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1,.0 A BUSINESS PERSPEX';TIyE

Although exploi tation of miner,i! i c soi<r< c's f rom hen<.ith t: he sc'«began only

twenty years ago, subst:ant: ial;imoiint; ot <1<ii iieet <il<'<fN, sulplnlr, ph<>spllate,

manganese, and ot her assoc iat ed res<»».< os wi! i be obt.iin<'c!. t rom t h< oceans

in the near f uture. Expl orat ion, prod<<et ioii,,ind t ransp<!rtat ion of these

resources beneath and on the sea ti quire an iiici <''ising nuts!!cr oi comp!<'x

mechanical tasks that must be carr le<i  !ut in tIie Eiost i le environme~t beneath

the ocean surface. As these tasks take pl,i< « in deeper and deeper

the capabilities of divers to carry out th<. t.,isks decrease, the cost of using

divers and support systems rises, and pr<ib! ems of: diver safety increase.

In short, the hazards and cost. of using divers;ire escalating as the

need to have hands and eyes beneath tlie sea is rapi.dly expanding.

To accomplish safely the increasing number of. underwater mechanical

tasks, we need both men and machines, working toget.her. The types of

man/machine combinations required in<.iude free divers with hand tools; work

packages controlled and operated by free divers; manipulators controlled by

operators in untethered, self pt'opelled submersibles or in tethered, unmanned

submersibles; and surface controlled manipulator systems with television

eyes. As working depths iticrease, humans wi1 1 be forced to become less

directly involved in actually carrying out the underwater tasks, and remotely

controlled manipulators will become required to augment human capabilities.

The simple ingenious manipulators developed to date have been sorely

wanting in capability and dexterit:y compared with divers. The potentia]. of

computers appropriatel.y coupled to men and manipulators has been grossly



neglected in the undersea market. There. exists a s izeable body of technology

and art related to telemanipuiatnrs used in the space, nuclear, and industrial

markets. This technology can and must be applied to the undersea market.

In addition, the last three years have seen astounding decreases in size,

power consumpt:ion, and cost of computers, together with their increased

re 1 iabili ty. These advances, coupled wi th para l 1 el advances in control

techniques and sof tware, now permit the design and application of sophist i-

cated telemanipu iators to undersea tasks.

Development and market ing of telemanipul ators and work systems offer

an interesting product and profit potential over the next decade. The

companies best able to contribute to and benefit from new business in tele-

manipulators i~elude firms with skills in human factors technology, electr'onics,

computer applications, as well as the mechanical skills needed to provide the

rugged, reliable, sophisticated equipment. needed in a deep sea environment.



'! . U H I STORICA1. P!ACK 'R H..'ND

Thc express ions "tel<..ope!r« <ir" '!nd "te le<!!,!nipularor" hnv» I!een use<1 Lo

<onnof e dextcr<ius ma< bin<.s conf roll!.'d bv man but lou«fed rem<>tel; from

human oper;! t<ir . '1'hus t hey descr ibe a <' 1 ass <il ma!!-machine systems dcs j gned

Lo pro jcct man's innate dexterity across dist ence and/or into environments

wh 1 <'h af e liazar cl<! ls and pcI haps 1 8 Li!al t<! l!umans .

The deve iopmcnt <! f f.eleoperat.ors began in  .he late 19%Os wi th the need

f<!r nucle:!r Labor«tory t< chnicians to manipulate experimental appar !Lus inside.

of "h<it" cel ls. At f irst f.cciinicians used simple mechani<-al 1 inkag< systems

while viewin< the experimental apparatus through leaded gl ass wind<!ws, Lat er,

l!ilateraL  force-ref Lecting! master-slave. servomanipul ators were dave! oped

al.ong with < losed c ircuit television viewing systems to give the remot <..

operator "f < e!" and close � up vision.

