t conttrn>cd lbat th» pai»this
robot has t!ie sul'ftcicnt <furabiliti and rc!iabilit>r

f<ir the continuous oper;l i<>n of lung tilne. H<tntati
Vif.ure 17 Approach <if Robot ti > 111<>»l;

painter lrnal Cs a Cff<>rt lo keep the hutno< enCOus
coat lid f' thtckncss b4 cross<'< lse lap f>atnttn~<'

techni<fuc, and llc carries out pail>tint; in

accord<nice e ith 'l se<fucnce:;lt first for the

ceiling <>warhead postureh second,tn, 1'or thc .

4~ttf1 cortical posture!.;llid ftttafla tbr thc 11<>or  lat

pOSturC!;tfter Cleanili<r the drOpp»d duSt On it. On
Fit.ttre 18 f« f>ot pa. sin thr<>ups tiie 1:Ioor

tfic ol1><.'I' 1>atld. I l! elise <if l'<ib<ii. liic sp»cl tied

co;itin@ lltickliess is aiaiIablc h~ sin ic ht~cr p;lintin< technique 1.lpp n < lhc pattern iiidtt>. 1 he>'ctbrc,
the robot pail>ting cnabl»s;l cot>fit>t<ous pttinting a<it!t th» sc<]ucnc<. fr<in> thc f'lo<ir. to the c< ilin>', la th '
i~alh Because thc dtlst ln;lde du;in I p;<intine ot lhc ica11;tnd thc»»ilit>g adheres o» thc c< rrc»ll.

448



Figure ]9 I<obot Pau>tin ~ in thc �<!sed L!o<>hlc I lull I ank

coated surface and it docs not < i>,'c an> b;<d et'feet f' or thc quality ol painting.
I'able 2 shoes the actual d;<t.«;ncl f«tore possibil!ty of rohot painting. 1?incision by division. robot

painting v,'as carried oul t<ying th» in>provcntenl ot' sof'blare such,<» reduction of air cut tin'<e.
Although the robot painting v «s applied for 7s Ji! <> ' subject painting a<'e;< in the trial;<pplication. thc
authors had a conf<dence tltat;tbout 9q",<> of sublect painting are;< could I>c automated by the future
in>pro< cmcnt ot'applic;<lion s«ltd~are And thc authors ala<> has a conf< le»ce that the standard tin>c <>t
robot p <inting could hc in>pr<>vcd I'urthcr 30'-40" <> fn>m one ot trial app!ic'«tion�.027H,'m ! by thc
in>proven>cnt of softy<>rc. I3. the >iud, as a matter of course, the toucl< up l<>r robot p;<i<iting is
necessary I'or the cor<tc> ed«c. nt' drain hol» or scallop like the case of hu:<<an painting. There/ore. it
v,.ill bc th» reason<>ble undcrsu>ndin< that the «ff<cicncy of a robo< corrcsp<>nds to onc of a sk<llcd
painter, Thc cost saiing cffe<.r ~~ill d< pend upon the r<ppf>ing <n< thud <>I' plural robots for a blocl .
Acco<'ding to thc authors' ide,<. 0 robots f'or;< block c<>uld be sin>ultancousli operated hi ope<ators,
Regarding. the qt<aliti <>1 robot painting. <hc specif<cd coating thickness iiithout;u>y harmful detect~
«as given fi>r the a11 p<intin< postur.s. And the consumed quantity <» paint «as sa>nc t<> <>nc <>I
hu<nan painting. 13ased <!n <hc successful application to actual ship, th< w,<thors shipyard i<ttcnds to
positii el' promote thc real aulo<n;<tii>n <>I' painting actiw ity in shipI>uifding.

Table 2. Act<tal 1!ata «r<d 1-uturc P<>ssibiljtv of Robo<
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5.  .'oncfuding Remarks

This paper repoitcd about th» dcvelop<nent of NC' painting robot lor shipbuilding <vhicf> citahl»'
automatic painting of closed double hull block. Application technology of v elding robot
shipbuilding has already advanced to the level that ive can forecast thc "Ultimate Autoination"
during> 18 icars since th» start of development.  !n the other hand, iutornation of'painting is still c
I'uturc subject, But, according tn the challenge of I litachi /osen Ariakc Works, lhe real autom'ition nl'

piiinting> is ala<i close to r»ality,

Autiimation o  p iintin,> is a hop»f'ul technology in terins iif cost saving> irl shipbuilding>. Hut..»»iiig
th» robot ~orkittg silcntl in th» «l»sed narrow space. it is i honest iinprcssiiin of thc autliors tliat ";,
pl»asur«of r»l»asirig hui».in f'roi» the bad vvnrhing environment" divas by far greater ratltcr titan
;«gulilg of ccoll<inli»;11 e I I cct..

Painting robot t»chnol>igx is expanding in its importune» as a part uf neve gcncratioii shipbuilding
r«searclt, and it <chill b» essential for ntnderniiatinn of ship<,ards v<hich utilize to a maxim<int »steat <il'

highly sophisticated production system.
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MULTI" ROBOT WELDING SYSTEM FOR CURVED SHELL BLOCKS

Yuji 5ugitani and Yoshihirn Kanj o, 'I'su Laboratories, iVKK, 'Isu, !Mie, Japan
Kuniteru Ishika»'u and Kenji Susukida, Tsu works, XKK 7'su, Hie, Japan

Abstract

Inefficiency of curved»hell block assembly has been remained a long years after var!<iu»
approaches for automation. For the solution of this subject, advanced multi-robot welding svstern h;!»
been developed in 1998, Developed welding system consists of CADtCAM sy»tern, multi-robot
control system, adaptive welding control system and gantry type multi-robot mechanism, Almo»t all
the int'orrnation for the robots are defined or autonomously generated with 3D CAD system origi!ially
developed in NKK, The robot motion data are generated in automatic robot programming»vstem
linked with CAD. Four sets ot' articulated welding robots hung on a mobile gantry a««ess to the bio<:k
and carry out the welding procedure by using generated robot program delivered from CAD,.'CAVI
system. Adaptive. welding control »ystern stores series of welding conditions a»sociated wi<h j<iint
slopes and root gaps. The sy»tern detects the root gaps in real ti<ne with High !speed Rotating Arc
sensor, then selects the optimum welding conditions. The welding syste!n has been under pr!c<ical
implementation.

Introduction

In shipbuilding, automatic welding system has already been in practical use at thc sab-
a»sernhling stage and at the parallel block assembling stage. In IVKK, 10 robots with CAD,'CAY
system for subassembly[1], and 16 robot» with OLP Off Line Programming! system for paraljel block
assembly have been installed in 199%, However, the difficulty ha» bee!i pointed out for curved bl !ck
assembling. The block geometry has 3 dimen»ionaI curved shell and h<rge and cornpl«x»tructu<c.
I.:xpertized welding procedure is required for unexpected root gap «hang« with the gradually ch;!!ige<1
slope joint. Key technologie», i.e. CAD CAM system, gantry tvpc multi-robot rnechani»n! a!!d it»
control system, adaptive. welding parameter control system and w«ldi!ig dat;<base, have u«hi«ve<i
automation of mentioned works, The report describes the deve!opmcnt ol technologic» fo< weiduig
automation of 3 dirnen»ional <. urved block assembly in shipbuilding.

Welding System

The configuration of inulti-robot welding system is shown in Figure 1. The syste<n «<ansi»t~ <if
3D CAD, robot »iinulator ba»ed CAD CAM, inulti-robot control, adaptive welding control a<!<1 ga»try
robot mechanism,

Specification of 3 Dimensional Curved Block
Curved shell blocks are arranged on the offset base in order to keep minimum»lope. 1 he

maximum size of block» is 22m length hy 20m width, and 8,5m h«ight. Maxirnurn slope of the joint» i»

451



20 degree in longitudinal direction as same as transverse direction, which defined as block geomeiry
data. The inclination of the trans. panel is less than 20 degree  less than l710mrn overhang!. Table l
and Figure 2 shows a guideline specification ol curved block geometry for the development. Al.,o,
Figure 3 shows the objective wekding joints location in lattice cell,

CAD

CA D/CA

Robot IVI
Data G
System

Data Convers
DataTransfer
System

Multi-Robot

control

co ntro I le r

!
Gantry R

Mecttanis

Figure J Configuration of multi-robot CADi'CAM welding systctn,

Table l Objective block specifications
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22000

Figure 2 Objective block specifications

Welding Process

CMA welding process is applied with flux-cored wire and 1 ttttnrr, CO shielding gas.

1':ler lrir
� snpplr

i',re< trode

/VVelding

-r ' Weld bead

eL=ZO' e T=-O"
G=4mm

8 I: t ongitudinal Slope Angle 9 T.Transverse Slope Angle GiRont nap
I.Welding Current, ViWeidin~ Speed  Leg Len~b = 6mm!

Figure 5 Bead cross section of slope fillet welding.
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High Speed Rotating Arc process
 HSRA! is applied for slope fillet welding.
Figurc 4 shows the principle of HS RA
process[2I. The arc rotation with mechanical
torch rnotton provides morc efficierlt;lnd
stable welding, Also, arc sensor system of
HSRA provides various benefil s for robot
welding. Figure 5 shows the example ot bead
cross section in several slope conditions arrd
root gaps. HSRA process achieves a good
stability against root gap changing. 'I'he up-
slope welding is applied for slope joint.
Adaptive welding parameter control i»
applied fnr various slopes and root gaps.

Figure 3 Objective welding joints in lattice cell,

Figure 4 Principle of High Speed Rotating Arc
welding process.



Figure 6 Bead cross section of vertical fillet wt lding,

Multi-robot System

Robot Mechanism

Four sets of muit;-articulate<i type
welding robot hung froth mobile type
g«ntry mechanism are in tailed. Figure 7
»hov,» the configuration of multi-robot
mechanism. 2 sets of trat>»verse girder  Y
axis! are arranged on the ntobile g mtry  G
txis!, sets of r arriage  X axis! are
equipped on each girder, a vertical sliding
column  Z axis! are mounted on the center
of each carriage, Also 2 sets oi' transverse
sliding unit � and J axes: Y direction! are
hung from each sliding c ilumn as shown
Figure N. These sliding units assist the
robot access to the overhung corner
section. ln addition. an rt.volving unit  P
axi»! is arranged under the sliding utut in
order to cover the backside motion area of

robot.

Figure 7 Configuration of multi-robot mechani»m.

Robot Control 5ystem
The robot control systetn consists

of gantry control for positioning and
articulated robot motion cont.rol for

wcldittg operation. The gantry controller
operates G, Y, X, Z anti P «xe». 1hcn,

Figure 8 cooperative»liding unit and revolving
unit mounted on the Z column.
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l~erti cal Fillet W'eMi~n
Convention«l vertical up welding with weaving oscillation is applied in vertical fillet v,cldi»g

as the result oi comparison witlt vertical down welding. 1'igure t show» examples ot' bead crosi
sections at several root gap». Art common welding condition is selected for inclination in vertital
v, elding.



articulated robot controller operates 6 articulated axes and 1�3, X axes a» cooperative external axes. In
particular, 2 sets of X axis driver are installed I' or each control. All of rhc garttry data and robot m triorr
data are generated with a robot program in CAM system, 'the program is transferred int<r robot
controller, after then, gantry data is transferred into gantry controller indiicctly when the robot progr;im
is executed,

Kobvt Motion Florr
The robot motions consist of robot positioning and robot weldirrg. An example of robot;tcccss

motion flow into a block is shown in I.igurc 9. In robot positroning nrotton», firstly, mobile gantry  CI
axis! accesses to the bkock  workpiecc!. Secondly, transver»e girder  Y axi»! accesses to the sirle ot the
trans.-space  Unit! shared by the transverse panels faced each other. 'I hirdlyi the carriage  X;txis!
accesscs into the trnas,-space< then stops over the lattice cell between ltrrrgitudinalstiffeners. Fin;illy.
vertical sliding column  Z axis! goes down upon the lattice cell as shov n in Figure 10. After the i thor
positioning, robot welding motions are carried out, which are approach trt the wcldirrg joint, wire t<ruch
sensing motion at start and end point, welding motion and retract from the welding Ioirrt. Alter the
welding procedure at thc I'ront side of lattice cell is finished. the revolving unit  P axi»! turns thi; r<rh<tr
by 180 degree to the back side. Above kind of welding sequence are carried out continuously.

P3> X Motion�, X Motion

�q V Motion 02 Y IVtotion

 t G Motion

Figure 9 Robot access motion sequence. Figure 1 I Typical v iew of robot rrrangement.

CAD/CAM System

Several types ot CAD/CAM system have been developed and applicrl for 2.5 dinrcn»ioual
panel shaped work in sub-assembly stage oi' steel bridge fabricrtion[3];tnd shiphuilding[1[. Virr.ou»
kinds of subjects has been addressed in the development of 3 dimensiorral CAD/CAM syst<;rrl. Robot
simulator based integrated CAD/CAM system has been developed for curved block assernhly. I igurc
11 shows the configuration of CAD/CAM system.

CA D System
The processing flow in the CAD system is shown in Figure 12. An example of CAD output i»

shown in Fi gu re 13,
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Figurc 12 Processing fl<iv in
CAD system,

Figure 11 Configur <tion ol' CAD/CAM system.

Block data retrieve; C>e<~tnetricai information and v elding information are retrieved f<~r
objective block from CAD database.
Block positioning: Optimum block positioning arc decided to keep tninirnum block slope.
Geometrical block data generation' .Geometrical data of structural member of th< block are
generated. Outline configuration and surface clement data arc generated.
Welding joint dat;< generation: Data generation of welding joint location and its v elding  lesig<>
data i.e. required leg length.
Data download: Geometrical information an<i welding inf'ormation arc downloaded in<o
CAD/CAM systetn,

CAD/C.'AM System
Thc automat ic robol. programming

system has been develop d as CAD/CAM
system. 1'he processing flow in CAD/CAM
system is shov n in Figure 14.

H'ork Model Generation

3 dimensional geometrical work
model are reconstructed in CAD/CAM

system by using gcotnetrical information
from CAD. Several processing arc added in
order to comPcnsate the work modeling. For Figure D Output example of curved Mock frotn CAD.

456



instance, the configuration data is downloaded only for front side of the structural member. Then, thc
CAD/CAM systetn generates the outline geometry and surface element for the back side.

H'eldin Model Generation

The welding model i» defined as the information model for
welding operation. Thc welding joint information is appended on the
work model. Each welding joint geometrical data are linked to the
structural configuration data of »tifl'cner, also, the welding joint
recognizes the opposite workpiece in the welding model. Then,
connecting and dividing proce»»es of welding joint data is taken. In the
ca»e where the welding joints data are»eparated on a stiffener cause of
the CAD data generation, the»e welding joints data must be connected
a» one welding joint data. On the other hand, the welding joint on a
longitudinal stiffener must be divided into several joints at the cross
»ection of transverse panel. These kinds of simple collision avoidance
are processed in the modeling. Furthermore, intermediate t»aching
points are generated on each welding joint with a span of required
slope angle, These points are used as the guide point for changing of
welding condition. Finally, b'i»ic welding joint data are stored in the
v'c i ding model,

'I'he mathematical-phy»ical robot model for collision avoidance
s'mulation ha»»n riorlv installed.

l Work h/lodet Generatiori

I Welding Model Generaoon
I

Collision Avoidance

Work positioning
L

Welding TaSk Sharing

' Welding Direction Decision

Welding Task Sequence
Decision

anti, l bc p Welding Pattern Processing

Collision Avoidance
Collision avoidance svstern has been developed for the

complex sl.ructure especially in corner section, Firstly, the collision
point i» calculated with 2.5 dimensional geometrical check between

Data Transfer
welding torch and workpiece. Secondly, welding torch angle is defined
according to the crossing angl» between workpiecs at the corner»»ction. Ft I4 CADtCA~ p
Finally recur»ivc robot »imul'ition check is taken for the detail fl
collision avoidance. Furthermore, the pose of articulated robot is
defined according to the geometric parameter at the corner section of work for collision avoidarlce.

W'eldin Task Sh~arin
The work is composed of several trans.-spaces shared by the transverse panel». Then, v eldiiig

tasks are. shared with several groups corresponding with the trans.-spaces. Two sets of welding robot
~hare thc welding tasks in each space. It is due to the mechanical arrangement of robots mention»d.
Also, all of the welding tasks in a lattice cell are assigned to one robot as a sharing rule.

Weldin direction decision
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8'ork Positi oni n
A» optimizing of work positioning Ior minirnurn joint slope has been already determined in

CAD system, work positioning i.e. work arrangemcnt to X-Y direction i» defined with graphical u»cr
interface by CAD!'CAM operator.



Welding directton is very important welding parameter in slolie v eldiny,. I lp-slop«and vet I i«al-
up fillet welding are selected. Then, The CAIVJ system defines the welding torch directikin b>, height
checking of each edge point in the welding joint.

H'eldin Task Se uence decision
Welding task sequence is simplified. Welding operations are «arried out from left 1.!ttir e cell to

right one. As concerned with welding sequence in thc lattice cell, vertical fillet weldings;ire <lone
firstly, theta slope fillet weldings follov'. CADFICAM system allov s tlie operator to «hang«sF-veraf
kinds of system parameters as to the v,elding sequences.

UL92L L
4 I  IUI 14 I L
UI'>F ~ 4+> 0 4> 0

401 4

L 0!., 4
01:0 '

ry's experiments.

Kobot Simulation

The robot simulator compiles above
mentioned instructions into robot program.
Automat.ic collision check between robot and
workpiece is carried out concurrently. The
collision occurred points are listed. After the
automatic simulation, the operator corrects the
robot pose and torch angl« through graphic user
intertace. Figurc. 1 i shov,s an example of robot
simulation.

