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> NTRO0ffC>10'

Introduction

The cost. of stevedorinq containerized carqo in the ffnited States was
estimaterf to he f300 million in 19R0 . Recause the cost of this mode of
carqo handli nq is less than CPK o~ that. for convent,ional car qoes, this
manner of intermodal transfer is expected to cont.inue its r apid qrowth .
This growt.h in turn will create the need for additional <acilities which
will require suhstantial can ital investment~ . Thus, suhstantial savings
inav he derived fr orn improvements in the efficiency of container terminal
oper at.ion by reducinq terminal operatinq costs and the de~erment of capital
expenditures.

Pecoqnizinq the maqnitude of the potential savinqs from improved
container terminal operation, the 0reqon State ffniversitv Sea Grant
Drnqram, in cooperation with the Port of Portland, initiated, in Yarch of
1977, a research pro,iect   R/CF-10! to examine various opportunities for
irnprovi nq the effi ciencv of container terminal operation .

Proiect

The work performed as a part of this proiect was conducted in three
phases. The first was a familiarization phase in which the OSU researchers
hecame familiar with the operation of a container port. The primarv
ob,iectives of this phase were to document the material flow patterns
throuqh a container terminal and to statistically surrInar ize the export
container characteristics.

After the familiarization phase, several meetinqs were held hetween
the 0SU team and Port of Portland   PoP! representatives to define work
tasks for the second anrf third phases of' the pro,iect. The specific
problems selected for the second pro.iect phase were the analysis of import
container stackinq confiqurations in order to develop optimal stackinq
configurations, and the development of a model of a container yard for
export, operations. The latter' activity was specifically directed toward
developing a simulation model which could be used to analyze container
stack inq confiqurations for outbound containers .

The objective of the third phase was to deter mine the feasibility and
benefits of usinq a computer proqram to assist manual container ship load
planninq.

INROUNO LOAOER CONTAINER STACKING

Introduction

The determination of the appropriate stacking confiquration for loaded
inbound containers is a problem that is corrmon to all container terminals
usinq either qantrv cranes or transtainers for yard operation. The problem
arises because, in qenera'1, the receivinq port does not know in advance the
SpeCifiC order in which COntainers will need to be retrieved. TherefOre,
if one container is stacked uoon another, it is possible that the bottom



ntainer wf1»eed to he retrieved first. If this is the case, the too
con antainer must be moved in order to retrieve the bottom one, thus
necesessitatlng a rehandle. Rehandles are qenerally viewed as nonproductive

For this reason, loaded inbound containers are frequentlv stacked
ly one hiqh. This aIlows direct  random! access to a container without a

rehandle.

~e hfqh stacking, however, distributes the containers over a larqe
rea which not only maximizes the cost of storage but also the distance a

«»e must move in order to reach a desfqnated container. If containers
aye stacked two hi qh, both the area and crane travel t i me are reduced bv
approx fmatel y hal f; however now the cont a i ners must he r ehandl ed . The
f�ndamental question is, Does the reduction in soace and tr anstainer
movement time, fust i fy the addi t ion al rehandl es7 The opt imal stack inq
confiquration can be determined if a model providinq for trade-offs amonq

various costs can be developed.

Problem Formul ation

To develop the model sugqested above, we must make certain
assumptions. The followinq specific assumptions are necessary to develoo a
manageable model:

a. Loaded inbound containers are off-loaded and transported to a section
far storaqe.

h. ThfS SeCtfen is uSed exClusively far inbound �Oaded! cOntainers.

c. Rows are cleared before the ship is unloaded.  Containers are placed
in rows that are empty at the beqfnninq of unloadinq.!

d. A row is sfx slots wide, and containers can be stacked up to 3 high
�8 per row!.

Containers can be lifted four hiqh  so a transtainer is always able to
lift the top container out!.

+l rehandles are within a row, and the mean rehandle time is
independent of the number of slots moved.

Interference with unloadinq operations is neql iqible.

«»tafners are redistributed from storage in a random order.

" stackfnq confiquration is not influenced by the actual combination
of stacks.

ome of these assunqtions are more critical than others. For exwyle,
Port asSumptfOn that a row iS Six Slots wide iS made simply tO matCh the

f portland's system. Similar results may be achieved with other$5QSIPQ f on 5

t ~ asseptfon that the section fs used exclusively for loaded inbound
+<ners sfmflarlv could easily be relaxect.