In the late 1950s the requirement for performing operations on the moon

for some form of local, scmiaut<in<!mous conf rol. to pr event. osc i 1 1 ati in and to

provide instantaneous response to local hazards in the environment. Thus

came t.he <. once p t of control, in which a human supervisor and

local computer cooperate to achieve an efficient control system with cap!!bil-

ities exceeding that of either alone

In the mid to late 1960s, the Han-Machine Systems I.ahoratory of the

MIT Department of Mechanical Engineering did a variety of experiments in

teleoperation to simulate earth-to-moon manipulator control through a t ime

added «new dimension to remote manipulation problems. The time delays in prop-

agat i<in of contro1 signaLs from earth to the moon  or beyond! led to the need



delay, the first "supervisory control manipulator." An improved similar

devi< e was later dev<.loped at Stanford Resear<h Institute.

Recent development. of manipulator «rms for the space shut'tl c has

renewed interest in computer-plus-manual control. Of particular relevance

are coordinat< transform;<tion t< chniques, or "resolved motion rate control"

and "active force accommodation" rlgorithms, developed by Whitney originally

in the NIT Nan-Nachine System Lab and subsequently at the Charles Stark

Draper Laboratory.

Recent. at t ent ion t 0 i adust r in 1 produ< t i<!n by meehan i ca l arms has con-

centrated or> developing more rapid, precise manipulators and upon pat.tern

recognition sct<emes  in< iud ing Whitney's! for coupling sensed force pat terns

and visual. patterns to cont.rol laws,

This body of technology and know-how which was dtvcloped for aerospace

and nuclear needs is applicable to problems of r<rntrol tot unders<a manipulators.

Development of undersea manipulators has p rralleled the development of

aeros pact, nuc1 ear and industrial sys t < ms, but undersea man ipulat or emphas is

has centered on the mechanical aspects of the design, and the control tech-

nology available has not been ful ly exploited. A f< w research submersibles

of the late '50s and '60s used manipulators, which were operated by switches

that actuated separate hydraul ic valves for each degree of freedom for. the

arm-hand  Alvin, Beaver! . Host of the work on improved systems is based on

improving mechanisms, tools, and vehi< le < ontrol. Advances and <-ontributions

A topically-arranged bibliography is included in Collateral. Readings and
References  Section 7!, p. 21.



by the Nava l. 1.'ndersea Center, Woods Ho le, West inphouse, Genera l l;1 oct ric,

General Dynamics and others are reflected in the references < ited in

Section 7.



3.0 TFLEKX",<iIPDLATORS AND DTVERS; A CON'ARTS !N

ln det»rn<ining th< cos is <if tel«manipulators iri comp;iris<!n to divers,

thre« factors must he cons ider «d:

1. tl!e r< 1«tive off icieii< y  or <l«!<terity! <!f tel em;inipulators

vs. divers;

2. the relative cost of t< lema~ip<i lators;ind th«submersible or

work system i!sso<i i<i ted witli t.i!em vs. the cost of divers «nd

the i r siippor t sys toms;;i<id

3. tlie li !z«rds assn< i !ted wi tii <sich sysi em.

The f i.rst two items «re a me;is<ir<. oi tli«<:osts of;ic<.ompl ishing

spec if i< task by t< 1emsnipuliit<>rs relat,iv< to divers. These factors are dis-

cussed in S< ct.ions 3.1 «nd 3.2 below.

Al though the costs of ha~ ird t<! l if«;ind 1 imh;ir<. impossible to quantify,

su<'ll <'os t.s express thems e I ves p<ir t l y in i us u ran < «r:i t. es f <!r d ive rs <ind p;ir t l y

in tli<. i!ri< e tliat divers wi1 1 dem;ind to;issiime tl«risks <iss«< i<iced witli

dec per diving. A recent British i«port. gives th<;i!in«:il diver fatal lty rate.

in t lie Nort l! S<a as !0/1000 per year, wliich is '33 tin!es that for co ii mining

ind 220 t imes that f<!r i;i< tory work in th» i!nit< d Kingdom. Th«se statistics

;!lone ar<! a comp«1 1 ing reason for cons i der iiig tli«ne«d f or t» 1 «manipulators

to replace divers in som«eiivironments.