Data conversion

C0enerated robot programs arc
recotnpifed to !VC codes in the FA computer,
then transferred to each v elding robot controller. Figurc lt'i Fxample of robot simulation.
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We!din ~ Pattern Processins
The basic welding

motions are stored as the

v eiding procedure pattern in
the database, Welding
condition data is linked with

this welding pattern. Figurc 15
shows an example of welding
pattern. There are 10 off-linc
teaching points used for edge
part of' collar plate. The
instruction consists of torch

position data  X, Y,Z!, torch
angle  tz, l3,'7! and sequence
command like wel ling
condition data. These kind of

welding procedure patterns are
practical knowledge base o f
welding expert based on laborato

Figure 1 > Fxample ot'welding pattern stored in CAD CAM.



Sensing System

8'ork Position Sensing
Laser sensor system has been

developed to compensate the v ork positioning
error. A pair of laser sensor mounted on the 2
diagonal robots detects the real work location.
Coordinates transformation is carried out in the
gantry controller as shown in Figure 17.
Consequently, robot positioning data are
correct,

Ge n I r y
Conrroller

SenSOr

Rbb

bel b

Welding Joint Position Sensing
Wire touch sensing system is equippetl

in each robot controller, Both arc start point
and arc end point are previously detected by
wire touch sensor before welding. Fig 17 Coordinates transformation system,

Seam Tracking
Arc sensor system is equipped in each robot controller for both seam tracking and torch height

control. High Speed Rotating Arc Sensor is applied for the slope fillet welding with its high reliability,
Conventional weaving arc sensor is also applied for the vertical fillet welding.

Adaptive Welding Parameter Control System

Root Gap Sensing
CCD vision sensor and laser sensor are recently popular for detection ot groove configuration.

However, attached sensor device on the robot arm ol'ten causes problems. e.g. collision occurr«n e at
the corner section of. complex work. Developed High Speed Rotating Arc sensor never needs
peripheral devices, and the control becomes morc simple. Figure 18 and Figure 19 show the prin«ipl«
ot root gap detection with HSRA. In the case ol' gap opening, arc voltage increases at the rear part  Cr!
of each rotatio~ in comparison with sntaller gap condition, because the molten pool penetratcs into thc
gap «nd results decreased bead height. Then. the surnrnation of deviation area has a good correlation
with gap opening change.

Adaptive Welding Parameter C'ontrol
Figurc 2 ! shov s the block diagram of adaptive welding parameter control, Fuzzy inf«r«ucb is

applied for thc control of non-linear correlation. Firstly, init.ial joint conditions are download«d into
welding parameter database from CAD,'CAM system, i.e, slope angles ol' arc start point   r! 1.: slope
angle of longitudinal welding direction, 0 T: slope angle of transverse direction ! and lcg length ot' the
welding joint. Secondly. inil.ial welding parameters   welding current, welding voltag«, welditig speed !
is output to welding robot controller. Other parameters for adaptive control   SGref: reference value for
arc voltage wave-1'orm. WG: root gap! is also set. After welding start, the integrator detect the
deviation of arc voltage wave-form  A SG!, the fuzzy controller estimates the change of root gap based

459



onASGr va1ue, The estitnated root gap change is added to initial gap value, consequently, root g|p
 WG! i» estimated, !'hcn. optimum welding parameters are domnloaded according to the recognixc<
gap value. Figure 2l shows an exatnple of experimental results ot';«laptive melding control. Tht
experimental conditions are; slope angle; 9 L=2 !  up-slope!, 0 T=-2 !'  overhead!, initial gap opcnin >
1 � 6mrn, required fillet size; 6 mm.

CtC r

  A:optimum B excess t.ap !

1 igure 18 Principle of root gap detection

 ;.~.G! = Watched area �'.SG!C f R
I I

, G!Gret,
I

SG

r 82 t 2m+83
SG ref = ! vrref d 8 � ! Vrref d 8

9f 92

phase

Figure 19 Principle ot' root gap detection
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Figure 2 ! Adaptive control of welding parameter.
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Figurc 21 Experimental results of adaptive welding parameter control system.
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Application

The developed multi robot welding system has been ins allcd into the assembly stag;. l'igurc
22 shows a view ol mock-up welding trial for curved block assemhly. Figure 23 shows a view o.
practical trial for large»caled block asscinbly. The system ha» reached thc phase of real application to
the large scaled curved shell block».

e
Figutc 22 Application view of mock-up curve<1 i>lock.

Figure 23 Application view of large scaled block assembly,

Concjusion

Multi-Robot C'AI!!CAlM welding system has been developed for curved shell block i»
shipbuilding in 1998. The system consists of CAD!CAM system, multi-robot control system, adaptive
welding control sy»tcni aiid gantry type multi-robot mcchar>ism. The feature of the welding»y»tern i»
as l Allows.
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�! Four sets of articulated welding robot with plural cartesian external axes hung from mobile large
gantry as a multi-robot mechanism.

�! Integrated CAD/CAM system generates robot program automatically. The system includes
automatic collision avoidance process for complex work supported with graphical user interface.

�! Two series of robot control are installed, i.e. gantry control for robot. positioning, articulated nrbot
motion control for welding operation. AII of the control <fata are downkoaded as a robot program.

�! As for the Knowledge base in CAD/CAM, welding pattern database has been built for welding

expert,
�! High Speed Rotating Arc detects the root gap opening in real time for slope fillet joint. Adaptive

welding parameter control is carried out with fuzzy inference. Optimum welding conditions t'or
real gap value and slope value are controlled in real time with the database in the adaptive welding
controller,

�! The system has been successfully applied for mock-up blocks and large scaled practical block
assembly. The system has reached thc phase of real application for curved shell blocks.
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AUTOMATING ROBOTIC ARC WELDING IN SHIPYARD PANEL SHOPS
USING A VIRTUAL ENVIRONMENT

Avi Eliassaf, 'I'ecnomatix Technologies Ltd., IIer;,elya. Israel
Keir Lehel, Teen<»natix Technologies l id., Her-,elya, Israel

Oshrat C rhen, Tecnomatir, TechrroloI;ies Ltd., Her�..c lya, Israel

Abstract

The purpose of this paper is to present a methodology and tools for thc automation of the process
design and programming nf robots performing arc-welding to assemble constructions in thc
shipyard panel shop. This rncthodology and tools were irnplcmentcd as a software product iii
Tecnornatix Technologies Ltd. ROBCAD product line. The methodology applies to panel-shops
with robotic installations of 6DOF Degrees Of Freedom! welding robots mounted on 3DOF gantry
systems, The pre-requisite for using thc proposed methodology is having the construction geometry
in a digital format.

The engineering tasks of process design and robol. programming are done in a virtual
environment where all decisions and planned actions are simulated to feed back feasibility and
implications. The methodology covers five steps of the following process:

Assembly Study: Analysis of assemblies and parts in the construction of subassemblies and
defining which parts require welding to each other.

2, Trajectory Piacing: Creating the irajcctorv for the welding torch for each weld and for c:ich
search routine,

3. Motion Placing: Creating a collision free motion plan for the automation system to perloirn all
welds and search routines. Such a system may consists of one or morc robots each attacherl io a
gantry systcin.

4, Sequencing: Sequencing the welding actions and creating collision free motion plans for the
automation system lo move from one step io the next,

S. Programming: Creating programs for the automation system to perform required tasks.

The objective of the proposed methodology is to support calculations and decisions.

~ Calculations. 'Most of them arc easy for the computer hut dif'ficult for a human being.
~ Decisions: Most of them are difficult for a cornputcr but easy for KNOWLEDCiABLE

engineers.

The project shows that by formulating the decisions required for ihe welding job in the panel
shop, a computer system can acquire the necessary knowledge ironi its user and take decisions
similar to the user. The proposed method narrows down the list of decisions to those required in the
shipyard panel shop. This makes the actual implementation of the methodology in the soltware
quite easy to use and practica!.

465



Implementation of this method was done on the virtual reality platl'orm developed by
Tecnornatix Technologies Ltd. ann it is available us a commercial product, The platform includes
engines for 3D graphics, modeling, motrorr planning and user interface. Therefore, the paper
concentrates on the part of thc product.  hat is specific to shipbuilding al!plicauon.

Robotic Off-Line Programming

Developing software for ot'l'-line programming of robots has been a ma~or activity in Tccnon~atix
Technologies Lld. since IVIES. 'I'he fir>t software tnnls developed «erc post processors conversing
graphical infnrmati in into robot priigiams. During the years, the direction has always been to«ard
removing unnecessary loads frorri system u»ers by doing necc»»arv calculations and taking required
decisions for them. The dit'fercntia'.iori among the different users involved and their specific needs,
resulted in a variety ol applications v,hich led ro a complete product line. Each product in the
ROBCAD product line is trying tn embed the knowledge nf engineering processes taking place in
dil'lercnt applications and disciplines. ROBCAD/Arc is designated for nlf-line programming of are-
wclding robots. It provides tools to build an> kind of robotic arc-welding program. A user of this
product can perform all of the following actions

l, Define welding seams ny pointing out their geometry tracks.
2. Define touch sensing  search!routines by pointing at the walls to he touched,
'3, Define welding paramr. ter per e,icosi rriotinn step nf the robot
4. Balaiice the motion of "he redundant kinematics chain as necessary.

S. Simulate the system rrintion,

tx Detect col li»ion during motion.

This environment is eftcctivc in robotic program production where ihe welded geometry is small
and complicated, and robots arc expected tn weltl large hatches of thc »arne part. However, in c;ises
v'here the welded part i» unique and large. such as in shipbuilding, the productivity ot such
methodology is reduced.

The ROBCAD/Arc procluct uses a technological infiiistructure, v hich is made available for the
research presented here. It includes engines for direct and inverse kinematics, 3D modeling, 3D
graphic display and manipulation. collision detection, and basic motion planning as well as
simulation. Algonthms used nut of this infrastructure are not presented in this paper and all sources
used in the different rescar;h conducted to develop those;>! gnrithrns are not referenced here.

The System Objective

The nh]ective dcl'ined tor the authors was to dcvclop asnftware that accelerates the process of
creating rnbotic program;, for;irc welding robots in ii typical panel-shop of a shipyard. Such
acceleration can be achieved by autoniating the currently known priicess of programming. User
intervention has to be rcd;iced to a minimum and algorithms implemented in the systeni must he
efficientand fast.

The typical panel-shop that v.e h;ive considered consists nf' a nun»lier of 6DOF robots mounted
on 3DOF gantry»ystcms i herc eacli robot can control his gantry sysleni independently. Thc size of



the space where the construction takes place is 10m high, l0rn wide and 25 meters Iong. Please
refer to Figure I below tor a diagram of a panel shop.

The quantitative requireinent from the system was based on existing practices in a typical panel-
shop, Each construction is one of a kind and the programming job required for the welding is
dedicated to each construction. In order to have an efl'icient workflow in the shop it is necessary ihe
program is created within a period ot' tiinc that is shorter than the actiial welding time of each

construction, Figure l. A Typical I'anel-Shop
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General Approach

From the onset it. was clear that a conceptual upgrade would be required for each and every
capability of ROBCAD/Arc. The following is a list of required capabilities for each programming
job supported in  he ROBCAD/Arc product and necessary in the new system but in a totallv
different wav:

I, Creation ol seams should not bc based on thc user identifyiiig star. and end points. Tr;icks niust
be identified out oF construction geometry automatically,

2, Touch sensing  search! routines should not be created by the u»cr pointing at the toucli»d w all».
These walls must be a z  >ma  cally identified as the walls closest to the given seam.

3. Welding parazncters should not be defined by the user for each robot niotinn or welding scam.
These paraincters must be defined au ornatically accortling tc> geoznetry and o hcr sn >«n
condi ti on s.

4. Balance of motion between the robot and  he gantry system sho zld not be left for  lie user to
define. It has to be 1'ound hy the systctn in a way that will provide the inost efficient iind smooth
motion.

5. Collisions should not hc detected. They should be avoided.

The sct of decisions taken by a skilled person tha  is creating a robotic program of th» kind v;c
are looking at is quite cle;ir and easy [o understand. There is a very structured pro-css «ith
distinctive s raightforward step». 'I'he difficul  part is the know-hoss behind each decision. Thc
Shipyard industry works according to kriow-hov  hat has been accumulated over hundred., of year».
This know-how shows the way to consider info ma ion and take decisions accordingly.,'The t< >z>i
kno>v-ho» it deft> ed izi tins paper a> both ace a>zulated e>z i>ztutri>zg />io>i /edge c vperti >e a»>'ef/ a»
intuitiveness i,ai>zed t/zrozz>;/z e~perie>zoe.! The people running  hc panel-shop ob ain anc1 consider
information relevant to necessary decision making, Some of thc considerations are v ell dcfizicd and
soine are taken based on expertise. As a general rule we have decided to base the system on the
following approach:

~ The system will take decisions automatically.
~ The v'ay to consider information and get to a decision v ill bc defined by the iiscis in a

general manner by dc ermining  hc values of a set ol'predelincd parameters.
~ The required information will bc the digital model of  .hc panel-shop and tlie welded

construction.

The above general rulc iinplies a ce la>n structure to the systcrn. Pr marily there is a structural
environment in which the model of the shop and constructions ate built; there is also another
environment where programs are created. The system heing described in this paper is the second
part focused on program creation whcrc every action of the system starts with analysis of user
know-how and ends with running general algorithms. The environment and tools tor modeling the
shop, assigning kinematic characteristic»  o the robots and gantry, and reading the cons >izc ion
information froin CAD databases is part of the basic ROBCAD system and is not descr>bcd here.
Another part of the system  hat is not described in detail in this paper is the process of downlna hng

468



the programs and calibrating thorn. Again, these are standard capabilities of the ROBCAD system
and are not developed within the frarnev ork of this research,

System Structure

System Architecture
The system blocks are presented here as matching the recornmendcd sequence of steps

performed by the user. The sequence is described below in Figure 2 and each one of the steps is
described with association to the relevant software block.

Figure 2. User Sequence of Steps

Creating the Layout
Creating the digital layout of the shop consists of several actions. All standard equipment like

industrial robots is available tor retrieve al in the data library, Special equipment can be built either in
a CAD system or in the modeling tools of the system. The ship construction is retrieved from thc
CAD systetn it is built in. Once thc layout is set, the whole panel-shop can be displayed and > iewed
on the screen. The autoination system can then be manipulated acct>rding to the De<,rees Of'
Freedom defined,

Defining the Rules
The welding process know-how of the user is formulated by simply assigning values to a list of'

parameters. These parameters wiH control the decisions ntade by the system later on in the process
Some of the parameters are listed below,

~ Approach and depart angles according to weld type
Shape of welding ends

~ Direction nf vertical welding  up or down! according tr> metal thickness
~ Balance of robot and contr y motion according to weld length

~ Search parameters

~ First guess for best rohot positit>n for difl'erent welds
~ Priority of directions to avoid collisions by the robot
~ Welding parameters according to different conditions  direction, thickness. etc.!
~ Allowed gap between welded veal is

Analyzing the Assembly
Thc ship constructions are designed in a CAD systetn. As in other assemblies designed on CAD,

the designers build the assembly tree in a way that follows  he logic t>1' thc design. An assembly
usually represents either a certain geographic area of the whole ship, or a certain functional ~one or.
block within the ship. Subassemblies are built the same way, follow>i>< the top-down proces.«>f
design.
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The assembly tree for the assernhly process is different than the one for the production process.
Here, a subassembly is part of the ship that has heen manufactured or «ssernbled in a cert«in shop.
The decisions on assembly order come from different considerations such as equipment
requirements and space allocation needs. These decisions usually lead to a different assembly tree
than the one defined by the designer. This manufacturing information is built into the CAD model
by dif'terent methods like naming corivcntions and attributes attached to the geometry,

In this part of the system there is an analysis performed on the construction data in oider to
understand where the welds are required. It automatically distinguishes v hich parts «rc aire«dv
welded together, and which parts arc not intended for welding at all, This analysis is performed
according to the specific riiethod chosen by the user to define the m«nufacturtng assembly >ree.

Defining Robot N'ork Spaces
As thc system should support inultiple robot installations, it is necessary to allocate sp«cc for

each robot to work. This helps to «void collision between the dif'ferent robots working together and
maps thc whole space in a way that helps managing the huge task of programming hundreds of
meters of seams. The space is defined either as a box including the volume of wclds programmed
for a certain robot, or hy pointing out the subassemblies to he considered for this certain part of the
prograrnrning j ob.

Creating the Seams
When the pieces to hc welded in the active space are pointed out, ihe algorithm t'or dcf'ining> thc

seams can be activated. This afgoiithm works through thc following steps:

~ Find all touching pairs of w«lls. Touching means closer than the allowed gap size. I his step
delivers a list of lines along which welds should bc performed.

~ Find all places where welds should go along «s few consecutive lines, and rncige the
consecutive lines.

~ Find all places svhere obstacles prevent the automation system from performing the weld.
Wherever such an obstacle is identified, the lines are divided into two welds. Fach line can
he approached from another side of the obstacle, Such division of one line into two v clding
seams is represented in Figure 3 below. This part of the algorithm uses ray-tracing methods
as described in B«douel[t ~ and Woo[2!.

~ Classify the seams according to wall thickness, length, and type of geometry at both ends.
~ Decide on the direction of'each seam.