T' he constants and variables used in th is paper are defined as follows:

a. SL = a sextuple denoting the number of containers stored in each
slot such that the total number of containers is L. That is, Sy
�, 2, 1, 1, 0, 0! would denote three containers stacked in slot
4, two in slot 8, one each in slots f: and D, and none in slots E
and F,1

h. s; = the ith component of S.

c. v SL! = the value of  S! or the expected number of rehandles until the
stack is depleted.

f:T = the cost of a transtainer/unit of time  <64.12/hour!.

e. CR = the cost of a row per unit of' time.

f. N = the total  maximum! number of containers in storaqe   = NR * L!.
q. N< = the number of rows to he used.

h. L = the number of containers initially to be stored in a row.

Tg = the fixed time associated with a transtainer move �9.86 seconds!.

T1 = the time for a transtainer to move one row number �.56 seconds!.

k. T2 = the time for a transtainer to rehandle a container �57.92 seconds!.

1. T3 = the time for a transtainer to load a container onto a truck
�57.92 seconds! .

m. T4 = the mean time which a row is required for containers.

n. RH L! = the expected number of rehandles per container for a stackinq
configuration L.

The average cost per container is then made up of the sum of the space
cost, the rehandle cost, the transtainer move cost, and the actual cost of
movinq the container from storage onto a chassis. This last cost is the
easiest to calculate and is simply the time to load the container times the
cost of a transtainer, or ~;T * T3 ~

The storage cost per container is the cost of a row per unit of time,
times the number of time units it will be occupied, divided by the initial
number of containers in the row, or CR * T4/L. The rehandle cost for a
specific confiquration is simply the iranstainer cost, times the rehandle
time times the expected number of rehandles per container, or CT * T2 *
V SLI.

~ See the appendix for a description of the physical organization of the
PoP T-6,yard.



The transtainer movement time is sliqhtly more complicateci. If a
tranStainer iS aSSumed tO be deCiiCated tO the SeCtiOn, then One ~a,y aSSume
it moves to a row, loads a container onto a chassis, and then waits at that
row until the next container to be loaded is identified. The tr anstainer
then moves to the appropriate row, Thus, one transtainer move per
COntainer iS required. ThiS movement time comprises a fixeti teria plus a
Variable term, dependent upOn the number Of rOwS mOved. That is, the
average transtainer movement time when a move is made is TA plus TI times
 averaqe distance moved! as measured in r ows. !t the inbound containers
are distributed throuqhout NR row numbers, where NR = k ~ N/L, then the
average distance moved is NR/4. If the second container is in the same
row as the first, then the fixed time, Tp, will also be avoideh. The
probabilitv of this occurring ls k/NR.

The expected movement time is then

Tp  I - L/N! + TI  kN/4L!!

and the movement cost is given by

CT  Tp {1 - L/N! + TI  kN/4L!!!.

If the assumption that a transtainer is deriicated to disoatchinq
inhound containers is not appropriate, then the model must he modif'ied
slightly. For example, lf it ls assumed that the transtainer will always
need to enter the section from an end and the transtainer must return to
the end after loadinq the container then the average distance traveled is
NR or kN/L and the averaqe travel t>me ls Tp + TI *  kN/L!. The latter
assumption would be more favorable to hiqher stackinq conf lgurations. For
our purposes, the former assumption will be adopted since th is more closely
resembles current practice.

The total cost per container then becomes

total cost/container = cTTT + ~ + cTTp <t! + cTTo - ~T + ~

or

total cost/container ~ C + 1 2   L! 3L0

where

C = CT  T<+ T3!

CTkN
CI CRT4+ T 1

4

2 A 20-foot container requires two roar numbers  k=2! while 40-foot
containers require four  kW!.
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Solution

*low consider comparinq a stack inq confiquration SL wit~ L + $' "
SL is the ootimal  hest! confiquration with L containers/r os >"" L + 1
optimal with L + 1. The confiquration S~ will he preferred
cost for SL is less than that for SL +, This mav he r educ+d
equivalent condition; L+ is preferred i1

l L  L q 1!   v SL + 1! V SL!
C!

Then, to complete the solution, we need to calculate o+ I.Y the expected
number of rehandles. Given the assumption that all container s are equal l,v
likely to he required first, the expected number of rehandl es can be
calculated iteratively. 1n order to simpl if'y the calculations and limit
the number of feasible solutians, we made one additional assumption' .that
the exact slot a container is stored in is not siqnif leant. Mat is, the
expected rehandles for the confiqurations �, 2, 1, 0, 0 fl! aod �, 3> 0,
2, 0, 1! are equal. Thus,

v �, 2, 1, n, 0, 0!! = V �, 3, 0,?, 0, I!!.

More specifically, the expected number of rehandles for a11
confiqurations with three containers in one stack, two in a second, one in
a third, and zero in the remainder are identical.