The cost of using skil led divers to carry out3.l Fconomic

underwater tasks can vary greatly depending on sucli factors as the work cycle,

the duration of tlie job, the weather, the type .ind amount of support equipment

required, the depths at which divers are working, and the local wage structure.



apprais ing the potential costs of underw«ter welding, Moor~ made a

detailed investigation of the costs of jobs of different duration for

various depths based on costs that applied in tho Gul f of Mexico c irc« l974-

1975.  His detailed assumpt.ians and resu.its «re t ound in Sect ion 8, p. 24!

Representative data are given below for a job requiring two days and «nother

requiring five days on the bottom. A four man saturation diving team is used

iar both tasks.

TWO DAY JOB

COST/BOTTOM HOURDAYS IN WATERDEPTH

200 ft.

500 ft.

$2400

3763

FIVE DAY JOB

COST/BOTTOM HOURDAYS IN WATFRDEPTH

200 ft.

500 ft.

800 ft.

$1655

2200

2745

10

13

Moore also shows that, an an hourly basis, a manned submersible would cost

roughly $1300/bottom hour and a remotely manned vehicle might cost about

$550 to $600/bottom hour.

A bottom hour is the time actually spent working, not including descent,
decompression, etc.

�!

These data do nat imply that a total job can be done mare cheaply by

manipulator systems, since nothing has been said about relative time to accom-

plish a task. The data do suggest that, for deeper operations and for



Relat ivelv sii<>rt jobs, submers ibles witii mani piilators mav <ost. <>r>1y 1/2 <>r 1/3

as miich <>n;iii h<>urly basis whi< h wi 1 1 tend to offset tiit ir 1;i< k ot dext eri ty.

A further ind ication of the very high costs of using divers is given

in a re>cent paper by Slett en concerning problems of underwater inspection of

North Sea stru< tiires in depths f rom 25 to 30 meters. He estimat.es that a

man-hour job of inspection above wat.er takes about 100 man-hours underwat.er

and that the associated costs are even more than 100 times greater.

3.2 Dexterity < ompari sons. Studies «impar ing experienced divers to skilled

operators wi th relat.ive Iy crude mani pii1 at ors ii;ive shiiwn that manipulators

take significantly longer than divers to accomplish vari<>us representative

undersea tasks. The time ratio is highly task-specif ic, ranging f rom 1/1.3

 diver time/manipul.ator time! for tapping holes to 1/30 for < ]<>se toleran< e

connec t/d isconnec t tasks, w i t h an "over a11" rat. i<> i>f abou t 1,/4, Pr<. cise

ai.ignment is particularly time consuming, because touch fee<iback is lacking

and vision may be impaired by the miinipulator arm blocking t.he. vi.ew. These

studies included several control systt ms available at the time, none of which

was found to be superior for al1 tasks studied.

These studies were carried out in a water tank that represented near

surfa< e conditions for the scuba diver. Tncreasing depth would not substantially

impair t.iie efficiency of the manipulator but might reduce the efficiency of

the worker by 25 to 50/. Thus for the present, the overall ratio of 1 hour of

diver time for 4 hours of manipulator time might be. only 1/3 or 1/2. Additional

work cited in Section 7 by Yas trebov suggests ratios in the range of 1/2 to



Although these dexterity comparisons strongly favor the use of divers,

the remoi e manipulators on which the comparison figures are based h«ve been

relatively crude devices from the st«ndpoini oi us< r controi Th s~ dcv i< es

did not have the sophistication of current industr i«l «nd space m«nipul«tors,

much less the advantages of new technology now being developed, App1icat ion

of technological advances reviewed in the next section can be expect:ed to

produce significant improvements in controllability.

Add it.ional improvements could be a  hieved by designing undersea equip-

ment for hand ling by remote manipulators. Improvements could be made by

arranging for simple guides or "docking cones" to aid in positioning of one

object relative to another, or for "handles" by which a manipulator may secure

itself, much as a diver might manipulate with one hand while holding on with

the other hand. Sea floor equipment can be designed with ~odules that are

more easily repLaced, much as computers are made today.

Advances in controll.ing techniques through applications of new technology

«nd redesign of equipment to be handled thus allow telemanipulators to become

more cost competitive with divers.