~ Define start and end sections of each weld in terms of torch direction, distance of edge and
changes of torch direction,

~ Assign welding par«meters to each weld according to all known parameters.
Create touch sensing  search! routines for the seams,

Figure 3. Dividing One Line Into Two Seams
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Planning the Welding Motion
In order to weld the seams created in ihc previous step, it is required to define the positioii of the

gantry system during the performance of the welding. The gantry system is used to get the robot to
the specified welding area. Thc robot has to be positioned in such a vvay»o that its motion v ill not
go through singular points. According to the seam length, the system will decide how to u»c the
gantry. If it is a shoit scam, Ihe gantry will be set in one position;ilong the welding of thc w'hole
seam. In the case of longseams, the system vill set the gantry in one po»ition for the staning
section and in another position for the ending section. Thi» redundant kinematic chiiin is
manipulated in order to get motion that will be free of all collisions. As there arc mu/tiple solutions
to satisfy thc requirements at this step, wc rely on u»cr knov;-how to make an initial educated gue»»
for establishing the gantry position, This position will allow the robot to be in a. configuration
defined by the user configuralion. The result is a set of motions perfornied by the gantry and robot.
These motions not only satisfy the well defined rules, but also make sense for thc experienced
welding engineers that »ornetimes criticize robot motion for not satisf'ving rules that are not well
defined. At this point all welding seanis and search routines are defined and graphically displa~ed
on the 3D rnodcl of thc construction as show n below in Figure 4.

Figure 4.  'raphic Display of Welding Seams and Search Routines

Sequencing the Welds
Once all welding rnoiions are defined it is required to look at the complete job and sequence the

welds to one large program We have divided this solution into three steps. First we find all
approach and retract motions for all seams and search routines. Second wc sort Ihe seams;ind
achieve an order of seams f' or overall cff'iciency. The third and final step is finding a collision Iree
track for the robot and gantry, I'he robot and gantry move from a retracting motion ol' one scam to
the approach motion of the next seam.

The first step is defining correct approach and depai1 motions, using the know-hov of Ihc u=er.
The directions of where to approach from and where to retract Io is dictated both by the w;ills
around the area and the robot configuration ai. thc start of the motion. This configuration is founcl
with the help of the user defining first guess configurations as rnentioncd in the rules definition
phase previously. These motions are performed within a certain space defined specifically lay:hc
suirounding walls where there is always at least one open cnd to the sp'ice. Thc system gcI» Ihe
robot to and froin this open end of space using thc gantry in cases where the space i» large enough.
It manipulates the robot joints in order to change the dimen»ion» of iis convex hull  Preparata and
Shamus [3]! as to fit into the space. Erich approach motion starts iri a sp;ice that resides above the
construction. This is also the space where all retract motions cnd.

The second step of sequencing. is done by sorting the »earns into groups and scquenciiig the
seams in each group. The sori. is performed according to robot configuration and direction of se;im».
The result is groups of scam» where connecting inotions beiwecn seams of' each group are»linrt in
time, The sequencing in each group is >kine by looking for the closest si irt point. to each encr point
of wcldiirg motions.  Halperin and Sharir[4/!

The third and last step of coiiilcciing a retract motion to the riext approach is very simple. A~ all
connecting motions are in an area aliove thc constructions, linear motiori» can bc used witlloui
causing collisions.  Qin. Cameron «nd McLeanl5j.!
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As the algorithms for finding motion between seams does not strictly eliminate the possibility of
collision, each motion is sirnulatcd internally and uses the collision detection engine of the
ROBCAD platform, Collisions are detected and the motion is corrected in a short iterative loop.

Program Prodaciti on
Once all welding programs are created and exist as geometrical infortnation with attributes in the

ROBCAD data format, a fast conversion is done to produce a robot program in the target i obot
controller language. As not every robot can interface to Cartesian coordinate targets, the ROBCAD
system can calculate the inverse kinematics and corninunicate the joint values to the robot controller
when necessary. It is also possible, at this point, to ask the robot to perform different routines that
depend on total length of inotion or welding. These routiries are inserted in the program in the
appropriate place.

DoivnloaCkng and Calibrating Programs
A complete robot program is at this point sent to the robot controller. After a calibration process

that makes sure the digital model and the real layout are identical, thc;iutomation system is ready to
move.

Results and Conclusions
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The most important result is that this developed system can create vvelding programs in a shorter
time than the actual welding takes. 'I he implication is that a panel-shop can work around the clock
three shifts a day without downtime for programming v"hile one operator can create programs for
welding the constructions. thus increasing throughput of thc panel shop.

Another general finding of thc research is the perfonnance boost v e were able to demonstrate by
using user know-hov as a hint for first guesses in the decisions made, This finding was consistent
throughout the different algorithms implemented in the system. Many decision making algorithtns
were implemented at the first round as general algorithms. Significant improvement in performance
was demonstrated each tiine the algorithtn was given user rules as an aid in decision making. I'his
implies the best methodology should rely on human experts rather than replace them.
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Introduction

Overview of the System

Work Performed
Workpieces processed by

this system are subassernblics of a
hull, consisting of flat plates with
stiffencrs, brackets, faceplates and
other stiffening materials attached as
shown in Figure I. Joints welded
by this system are of the fillet
welded type  including joints welded
with an angle of other than 90
degrees! in a horizontal position, and Figure 1 An Fxample ot a Workpie<.e
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As one of the means to improve productivity in the shipburi <ling in<iustry, th = de» < 1<>pment o!
CIMS  Computer Integrated Manufacturing Systems! has hccn promoted aggrcss.'v ly lr> production
factories, cost reduction using robot welding systems has;rlrcady beconre practicable, utilizing
structural data and production data produced by three-dimensional CAD systems ''.

Although a twin-robot welding system for subasscn>bly linked with 'r three dime>>sir>na] CAI!
system had been used for production at our Sakaide Wo!ks ', the system has llruitat!or<s about the
structure of workpieces such as their size, the conligurati<>n and posit>onin< oi parts. 'md motii>ns of
the robots.

Accordingly, in February 19<!8, a new multi-robot wel<lir>g system witlr 1;r«!ly any of these
restrictions, for general large-size three-dirncnsiona! subassemblies, ]ir>kcd wirl;! t!»ec <li;nensional
CAD system, was developed and put into practical use. This is a grout>-controlle<! n>b<>t system in
which a multiple number of robots perform simultaneous welding <:n -cvcral wo kpiecei v;ithout
human monitoring. In developing this systen>, the f<>cus was I>.'ac, cl nor only <>r. the ci abrishmcnt of
group control techniques, but also on minimizing thc»land l..y ii>»e t<»,v<»d i;l< r 1' en< e .>n>I>nrg> r<>b<>rs
to maximize productivity, and also on giving flexibility in,',encr >ting rl.; pr<><i<>< l.i<>n ,'o>. d;>ta.

This system has been
operated successfully in our Sakaidc
Works and thc expected cost
reduction has been achieved.



fillet welded type  including joints welded with an angle of other than 90 degrees! in a vertical position
of vertically or diagonally crossed parts. Weld lines covered by thts system are straight lines, arc
lines and combinations of thereof.

System Configuration
As shown in Figure 2, the system is composed of four gantry-type moving units with four

external axes; longitudinal lateral, vertical and rotational. Its moving units travel along the same
TR BCN CA0 sy' stem

cr

 

r g geNo2

Workpieoe flow

Figure 2 Configuration of the Multi-Robot Welding System for Subassembly
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track. A six-joint robot suspended perpendicularly from each moving unit has a welding torch at the
end of its arm, and the four robots simultaneously perform assigned v elding tasks on a multiple
number of workpieces.

Data flow in the system is as follows:
l. At the production design office, an NC  numerical control! data gciierating unit reads a TRI/2

 TRIBON Robot Interface/2! file output from TRIBON, a three-dimensional CAD system for hull
design.

2. It generates NC data necessary for v, elding individual workpieces.
3. At a production site a task assignment unit assigns robots to each ivorkpiece positioned on an

upstream conveyor  Tack-Welding Stage!.
4, It transfers the NC data for each lot to a line controller.
5. The line controller measures the position of the multiple number of workpieccs simultaneously

carried by a conveyor, using ITVs  industrial televisions! attached to the robots.
6. Based on the measurement, the NC data for thc robots is adjusted.
7. The line controller transfers the adjusted NC data to each robot controller, which activates the

robot, thereby managing and controlling the four robots to avoid mutual interference.

Characteristics
This system has the following characteristics.

 I! It has an off-line teachless system that automatically generates robot NC data, utilizing the design
data output from TRIBON. Therefore, it does not require a direct teaching process in which robots
are actually moved on the production site to teach the required movements. The system also has a
function to adjust the NC data based on the detection of the position af workpieces through ITVs and
connecting points of parts by touch sensing.

�! NC data for each lot can be generated on desired timing for a multiple number of workpieces
positioned on the conveyor at the production site.

�! Since four robots perform welding simultaneously, high productivity can be achieved. To this
end, the workload for each robot is equalized and the stand-by time to avoid interference between
adjoining robots has to be reduced. In order to achieve these, a work area for a lot is divided into four
areas and the welding tasks are done in two stages as shown in Figure 3. The two of four areas are
processed by Robot Nos. I and 2 in Working Stage No.l, the rest are processed by Robot Nos, 3 and 4
in Working Stage No.2. As a result, interference between adjoining robots is minimized.

�! The hyper-arc welding method with the arc welding torch rotated at high speed used in this system
enables high speed welding with high current. The accuracy of tracking of welding paths is greatly
improved by the hyper-arc sensing. Also air cut time is significantly shortened by the hyper-arc
sensing to replace the conventional touch sensing, which detects the rear end of parts, bead connecting
and obstacles.
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Working Stage Ko.2
 Rottot Nos.3 ard 4!

Working Stage No.1
 Robot Nos.t and 2,'Tack-Welcing Stage

S:ep1

Robot No. I No.3 No.2 No 4
Task assignment

Step 2

Robot No.1 No.3 No.2 No 4 No.1 No.2

Step 3

Na4No.3No. 2Rooct No 1

Step 4

Robot No.3

Figure 3 Task Assignment Method for Each Rohot

bC Data Generating Unit

�! CAD data read function
This is a function to extract three-dimensional configuration data and vvelding-related data for

workpieces from TRI/2 file that is output from TRIBON,

�! Reference points and workpiece loading direction set function
This is a function by which the operator sets the direction iT1 which a workpiece is loaded on a

conveyor, and sets reference points using a three-dimensional viewer.

476

This unit generates the NC data used by robots for each workpiece, using the structural and
weld line data  TRL'2 file! from TRIBO'It, The steps for NC data generation are shown in Figure 4 ",
Function �! is executed automatically by the cotnputer, and other functions are executed automatically
or by an operator as required,



�! Work area division function
This is a function to determine

the number of robots assigned to a
workpiece, and to determine
automatically borders dividirjg adjoining
work areas to equalize the workload for Figure 4 The Procedure for Generating NC Data
each robot as much as possible.
Although the number of robots assigned
to an operation is determined automatically based on the workpiece size, the operator may change the
number manually,

�! Weld! ine division function
This is an automatic function to divide a weld line running across the determined borders into

two or more sections, to find out the range where a robot cannot perform continuous welding based on
the positioning of parts around the weld
line, and to divide or shorten a weld line.
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�! Part and weld line data edit function
This is a function by which the

operator makes various settings such as
post attachment of parts, change of leg
lengths, and areas that should be left
unwelded, using a three-dintensional
viewer.

�! Welding torch orientation set
function

This is an automatic function to
determine the welding torch orientation
and the position of the external axes for
each weld line. The torch orientation
at the end of the weld line  whether it
should be vertical or forward or

backward angled against the weld line!
is also determined automatically, based
on the connecting angle of the part end
with the adjacent part.

�! Welding performable area
determination function

By executing simulation, it can
be examined whether or not a robot

can take a welding position along the
weld lines to determine the welding
performable areas, as shown in
Figure 5. If there is a range on a weld
line where the robot cannot perform

Figure 5 Welding Performable Area Determination



welding because of interfefrence, the
weld line is shortened. A report of
the simulation results is generated.

 8! Total simulation function
This is a function to execute

a simulation to check interference

along the overall robot motion path,
including approach and departure
movement. If interference between

the robot and the surrounding parts
along a weld line is detected, the
system skips welding for the weld line,
A report of the simulation results is
generated.

 9! Welding sequence decision
function Figure 6 A Graphical Display for the Robot Simulator

This is an automatic function

to determine the welding direction and sequence for each weld line in order to minimize the air cut
time.

�0! Workpiece NC data output function
This is a function to estimate workload and work hours, and output NC data for operating

robots for each workpiece to a robot language format file.

Figure 6 is an example of the graphical display showing the NC data generating unit
simulating robot motions.

Automatic Welding Equipment

Task Assignment Unit
This unit inputs the positions of the multiple number of workpieces positioned on the

upstream conveyor to the computer, assigns the four robots to individual work areas, and generates NC
data and work instructions for each production lot. The unit has four functions:

�! Workpiece selection
This function selects NC data generated by the NC data generating unit for each workpiccc.

�! Workpiece arrangement
This function displays the workpiece arrangement set by an operator, based on the actual

positions of workpieces on the conveyor. An example of thc workpiece arrangement display is
shown in Figure 7.

�! Robot assignment
This function assigns a welding robot to each work area on the positioned workpieces .
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�! Lot NC data generation
This function generates NC

data for each production lot, that is for
a multiple number of workpieces
positioned.

Line Controller

This unit manages and
controls the entire production line
including robots, conveyors and other '
peripheral units "'. The network for
the line controller is sho wn in

Figure 8. When a multiple number
of workpieces, to which a robot has
been assigned by the task assignment
unit, is carried to the work stages, the
following processes are executed by
the start of operation command given by an operator through the controller. First, each robot
automatically measures the first and second reference points for each workpiece. This process rs
performed by the robots, which automatically move to the magnetic markers preset at reference points
specified by the NC data generating unit. The positions of these markers are recognized via ITV
cameras attached to the robots.

When all robots have completed the measuring of reference points, the coordinates of the NC
data are automatically adjusted based on the detected positions by the robots. Welding is starred after
it has been confirmed that adjoining robots will not interfere with each other. If interference occurs,
the line controller has a function to eliminate the interference by forcing one of the interfering robots

;.alga% Ir h.
Figure 7 Workpiece Arrangement Display of the

Task Assignment Unit

Figure 8 The Network for the Line Controller
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to stand by from operating or
retreat if idling. When all welding
processes assigned to each robot
have been completed, the robots
automatically return to the origin
point and the operational cycle
stops. Figure 9 shows an
example of the operating screen of
this unit.

Welding Robot Equipment
1. C!2LBpQ51QZS

Robots utilized in this

system are the Kawasaki Heavy
Industries' arc-welding robots

Figure 9 An Example of the Operating Screen
JA-10. In the longitudinal axes of
the gantry-type moving unit,
carriages on the right and left sides of the gantry are driven by individual servo motors and controlled
by dual servos synchronized by software. Movements of eleven axes are controlled cooperatively; 6
joints for the robot arm, two longitudinal, one lateral, one vertical and one rotational axes, By
providing an outer rotational axis on the rotating axis of the six-joint robot, the continuous welding of
the circumference of a large radius or complex contour has become feasible. A general view of the
welding robot equipment is shown in Figure 10. The system can thus handle various workpieces
with widely diverse configurations.

Figure I0 A General View of the Welding Robot I-',quipment
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Table 1. Main Specifications of the Welding Robot Equipment

S eclfications
Four vertical six-'oint robots Kawasaki JA-10Robot

Gantry-type
I.ongitudinal axis 1 6.6m
Lateral axis 5,48m
Vertical axis 1.5 m
Rotational axis 730 +365

Moving unit

Welding
power source 600A inverter

Four hyper-arc welding torches
Water-cooled, 500A�0 !'!o!

Welding torch

Touch sensing.
Weld line tracking
Plate end deiectioii
Previously-made bead detection
Obstacle detection

Sensing
functions

e erence point
arker detection K-HIPE-R  Vision sensor!

Panel with stiffeners and brackets
Length 2,500-15,000mm
Width < 5.200mm
Ivfember height < 1,500mm

Workpiece

orizorita illet weldiug Leg length 5-7miii!
Linc

 Angle beiween two plates 70-110 !
Circular arc Radius ~ 300mm !
Combination of lines and circular arcs

' Horizontal fillet multi-layer welding
 Leg length 11-12mm!

Welding
operation

Vertical fillet welding
 Angle between two plates 80-110

.Boxing Plate thickness > Ilmm!
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For a system like the one described in this paper in which a inultiple number of robots
perform simultaneous welding, it is necessary to enhance working efficiency by rninirnizing the stand-
by time associated with interference between robots or the gantry-type moving unit and a robot. To
achieve this, the space on the gantry-type moving unit where other units are mounted is reduced by
using a compact  one-sixth the size of our traditional controller! robot controller. Furthermore, since
two tracks are provided for the main carriage of the longitudinal axes, the four gantry-type moving
units may be located alternately. Thus, the proximate distance between moving units can be
shortened to 1.6 meters.

An inverter is used as the power source for welding, supplying a hyper-arc  high-speed
rotating arc! torch equipped with a water cooling system, In addition, the equipment has a high
voltage touch sensing device, nozzle cleaner and wire cutter. To eliminate factors that impede
feeding of welding wire, two pail packs  welding wire feeding cans! including one extra are mounted
on the lateral table on the gantry, so the length of the conduit cable is minimized.

The specifications of the welding robot equipment are shown in Table 1.



2. T

The motions of the robot are controlled by a program written in thc robot language.
Reference points on workpieces are automatically identified by the vision sensor, based on thc NC data
transferred from the line controller to the robot controllers. Based on the reference data, adjustment
calculations are executed within the robot controller, and then automatic we]ding is executed.

By using thc multi-functional teaching pendant of the robot controller, or connecting a
notebook type PC, welding motions, welding conditions, and other variables may be modified on the
production site to facilitate timely incorporation of the knowledge or practical demands of operators
into robot motions. Accordingly, a general-purpose piece of equipment with high practicability has
been achieved.