To see how the expected numher of rehandles may be caTcu1 ated,
consider the �, 2, 2, 1, 1, 1! confiquration. Now consirier the expected
number of rehandles, qiven that the bottom container in the f iv st stack  A!
is retrieved first. The top container must first be rehaodlad to anot'her
stack  let's assume the shortest one!, and then the hottom cangainer is
loaded. The resultinq confiquration is �, 2, 2, 1, 1, 0!.
number of rehandles, qiven this particular container is r equired f erst
then the expected rehandles for the configuration �, 2, P g ]
the incurred rehandle, or V �, 2, 2, 1, 1, 0!! + 1 ~ The probability of
this container's beino required first is 1/9 or 1/L in gener <q .
procedure is repeated for each of the containers in the conf iqug ation
the results are multiplied hy the probahility of each conta1++r s bejnq
required first ~d added, the result is the expected nuehe~ o~ rehandles
FOr the Confiquration �, 2, 2, 1, 1, 1!, whiCh happenS tO be 1.714.

Qbviousl y, calculating the expected rehandles for conf gg>~+t;��
nine containers requires kn~ing the numher of rehandles for confiqurations
with eight containers ~ >'s poses no real Problems since
beqin with the sinqle-container confiquration and proqress
containers, three containers, and so on,



A simple computer proqram   BASIC language! was written to actual l y
+rform these calcu> ations. The resul ts for the ootimum, least: exPected
rehandles, configuration for a qiven number of containers per row are given
in Table 1 ~

Table 1. ExPected Container Rehandles

Level Expected RHs
Per Container

Total
~Fx ected Rehahdl es

Let's consider an example of a case where we are to acconInodate a
maximum of 444 inbound 20-foot containers. Assume the ooeratinq cost for a
transtainer is 564.12 per hour, the total cost per square foot for yard
sPace is $10e00, with a useful life of 20 years, and a row would be
required for one week after unloadinq the containers. The other time
values are all as previously given. Only 20-foot containers with a 14-foot
~le~~ance between rows and stacks will be initially considered . As before,
«x stacks with a truck lane will be assumed. The total square footaqe for
a row is then

7 ~  e + 1 ! * �0 +14! = 1430 ft.',

or a total cost of $14,300. Assuminq a 20-year life and neqlectinq
maintenance costs and the time value of money qives a weekly cast of
~13 F 7'5. The cost of a transtainer is $0.0178/second.

Mn Q ~ 0.0178 * �9.86 + H7.92! ~ 3.16
C1 13.75 * 1 + .ODS + 1.56 * 2 * 44414 = 19,91

2 3
4 5
6 7
9

10
11
12
13
14
15
16
17
18

0

0
0

0 0
.571

1.143
1.714
2.286
2.857
3.598
4.585
5.500
6.640
7.703
8.877

10.190

0

0 0 G 0
.082
.143
.190
.229
.260
.300
,353
.400
.443
.481
.522
.566



C2 = 0.0178 " I57.92 = 2.RI

C3 = .0178 * 19.86 = .n4
2*44

C1/C2 = 7.0q

C3/C2 = .014

The C3/Cp term is negligible and can usually he neqlected. The decision
can then be based upon:

Table 2 . Critical Ratios for Rehandle

If CIC2

Critical values for CI!C2 are shown in Table 2 and plotted in Fiqure I.
From this fiqure a CI/C2 ratio at 7.0q would suqqest the optimum number af
containers per row is twelve. This corresponds to uniformly stacking
cantainers two hiqh with an averaqe of 0.3 rehandles per container. The
total cost for this canfiquration is

total cost/container = 3.16 + 19.91 + 2,81 *  .3! - .04 * 12

= 45.18/container
compared ta

total cast/cantainer = 3.16 + lq.q1 + 2.81 * �! � .04 * 6
6

= 56.24/container

for one-hiqh stacking, or a 16.98% cost reduction.

Cl/02 L  i- + 1!  V  SL I! � U  SL!!.

3.444
3.4! 6
3,384
3.51
3.41
5.28
8,268
R.554
9.03
9.12

I$.15
13.46

6 7

10
11
12
13
14
15
16
17
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~j'hserve that both the space required and the transtainer movement t.ime
would double for 40-foot containers. Thus, the Cl/CZ would double to
14.1R, and the ootimal stack inq confiquration would he 18 containers per
row. Since the rehandle cost is relativelv independent of container
lenqth, but space and transtainer movement costs are directly proportional
to lenqth, it will qenerally be more advantaqeous to stack more 40-foot
containers per rnw than 20-footers.

The mean time to 1 oad a cont a incr i s the sum of the t ime to 1 oad a
container, the transtainer response time, and the rehandle time, times the
aver aqe number of rehandles per container. Thus, the resoonse time, T, is

T = T3 + T2 v SL! TO � - L/ Pl! + T1 * khl/ L/L!