4. O ADVANCES IN TELEMANIPULATOR TECHNOLOGY

Techno logical advances appIicahl e to improvement of underwater tele-

manipulators are related to significant advances in three areas. First,

modern < on< r ol theor ies iu<ve prov id< d n<w ins ight s int o human behavior a»

applied to th» control of' ma<.:hines. In some cases, limited forms of i.ntel.�

ligent and reflexive behavior can now he progr<~rimed into a computer, thus

enabl ing machines to carry out tasks that former iy required continuous

human c ontrol. Second, computer technology has made enormous strides toward

lowering < osis, whii.e improving versatil ity «nd reliabili ty of computers.

As a result, i.t is now botI> «conomi<.al ly and tect<ni<;<I ly feasible to buil.d

l.imited "intelligence" into certain mac. hines. Finally, advances in sensing

techniques have made it possible to provide better control feedback to human

operators. Television cameras and touch sensors may now be used to simulate

more nearly the eyes and hands of an underwater diver.

4.l Nore flexib le fore<.-reflectin~ controI schemes. Bilateral master/slave

Such force reflection techniques have been available in nuclear and

industrial manipulators for many years. However, these techniques have hardl.y

servomanipulators are designed so that when the operator displaces the master,

the slave is displaced correspondingly, untiI the slave hand exerts a force

on some external oblcct, at which point the master exerts a corresponding

farce  in the opposite direction! on the human operator's hand. Even though

master and sl.ave communicate only through an electrical or electrohydraulic

link, the apparent effect is one of direct mechanical contact between the

human operator and the external object.



been used f or undersea op 'rat i»ns, »rohably bi. cause master mechanisms wcr  -

too large or awkward for us  in the nianne i submer»ib le». Al so the st.r ict

g '»met r i c   s»morph i »m be   w  en mas t er «nd» 1; ve may n» t bc  '»ilv''n 1  'at f » I IB»n 

underwater tasks.

Recent studies have shown that the master can be smaller, operate at

much lower force level., and be dif ferent geometrical lv without seriously

impairing performance--provided that the directional correspondence is approx-

imately the same. Scale models of the slave work environment in c ~n junction

with the master have been shown to be a helpful control t  chnique, especially

in  iu intaining refer»ac ' »rientat i»n. T> ese t echnique» sh auld  > lap' r adily to

telemanipulation from the su~face through closed-circuit TV.

4. 2 Resolved motion control. ln underwater manipulation, a jovstick or

push buttons are often used to cont.rol a manipulator. En such situations,

the operator typically has no way of knowing how the actuation of any partic-

ular articulation  for example, a motor controlling a given joint in the

linkage! will drive the endpoint. The cascade of trigonometric transformations

in the series linkage is too complex for such a determination. Recent

developments in computer aids have solved this problem, so that the human

operator can simply command the endpoint  rather than each joint articulation!

to go up, down, left, right, twist, etc., relative to his own  or the platform's!

reference system--and the end point will obey. This trigonomet.ric unscrambling

is entirely embodied in computer logic and is, therefore, potentiajly a verv

low cost feature.



4. 3 C~om uter-yroprammed a<itomatic subrout ines. Zany comp<inent movem< n t

patterns are the same every t'ime they are executed and are q<iite time-< onsuming

for the operator tn ex< cute with tiie manipulator, Examples ar e scrubbing and

scraping, ret.urning to a reference position;if ter doing a task, and twisting

a bol t. With tf<e <iid of a c<imputer these acti<ins can be preprogr ammed, so

that. at a certain point. in the task tt<e operator can s imply press a but ton

and the computer wi ll take <iver and fierform the subroutine. Programming of

such subroutines can be done e,isily by having the operator drive the manipu-

lator through the motions <ine t i«<e, ti>en fniving t»e manf pulator repl i<.ate those

actions. Also, when the m;inipulat.or i.s in a. particular position to whicii the

operator m;iy wish to return, the operator can assign a "name" to that position

and have the manipulator return there under its own program control from

any other position at any time. Combinations of such computer-control

subroutines can be built up as the operator. gains experience. Laboratory

experiments have demonstrated the efficacy of such "supervisory control" but

there has been lit.tie actual application of it as yet, Further development

is cl earfy needed for spe< if'ic manipulator applications.