Figure 12 A View of the Welding Bead in
the Vertical Corner of Diagonally Crossed Parts

Figure ll A View of the Cross Section
of Multi-Layer Fillet Welding Beads
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In horizontal fi]]et welding, the touch sensing motions, boxing of ends, and other standard
pattern motions at the ends of parts are performed only by the motion of six robot joints. During this
operation the gantry-type ntoving units do not move. Motions for the welding of straight or curved
weld lines in the central areas of parts are mainly made by the gantry-type moving unit, while the
robots perform hyper-arc tracking.

Not only for single-]ayer welding of straight or curved line», but al»o for mori contp]ex
welding combinations as well as multi-layer welding, high quality continuous beads are produced by
the cooperative control of the motions of a]] axes including the gantry-type moving unit. Figure 11
shows a view of the cross section of multi-layer fillet welding bead.

For fillet welding performed in vertical orientations, the robot makes specially patterned
weaving motions. and the movement of the gantry-
type moving unit is cooperatively controlled. As a
result, excellent bead appearance is obtained,
including formation of the corner of lower ends of
weld» and boxing at upper ends in vertical fillet
welding on vertically or diagonally crossed parts.
Figure 12 shows a view ot the welding bead in the
vertical corner of diagonally crossed parts.



Conclusions

Using an off-line teachless system where the information for robot operation is created from
design data generated by TRIBON. a three-dimensional CAD system, wc have successfullv
completed an automatic welding system for panel-shaped ship reintorcement members. While
equipment and specifications described in the previously published paper " are used as the
fundamentals, this system has the following features:
�! This systein does not limit the configuration of workpieccs, and enables the welding of large thrce-
dimensional subassemblies.
�! This system does not limit the type of weld joints possible to be performed.
�! This system has flexibility in the generation of production lot data.

Utilizing the technology that achieved the previously detailed advantages by developing a
system in which a multiple number of robots inay be used, and by combining further state-of-the-art
technology such as group control of robots, the cost for the welding operation was dramatically
reduced.

KHI  Kawasaki Heavy Industries! will continue to refine this system, based on practical
knowledge obtained through actual operation, aiming to significantly improve productivity.

KHI will continue the further development and diffusion of this system since the numerical
group control technology for robots which was put into practice by this system, with off-line ieachless
method utilizing three-dimensional CAD data, is very effective for producing a wide variety of
products in short-term runs, nr the production of items with such complex structures as found in the
shipbuilding industry.
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ASSEMBLY WELD PLANNING FOR WORK CONTENT CALCULATION AND
ROBOT CONTROL

Tho>nas K.>ch, KC'> Consulting G>nbH, Humburg, C> rmany
Reinhur J 5tiibler, KC.i> C >nsuiti>ig C>mi>H, Hamburg,  'er>nany

Abstract

In the scope of a deveh>pmcnt project fi>r a process chain 1'rom asscinbly weld analysis to robot
welding a nev, Weld Planning application ha» been developed. The maitt goals of the project werc to
support production enginccrs with precise welding information and to provide an interface to robot
control systems.

The Weld Planning application program utilize» the hull structure and a»scmbly definition tram
the TRIBOI»I product inodel, 'I'hc system supports the autoinatic weld analysis for a»»cmbly»tructure».
Advanced geometric and topological analysis algoritliins were developed based on the ACIS tnodeling
kernel. Part to part, part to,issernbly and a»»embly to assentbly connections are handled by these
algori thm».

The weld analysis generate» complete welding information including precise weld geometry
ind weld parameter». Thi» includes weld length, size. positii>n and various technical weld parameter».
User defined configuration  able» allow to customize the weld parameter calculations.

All welding data are handlecl as an integrated part of the TRIBOts' product model. A
3-diinensional viewing comp<>nent displays a»»ernblic» including the weld», Welding information c;in
be controlled and modified >n a specific spreadsheet, A reporting tool allow» generating welding
reports in variou» forntats.

The interface to robot systems ha» been implemented by mean» ol' neutral files in ISO 10.303
 S'I'EP! format, The data exchange model rcficcts the complete set of gcneratcd weld data and include»
a»scmbly structure, assentbly attribute», part geoinetry, part attribute», weld geometry, «nd weld
par amc tcr».

The project results hai e beer>»uccessfully implemented a» part of a process chain for the robot
welding of »ub-as»emblic» at »hipvard» in Japan during 1998

Introduction

The introduction of automated welding facilities in shipyard» started some year» agi>, shortly
alter robot technology became economically teasiblc in niass production environments, However, <lue
to the different nature of e.g. automotive industry manufacturing processes, it bccarne soon cle,ir, that
the coinmon offline teach-in approach used in these areas was not. »uitablc for manufacturing
condition» found in the»hipbtiilding indu»try.

The offiine programming pr<>ce»» initially was a time con»uming task, which vvould ointly pri>vc
to bc cost effective if the automated production steps could be executed repeatedly for a larger number
of prodiiction units,

As a result, two inain litic» of dcvelopnicnt have evolved over the I ist years:

~ macro-based programming t>f robot»
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~ automated generation of control inforination for robots

ln the first case, the underlying idea is to reduce the majority of welding tasks to a well-known
sct of parainc crizcd weld i'sub-!processes, which can be configured by a ininimal se  of iiipu  «at i.
This require» either an interactive visual inspection of the product to bc w«ldcd or sophistic; led wel�
path gcoIllctrv;liialysls.

The second approach uses specific robot planning software tools to analyze the welding
gcome ry on a case-hy-case basis and to generate instructions tailored  o the physical properties of the
product and the robot cquiprnent.

It should bc noted that a mix of both above-mentioned approaches is possible.
A kcy issue in the iipplication of these concepts is the definition of the weld patti gcometiy.

This geometry has to be def'ined interactively given the geoinetry of parts to be welded.
Hase« on  hc cxpcricncc gained with generation of production  Iata fro t> I'ull-leatuicd product

models it seemed a logical step to use this information base in this scenario. As a result an appli« i ion
has bccn developed in a project together with shipyiird partners.

A Praject to implement Weld Analysis

In this project the pri>«uct model based weld analysis was impleiuentcd. The usage icenario for
the project assu>r>es the following con«it.ions:

~ A contplctc design model exists, which can provide all geometrical and physical properties»f  he
product  e.g. material, fi>nctional properties, type of part, ctc.!.

~ A manuf'acturing struc ure is «»fined, which identifies the >n ermcdiatc produc',s for th»
tttanufacturing of the comple e steel structure, This starts on the h>west lcv»1, where in«ivi«LI'll
piece par s are c<>inbineii to small units like "micro panels" up to the block assembly lev»1 j 1 ].

~ This data is automa icaliy analyzed to identify all required welding connections lo. a certain
inanufacturing stage. Ihc geoinetry of these welding connections is derived from thc design
geometry. Additionally site specific constraints or rules as well as technical rcquireinents such as
given «lassification conditions I2] are used to automa ically define all welding parameters.

~ Manual  i.e.  nteractivc i definition of welding geometry as well as setting of welding paramc cii
should also be possible for cases where local specific conditions shall override the general set of
rules used for a certain project.

~ The generated welding data  which could be seen as a "welding product model" ! is store<1 and
main aincd as part of the overall produc  model.

~ A well defined data export facility allows  o transfer any part of the produc  model information
 including the welding model data! to robo  pl;inning software [3]. At this stage thc data can still bc
considered to be ncu ral with respect to the type of robot system being used. The mapping io robot
specific instructions and consider;ition of physical conditions duc  i> the robot. will occur iii ih».
robot planning ioftware, whicti typically has some knowledge about the targe  robot systein.

486



Weld Planning System

Based on these requirements an applicatjon  the RWeld Planning System"! was developed and
implemented w'hich supports thc welding anal!sis and planning ol hull assembly structures as part of
lhe TRIBORR Product Information Model.

During the analysis stage, welded jointi are extracted front thc, model based on the topology
and geometry of tbc structure. After extraction, welded joints are further split into weld» based on user-
configttrable configuration data. During this itagc, weld parameters such as weld iizc, proceii,
orientation etc. are determined in additton to the precise geometry of the weld trace.

After weld generation, welded jojnt and weld data can be interactively reviewed by using1 either
a 3D graphics display or a tabular prescntatton.

Assembly-based Analysis
Weld planning is performed on a per-assembly basis. The system provides acceii to the

assembly structure via a tree browser and navigation display  scc Fig. l!.
Using thc browser window, the user can;

~ identify thc assembliei or parts to be analyzed

~ inquire various properties about thc assernbl~ and all belonging parti

~ view the assemblies or parti using a 3D viewer window,

The display includes a tree view and an information pane in which relevant propertiei of both
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assemblies and parts can he»hown.
To create a graphical view of the as»er»bly or its belonging p;u.t» a 3D viewer wtndov can bc

activated. This viewer includes an interactive query facility that gives access to assembly and part
}nforntation by clicking on the displayed object  Fig. 2!.
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Figurc 2. Interactive query of part proper!.ic»

8'eld Analysis
After an assembly hu» been selected for weld analy»I», a pre»s of a button st;trt» thc al.tual

analysis. IdcntifyingJ any po»sible part connection followed by a detailed topological und geo!»etrical
analys!s of that »pccific connection perform» the analysis tully auton~attcalfy. A» a result of th;!I
analysi» a wetded joint obje   is created, which represents thc weld connection between  wo or more
parts, Based on a ntore detu'fled analysis of the welded joint topology and gcometrv, indiviclu;li weld»
arc dctcrmined.

The following types of connections can bc analysed:

~ on as»emblics having t!o sub-assemblies, a complete analysis ol weld» between all f0«rt» i»
per lorrncd,

~ on a»scrnblic» having tlnly sub-a»semblies, «ll sub-assemblie» are assumed to bc cot»plctely
welded and thus only weld» between suh-assemblies are detcctcd,
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Figure 3, .tD viewing oi weld information

~ on assemblies having a mix of parts and sub-assemblie!, »uh-assemblies are assuinccl tu bc
conipletely welded and arc regarded a» "parts" together with thc exi»ting parts. Thus, weldeil joint»
betv een suh-assemblie» and parts arc also detected.

The result of thc analysis can be reviewctl both raphic illy, by ii»iiig the 3D viewer � ig. 3.
Fig. 4, 1-ig. 5! as well as textually, by using a spreadsheet-like tiibular display.

1-igure 4. 9'eld details in the ~D viewer

The tabular display window  Fig, 6! gives the user full editing capability of thc welded j<»nf
and v'eld parameters such as thickness  weld size, orientation, proce»» ctc.!. lf docs of course nof;illov
thC u»er tO Change thc tOpOlOgy, bvhiCh w<»ild >r><3»t likclv dC»tr/ly fhe c 2373»ibic ni y Ol fhc inndei.

489



!
~ llew. PAN f5-Zl5$$4

I I

t I

1 I I igurc 5. Viewing a complex weld model
f81 ~ <I

rirc 6. Tahular v el' d.~l;~ c<li1vr

ago



Wel'd Sequence Definition
Welds can further be crillccted into weld sequences. This is achieved by using a specitic weld

sequence editor  Fig. 7!, which allows the user to collect, de-collect, or exchange weld clemenls
contributing to a v,eld sequence. WcM scqucnces can also be stored in thc Product Inf'or<nation %lode!
and will bc tr«nsferred to <hc robot. planning systen<.

<t<<fQgt p t

X

,X

X 4<'Jl 5>i3J
X X <<

Figure 7. Weld sequence definition

Reporting
 Icncratcd data includi<ig all related product def<niti<in data can be extracted from thc systc<1<

using its reporting f«ciiities which include:

~ a line oriented raiv <unedited! record format compatible, suitable for d;<la lransfer to any sitc-
specif<c tools,

~ « line oriented raw record format  CSV! which allows thc data to hc imported into spreadsheet and
desktop database pro rams  Mos< PC'-based «nd I!NIX-based off'icc tools support this format.!

~ fortnatted reports using the built-in rcport gcncrator.
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Data Fxport
Welrling information and all rel'<tcd product definition data can bc exported to neutial files

using the systcn1 s Robot In<crt<ice facility.
The neutral I'ilc format is defined along the lines of ISO l0303-21  STEP! [4[. The EXI'IRESS

language  ISO 10303-11! [C] is used for thc description of the data exchange model, which is defined
clos» to th» proposed ISO 103 i3-218 [6[ stand«rd for ship stru«<i<ei



Assembly structure, asscmblv attributes, part geoinetiy, part attributes as well. as v cld
geoinetry and weld attributes are»upportcd by the data export function.

Confi g urarion
Thc weld analyst» process can be configured to assign various technical paranieters io the

welded joint» and weld» detected during the topological and geometrical analysis phase. The paraiiicter
assignment c in bc controlled bv fully user-configurablc weld configuration data. This rulc-set»
include:

~ an orientation to position inapping, specifying how the orientation of a weld shall bc tnapped to;i
predefined welding posii.ion,

~ a weld size table: rules for deriving the weld size from parameters like connected part thickne»se»,
patt type ctc,

~;i weld process standard table providing an optional directory of site-specific v cld proc»s»
includi ng their technical parainctcrs,

~ a proce»s selection tahle giving rulc» for automatic determination of the weld proces~ to bc u»cd for
a cert;iin weld,

The conf'iguration of'rulc»ct» i» tvpically done once for a project and then applied during th»
production-engineering phase. In fact a user applying the analysis funci.ions by default docs not have
access rights to chang» the rulc»ct».

Welding Product Model

A kcy concept of thc Weld Planning system is the extension of thc Product Information Model
to also cover all welding rel ited information.

Welding data are structured by assembly. I.c. for every anal>sed assembly a corresp<inding
weld object i» genciuted. An assembly ha» a number of connected parts  or subassemhfic»!. The
topologv of a part connectiiin is captured a» a u etded joinr. The wc tdedj oirrr has a type  hutt or fillet
joint! and i» composed of a number ot ivelds, i.e, thc actual weld traces of a. joint. A tvefd ha» a»»t of
geoinetrical and t.echnical attributes.

The weld geonictry is described by

~ weld coiltour,

~ v'eld»izc  A mca»urc or lcg length!,

~ weld lengtti.

~ rotationand inclination angle of tlie v eld with rc»pcct to the nianufacturing posit:.<in of' the
assembly, and the

~ connection angle of joined parts.

Tcchnical weld paraineters include

~ welding position  flat, ovcrhcad, ctc.!.

~ weld process,

~ number ot layers,
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~ test procedure.

All tveldedj oi»rs and weldy have a unique. identification in the scope ot a ship,

System Architecture

Thc component» ol' the Weld Planning sy»tern are shown in figure 8.
Ha»cd on product mode! database facilities, an application langtfffge interpreter serve» as the

application core. The terni application language refers to assembly and welding specific commands
that arc processed by the system ittternall>.

A key component is the geometric engine which is based on the ACfS geometric niodcling
toolkit �] using full scale solid models to support detailed analysis of complex geotnetric
configurations v,ith very high precision. However, while geometric analysis is very important, the
efficieiit analysis of welded joints only becomes po»sible dtie to a maximum exploitation of the
topological and functional properties available lrom the Product lnfortnation Model.

The weld analysis and»tndeling component processes intersection information from the
geometric engine and further calculates weld parameters based on configur;ttiftn rules.
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Language Report

Generatorinterpreter
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Geomr,try
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Figure 8. Weld Planning System Architecture
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Summary and Outlook

The first robot line successfully»tart«d operation based on Weld Planning data in Japan in
1998. The applicatinn ha» also hccn impletnentcd as a production engineering tool to supply input for
planning purposes. Both application areas have shown the potential of the Weld Planning Systeni.

Ongoing development i» targeted towards support for more coinplcx classification rules, e.g.
taking a tank content into account ix hen calculating the weld size.

Various production cnginccring tasks have been identified th;it can be supported hy the
generated weld information. Among them are:

~ Work Content Calculation»
Sumnted up weld length, classified by weld size and process, are direct input to work content
calculations and arc straight forward to implement.

~ Cost Iistimatiori and Calculatton
As for xvork content calculation, xiclding cost is dctcrnuned by xxeld length, sie and process.
Implicit cost, e,g. fur fittiiig. can be derived from the availablc inforniation of the complexity of thc
welded joint and the po»iiions.

~ Produci ion Planiiing
The planning and control ol welding operations can be ha»cd directly on weld planning data.

~ Job Descriptions
Weld report» can he attached or included in production drawing» in order to atitomate the
generation of welding job description».

~ Quality Control
Welding quality control. e.g, lor off'shore projects, requires unique identification and»toring of all
welds. This is acconipli»hcd by the integration of welding information into thc Product Inforniation
IVIodel. Test procedures can be del'incd for weld», Welding reports ar«available for quality control
activities, surveying and for the iinport into corresponding software sy»tciTis,

A significant part of these task» is performed manually today, Weld Planning provide»
powerful concept» to r«duce «ffort and cost and at the same time improv« the accuracy arid qualitv ot
welding r«lat«d calculations iind activities.
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AUTOMATIC ROBOT PROGRAMMING FOR WELDING OF SHIP
STRUCTURES: WELD DATA GENERATION AND USAGE FOR COLLISION

FREE ROBOT PATHS.

Andrea Favretto, Fincantieri SpA�'Iri este1TAl.Y

Abstract

This paper describes the software modules on which the automatic arcwelding robot
programming is based at Fincantieri Shipyard.

The first module is used to compute and extract the weld information connected to each
assembly phase where robots are involved; this software is integrated into Fincantieri NuovoScafo, a
multi-user object oriented system for ship structure design. Welds connecting metal pieces are available
within NuovoScafo: a module has been developed to consider the different assembly phases and evaluate
only those welds involved in that phase; if necessary, welds are split according to the manufacturing
needs.