= T3 + T2 V SL"! + T0 � - k/NP! + T1 R

For our 444-container example stacked two hiqh,

T = 157.92 + 157.92 *  .3! + 19.86 * � � 12/444! + 1.56 * 2 ~ 444
4*12

= 253 .48 seconds,

which corresponds to 4 .22 minutes/container, or 14 .2 container/hour. For
the six containers/row confiqurati on, the mean response time would be

T = 157.92 + 19.86 * � - 6/444! + 1.56 * 2 * 444/� ~ 4!

= 235 .23 seconds/container,

or 15 . 30 container s per hour . Although the 12-container-per-row stackinq
configuration is ,iustified based upon reduced space cost, it does decrease
throuqhput by almost 7.2'K.

The time to store containers durinq shio unloadinq is relatively easy
to calculate. If the incoming containers are stored in contiguous rows,
the averaqe time per container is

T + I kt=T3+ 0 1
L

t = 157.92 + �9.86 + 2 * 1.56!/12

= 159.84 seconds/container,

which is equivalent to a rate of 22.52 containers per hour for 20-foot
containers stacked two hiqh.

If the rows are randomly distributed, the averaqe time per container
is approximately



T3 + T0 + T kN/Lt s 3 0 1
L

f r the same case as above with 444 20-foot cont a i ners, th i s wou1 8 q 1 ve

= 157.92 +   19.86 + 1 .56 * 2 * 444/12!/12

~ 169.2 seconds/container,

or 21,28 containers per hour. Since each container enterinq the yard must
also leave it, then the mean throughput for 444 containers stacked two hiqh
would be 3600/�53.48 + 159.84! = 8.71 containers/hour .

This model may be used to assist in decidinq the optimum stacking
configurat1on for inbound containers . It should be noted that the
appropriate cost fiqures to use are the shadow costs, not the actual costs.
That is, if there is currently spare yard space, then the row cost should
be zero dollars per square foot. However, if all yard capacity is heinq
used, then the cost per square foot should he fiqured at the cost for new
construction.

3 . COHIPI3TER-ASSISTED LOAD PLANNIMG

Si nificance of Container Shi

The work of container ship load planning is important to a container
port because 1t determines how port resources are to be used durinq loadinq
operations. Furthermore, sh1p turnaround time, an important criter ion of
port efficiency and attractiveness to shippinq companies, is determined to
a qreat deqree by both the speed of load-planninq effort and the loading
t1me resulting from such work.

A maior portion of this research effort was directed toward developing
efficient computer models for container ship load planninq. Such an effort
was deemed important for the followinq reasons.

First, as a port's size grows and its business volume increases,
«nual load planninq tends to be more expensive and soon reaches a certain
caPa«ty limit. A ship load plan involves using a qreat amount of data.
he adyent OF effiCient and very fast modern computerS haS made them a

viable alternative to manual planninq f' or the load-planning work. The
advantaqes of using computers would be the accuracy of results, speed of
~rke transportability of data amonq ports oF a reqion, lower cost for

""1"9 better use of port faci11ties, and shorter turnaround time.

Second, computerization of load planning opens the door to port
automation. Container port automation in Germany and Japan has been
reported in Geisler and Trautnitz �917! and hlinaaiya and Habeshima �976!.
~ s-"stem reportedlv installed at Hamburq seems to include a type of load

ann«g which generates yard transport orders so that yard movements are
minimized. iso literature has been available that gives us an insight into
"e details of their system. The Tokyo system is for a r ail fre1ght
~<41, and it is difficult to determine whether the automated system



controls ship-loading oper ations or not . In hoth systems, material-
handling equipment is connected to a central computer so that their
movements are coordinated and optimized . Both reports state "considerable"
increases in throughput and decreases in unit handlinq cost,

 .ontainerization was a revolutionary concept in world trade, Rut
conta inerizat ion requires a high level of capital investment . Port
auto~ation is bound to come as a necessity to most of the world's major
ports in order to sustain their competitive status in ocean tr ade, Port
automation will be the next revolution, And this automation revolves
around the software which qenerates plans for the optimum use of a system
based on requir ements of both port-side and ship-side operations.

The Problem

At first, the load-planninq process apoears quite simple. The basic
problem, qiven a set of containers in the yard and a set of locations on
board ship, is to determine the allocation of containers to locations and
the loading sequence so that a'1l conditions are satisfied and material
handli nq cost.   time! is minimized.

The conditions that must be satisfied include ship stability;
requirements for the storaqe of hazardous cargo; and such special: storaqe
r equirements as ref'riqerated units, deck strength limits, container stack
height limits, and container length restrictions.