4.' MeChanical "to et~nein . Except for a verv fcw experimental trials

in laborat.f>r ies, and almost none underseas, "sight"  in the form of miniature

TV cameras using el ectroni c image-enhancing techniques! is the only form of

remote sensing that has accompanied remote manipulat ion. Thet e are several

other sensing techniques in which significant progress has been made in the

las t f ew years .

"Touch" is regarded by laymen as a single sense. In the human body,

however, touch is mediated by several different kinds of force strai~, by



nerve. endings in the skin, hand by nerve end ings in the muse 1 es, tendons, and

joints. SimiLar ly, touch in a remote manipulator can be ~ f fei [ed in a variety

of ways, as has been shown in numerous experiments

The most obvious form of touch senain;", consists of arravs oi miniature

sensors mounted on the gripping sur faces of an artif iciai "hand" and, perhaps,

on the ends or outsides of the "f ingers" which come in contact wi tii ob I ects

the hand manipulates. The important parameters of such devices arc:

L. the physical principle by which the transducer works;

2. the intensitv resolution of transducers;

3. the spatial resolution of sensor array;

how the data are processed and/or displayed to the computer

or human operator.

Transducers for such sensor arrays are based on a variety of physical

principles. Some are basically on-off devices, conventional. spring depression

microswitches or cat.'s whiskers, which when subjected to axial or lateral

loads bend and make contact with the metal. rings in which they are supported.

Such transducers have been made as small. as 1/S inch on center, in arrays up

to 6 X 24 individual transducers, Some of the touch sensor transducers made

are capable of providing measures of continuous force magnitude: one type

uses pieces of electrically conducting rubber that change their resistance

when deformed; another consists of mechanical devices that release air or light

beams {between LED and photo resistive elements! when depressed. However,

experience has shown that on-off information about where the hand is in

co«a« with external objects is most important, even with a crude array on

the gripping surface and a few sensors on the ends.



Another type of touch sensor utilizes a deformable mirror on the back

sid< of the gripping surface. An image is picked up and sent by TV t<> the

human operator, who gei.» a good qualitat'ive image. of pressure patt.erns as

they are formed by tlie deformatio~ of the mirror. Such artificial touch

devices are analogous to the skin se<isors in tlie Eiuman body whicli resol.ve.

surface forces differential ly in space with little concern for magnitude.

There have also bern sensors built which aggregate all forces and movements

applied to the tiand  six degrees of freedom! with re] ative pre< is ion in

magni tude. These have us<>a 1 ly tak<.n th< form of strain gage bridges.

4. 5 Active a«..ommodation. Acr ommodat ion refers to a particular technique,

developed at the Charles Stark Draper Laboratories, which combines the use of

a six-degree-of-freedom strain gage sensor located at the manipulator wrist

t<>gether with the resolved motion computations described in 4.2 above

Accommodation has heen shown to be potentially useful. for performing such

laboratory tasks as putting a peg in a hole. It is very easy for a computer-

driven arm or a human-operated master-s Lave manipuLator to get "stu<k"

trying to put a peg in a hole if less-than-perfect. An active rsccommodation

routine alleviates this problem by "relaxing" the peg in certain degrees of

freedom while maintaining force and motion in the axial direction of the

hole. Passive accommodation of ordinary compliance also has a role to

play here and current research is exploring the interaction of active and

passive accommodation.

4.6 Su cruiser control of automatic reflex contr~ol loo s. Automatic

routines can be programmed to make a manipulator respond to signals generated

by a touch sensor. It can move until it touches something, then stop, or at

�4!



that point branch into another subroutine, such as pull..ing back if i t is not

supposed to touch anything in that sector i>f spaci..'. 'mimi lrsr ly, the manipulator

can be programmrd to slide along the sur fa< e, or to open i ts jaws to grasp

an oh ject. Programs can cause the mani pul;>.t t>r to e it>so on;ln ob ject and

adjust itself until both jaws show equalized pressure, at. which point

attempts to pull on the object.

The human supervisor, now armed with the ability noi. only to program

subroutines that are "open-loop" relative to the environment, can also

program rout ines that are "closed-loop" thrc ugh sensing of the environment.