A second module - developed on top of a graphic simulator: an arcwelding robot instruction
program - allows importing the weld information generated, and process the workcell just created.
Within the robot instruction program, the already available graphic simulator language has been
integrated with the arc welding macro programming feature; also weld information interface and
workcell scanning for automatic execution of user developed macros have been created.

Introduction

Constant cycle time, standard quality and efficien work schedule added to global cost reduction.
These are the main goats to reach while introducing automation into industrial processes.

And, in the recent years, automation of processes has been one of the aims at Fincantieri  Italian
Shipbuilding company that design and build big cruise and merchant ships as well as high-speed ferries
and navy vessels! to pursue the tradition of innovation and research and development in the design and
shipbuild activities.

To make evident the advantages linked to the automation of processes, this paper will outline
the development of shipbuilding process of our ships till the current level of automation.

Until few years ago, the design phase of our ships was based on a cad system that have been
developed within Fincantieri in the 70s. The system was based on few initial core modules; then,
considering the increasing needs of information, other modules have been added. Big drawback of final
configuration was the low level of global integration between the programs and the number of reinput
needed in the different steps of design process.

The shopfloor typically had no information technology and only paper draw documents were
available. The introduction of numerical control machinery involved new needs and blue collars became
familiar with tapes and floppy disks. So the design office had to be equipped with new tools to support
the arising needs and therefore the creation ot the sofiware modules above mentioned.
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The first step of real automation started in 1994: the FASP project  Flexible Automation in Ship
Production! introduced into the Fincantieri shipyards robots for cutting, assembling and welding, area
controllers and scheduling systems.

These innovations led to a reduction of workers. At the same time all the design offices hav»
been equipped with new software systems to face the continuously increasing need of electronic
information required from the workshop.

In parallel to the starting of the project for the automation of yards, NuovoScafo have been
started: a project for a completely new cad system for hull structure design of Fincantieri ships
NuovoScafo was intended to satisfy the increasing need of integration and free flow of design data
among the different design steps riot only within offices but also into the yards until the area controllers,
the robots and numeric controlled machinery.

Automatic Robot Programming

Initially, robot instruction was based on an interactive graphic simulating soffware. On top of this
standard software specific tools have been developed to speed up the process of robots instruction; iti
this way the global time need for the oR'-line programming was reduced and made equal or even less
than the welding time and so acceptable.

The introduction of this software and in particular the specific developed tools made workers
play a less important role in the robot instruction. In fact, duties where reduced to play with the
computer and teach robots on which parts has to be welded together, workpiece positioning, ruii
simulations to check the programs just generated and where necessary make corrections,

Interactive ro rammin based on ra hic simulator and rimitives

The majority of welds used for ship construction can be categorized into families  one 1'amily
groups welds that connect objects with similar geometry!. Each family can be programmed as a
"primitive" or template, then parametrically mapped to each weld seam. In this way, programming
curved blocks - with highly individual and curved seams - for example, is as easy as programming flat
blocks having mainly flat and similar sections.

The primitive capture years of welding experience and form a knowledge base for preserving
vital information.

User defined parameter values are used to define tag locations, orientations and auxiliary data.
This allows one to limit the number of interactions by the user and perform rapid selection of weld zones
that have similar, but not identical, geometry as is commonly found in ship structures.

A parameter popup is used to define the location and orientation, with respect to part geometry,
of individual tag points. It is also used to define starting and ending conditions  i.e. distance, surface,
vertex, etc. !.

This popup is generated by what are referred as primitive files. Primitive files consist of system
variables and keywords that define how and where to generate weld paths.
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Primitive file contain variables used to define the location and orientation of tag points in and
around a joint or combination of joints.

lick

Only few mouse clicks on "most meaningful surfaces"

Libraries of primitive files have been created to define standard, or unique, joint configurations.
Keywords are available to prevent the simulation system operator from modifying primitive system
variable values. This helps ensure that important system variable values, that are defined by weld
engineer, cannot be modified during primitive execution.

A parameter popup is used to define tags locations, orientations and auxiliary data.
A primitive file can be invoked using standard buttons of the simulation environment.
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Once invoked, user-defined prompts contained into the primitive file can be used to indicate the
type of geometry selections required to define the weld joint s!.

A set of functions are available to define robot specific weld process parameters including those
parameters that allow the control of sensors like camera and arc seam sensing.

It is also possible to reference external weld process data files. This process data file must exist
in the process library and must be loaded into the robot welding device. Table references will be
automatically placed in the appropriate tag points. When the appropriate function is invoked, a robot
program is automatically generated with the appropriate weld data references.

The majority of robot progranuning is done by users that are not computer or robot experts
Therefore, it is essential that the system is easy to use and smart enough to maintain important welc.
procedural information defined by weld engineers,

This is why primitive libraries are created before the programming is done. In this way robot anc'
weld engineers can identify typical weld zones and structures and study appropriate primitives. One ot
these primitives is able to place weld paths with more that 50 points in just few mouse clicks.

The end-user of the off-line system is not requested to examine these single points. The end-user
have to consider just the seam, and decide which seam configuration is hetter for a given geometry. Via
points  additional positions, with no particular functions, in the robot program! to ensure collision free-
motion between weld joints are automatically generated. To minimize robot cycle times, weld paths are
logically ordered and sequenced. Complex camera sensors and robot master-slave configurations are
also inserted by the primitive without any input required from the end user.

Via points, weld points and special functions are antomaticaliy generated

In addition to automatic path generation, a mechanism able to detect errors and correct them is
available to the weld and robot engineer that is developing primitives.

Primitive and interactions

Using the interactive programining system based on primitives, the number of user interactions is
reduced to few mouse clicks. To program a certain typical area of the workpiece, the user only needs to
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execute the correct primitive and select the weld zone with few mouse click on "most meaningful"
surfaces.

Reduction of the user interactions means that the systein is executing automatically most of the
operations and therefore errors due to wrong user input decrease.

For this reason primitives make off-line generated robot programs more reliable.

Primitive and weld process data
A set of functions and variables are available to define robot specific weld process parameters

including those parameters that allow the control of sensors like camera and arc seam sensing.

It is also possible to reference external Weld Process data files. This process data file must exist
in the process library and must be loaded into the robot welding Device, Table references will
automatically be placed in the appropriate Tag Points. When appropriate function is invoked, a robot
prograin is automatically generated with the appropriate WeldData references.

Automatic eneration of robot ro rams
Today, the goal of further reducing the role of man into the process of arcwelding robots offline-

programming � shortening the times needed and increasing the quality has been reached.
A new oF-line automatic programming system should let man playing an always less important

role. Workers only have to recognize, in front of a computer, a wokpiece as member of geometry
categories and run the process; at the end it is only required to check the log to verify that robot
programs have been generated with no errors,

This new development has been started after a deep analysis of tools available at the moment: the
goal was to detect possible areas of improvement without rewrite the entire system, A new need was to
establish a solid connection v.ith the design system, to allow and easy flow of data Rom NuovoScafo;
another was to shorten as much as possible the global time needed for the development of robot
programs and at the same time increase and make constant the quality of the result. Thinking at this new
system it was a must keep as much as possible of the know how stored into the weld primitives: in fact
that know how is the result of a great number of tests carried out "on the field".

Consequently to the detailed analysis carried out, the following goals have been identified:

1! Reduction of user interactions.
With the previous technique of weld primitives, the user had to select the different pieces to be

welded together. For each weld it was necessary to choose a primitive that best fit the geometry
involved, click on the two parts to be welded, select some "most ineaningful" surfaces as required from
the primitive, perform tests and where necessary inake corrections.
With this process some problems could arise:
~ the user forgets some welds; at the end the robot program is generated without any apparent error;

in the shopfloor robots will weld everything except what the user forgotten to consider;
~ the user puts a wrong interpretation on the geometry and chooses a wrong primitive that does not fit

that topology: after that robot paths have been created by that "wrong primitive", only with great
effort the operator will be able to adjust the robot positions � to avoid collisions, to guarantee
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reachability, to make joint values not exceed limits -; as a result the time spent will significantly
increase;

~ time spent to select geametry pieces, choose the correct primitive, perform checks and modifications
depends very much on the user skill.

The solution found avoids any manual input. no mare mouse click on most meaningful surfaces.
The new system gets the input from the data that flow directly fram NuovoScafo, In fact, each weld that
comes from NuovoScafo stores the information necessary to run the old primitives to generate robot
paths; in addition, greater precision and accuracy are guaranteed since weld information are
automatically generated within the design system and then processed by a software procedure that will
never forget to consider a single item

Z! Time as a constant
It is clear that, when primitives get the input from an interface with design system, the "human

factor" is not a variable of the robot programming process. In this way programming time not only will
be reduced, but also will be made constant and not variable with the worker's humor and skill: in fact
programming time will be produced by a procedure that automatically consider the welds and generate
rabat paths. In other words it can be evaluated in advance for a better scheduling of activities.

3! Increasing of quality
Although robot programs are generated into a simulation environment where it is possible to

perform a complete test af robot movements and operations, sometimes errors appear when the robot
performs the real welding.

The new system will have ta perform an automatic test on the robot paths just generated and, if
any error or problem is detected, will make corrections. Specific developed algorithms  called methods!
will have to test each robot position and, in case of errors, try different robot configuration, different
external axes values, different torch orientatians and positions so that the robot program at the end
results free of errors. Only if none af the algorithms is able to correct the situation, the system will
decide to skip that particular weld: this will be reported and the user may try to perform a manual
programming with "classic tools" or give up and make the shop workers do the job by hand.

4! Increase reliability
AAer the automatic generation of robot paths the system performs a check of each robot position

and in case of problems tries to adjust them: all these operations are reported, and at the end the
operator will have a complete picture of the process to get the robot program generated. In particular,
errors that cannot be solved will be highlighted and the "coordinates" reported, In this way each robot
program will report its history and imperfections or "forgotten welds" will no tnore pass unnoted.

To sum up, reaching these goals means getting the following advantages:
I. Input is performed automatically since data come from design system;
2. The complete set of welds is considered: an automatic procedure will never forget to consider

one of them;
3. Algorithms for adjustment af particular robot positions will guarantee no more wrong programs;
4. A final simulation to test the programs wiH be automatically performed,
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Interface

The new system has an interface to receive the geometry of the workpiece that comes from the
design system, and all the data connected with welds, This interface reads a "neutral file" specially
developed. Weld data is stored in the simulation environment as attribute of the geometry.

neutral fi te
Neutral file is an ASCII free format file in which each geometry component is described. 3D

spatial location, orientation and features of each object are described. Each field starts with a keyword
that tells the object type  i.e. bracket, stiffener, pillar, shellplate ! and ends with semicolon. In addition to
the geometry data also a link to the production bill of materials is stored; this allows to recreate
aggregations of simple objects.

A special object within the neutral file has been designed to store weld data. Each weld will have
one weld-object in the neutral file. Weld-objects store the position, start and end, information about the
two elements to be welded. and a certain number of variables with their respective values. These
variables are those known to the primitives and are meaningful only if the value is different from the
default value established by primitives.

Weld objects may store also "primitive variables"
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The aim is to store weld-objects into the neutral file to replace the manual input of the old
primitives.

If welds are connecting metal pieces that are assembled objects, it is clear that only those welds
to be done during the current phase have to be present into the neutral file.

Only those welds to be done during the current phase have to be considered.

Incomp!ete Data
Even if it is supposed that a complete set of geometry and weld data coine from the design

system into the simulation environment, the possibility to add data and make modifications is still open.
The risk of errors is always present, and incomplete or wrong data should not be enough to stop the
robot programming process,

The user will always be in the position to complete his task, All the data information relate to
workpieces and welds is stored and organized so that at least using the core functionality of the standard
simulation environment editing, adding, deleting are always possible.

Recognizing Geometry
AAer geometry and weld data are available within the simulation environment the user has to

perform a key operation, kate must recognize the geometry belong to a specific category of a list of
possibility. Like in the previous system, primitives are referred to specific classes of geometry since the
algorithms of the primitives start from geometric considerations.

The user will have to run selection rules  each primitive has its own selection rule! to define sets
of welds and Link them with one primitive  one primitive for each set of welds!. These rules require to
select few surfaces to create subsets of workpiece geometry: welds contained in that portion of
geometry are grouped in one set, related to a specific primitive and completed with all necessary
information needed for the automatic generation of robot paths.
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%orkcell Scan

At this point the user starts the generation of weld paths. During this step the robot program is
created, The system scans the entire workcell. For each weld the connected primitive is executed; the
robot path generated is being tested; each robot position is analyzed to make sure that robot can reach
that position without collisions or joint limits problems. In case anything goes wrong the algorithms for
automatic adjustment  methods! are activated.

Methods

During primitive execution, "methods" detect collisions, near miss and joint limits. Specific
"rules" inserted into the primitive file tell the system how to behave to modify tag points in order to
correct the error situation,

In this way test and modification become activities that are executed automatically by the system.
Users do not have to take care of these tests and modification any more.

Global integration
The experience after the introduction of autoination in our shipyards tells that difficulties do not

lie on making "each single automated area work". The real problem instead consist in the global
integration: making all the areas work together. Robots alone do not represent a big problem; instead
big trouble arise when data from designers do not match what is being built in the shopfloor, when robot
programs does not fit the workpiece or are not synchronized with the production schedule.

Therefore it seems that more than technical problems the real barrier to automation on a large
scale is the organization. In fact organization depends on and reflects the major feature of ship design
process that is continuously developed and reviewed.

The solution, that we consider necessary, is based on global integration of systems; ship design
system have to be connected to shopfioor, so that each review, further development, or change can have
an immediate effect on the production. Also it is evident that CAD systems based on several software
modules are not able to share design data and are incompatible with such needs.

Nuovo Scafo

The desi n s stem

NuovoScafo  NS! has been studied to take advantage of the new opportunities offered by
current technologies and then produce a flexible sofiware to better meet the needs arising from
increasingly complex ships, shorter production cycles and larger nuinber of robotized activities in the
shipyard.

The system supports the design process starting fiom the functional phase up to the workshop
documentation production tn assure a competitive advantage to the company in which it has been
introduced.

With reference to the past it is intended to assure greater design quality, shorter development
cycles and quicker response to faster evolving product demands.
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It allows managing of design data assuring consistency and exchange between different users, it
also supports concurrent activities.

Within the NS, Design Bill of Materials is linked  BOM aggregation of objects present in the
relatively static model build during the design process! to the construction biH of materials  CBOM
monitors any changes to the scheduling activities and can activate the production of the required
documents! to integrate design with production environment; in fact production Qows are continually
adapted to actual resource availability and therefore the associated technical documents must be
frequently changed to support the workshop needs.

The weld-ob'ect module

The NuovoScafo kernel automatically creates weld information each time that two components
are connected. For example, if the user splits a panel in two pieces, then a connecting weld is
automatically generated.

Kacb titne that a metal piece is being split, weld information are generated.

Weld defined in NS do not consider the surrounding geometry that may exist and therefore has
been named as "theoretical welds". A new kind of weld has been defined to consider the entire geometry
that may be important during the shopfioor production process. "Productive welds" are generated
starting from "theoretical welds" and match exactly the robot  or hand made! operations; any metal
piece in the surrounding area is considered to split the theoretical weld and allow accessibility of
arcwelding robots. To reach this purpose a specific module has been developed.
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One "theoretical weld" is split into "productive welds" according to the surrounding geometry.

Data ex ort for the robot ro ramrnin module

Within NS system each object is listed in the Bill Of Materials that is linked to the Construction
Bill of Materials. CBOM has the very important goal to determine which piece is processed where; not
only simple pieces but also the different level of assembled pieces.

A specially developed software module considers CBOM and the different production phase to
get a list of ship components and extract their geometry data. Also, with only reference to new
aggregated components of that particular production phase welds are considered; "theoretical welds"
are converted to "production welds" and inserted into the neutral file.

Conclusion

The level of integration that has been reached, added to the automatism of the program
generation process, proved to be extremely valid. Following these good results, Fincantieri think to
continue to pursue the tradition of innovation and research. After the development of tools for a fast and
automatic generation of shopfloor data starting horn design model  which means that a unidirectional
!ink between design and production has been established!, the new challenge may consist in creating a
feedback from the production In this way the model might be updated to reflect the real state of ship
under construction and therefore the new generation of robot programs will be able to avoid, or replace,
the need of high technology sensors.
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PRE-OUTFITTING UN ITS
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USlNG OUTFI1 TING UNITS BUILDING METHOD IN A SHIPYARD  UN V!.

1. INTRODUCTION

Outfitting units arc commonly used as a building concept, however, niany different types of
such elements have been presented. Actually, the outfitting unit concept that will be discussed in this
paper is not related anymore with the old outfitting process, but with the whole ship's assembly
procedure. That is to say that outfitting, steel and painting go hand in hand as an integrated building
concept.

But experience shov's that new building strategy approaches are never totally new and that. in
niost cases, they have been tried on previous occasions, So, shipbuilding history is a subject that
should be present in all Shipyard Manager's oflices, in order to avoid repetition of past errors.

In this connection, thc paper v ill introduce the classical outfitting unit concepts and wiII
conclude with a better adaptation to each specific case.

2. OUTFITTING HISTORY

The Market conditions are very strong in the Shipbuilding Industry, and Yards are noi able Io
modify them. One of the most dcrnanding conditions is the I'act that every vessel must be a protatyp».
Only very specific cases may he considered as exemptions ta such a rule: series of ships in the forties
in the 'I ISA, Japanese construction of VI,CC's. container ships in I<olland or Ciermany, or small vessels
like fishing vessels, tug boats, «tc,

The concept ot. a singl«prototype is very painful for Yards. Many efforts have been made to
coinpensate its negative effect on the economical result of shipbuilding.