The material handling cOSts mav be divided into twO cateqorieS: thOSe
incurred at the current loadinq port and those incurred at subsequent ports
because of the load plan currently developed. The latter category includes
the costs of shipboard rehandles due to unnecessary overstowaqes and
extensions in turnaround time at subsequent ports resultinq from improper
bay use. An overstowage occurs when a container destined for a latter port
is stowed on top of a container for an earlier scheduled port . Thus, the
top container must be rehandled in order to unload the bottom container.

Subsequent material handling costs also include delay costs resulting
from the improper assignment of containers for a particular port to bavs.
Tf containers for a specific port are distributed among many hays, then
additional unloading time is required during unloadinq because the
additional hatch covers need to be removed and replaced. Also, if
containers are ass iqned to contiguous bavs, it will not he possible to work
the ship during unloading operations with two cranes because of crane
inter ference. Again tnere will be subsequent delays and costs because of
poor planninq.

Direct loadinq costs are generally attributable to ship, crane,
transtainer, truck, and crew times for loading. Thus, direct loading costs
are approximately proportional to loadinq time. In a one-transtainer to
one-crane operating mode, the transtainer is generally the limitinq element
dur inq the loading operation . Therefore, minimizinq transtainer time
minimizes loading time.

Transtainer time can be broken down into the time to move containers
from storaqe onto chassis and transtainer movement time. The first of

11



these is indePendent of the actual load Plan, but the second is deoendent on
The transtainer movement time can be considered as the sum of the

�'~nt time between rows, the section chanqe time, and the time to
re aehandle containers stored on required containers.

The general prob'lem, then ~ was to develop a container loading sequence
~ich would meet all the specific conditions while minimizinq overstowaqes
a�d loading time. Since the transtainer is the limiting factor, the
mi�imization of transtainer movement was of paramount importance.

Other ffforts at Computerized Container shi Load Pl anninrn

A literature search revealed no computer-assisted loadinq svstems
designed with a transtainer yard in mind. Some efforts have been made to
develop load-Planninq algorithms for yards which allow random access to
containers and for straddle carrier yards, These were useful chieflv in
illustratinq the difficulty of the task and in confirming the Problems
associated with using some of the traditional mathematical solutions,

Beliech   1g74!, of the Naval Postqraduate School, did a studv of
preload planning with mi litary applications in mi nd . His model assumed a
single container length and random access to containers in the yard .
Random access is reasonable if containers are stored on chassis or stor ed
without stacking . %is requires a 1 arge storage yard .

Beliech considered the use of inteqer proqrarrminq for load planning
hut dismissed the idea because of problems formulating the problem and
because the expected solution time was excessive. The solution method he
proposed was a heuristic.

Beliech's heuristic attempted to minimize overstows, place hazardous
cargo according to U.S. Coast Guard regulations, and preserve ship
stability. No other constraints were recognized . Limits on the height or
weight of containers in certain bays and on placement of refrigerated
 I eefer! units were omitted. Avoidinq crane interference was not
considered either. The emphasis on hazardous cargoes in Beliech's resear ch
may be due to the frequency of munitions in military shipments.

No attempt was made to actually code Beliech's heuristic, so no test
results are available . Even if it works as designed, Beliech's heuristic
will be of limited usefulness . This is due to the assumptions of a single
o"ta«el length and randon access in the yard and to the onlnission of

"essel constraints such as deck strength and location of reefer plugs.
"ydronautics, has come out with the most complete computer-assisted
planrring system to date   Cojeen and Van Dyke, 1976'. The system was

"st developed for batch runs in the late lg60s. 1t has since been
~"erted tO an interactive prOqram. The program avOidS oVerStow Of Cargo,
" handle containers of different length, and has a system to achieve

le loads. It also recognizes that reefers are restricted to cells with
r<c« plugs. There are contradictory reports as to whether itel e

~si ~rs deck strength, with Hydronautics claiming it does  Colleen and Van
~'Oy ~'+4! and an evaluation tearrr frcrrrr watson Terminals statinq it does

+allen, Neade. and Scott, 1978!. Special containers such as



hazardous carqoes are not placed hy the program, hut their locations can be
specified by the load planner. The proqram can handle carqo when it is
stacked in the yard, hut. rloes not consider travel distance for material
handlinq equipment. These assumptions are appropriate for a straddle
carrier yard. The obiective of the proqram is to minimize the ballast
needed and to prevent crane interference.