Potentially he can name reference positions, specify sensor condit ions that

initiate branch points, and link together subroutines that eliminate repeti-

tive operat'ions and adjust to minor position changes or force disturbances in

the environment. He can also program emergency conditi<>ns; for rxample, if

the grasped object begins to stop, the computer can order the manipulator to

grasp tighter or to relax to ensure that grasp is not lost and the object

dropped.

tt.> Proximit sensin and c~om uter controlled ins ection. For various

inspection tasks, a TV camera or other sensor can be used to inspect a pipeline

or ship hull, for example. In such cases, a miniature TV camera may be held

by a manipulator attached to a vehicle that is f ixed or moving at slow

velocity. The proper distance may be maintained by a short range sonar, by a

laser triangulation device, or even by a long "cat's whisker" sensor.



'>. 0 RES EARC11 NKL>DS

Ttie potent ial users <>t underwater telemanipulator systems, and the

potential des igne rs;ind manufactiirers <>f te iem;inipii 1;itor systems share very

few common characteris  i ca. The former groiip thinks;ind works with things

meehan i<al; t he iat t<. r. t h inks, works, and designs in t ompiiter terms. The

potent ial users p l a«e a higii value on s implici ty and reliab il it y; designers

tend to enjoy complexity i>id are more tolerant of fai1ur>.--;is i<>iig as it

be repaired. T1«is, industri:il f irms arid government agencies engaged in.

iindersea h;ind1ing operat i<>n.' ii;ive ctios<'n not t.o become engaged in some of

the more esot er ic aspe«t s of remot<- and compu .'er-controlled manipulation.

Traditional ly, divers Eiave handled most cont.ingencies t.hat may occur and,

where necessary, diver ski1ls have been augmented with reiatively crude

manipulators capable of carrying out t.he required tasks. iiowever, as

tiiu complexity and depths of required operations increase, this approach

becomes less and less viable.

if telemanipii lation rem<>t e inspect ion and associ ited <ontro1 techniques

;ire to be imp i emented in the form of rel iab Le., «ost-ef ft c tive products, the

developers and designers of siic1i systems wi] l have to collaborate closely

with potential users of t he systems. Only through such a collaboration can

systems be designed to carry out appropriate tasks with tiie required dexterity

and reliability. At ieast three major research and development efforts should

take place:

l. The first is a detailed study of the various underwater tasks that

must. be performed and that are difficult, hazardous or inefficient for humans.



Thos». tasks ran then be matched against. new tools and runt r ol techniques

that are becoming available. Tasks must b» c 1 ass if ied in t»rms of sensory

requirements, forces to be appl ied and withstood, di stan< ts <>f remote opera-

bil i.ty, accuracy and speed required, repetitiveness, depth ranges, «nd

types of terrain and water conditions, etc. Tools and «»ttrol t»< hniqu< s

would be classif ied in terms of sensing capability, force, speed and kinematic

capabilities, precision, operator training required, reliability, safety,

maintainability, and capital and operating costs. The study should empl oy

both quantitative systems-analysis tools and an aggregation of. expert.

opinion in assigning benef its and costs to various alternatives.

2. A second effort would involve laboratory simulation tests using

master-slave manipulators and supervised computer-controlled manipulators

to accomplish tasks outlined in Item I, Experiment.s would include c.losed-

circuit TV degraded to simulate deep, turbid wat.er conditons and work objects

mounted on a floating platform to simulate the effects of buoyancy and water

currents

The prime purpose of these experiments would be to acquire some under-

standing of the interaction of relevant variables, and demonstrate and anti-

cipate the problems met under sea. The software development potentials would

be defined for computer-aids in the planning, teaching, monitoring and emer-

gency takeover aspects of human supervision of computer-controlled manipulation.

"Failsafe" procedures should be developed so that failures would be recover-

able, or at least not catastrophic. In conjunction with the task analysis of

Item I, laboratory experiments would bring empirical evidence to bear on



various tactical trade-ol'fs an<i strategies for the most rapid <:omplction of

typical Lasks.

3, Finally, prot<>type systems should be built for tr]als in the

ocean environment. Since many of t.he most import.ant variables Lu he tested

in improved telemanipulat i<>ns will be cumpuLer cont:rois and sensory feedback

devices, it may be possible in some cases r<> use existing manipu1acors and/or

submersibles Lo carry out field tt isis economically and effectively.