The logical approach is to iry ta standardise components Nevertheless, the Yard s
standardisation of components has the iiegative effect of its incoinpatibility v ith the cornmerci il
availability of such components.

Additional efforts have been mad» to reach an agreement with the ancillary industr> to get
elements and components that, standardised, could he found in thc normal market. In soine countrie~,
this goal has been achieved more efficiently than in others. In general, the overall result has not been a
big success, The standardisaiion of Yards was a very costly process that, in many cases, ended in a
high price range of products, The exception was thc case when the Yard was able to present a
sufficient amount of procurenicnt otsuch a component, or when the standard coincided with one ol the
commercial or international standards, or when several Yards decided to co-operate in purchasing
clernents.

After a heavy reduction in their internal building capacity, Yards started aii outsourcing that led
to agreements with the ancillary industry to transfer tn them the building of the units and, if possible, in
a standardiscd manner, even if their components werc not standard,
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l'his apparent contradiction is the ke> to translate into a series conslruction what, in the market,
is a single prototype.

Initially, out iiiing units were dcfmed at'ter the engine rooin had been designed, hy dividing thc
existing engine room design. No system relation v as intentionally established, given thc fact tliat units
were compounded by elements vvith geographical grouping criteria, and without a nec«»sar>
relai.ionship betw»cn them,

But this system had several practical problems:

'I hc module or unit <i«signs v ere different f'rom each other, depending, not only on the type and
size of the vessel, but also nn lhe selected supplier who niay or might not be part of thc standardisution
agr««ment, depending on th»  !wner's approi ed equipnient.

As the Yards were reducing in-house capacity. the following step was the possibility of u»ing
the outside resources to define and build outfitting units. In such a case, and contrary to the pre< ious
tendency  series fabrication in the Yard!, standardised components were not a so conditioning factor
for the repetition of units. 1 he supplier was able, in the majority of the «a»cs, to build thc units with his
own standard or no standard components.

But the geographical module conception was not suitable  except for pre-outfitting mad« on the
steel blocl s!, because the unit design v,'as not linked to the supplier's availability and standard modul«
 not component! design. The design of the unit had to be based on functional criteria, gath»ring
«lcm«nts ol the same s>stem. Being supplier's delivery, the engine room design had to be, if a<it a
consequence of the module desi', an actual interrelation between this and the ship s available space.
Thc unit distribution <va» related to thc functionality of each system, being thc starting point tor the
funct iona 1 unit.s.

'I'he rigidity introduced by the tunctional units was over««inc with the introduction of mixed
criteria, where engine room general design was interconnected with the functional units pro< idcd b>
the suppliers. This criterion leads to thc Rational Module described below.

Finally, the normal progress of building strategy led to container modules where steel.
outfitting and painting were considered as a unique buildin ~ concept.

3. TYPES OF UVITS

A! Zone relapsed units: uiiits defined based on the engine room arrangement characteristic». No
previous module definition is made. After thc development of the CAD/CAM/CIM design, based on a
»ingle 3D mod«1, the units are defmed as geographic parts of the engine toom,
~ The typical basic difficulty is th» fact that the connection and co-ordination with the structural steel

is difficult b«caus« no reference to the ship's structure is mad«or! lime. The module definition
being d»layed vvith respect to the steel block distribution, co-ordination is very difficult. No
functionality reference is made to the unit and ph>»ical liniits «f' the ship arc an import'ini
conditioning factor for each unit.

~ I'hey are a source of transportati<in problems because th»ir shape is very dif'f'crent from each other
and they arc very extended in space. Horne times with a lot of equipment, and just pipes in other
cases. Engine roo<n arrangement must be made, in any case, thinking of the future unit distribution,
to diminish the above rnentioncd effects.

~ I'hcy present problems vvith the. conn<.ctions betv;ccn the units. In effect the units have been
defined geograpliically by engine room zones, and the correspo<iding piping, electrical;ind du«ting
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connections are not concentrated in dedicated areas. In tact, they are extended in such a way that
coincidence with so many different interconnection positions. extended in all the unit boundaries. is
very difficult.
The units are not strong enough to sustain the transportation stresses and, consequently, they
require an important supporting added material, with the corresponding added weight to the ship.

8! Functional Units: the~ correspond to engine room systems and they envelop the different
clcinents contained in such systems.
~ As a consequence of that, they can be built by the majority of the cquipinent suppliers, with the

specific basic equipment supplied by them,
~ Basic and 3D designs rnav be co-ordinated and interference with the steel is better planned because

of the earlier unit definition from th» corresponding supplier.
~ Cieographical reference still exists. Systems are gathered in order to be;iblc to define the functional

units with the corresponding equipment close to each other,
~ The functional approach allows for a better and earlier system tcstirig, even out of the ship, based

on their homogeneous conception. In this connection, the amount of vvork to be done in the slipwai
is llluch less.

~ Interfaces between modules may be grouped in an easier way. allowing for a better and faster
connection on board. Logicallv. such design must be clearly thought out at an early stage in order
to give thc instructions to the suppliers on time and to avoid ei rors in the module definition In case
ot having standardised functional modules, the ship's design inav easily be adapted to it.

~ Parameterisation of the modules is possible, and reference to basic design parameters is easier. So.
the unit catalogue o  the Yard is very complete and it should include the calculation instructions io
obtain appropriate module for each case. based on easy specification vai iablcs.

 .'! Container Units: they are mixed geographical and functional modules. Its most conditioning
design concept is the functional one in order not to lose the above mentioned advantages. Mainlv, they
are defined like actual containers to be incorporated into the ship  normally tlie engine room!.
~ Installation on board noway he rnadc even with actual container guides that act as a real discipline ot

building, Units are contained in open boxes with the necessary structure that are incorporated on
board and welded to the rest of the structure. In service. maintenance and accessibility are assured
by ineans of the open areas ol thc containers.

~ They norinally require a special consideration of the ship's structure around the containers and in
thc upper engine room areas. Modules are large and. therefore, an iinportant part of the ship's sclf-
supporting capability is reduced to give access possibilities to thein.

~ Slipway installations will require, most likely, supplementat~ supports. 'I hc upper deck will be
speciall> reinforced. No tvvin decks are allowed in order to permit thc units installation and, so,
double decks would be a good solution to avoid weakness probleins in service.

D! Container Units with the actual sliip's structureincorporated.
~ The amount of work is reduced because the true ship's structure is co-ordinated with the outfitting

units, incorporating part oI'thc ship's structure into them.
~ They reduce the lightv,eight, compared v ith the other systems because they use the actual sIiip's

structure as unit self-supporting structure.
The ship's structure and the corresponding building process must be drastically changed. Advanced
equipment definition is crucial, As a consequence, predefined or standardised units are to be used
extensively. Standard hull forms and arrangements are also crucial. A proper CAD/CAM~CI'.vt
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System is also required to obtain the necessary dimensional exactitude and parairicters  merit
functions! control.

I he adoption of outfitting units could have some of the following consequences:

'I'he engine rnoin ~ill reinain longer without the top deck. So. superstructure to be defined in
order to bc installed in a very short time,
Thc engine room structure is different and would require, most likely, its study by Finit»
Element method. Vibration consequcnc»s of possible weakriess must also bc taken into
consideration.
I'he engine room arrangement is different and would require a careful pre-develop»i»nt io b»
carried out. v,here inain routes as well as the main modules, accessibility, »rgonomics, ctc, to
be defined. before entering> the detailed 3D model dcflnition.
Side bunker tanks may be a good solution because they rcpres»iit a buffer betwee<i the actual
engine room arrangement and the actual ship'ssid», allowing tbr a better chance to repeat the
arrangement in future vessels.

4. ACTUAL APPLICATIONS IN UNV

The design proces~ is as follows:

1. I3asic Design; class approval, material detention and general arrangement of eiigine room.
2. Pre-development design: unit subdivision and space arrangement as per building strategy. In this

step, modules, routing of pipes, ducts and cables, and interfaces between systems, modules and
ship's structure. are defined.

3. 3D <r<odel for the engine room based oii the 3D model for the steel. Sce Figure l. at the encl c>f the
paper!.
Detailed v orkshop dr;<wings: spools and installation drawings, with tnaterial lists and pallet
material reservations in the warehouse, are defined.

Ihc Yard is now in the process of a strong outsourcing duc to the fact that many employees hav»
been retired during recent ! ears. So. the necessity of passing to the suppliers the building of the u»its is
a inust. Due to that, the <rend today is to convert the old geographic orientation of thc units to
functional units with an still important geographic influence.

In f'act, vessels up to 20,000 DWT have not enough space tn establish totally functional units that
could be oriented to its building in supplier's workshops, So, mixed geographical and tunctiorial units
are present in almost all the vessels. This is the actual trend today in the inajority of the Yards. I'he fact
of having units of the container type or with the structure incorporated lies more in the particular
building strategy of each case.

Some examples of'the actual unit building in UYV are shown below.

If we consider the ge<>graphic type, we find many examples as that shown on Figure . The
functional type may be represented by Figure 3 and I'igure 4.
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5. PARAMKTERISATIONS OF IJN|TS

One of the roost important issues when we tali about functional uiiits i» their pararneterisation.
It is quite clear that geographic il units are very difftcu]t to bc paramcterised. In fact they could also b»
studied on their basic design parameters.

Nevertheless, the less connected to systems the units are, the more difficult is its
parameterisation, due to the fact that they are no  related to homogeneous sys ems. So, if v e want io
define the element at a very early stage, we must  ry to get functional units as far as possible and
compatible with  he engine room arrangement.

Even in the case of functional units, it is not easy to define the paranieters on which to hase  hc
standardised unit design, ln some cases, this task is not of very difficult  cooling systems for  h»
propulsion or energy produc ion on board!, bu  it is really diff~cult in other cases  thermal capacity for
 he cargo area. or chilled v ater units in passenger vessels!, Defin> ion problems come from the basic
difficulties in defining their design criteria.

This v ay of defining the engine equiprncnt will nornially lead  o slightly higher capacities. In
case of module standardisation, the design criteria cannot be very specific and adapted to the current
projec , but following rather general design criteria with some over-dimcnsioning in order to avoid
changes later on. Also. functional units are influencing the actual pipe and ducting routing in the v «y
that the main routes are condi ioned by the module position, which is rather fixed within the engiiie
room or, even, within other sp«ccs, like the cargo area. Morc pipe and ducting length may be expected
froni these techniques.

Nevertheless,  h» advanced design and the s andard type of uni  with the repetition effect in the
workstiop, within the Yard or in the supplier premis»s, more thaii compensate the increase in light
weight and in the length of sys cins. On the other hand, these data are known froin the beginning and,
therefore.  nay be considered in thc project.

Parame ers on which to hase the design of the niain hinctional units are, among others:

Main engines  ME! and auxiliary engine  AE! povver, engine numbers and types: cooling systems.
Ml. '. and Al' power, number type, and type of vessel: compressed air system.

~ ME power, AI'. power and boilers power: therinai oil or s cam.
ME «nd AE power. number and type of purifiers: purifying system.

~ AE nuinbcr and power, main consumer's nuniber and unitary power and automation basics: main
sv,itchboard and a itomation boards.

~ Accommodation area and spatial features on it: air conditioning units.

I  is evident that standards cannot be unique for each unit, but several of theni depend on the
diffcren  possibilities of propulsion. »lcctrical power, cquiprncnt configuration, etc.

The functional units are very rel«ted to the three-dimension«l areas like the engine rooin, and
ikcir functional pcrceiitage compared with their geographical percentage will decrease as wc ciiter the
two dimensional areas, like th» acconimodation.

The subcontracting of extensive areas oi the accommodation is more related with geographical
conccp , The density ot equipnient is nor nally less than in the three-dimensional areas. and the spatial
distribu ion is predominan ,

In order to simplify the tin«l configuration of the inixed functional and geographical modules
or units, we will call them "ratioiial modules".
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6. ACTUAL UNIT HANDLING IMPLICATIONS

The double bottom areas are normally made of'hcavy steel plate thickness. inaking it dii'ficuli
to find proper lifting capacity in the medium size Yards, So.  he attractive idea of' integrating steel and
outfitting construction is quite limited if wc try to build steel arid outfitting together by blocks.

Nevertheless, ther» is thc possibility of' separating the steel double bottotn plan f'rom it.
associated outfitting above it when building strategy requires so. ['he I:ORAN System used b> thc
Yard is an important tool to achieve this. The outfitting units may hc conceptually independeni from
th» steel blocks, or integrated with them,

The niethod of the separation between stc»l and outfitting uiuts has, as a handicap, I.he probleni
of the dimensional co-ordination, and requires an advanced outfitting definition, at the stage of
scantling process. Thc ship's configuration must be conceived in this manner, using th»
compartmentation possibilities to the benefit of the interior simplicity. This must be achieved both by
way of classical compartments. in passenger vessels, and by way of'using the sides of the engine room
for the bunker required capacity: Plane and vertical lateral bulkheads in the ME and machinery spaces.

The outfitting on double bottom can, in this way. be contemplated as being split into sever«l
units of different sizes. whose design is based on the actual supplier'» standards, their corr»»ponding
dc»ign parameters and building strategy iinplications. Also, the material cost is reduced when the
con»tr»»tive requirements are adapted to the supplier's standards and also the labour cost when the
inodule construction can be carried out at an earlier building stage and. if possible, at the supplier's
preinises.

Thc general arrangement sliould be developed by focusing the build strategy,

7. THE "RIGID BOX" CONCEPT

There are also cases where the conceptual approach for th» units, can provide additional
benefit.

In fact, we could consider the outfitting units in the Accommodation arid Machinery area» Iihc
rigid boxes whose handling and transportation inside the vessel is pre-determined.

lts application to the engine room or to the rest of the inachinery spaces is easy if we ke»p th»
concept: No shape changes and no entering the modules are allowed after installation on board.

The additional building and Owner's benefit within this concept is the available space in the
unit boundaries, which is quite interesting in order to reduce interference.

Container modules are rigid and introduce some additional constraints to the desigii th«I rnav
also work in the direction of'the standardisation.

8. MERIT FUNCTIONS:

Based on the «vailable outputs provided by the I'ORAN System. "merit functions" are defined
in order to evaluate the efficiency of the unit system, In particular. UNV uses. among others, the
following:

~ Length of pipe against ME/AE pov'er and MEtAE volume,

514



~ I,ength of pipe against pipe bends.
~ Pipe bends different froni two or, at most, three angles.
~ Nuinber of pipes with curvature in more than one plane.
~ Length of welding seams, iii. case of container units or steel blocks,
~ Percentage of straight pipe against the total pipe length.
~ Length of Design Period.
~ Number of standard units used.
~ Labour cost due to modifications against pipe length.
~ The classical quality indicators statistically treated as per ISO standards.

Percentage of pip» installed before launching.

The first six functions arc related with the required redundancy, with thc routing and, specially,
with the system pre-definition made in the Basic Engineering Office.

The "Rigid Box' concept. explained above, could also be applied t<> the system design. In fact,
the extrapolation of the concept is very easy: At the end of the day, we are just introducing an
additional constraint to the design, that may be physical  length of pipe or welding, pipe bends,
geographical extension, etc.!, cr conceptual  redundancy, ergonomics, design criteria, etc.!, 'I he earlier
3I! model development the better control of the merit functions.

I hc other merit functions are clearly related to the level of advanced detinition in the 3D model
versus the later equipmeiit modifications. and the complexity of the intcrconncctions between outftttir>g
units. Once again, the "Rigid Box" is working in our favour: the less in situ adaptations, tlie less
modifications.

The concept of hov, long important or complex areas can be kept open during the building
period is introduced in order to evaluate the "confort" to work., specifically. in the machinery spaces on
the double bottom. Hov ever. other areas could also be considered in this connection Icornplex
equipment areas or outfitting units. etc.!. To achieve this, the general arrangement must take it into
consideration. The wav in which these concepts are integrated with the conceptual General
Arrangement Drawing niay bc considered as its 'merit function'. and plays an important role in the
future design and building development.

In the Ferry and  'ruisc vessels. the solution given v as to agree v iih the Owner the areas vvith
less added value placed on top of the i>IE room. and the arnplc provision rr>oms required, on top i>f the
AI; Room. So, the coinpletion time for both was shorter than the required time to finish the forward
cabin areas where more outfitting was needed. In this way, the lower contp]ex areas in the aft part were
connected vertically to the easier ones in the accommodation. 'I'he easier areas in the double bottoin
were connected to the tnore complex ones in the accommodation. '1'he boundary in between was Iixed
in the AE room, made transversally in order to achieve good damage stability behaviour. No lateral
compartments werc devoted to machinery or to stores, so that no permanent access through ruled
ladders was required, Sce Figure 5.

In the case of car >o vessels, the situation is easier since th» engine rooin will be covered with
the accommodation tov er. which mav bc prefabricated apart.
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9. COIVCLUS1ONS

LtNV introduced in its building strategy two new construction concepts:

The ship rational nroduler
The definition of modules must be adapted to every building strategy so that a combine<1

geographical and functional solution is to be found focussing always on its capability to bc repeated iii
future projects. '1'his desi«» process leads to a rationalisation of the units, with or without structure
integrated with them. Added value building process must be developed by means of interim product..
that increase their value by addition of new building pallets formed by information, materials and
working instructions,

The rational module is conceived as an interim product itself whose combinations give a wid<.
raiige ol' finalsub-product».

Rational modules must be very related to the supplier standard and to its building possibilities,
within the general outsourcing Yard's process.