A test of the svstem by Matson Terminals was financed by the Maritime
Administration   MARAI1! of the United States   Thnolen, Meade, anri Scott,
lq~8 j. watson r eported that wher eas the user interfaces of the system were
excellent, erroneous assumptions about the distribution of container
weiqhts could cause stability problems. The hydronautics model assumed a
uniform distribution of container weiqh ts. Matson cargoes tend to have a
bimodal distribution . rlne cede is very liqht anri represents empty
containers. The other mode is heavy, a fact which may he due to customers'
maximizinq container use. The hydronautics moriel used nearly the opposite
of the optimal strateqy in this situation, placinq heavy containers on top
and li qht containers on the bottom. The r esult,inq lack of' stability was
consider'ed unsaf'e.

Since the evaluation of the Hydr onautics model, Matson has continued
to work on computer-assisted load planninq. In the report for MARAO,
Matson formulated a constrained assiqnment model  Thoolen, Meade, and
Scott, lg78!. The constraints included were for stability, hazardous
car qo, deck strength, lashinq strenqth, rack inq strenqth, reefers,
overhe iqhts, container support, and stackinq in the yar d. Lashing strength
is the ability of lashinqs to hold on-deck carqo firmly and is thus similar
to deck strenqth. Rackinq strenqth is the ability of containers to suppor't
other containers� . Some specialized Natson containers have low racking
strenqth . Container' suppor t refers to insurinq that each container rests
either on the ship str ucture or another container . The objective function
was to max imize profit . This was done hy maximizinq the number of
containers loaded and crane use, and minimizinq overstowaqe and
interference between straddle carriers. No attempt was made to solve the
problem of constrained assiqnment,

4latson researcher s later concluded the constrained assignment problem
was insoluble with present conputers because of the large number of
variables   Scott and Chen, 1978!. They then proposed a simplifierl model
usinq inteqer proqrajrlninq, The model recoqnized all constraints listed far
the constrained-assiqnment model except stabili tv and stackinq in the yard.
Avoidinq overstowage of carqo was also made a constraint. The model uses
stabilitv as the obiective function, with the intent of minimizinq ballast
required for a voyaqe. Cargo with difficult constraints is placed first.
Reqular containers are first sorted by port, then by general weiqht usinq a
clusterinq algorithm. Inteqer proqrarrIninq is then used ta assign
containers from the port-weight qroups to bays in the ship. If problems
occur with stability, container s within the ship are exchanged by a
heuristic until acceptable stability is achieved. This model has not been
tested.

The Natson model will likely result in feasible load plans, but it
currently iqnores crane interference and prohibits stacking of containers
in the vard . Matson proposes additions to the model which would minimize
ship crane interference, and a study of the yard to see if stacking



poli cies cou ld ~e devi sed wh i ch wou 1 d be comPat i hie wi th the model . Even
if these studies are successful, the model will be more appropriate to
traddle carrier yards than to transtainer yards, because the trave1 time

of equipment is not considered .

After reviewinq all the special container and loadinq conditions and
the frequencies with which they arise, we did not feel that a completely
CNaputerized load-planning scheme which could handle all vessels anrf
yoyages was appropriate. Rather, arr integrated approach, comb in inq the
best features of manual and computerized load pl anninq. appeared
preferable. Our basic approach was to devel op a computer-assisted
ioadplanning program rather than a fully computerized system.

The analysis of a sample of outbound containers indicated that in
excess of ~ of the outbound containers were of either the drv or
refrigerated type and that over 8A were shipped on the Asian trade routes.
It therefore seemed appropriate to allocate to the computer-assist portion
of the load planning system the relatively routine task of planninq the
loading of the dry and refriqerated containers, while leavinq the more
complex task of planning the loadinq of' the specials to the manual load
planner. It also seemed appropriate to concentrate on the modern ships
specifically desiqned for the container trade, since these ships
represented a growing majority of those beinq served.

'%e primary emphasis of our study was on developinq a computer-
assisted load planninq system which would olan the loading of 90% of the
containers on qOL' of the voyaqes: the 90/80 rule. It was felt this
strategy would not only maximize system performance, but also enhance user
 load planner! acceptance.

Several assumptions were made before developinq a solution to the
p«biem. These assumptions are suemarized in Table 3. The first
assumption was that container handling equipment would be of the
transta incr-yard type. That is, a comb inati on of transtainers, truck s, and
s"ip cranes would he used to transport containers from the dock to the
ship ~ This is, of course, the system used at the PoP. This required a
seco nd assumption, that empty containers would not be included in the model.
Wty containers at PoP are usually handled with modified fork lift trucks.
ranstainers can irrrnediately access the top container of any stack in a

on~ whereas top loaders can only access top containers nearest to an
Leavinq empty containers out of the model should make littledif erence, since if empties are to he shipped it makes no difference which

containers are taken .