6. 0 MARKI:TS A>ND >BARVETTNG

A»cordi>!g to «survey pub I ished in  !c»an Lrldus L! v !.>>  !< L >b»r, 192

the!» «! e «bou L 9 f! m !n>le<'I s'«hm< rs ib l»s us< d 1 or «<' e<i<<ogI;<ph l <.' r <' s <',   oh,

inspection;-«!d repair. Ab<>«t 13 < ompanies «! e curr<n  ly m «!!!'.,<ctur ing th»se

subm»rs ib1es and «bout ! 5 con!panies and ir>s . i .ut ions operate th<m.  !ver

half of these submersibl.es are n«ted as h,!ving worn< form ot mani 1"!«le<tora,

1<lo dat;! seem to b» «v«i lable on remotely m;>r!ned undL rwater inspe<  . ion sys-

t<'ms. They probably add 10   <> 20 vehi< Les wh i<.h are pot.»nt ial «s< rs « 

I imi ted t»1»m; n ipu 1 a ors.

New subm»raihles and r»mote work systems are being;!nno«nc»d conLiu�

uously hy existing and n<>w-t«-Lhe-mark»t companies. i4» < s . lm«t< t h» m-rk«t s

for new t»l»man ipu l«tor systems t«be on the order of thirtv  plus <>r n<inus

30Z! syst eros per year and that. the market should grow perhaps 20i. per vea ,

based on �! < umu lative need assoc i«ted with on-going main tenan<. e .!nd inspec-

Lion <>1 existing platforms, pipel ines «nd communication systems; �! the

needs associated with < ontinued <!f f shor  expl oration and new pr«du<:Li >n and

�! on retrof i t to existing submersib les. The systems should cost f «>m

$100,000 to $200,000»ach, s<> an annual dollar volume of $2,000,000 to

$10, 000, 000 is imp L i <.d,

."iarketing to the of f shore industry is < omplex. The oi l. pr«duc t ion and

exploration companies are the ultimate users of such equipment, but' th<-y

are seldom the purchasers. Host equipment is bought by s<>rvi< e <orpani xat.iona

that provi<ie equipment  and personnel for operation and maintenance!

contract basis t.o L.he oil companies or to other contr;!ct<>rs, the I at ter o

�9!



whom in turn prov ide services to the oil companies, Thus, many different:

companies are. directly or indirectly involved in purchasing dec isions.

Final ly, it should be noted that. the market  and the compet ition! is

truly mult inational; techniques and products proven successful. in the North

Sea, for example, are soon used wor! dwide- � in the Gulf of Mexico, Alaska,

and Indonesia. The impl ications ior post-saic service and for spare parts

inventories ur~ profound,
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8,0 ADDENDUM Depth Relations for
Moore, "Metals JoiningDiving Systems," taken from Arnold P

in the Deep Ocean," Master's Thesis,
Engineering, MIT, May, 1975.
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24

Harmed Submersible Deployment Costs

depth bottom hr s. cost

10 hr.1 ft.

10500

1,31810

1,765

2,450

3,635

6,821

All costs apply to a rr~ined, untethered submersible vith an operating

endurance of 12 hours.

Coat data:  l! Surface support 12,000 $/day

�! Salary and consumables 80 $/hour

 g! Capital recovery factor is �.05 x 10 $/hour/ft.

 Reference 24 adjusted for P4 annual inflation!

1,000

5,000

10,000

15,000

20,000

bottom hr.

$ 1,28O

1,299



costdepth bottom hr.
bottom hr .day

1 ft.

24500

24 573

728

24 921

1,114

1,307

All costs apply to an unmanned, tethered remotely operated work vehicle

m.th an operating endurance of several days.

Cast data: �} Surface support 12,000 $/day

1,000

5,000

10,000

15,000

20,000

24
Remately Operated '8ork Vehicle Deployment Costs

�! Salary and consmnables 35 $/hr.

�! Capital recovery factor is 39,61 x 10 3 $/hour/ft.

 Reference 24 adjusted for Bp annual inflation!