1 he bcnelits are in terms of standardisation. anticipation of the building strategy and. even,
iitte< ration ol thc operative and safety constraints as part of the ship buildi»g process,

The rigid box strategy:
The concept of the rigid bo~ allows for a more pre-detcrinined building planning and process.

increasing the repetition oi elements and giving additional building tolera»ces.

Savings in Production:
'1'hc introduction 0 f tile two above itleiltioned concepts. 'togetller with the use of state of il'ic art

CAD-CAM-CIM System, allow for a i»ore efficient building strategy which, mainly, lead» to a
competiti< e differential value.

Our competitiveness may be based on a reduced cost or on a reduced delivery time, Actually, i»
a first approach, the reduction in delivery time leads to a reduced cost and is very much appreciated b;
Owners,

The evaluation of design alternatives connected with the optiinisation of our building methods
and possibilities, is a basic tool to achieve the mentioned goal. The target is now a reduction in the
delivery time of about 20"o of the old one.

An iinporta»t decrease in the in-house workload capacity in the Yard leads to an outsourcin ~
process that requires an important mentality change. Most of the tinits  steel and outfitting anJ
combined! will be built at the Subcontractor premises instead ot the Yard itself,

Powerful CAL! design tools, the use of merit functions iii order to evaluate our Jcsi >n
efficiency and the systematic repetition within a general u»it standardisation process connected to the
Subcontractors available equipment, are the keys to a successful shipbuilding result.
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USING A SINGLE 3D MODEL SYSTEM IN THE OUTI'ITTING UNITS
DEFINITION.

1. SINGLE PRODUCT MODEL

The design of a ship by using a CAD/CAM CIM System is c irricd out by producing a soft
model as close as possibl» to the future real ship. Modifications can be easily perforined while the
project is going on, improving the design and ensuring fmal high quaiit!.

Thc FORAN Systeni manages a single 3D model, with all the information stored in i single
and inulti-access database. Thi» is a simple wav to ensure that all the people working in the project are
using thc most up to date information of each discipline; hull structure, pipework, ductwork, eleciiic;il
design, etc.

The users will bc rcadin«and using the inforniation of' the single 3D inodel coordinating the
different disciplines in order to reach the best design.

2. DEFINITION AND MODIFICATION TOOLS

The high standard CAI!/CAM/CIM Systems. such as FORAN, usually have llcxible tool» to
define th» hull structure and the elements related to outfitting  machinery, deck, accoininodation, and
electrical components! with a high level ot accuracy. Each structure part or outlitting element has both
technical and geometrical information associated with it, thus allowing its fabrication according to the
production outputs,

FORAN. as one of thc inost advanced C'.AD/CAM/C.'IM Systems iii the market, has tools that
siinplify most of the tasks in;i ship project, from the initial to thc detailed design, covering all the
disciplines: forms definition, naval architecture. hull structure. machinery8.outfitting. electrical design
and accommodation.

Throughout this paper the terms outfitting units or inodular units are used to refer to the sanie
concept. Their use is a good example of coordination between disciplines because most of them are
usually involved in the design i>f the ship from the very beginning. Above. difterent types of units hase
been described.

For a CAD!CAM,'CIM Svstein, no matter really thc type of unit the requirement is to have
available the necessary tools to define and obtain production information of tlie modular units, 'I'h»
CAD/CAM/CIM System should be flexible enough to be used for any type ot unit definitioii, in
different stages aiid b~ different shipyards.

One of the most powerful applications of a CAD!CAM/C.'IM System when working v ith
itiodular units is the possibilitv to use standard units previouslv defiiicd for other ships or to adapt thetis
to new design requirements, b> changing some elements. 1 he availability of flexible and fast copying
and modifying tools is one of the aspects to be considered when selecting a CAD/CAM CIM Systcrn.

3. ASSIGNMENT OF STRUCTURE AND OUTFITTING ELFMENTS TO UNI fS

Once the definition of  he 3D model has been finished, the elenicnts can be assigneiI tn ibe
inodular units. according to th» build strategy decided hy the Production Engineering Department <if'
ihc shipyard., bused on the prex ious prc-dcvclopincni of units.
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The build strategy is decided according to production criteria. It is considered extremely
important to study the build strategy of the whole ship during the preliminary stages of the design and
even before thc signature of the ship contract. In this way the 3D model will be constructed comply ing
witli the build strategy. studied beforehand, with the corresponding iiicreasc of effectiveness in the
detail design,

The build straiegy is inanaged by the FORAN system as follows. Thc user, according to the
build strategy decided by the Production I nginccring D»partment, introduces in the database a tree
representing the build process stages, These stages or level of Interim Products  IP! are I'ully
configurable by the user. F<illoming are some cxainples:

Hull structure: minor assembly, panel, sub-block, block, section, etc.

~ Outfitting: fabrication spool, mounting isometric, modular uiiit, area. ctc.

The System is absolutely tleviblc, allowing the users to define sl.ages, that could b» similar or
different to those listed above. Each shipyard can define, at any moirient, as many Iev»ls iif IP as
needed, according to the build strategy decided for each ship.

Thc build strategy;ind consequently the outfitting units can b» thc sainc as the one us»d for
previous ships. Thc standardisation has a great intluence on the time saving in the design, purch;ising
and production phases. If the build process is not completely standard, a previous similar one can he
copied and modified, in oriler to rnatch the particular characteristics of the new ship. FORAN has the
tools to easily perform these modifications.

In a first step. wheii defining the build strategy, the different levels and IP  units! are empty.
Tliey are initially defined as generic entities. In a second step, IP are delined and stored in thc databas»
by assigning to them ctcmcnts from the 3D model or IP. The on-line assignment of elements is easily
made, just by sclcctin« them on the screen with the mouse. Both structure and outfitting cl»inenis can
bc handled,

The final result can be seen iii Figure 6, where an outfitting unit is shown,

4. COMPARlNG ALTERNATIVES

The build strategy tthe way in which the ship will be fabricated, by using blocks, outliiting
units. ctc.! is decided in the shipyard by considering the fabrication cost and the availability ol
equipment, personnel, »tc,

The advantage of using a CAD/CAM/CIM Systcin is the siinplicity ol the assignnient ot'
elements to the IP, which allows ]he fast availability of the necessary information to evahiate thc
f'abri»ation cost, bv applying the evaluating criteria used in the shipyard.

The System counts thc number ot sub-units in each IP: fabrication pieces  spools!, assembly
pieces  isometrics!, fittings, equipment, structure panels, structure minor-assemblies, and el»m»ntary
parts involved in the fabrication and mounting of each niodular unit. Some CAD/CAM/CIM Systems.
.such as FORAN, can automatically classify these sub-units by rules previoiisl~ established taking into
account the attributes stored in the database.

These reports can be used jointly with some other technical information supplied by the
CAD,'CAM/CIM Systems tliat simplih the evaluation of the build strategy alternatives.

The above mentioned information is referred to soine of the concepts that are sct out below:

518



~ Weieht: the total weight of outtitting units, including both structural and outfitting elements, could
he an important limitation depending on the availability of cranes or other lifting facilities in the
shipyard or in sonic of the subcontractor shops.

gives the total length of each welding type  butt, fillet, overlapping, etc !, considering the position:
downhand, vertical or overhead. I he construction plan of each IP during its f'abrication is detined
in the build strategy and introduced in the database as one of the IP attributes.

~ ~Bent i es: the pipe bending adds complexity to the i'abtication of outfitting units. The high
standard CAD/CAM/CIM Systeni», such as FORAVa have thc capability to detect the existence of
bends in the spools includetl in the outfitting units and even to count the number of spools that have
bends,

~ Centre of ravitv: it has to b» considered when handling large and heavy outfitting units.

I he above mentioned information supplied by a CAD/CAM/CIM Systcin in a very short time i» a
very useful tool to be used by Production and Planning Management when»valuating possible buildints
alternatives.

5. PRODUCTION DRAWING'S

Once the dctinition of the outfitting units has been tinishcd, it is necessary to obtain production
drawings for the workshops.

Thc production drawings consist of fabrication and asseiiibly drawings. In each case. thc
drawings should include clear view» and details of the elements involved. labels identifying them,
dimensions indicating distances between parts or referring them to ship steel structure.

The CAD,'CAM/CIM Systems should allow the users to obtain drawings that shov, ihc
inf'orination needed in each discipline and as well io decide how to display this information on th»
drawings. 'I'he Technical Department has to coniply with the requireinents of the Production
Department. I his capability and the flexibility in configurating the dravgings are very important when
selecting a CAD/CAM/CI M Si stem.

Thc use of FORAN Systeni, ensures that ihc majority of the drawings are automatical!y
produced, Systems have powerful tools to simplify the process of generation of the other drawings. It
is very important to shorten the process of obtaining information for workshops because this
effectiveness redounds in the ship delivery time.

An example ot an assembly drawing is shown in Figurc Se corresponding to the module shown
on Figure 7.

6. MATERIAL LlSTS

It is also very iniportant, when preparing production information, both tor fabrication and
mounting, to clearly identify the elements needed to complete the fabrication of the IP.

Material lists should bc attached to each drawing or work order. identifying the elements
involved, from the elenientari on»s  flanges, fittings, bolts, nuts, steel parts. etc.! to the sub-tdnits
and/or pieces of equipment, at all the stages in the fabrication process,

The high standard CAD/CAM.'CIM Systems are capable of automatically produciiity this
information and offer two possibilities: to include it on the drawings or to obtain independent li»ts.

519



The lists generated should be transferred to other applications such as Material Managr»ment or
Planning Systems used by other Departments of the shipyard. Custoinized links are usually pr»pared
by the CAD/CAM,'CI M System proprietor, for this purpose.

Jn particular, using a CAD- 'AM-CIM System for inaterial reservation in the shipyard store» i»
very interesting. In fact the production pallet may be totally defined in the Technical OITicc. A
production pallet is a package of information, equipment elenients and working instructions that add»
value to an IP in order to reach the next IP which in turn is used in the next IP and»o on until the final
outfitting unit, no matter what its type, is reached.

7. ADVANTAGES OI 4.ISING A CAD/CAN/CIM INTEGRATED SYSTEM

l. A CAI!/CAMf  IM System, such as I'ORAN, represents a powertul tool to increase the coordination
between the hull structure and the outfitting disciplines. We would like to insist on th» outst<indint
advantages derived f'rom the use of a single and multi-access database, as well as a single: D niodcl.
in which all the information, frotn any discipline, is available to be used during the design process.

'2. The use oi'a CAD/CAMiCIM System. such as TORAN. rtuc t ~ its high ~accurse . guarant s thai
problems are avoided iii future production stages. The outfitting units»hould perfectl> fit eacli other
or other elements.

3, An interesting possibility is that designers can work with prelimina~rinformalion, just by knowilig
the position of th» cquipmciit connections and their maximum sires. 1 quiprncnt can bc tcmporaril~
rcprcscnted by a box with these maximum dimensions.

Once the final information is received, it is introduced in thc 3D model only to check some possible
discrepancies with the t~riginaI dimensions or connection positions. In this case, the pn»sible clashc»
would be automatically detected by the System. This is a way to save time, advancing in thc
development of the detail design without reducing the quality of the information for workshops.

4. A ttircct ccnscttueitce of tire use of a CAD CA M/CIM System such ts I'ARAN. is the ~eas t .r:utiun
of inodification». The better the System the easier the modifications can be made,

Anyway, it is clear that the ef'feet of design changes on shipyard production is greatl> reduced, a»
the CAD/CAM!CIM Systems. such as FORAV, work against a sof't model that can be changed riglit
up until the moment in vhich the definitive drawings are issued, The automatic obtaining t I'
drawings allows to have more tiinc for evaluating alternatives and for introducing eventual changes,

5. 'I'he CAD/CAM,'CIM Systems. such as I'ORAN, facilitate the standardisation in the dc»ign. due to
the easy way in v hich lirevious units. or in general, previous designs can be used. The siniplicit~ c f
the copying process and the nianagernent of modifications, explained in the previous point. Ie;id to;i
more extended use of standards, which represent, no doubt, saving time in the design, and, what i»
inore important, in the construction process,

6. Thc quality of  he design is guaranteed by using high level CAD/CAM/CIM Systems such as

could be highlighted as one of the most important,
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Another powerful tool implemented in these high standard CAD/C'.AM/CIM Systems such as
FOlMNr is the "walk through" capability, that allows the users to carrv out a "design review", really
a second quality control. that could lead to finding a better design solution in some areas.

Another iinportant point is the possibility to simulate, with thc aid of the 'walk through", overhaul
and maintenance operations, guaranteeing the quality in the real future life of the ship.

7. The CAD/CAM/Col Systems such as POI/Aht, arc poteerfut tools to hc used in the ~com arisen of
buildin s altcrna! ives as they can report at an early phase, technical attributes of parameters needed
to evaluate time and cost required to perforin production processes.

Figure 1.

Figure 2
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Figure 3

Figure 4

Figure 5
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SHIP MANUFACTURING-
- SOMK PROBLEMS OF A HULL SHAPE SIMPLIFICATION

I'adeusz Gruezyk, Eugentusz 5krzymowsk't
Teehni eul /ini»ersity of,V czeein, I'Oland

Introduction

Strong competition in tlie field of ship-building industry that has been in existence for ihe last
fcw decades caused the introduction oI methods aiming at increasing production output. 'Ihesc
innovations come in different forms, One of them is to simplify the ship construction and the shape of
a hull, The aim of these innovations is:

~ thc reduction of a labor-consuming processes, particularly those which are mechamcally and
automatically difficult to realize,

~ modification of the hull construction by reduction of quantity and labor-consuming connecting
of butt joints whilst assembling in the prefabrication phase as well as in final forming
 molding! of thc hull of a ship,

~ rationalizing of the tolerance allowance systein. The goal of this is to decrease technological
allowance which avoids the necessity of taking into account variations which result from
thermal processes of connecting and straightening,
The realizations ol the above objectives must go back to earlv phases of designing ships which

deinands strict co-operation between design and process engineers and constructors. The study of
these methods, systems and procedures «rc the subject of research in Poland at universities and ship
building centers, '1'his research hiis been financiall sponsored by Research Committee in Warszawa.

The simplification of the shape of a ship's hull

This siniplification is not really a new procedure. Prototypes with characteristic frame sections
consisting of segments of straight lines werc introduced during II World War.

'I'he review of present solutions points to certain regular features namely:
~ lengthening inidship body and very often the sainc width of the higher parts of the hull over its

whole length except for thc bow-part,
~ in the stern part flat wedge-like transition from midship body vvith shaping narrow bottom

cantilever in which the propeller shalt is housed,
~ forming the bow part ol the ship to provide appropriate hydrodynainic properties and also

equipping ship's sides with a number of flat surfaces which makes possible dividing ship shell
plating into possible flat panels,

~ using frainc sections in which most plating surfaces are flat and cylindrical or conical in tho»c
cases where transition from midship body io stern and bov part is necessary.
'lesting»ucccssive model» in hydrodynainic tanks proves that siniplified shape docs not

deteriorate propulsivc efficiency or other features such as seagoing qualities or maneuverability,
Usually. due to lengthening of midship body. deadweight capacity and particularly cargo spaces are
increased which inay be specially attractive for container loading.
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Table I. Basic indexes for the shell plating o; ships  L= 190 m!,
the traditional and simplified shapes

Ratio

S/T

Ship with
simplified shapes

�S'

Ship with
traditional shapes

T!!

Data characteristic for shell

plati ng properties

[m.J oi ' [%]
[ iieccs

[m.] or  %]
ieces

].40
I

74. 50Midship body length [m. J 53.29103

Relation of 3D surface io
flat surface ratio 25.0035.00

Number of the steel plates
used for shell plating n

ro osed develo ment

100.00 336 ~ ~ 100.00 0.71

Number of steel plates bent
on rollers or conically bent 24 * 5.11 172 ** 51.11 7.17

Number of steel plates with
spatial ',3l!! bending 7.14 0.073>7 71.55

76.66 196 ~" 58.28 0. 54General number of bent steel

latcs

36l

Sections of bent ship side
shell plating and scctio its
requiring prefabrication in
bed

73.90 24 ~* 52.17 0. 71

The maximum type-format used fo the above table  according to thc Polish
shipyards practice! was with following dimensions: 1 x b = 12 000 x 3150 mm;

- froni a real project ** - calculated
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The experimental project No 9 T12C 06912 anal>@ed two versions of bulk cargo ship of the
length L =-190 m. [1]. A ship with traditional shape was compared to the specifically designed
�simplified" version, 'fhe simplified version was obtained by maditication of simplified bulk ca~go
ship of 65.000 tdw based on prchminary version accepted for hydrodynamic tests.

Shape transformation itself at the sainc main dimensions LB 1' caused the displacenient. which
was 40.831 t for the traditional version and 43.894 t for the simplified shape, llighcr wcighi. of
displacement was the res~it of increased block coefficient and especially due to the lengthening! of
midship body. Table 1 presents comparison of technological features of both versions,



The hull simplification atid its influence on the manufacturing methods

The main advantage of the simplification of the shape of the hul!. plating is the possibility to
use larger dimensions of steel plates. The actual maximum dimensions of steel plate do not exceed
12.000 x 3.150 mm in some Pc lish shipyards, in Germany the size of steel plate goes up to 15.000 rnm
and in Japan 25,000 x 4.000 mm is not unusual.

As ntentioned before the main objective of the simplification of the hull's shape is thc
reduction of labor-consuming processes by usirig a larger number of' flat or bent surfaces along one
axis. The result can be obtaineil in two ways:
~ in the direct way by using steel plates with one axis bending instead of steel plates with 3-

di nicnsional bending,
~ in the indirect way by niodification of the shell plating.