3 P4P represents the Port of Portland Terminal T-6.



T' he next assumption involved the. ships to he loaded. Alder containei
shins are usually b~eak hulk cargo ships which were modified to handle
containers. Rese ships qenerally do not have extensive ballast tanks to
aid stability. Newer ships have soohisticated tank systems which can do <
qreat heal to ad iust stah ility after a ship is loaded. Since newer ships
are rapidly replacinq the older variety at the PoP, it was assumed that
only the newer ships would be loaded by the computer. This assumption
implies that stability wi11 not be di+ficult to achieve and that the
hi ffi cult oart of load planning is ta insure that material handling time i
minimized.

rhe final assumptions were related to the container yard. It was
first assumed that all containers for a voyaqe have arrived and that their
yard posit ions are known . The PoP sets a cutoff time for containers
arrivinq for a voyaqe, so this assumotion is not unreasonable. In
addition, it. was assumed there would be one transtainer paired with each
crane servicing a ship durinq laadinq operations and that a ship may be
serviced by either one or two cranes.

Table 3 . Container Load Planninq Assumptions

General:

Yard handlinq of containers will be by transtainer truck .

Fmpty containers will not be considered.

Ship stability vs. material handlinq costs <avor material handling
cast,

All containers for a vovaqe are in the yard.

Ane or two dranes per ship operation.

One transtainer per crane operation.

Operator tasks:

The loading of hazardous and unusual cargoes would he handled
manually  less than IOX of all containers!.

The sequencinq of bays to be loaded would be an operator input.

The assignments of all reqions within bays would be an operator
input.

Computer tasks:

The assiqnment of dry and refriqerated containers to location in
bays.

The sequencing of containers to he loaded.

The transtainer's movements.



It was also assumed in the interactive system contemplated that the
opeTrator would handle the load pl anninq of hazardous and unusual carqoes,
the sequencing of the bays to be loaded, and the assignment of container
d stinations with~n bays. The last item is qenerally the prerogative of
hipping company officials, and it was felt that they would not want to

~elinquish this 1 atitude.

The sequencing of bays to be loaded is generally a relatively simple
operation. The prime co~straints are that underdeck hays most he loaded
before the covering on deck bays and that if the ship is heinq worked by
t�o cranes, minimum crane separation must he maintained,

The computer program would then handle the sequencinq of dry and
refrigerated containers to he loaded and the assiqnment of each to a bay
location.

priorities

In developinq a container ship load-planninq algorithm, we established
certain priorities. First, because of their cost of operation and the time
involved, it was decided that the container cranes should be moved from bay
to hay as infrequentlv as possible. That is, once you begin loadinq a bay,
it is advantageous to completely <i11 it, if' possible .

After the container cranes, the transtainers are the most critical
items . Actually, the transtainers are probably more critical than the
cranes, since about 1.3 transtainers are required to meet one crane's
capacity. As mentioned previously, a transtalner 's time durinq loading
operations can be separated into the time necessary to load containers fron
stacks onto truck chassis and the transtainer movement time . The first
component is productive time which cannot be avoided. Although the
movement time cannot he totally avoided, it can be minimized. To achieve
this ~ the following priorities were set. First, minimize transtainer
no«d,iacent section changes, then minimize container rehandles, and
«ally, minimize adjacent section chanqes, transtainer moves, and total
istance travelled. These priorities are shown in Table 4 .

Table 4 . l'.ontainer Load Planning Priorities

Tlie cranes shall be moved as infrequently as possible.  Once you
begin loading a bay it is advantageous to fill it completely, if
possible.!

»anstainer nonadjacent section changes should be minimized.

"-ontainer rehandles should be minimized.

Transtainer moves should be minimized.

T>anstainer distance traveled should be minimized.



Alternative Solutions

As with most problems to 'he solved by computer, the possible solution
algorithms for the load-planninq problem can be divided into algorithms
which quarantee optimalitv and heuristi cs . An optimization algorithm would
generally be preferred. Consequently, we made different attempts to
fovmulate the problem so that classical optimization techniques could be
app l i ed.

Me attempted an integer proqranvninq formulation, a transportation or
assignment formulation,and a dynamic programming formulation. The problem
was formulated as a mixed integer program with variables for each
combination of cells and containers. The problem quickly became too large
to solve as a linear proqram, much less as an integer program. Other
formulations, such as having variables only for each combination of cells
and containers with the same port and length designation, cut the number of
variables considerabl v, but not enouqh to solve the problem as an integer
pr oqram,

Formulating the problem as a tr ansportation or assiqnment problem is
not practical because of the obiective function. The main goal is to
minimize transtainer travel time. Travel time from the transtainer's
initial position could be used to develop a cost matrix for a
transportation problem. However, after the transtainer had moved once, all
the costs would immediately change. The transportation algorithm requires
constant costs to find an optimal answer. Fven if a way is found to
develop an ob,iective function, adding the constraints to the problem would
destroy the transportation format.