Replacing of the distorted cuivatures with straight lines or scgrnents of a circle makes lofting
easier, increasing the precision of a job and also simplifying the production patterns used in making
steel plates. Bending of sheet can bc carried out on the rollers and presses without the necessity ol
biaxial shaping which can be hand-formed.

The coinparative calculation of the labor-consuming processirig of steel plate forming
operations was carried out for two versions of the ship �T"  traditional! and �'S"  simplified!, showed
in table 1. Because of that calculation it was possible to prepare an evaluation of the influence of the
shape sin>plification for bending process. The analysis showed that planned labor-consuming
processing of steel plate bending for the shell plating with the �traditional' hull of the ship was equal
to 3500 hours which is effectively about 0.35 '10 of general labor-consuming processing for thc bulk
cargo ship and about 0.75 lo of labor-consuming processing for the hull of a ship production. '1 he
reduction of the number of steel plates with spatial bending from 337 to 24 and at the same time the
increased number of steel plates v ith rolling or conical bending  from 24 to 172! caused the decrease
of the general labor-consuming processing for the whole ship. This reduction as far as the whole ship
is concerned is not of great significance.

The general decrease of the labor-consuming processes arising from the hull of a ship
simplification and relating to bending processes and other operations which are influenced by steel
plates shape was estirnatcd at about 5000 men-hours which equals to about 1 '/o of the planned 1 ibor-
consuming processing for the bending operation,

The possibility of getting indirect effects resulting from the increased flat surfaces on the shell
of thc ship has already been discussed. Another reason for using larger t>pc-format of the steel plates
which is part of the �traditional" ship but increases on  he �simplified' ship is that the constructor and
process engineer get much better conditions for projecting block dimensions. That is why overall
dimensions of blocks as well as the number of plates depend on constructor's decisions. The increase
of sections dimensions allows inoving part of the process to the assembly room and mechanized body
panels production line.

Results of these processes are as follows:
~ improved butt joint quality,
~ mechanized assenibly of steel plates and stiffening,
~ automation or welding robotics,
~ decreased welding defi>rmations.

All these lead to dimension tolerance improvement which reduces number of operations and
fiti.ing time in the final assembly of the hull of a ship.
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From all the indirect affects deformations have a special meaning, they appear rather as a
resultant of the welding process than the effect of assembly. Straightening aiming at elimination of'
these deformations causes ditnensional changes in the construction. The straightening operation~
require a charge of heat. As a consequence there are metallurgical changes and internal stresses.
Although this type of process is not the only one which causes stresses, its influence and values,
beside bending are the most significant,

The increase of overall dimensions of the sections and their sinaller number makes assembly
easier and shortens the time of the general production of the hull of the ship. Larger dimensions of
blocks allow for better integration of the hull processes with its outfitting starting with the pre-
asseinbly phase, The decreased number of blocks makes suitable conditions for the introduction ol thc
outfit in the early stages of shipbuilding,

Tolerance allowances

Using welding constructions in shipbuilding apart from all the advantages arising from its
technology brought in grater tolerance allowances. One of the main reasons ol that is difficulty in
anticipating the measurement changes in prefabricated sections caused, to some extent, h> asscnibly
procedures, but above all, by shrinkage during welding. At the some time the change in technology ot
steel plate preparation effectively eliminated mechanical working which provided morc precision,
exact linear measurements as well as edge measurements. 'Ihe mechanical processing ha» been
replaced by cheaper gas cutting which increases the aberrations in straightening of steel plate edges
even if all procedures adhered correctly, Connecting of sheets with adverse aberrations increases thc
dimensions of gap while butt jointing the adjacent panels. These dimensions usually vary along the
connection.

In an attempt to overcome difficulties in anticipating exact dimensions of sections, wear
margins and the range of technological allowances were expanded. Idowevcr it turned out that de ining
and appropriate spacing of inargins and tolerance allowances is a complicated problem, lt results not
only from overall block dimensions anticipation but also from differences in stiffener» and
construction binding spacing, These probleins increase when the panels are made up of curved outside
shapes together v ith complicated internal structure.

In thc research work aiming at the improvement of assenibly processes and especially
facilitating fitting procedures for butt jointing sections and blocks special attention was paid to:
~ reducing the range of technological allowances and wear margins which requires additional

cutting during the final asscinbly and limiting the areas of the rationally designed dimension
cllalns,

~ the reduction of tolerance allowance of the sections to the nominal dimensions taking into
account the possibility of compensating shrinkage caused by welding. This can be obtained by
using appropriate v elding technique and assembly procedures.
The complete analvsis of prefabrication processes does not exclude the possibility of ciitting

and fitting of blocks after finishing all these production operations, but it should only be u»ed in case
where dimensional aberrations are difficult to anticipate.

Szczecin Shipyard S.A. was one of the first Polish companies which irnpleinented ihc above
mentioned rules and solutions in mid-seventies. during the building of chcrnical cargo carriers.
Improvements were required for building a large number of internal structures that werc inade of
stainless steel or plated sheets which were difficult to be fitted and cut in the final assembly ol'
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sections. It was only possible io achieve the posi ive results due to detailed preparation and supervised
technological processes as well as precise inethod ot rncasurement.

The developed rneasurerncnt technique based on methods and apparatus used in industrial
geodesy allowed the introductioii of a ncw discipline called .,ship metrology" and also created a basis
for incasuring thc accuracy of dimensions of ship constructions during all stages of technological
process. 1 he research work in this field is continued and brings ncw methodological and elaboration
s> stems together with the introduction of n>odcrn measurements and apparatus.

I.sscntial principles and rules for creating rneasureinents allowance systems for �traditional"
and,.simplified" hulls arc vcq similar and rely on:
~ applying  he theory of dirncnsional chains for the hull constructions taking into account

specific properties resulting froni the simplified shape,
~ appropriate seIection ot'tolerance allowances for simplified shapes and constructions,
o anticipa ing the diincnsions of dcforinaiions of sections especially in cases where the flexibility

is lovscr due to thc lack ol'specific technological stiffness resulting from the spatial shape.
~ suggesting methodology for defining and spacing tolerance allowances where it is necessarv,
~ working out au omated metrological me hods for �simplified" ships where it is necessary and

suggesting simplifie nicasuremen s or ranges of their use,

Final remarks

Preliminary analysis ot production aspects of simplifying the hull shapes encourages to
continue thc rcscarch ivork. The increased number of fiat surfaces leads to the reduction of
labor-consuining manufacturing processes. Particularly sigriilicant is shorter time of fitting
during the assembly. and especially during but -jointing operations. As a result scc i >ns and
blocs are placed much faster, the v hole building process is shortcr iind thc use of harbor cranes
reduced.

Implementation of �sinipli fied' shape in a particular prolcct brings technological
improvements but at th» some time it inust be compared with ship's exploitation effects and
especially with obtainin sea keeping properties v hich are si>nilar to �iraditional' ships.
The next stage after the simplification of shape, analysis of sea I ccping and inaneuvering
properties, fiexibility to local and general vibrations, should bc the program aiming at
modification of construction. This can be achieved by improving construction techiiology
during the final assembly as well as by using mechanized production lines, applying autoniated
and robotic operations, especially during welding,
Methods and systems aiming at improving the  olerance allowance system and modernization
of hull building process in the shortened assembly procedure are developed together with
designing and constructioii work.
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A COLLABORATIVE SHOP-FLOOR PLANNING TOOL IN CONJUNCTION
WITH A PRODI JCT MODEL

Bob Basv, Odense Steel Shipyard Ltd, DK-5/00 Odense, Denmark

Rainer scampi ng, unique i nformationslogisti k GmbH, D-28335 Bremen, Germany

Abstract

Together with Odense Steel Shipyard Ltd., unique i nfnrmationslogistik GmbH has developed
a 'bottom-up' shop-floor planning system which utilises product models. The combination of the
planning system with a 3D product modelling tool provides all information and mechanisms needed
to allow planning at the shop-floor level.

The planning system is specifically designed for non-IT-experts thus the whole planning
procedure is simplified and becomes less abstract through the utilisation of the product model. The
primary objective has been to create an enabling tool to allow shop floor personnel, foremen and
workers, to collaborate in the planning procedure.

Introduction

Shipbuilding is a complex, complicated and inultistage production process with high
interdependencies. The process combines different manufacturing types at one site, from line
manufacturing until construction site assembly.
The special features of customer order processing in shipbuilding lie in the individuality of the
product and the required manufacturing processes together with their corresponding dependencies.

Due to the short delivery tiines  relative to product complexity! to be fulfilled the envisaged
large-scale orders/projects require parallel production activities. This includes the simultaneity of
design, procurement, operations planning, manufacturing and assembly. As a result the products are
produced parallel to acquisition nf product and process information. In shipbuilding, human
capabilities and accumulated experience of professionals are key resources. To support the
possibility of improvisation and the necessary flexibility of the employees, different production
areas need maximum autonomy, also in the areas of planning and control.

These issues led unique informationslogistik GmbH in Bremen/Germany to deve1op the
rough planning system GIGROS, especially designed to meet the requirements of planning of
complex one-of products  Lamping, 1997!. The system is, e.g., applied by Aker MTW in
Wismar/Germany.

Being complex products ships are designed with the application of several types of CAD
systems, Systems in use reflect the manufacturing base, e.g. steel hull, pipes, furniture etc. Common
to all shipyards is the need to configure the whole ship in which the in-house designs and external
supplies are integrated. Basu, 1997!. This integration process is led by constraints such as spatial -,
functional -, operational and manufacturing - requirements. At the upstream end, evaluation and
resolution of these constraints would need decision making tools These decisions and the
consequences hereof are the frameworks for the downstream control systems.

Promising to meet the needs mentioned above, PROMOS  Product Modelling at Odense
Steel Shipyard! has been developed at OSS since 1993 and is in operation for several years now.
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I h» mission of PROMOS has been to develop upstream decision tools and to support downstream
taciical and operational processes in a continuous chain. The product model integrates diffcrerit
CAD systems applied at the yard and uses the data obtained for new applications in thc area of
decision support. production planning and production control. The system is fully object oricritcd
and is based on an object oriented database  ITASCA!.

ln October 1997, at ICCAS'97 in Yokohama, the authors discussed for the first tiine the idea
ro join forces. The GIGROS system has been successfully applied in the planning department ol
Aker MTW. PROMOS was in operation at OSS. It was Bob Basu who had the idea for a shopfloor
planning system, giving the shopfloor team me~hers the possibility to plan their task»
autonomously within the framework defined by the OSS-planning department. The specitrcation of
tasks should be taken from the planning system  C-Plan! while the subtasks, together with e»tiniated
duration's, should be provided by PROMOS. GIGROS modules should be utilised to build an e;i»y
to use scheduler, All modules together were supposed to form the core of RAMOS - R«sour«e and
Activity Management on Shopfioor.

Shopfloor Planning

Nowadays, planning - systems on the shopfloor are rarely applied. In most cases companies
concentrate on the control of activities. i.e. gathering feedback data. Planning is»omething which i»
done by planners in a planning - department.

Designed some time before the actual production a plan is probably outdated duc tn»«v«ral
reasons. The specific features of one - of � a- kind production outlined in the introductioii ot this
paper sometimes cause the need for plan modifications. On the other hand such modification» have
to have a certain degree. Otherwise it causes nothing but noise to change the rough-plan all th» tinie
something happens, For instance the enlargement of an activity-duration from thirty to thirty-one
days in a rough-plan and the necessary redistribution of the plan is probably useless especially i t thc
activity is not on a critical path, On the shopfloor such a fact causes the need to introduce ovcrtinr«,
a night shift, working on weekends etc. Thus a minor point in a rough plan has a high impact on the
shopfloor were shopfloor managers and foreman have to cope with contirnious changes. Rcsour««s
allocations have to be changed, activities have to be postponed etc. The problem is that activities io
handle such disturbances are undertaken without a solid plan behind it. For the shopfloor people it is
difticult to foresee the impact of their short term decisions for the future.

'I'hus from our point of view it makes sense to give a limited planning-autonomy io tlie
shopfloor in order to empower them to flexibly react on various kinds of disturbances. It is a linri ted
autonomy because the tasks which have to be done are defined and scheduled by the phinning
department beforehand. Thus an autonomous planning takes place within a clearly deflncd
framework. Within this framework shopfloor teams should be free to define and schedule ihe step.
necessary to fulfil their tasks. Additionally it is necessary to define the sequence of activitie» aiid th<
interdependencies between them. Thus it would be possible to foresee the impact of changirig thc
schedule for one activity to the schedule of the whole task. Another important issue is of course thi
resource allocation which also has to be done on shopfloor, having the roughly allocated hours I'rorr,
thc rough-plan in mind.

lf the idea of autonomous production areas is accepted the next step is obviously thi.
development of a system to support this philosophy. This sy»tern has to integrate ih» differeri.
planning levels, i.e., the rough planning, planning of tasks and resource utilisation on a depart rnenrai
level and finally the detailed scheduling and resource planning on shopfloor,
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A big challenge for such a system is of course the fact that the application of computer
systems is relatively new to shopfloor team members. Thus the design of the user-interface has to
Lake into account the fact that the users are most likely not used to apply any kind of systems so far.

The following chapter will give a brief overview of the achieved results and modules as v ell
as the ongoing RAMOS - activities.

RAMOS - Resource and Activity Management on Shopfloor

Position ivithin Organisation and Infrastructure
Tasks to be managed in RAMOS are defined and scheduled in the C-PLAN. Each task can

be divided into a sequence of steps which are provided by PROMOS. Figure I gives an overview of
the position of RAMOS within the existing environment. The goal is to equip the shopfIoor
managers with a tool to support the planning on a departmental level. This includes schedulin of
tasks as well as the management of resource pools. ln RAMOS this part of the system is called
department management.

Figure I; Organisatiooal position of RAlvtOS

In department management the shopfloor inanager gets an aggregated overview of his areas,
All tasks which he is responsible for are visualised in an interactive bar-chart. For this purpose data
is collected from all released versions of task-plans, A stacked bar chart gives an overview of the
allocated resources per trade, Thus it is relatively easy to identify' critical regions. The shopfloor
manager is able to manage groups of workers with the pool inanagement tool. This tool provides
several features such as the possibility to shift workers between groups for a limited tiine. 'I ogether
with the scheduling functionality department management allows to harmonise the resource
uti! isation in a production area.

One level further down the foremen apply another RAMOS module, the so called uc ivi y
management. 'I'he functionality of this module is briefly outlined in the remainder.

Planning Process i n r4cti vity Management
In activity management only a few steps are needed to derive a comprehensive schedule and

resource allocation from soine initial figures. The 'top-down' planning system  C-PLAN! piovides
ihc duc date as well as the budget framework for the work order of'assembling of a large block of a
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ship. Now it is «p to the team to detail the work further into steps. AAer the identification ii!' the
steps, xvhich can be picked from a predefined fist, it is possible to detail each step further dov n 'nto
activities and sub-activities, This breakdown. of the task into small=r entities is supported by the
product niode1  PROMOS!. visualising the details of the object to be h«ilt,

The schedule is depicted as a bar chart which contains the al1ocated resources in the bar lur
each day. Thus it is relatively easy to check the resource allocatior. and the schedule at tlic saine
time without having to switch hetv een different views. 1he overall allocation for all category»s of'
resources is depicted at the bottom of the screen in an extra diagra!n. The system was built to be
applied by non-IT-exper!s. Thus it is possible to define most of the items, graphically, iiicl«dirig t1ie
dei>nition of the duration or the start and the end-dates of activities as well as their sequence hi
directly inanipulating the bars on the chart.

F;gure '2: User interface of RAMOS nice!u/e activity management

As depicted in Figure 2 activity managensent shows all relevant information in
coinprehensive way. Steps in the Gantt - diagram are coloured green, while activities and s«b-
activities are blue and light-blue respectively.

In the case shovvn above one can see the resource allocation for a specific trade  service
persons! in shift one for task '496 S'.Figure 3 depicts the resource allocation windcw for an act!vity. '1'lie budget for the bio»k
defines the resource-availability as a whole. Now the team can allocate resources step by step whil»
the availability gets continuously counted dov n, Thus the team gets some comfortable guidance and
is able to progressively control utilisation of the resources. This procedure can be done for several
categories of resources like shipbuilders, v,'elders etc.
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The listview on the left shows the working days according to the company calendar. In
special cases it might be necessary to do some specific activities on the weekend, In RAMOS it i»
possible to indicate this when defining a step. A specific day can be marked to bc an exceptional
working day, Afterwards one can allocate resources for the activities of this step also on the day
marked before.

Figure 3: Resource All<cation Window

Users are allov ed to define several versions of a plan. An initial version is called the
Masterplan. From this p!an users are allowed to derive versions, One of the existing versions of a
task-plan can be marked as 'released'. 'I'he 'released' plans are those which describe the ftnal
schedule and resource allocation of a task.

Technical issues
RAMOS is built for Windows 'AT. As all other systems by unique informationslogi»til.

GrmbH, RAMOS was developed using Microsoft Visua} C+-t. 'I'he graphics library was provided by
Stingray. a division of' Rogue Wave Software. RAMOS can store and retrieve its data froni any
ODBC cornpl i ant database.

Conclusion

l..valuated by shopfloor team incmbers, RAMOS proved to bc a system which is easy to use
yet offering a powerful functionality, The functionality exactly meets user requirerneius and
conccntratcs on those issues which are of vital interest for shopffoor management and fornzen.
Although it is possible to use it standalone the linkage to the in-house systems, PROMOS in
particular, boosts the usefulness dramaticalfy,The developers at unique informarionslogisrik C mbH strongly believe that RAMOS is an
excellent counterpart to their system CrIGXOS, In combination both systems allow top down and
bottom vp planning in a close loop.
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