A dynamic progranIning formulation also encounters difficulties. The
problem can be set up with each successive container selection considered a
staqe and each possible transtainer location a state. Unfortunately,
because of' the large number of staqes and states involved, one state for
each container at each stage, the dynamic prograrming formulation becomes
too laborious to solve to be practical.

Failure to ohtain a problem formulation which would allow it to be
solved by an algorithm which guaranteed optimali ty left the variegated
realm of heuristics. The two approaches considered were to use a
modification of an optimization alqorithm or to try and emulate the
techniques currently used by load planners at the PoP. There were
significant disadvantages to each approach.

Modification of guaranteed optimal algorithms would require overcaning
the problem of the number of variables for a linear/integer proqranIning
appv'oach, modifying the ob,iective function for transportation problenvs, or
dealing with the dime~sionality problem for dynamic pv oqranlvjng. In
addition, it would require a way to deal with the constraints for the
transportation oroblevn or dynamic proqravtninq . One suqqestlon for the
latter difficulty would he to solve the unconstrained problem, then nodify
the solution to hring it to optimality. If such an approach would prove
feasible, its potential for generating very good solutions was very good.

The second approach, modifying the load planners' present system, also
had pitfalls. It seemed 'likely that a set of decision rules could be



loped in this manner, but such a set of rules would necessarily be
c~]ete. Planners currently take into account a qreat rrranv factors
ich vary widely with each load planned. Anv subset of these rules would

inc

~n the risk of not meeting the goal of loading 9� of the shiPs adequately
goL of the time . There al so was the question of whether. a computer could

~ve upon the plans generated by port personnel usinq their own
technique~.

In the final evaluation, the automation of the load Planner s '
he«istics appeared to have less risk and would mor e easily accorrrnodate
unusual situations. Therefore, a heuristic  NCH! was developed based on
the decision roles currently used by PoP load planners.

4. THE NEAREST CONTAINER HEURISTIC  NCH!

Introduction

We roughly applied three principles while developino the heuristic
solution to the load-planninq problem. The first was to use current
prOCedureS when feasible. The Second waS to asSume that stability would
be relatively easy to achieve and that mor'e attention should be paid to
proCedureS tO aChieve goad material handling. The last was that when
multiple alternatives were available and there was doubt as to which was
Superior, the SinrpleSt Option would be tried. TheSe attitudes did muCh tO
shape the algorithm.

The first step in the solution process was to decide the order in
which in-bay cells would be filled . The starting point here was the load
planner's bay sequence plan. lt was decided to request some additional
information from the load planner at this point. First, the order in which
ports would be filled within the bay would also be entered. This does not
current 1y appear on the bay sequence sheets . Furthermore, targets for the
number of light, medium, and heavy containers for each bay and port
combination would also be input. The planner would decide the tarqets
based on stability considerations. Although it was expected that
deviations from the targets would not have a large impact on stability,
having a good initial startinq point was felt to be important. The
operator would also input which crane would be used for each bay and port
combination when more than one crane was to be used.

<iven that the bay and port combinations were selected as specified,
i«s for that bay-port combination would be taken from bottom to top.

"i" each tier, cells were selected from river to dock side. When
"9 on deck, crane operators prefer to start loading from the river

de so they do not have to lift later containers over those they have just
Selection of cells was therefore first controlled by the planner'si"ections, then by two straightforward rules based on crane operator's

preference

~ +rtin, 9. L., for a mre detailed description of the proqram.



After a cell had been chosen, the next sten was to find a container
for it. A rough quidel inc in container selection was to pick the nearest
acceptable container. Application of this rule was not consistent
throughout the algorithm, however.

Once a cell was specified, there were two cases. The first, or normal
condition, was that the weiqht or heiqht of the container was not of
special impor tance . The weiqht tarqet for that cell could be applied, but
deviation from it would presumably affect. stability only sliqhtly. The
second case was when the cell was at the top of an on-deck stack and the
weight of the container could exceed deck strenqth limits� . In this case
there was a striCt upper limit on the weight of the container, and SpeCial
procedures were required. rjeviation on the low side would aqain only
affect stability to a small rieqree . different methods of container
selection were developed for each case.

The method of container selection used for most cells was the one
where deck strength limits were not a consideration. These cells had a
weight-class tarqet of liqht, medium, or heavy; hut it was not expected
that strict adherence to the tarqets would be necessary. It was decided to
expand the weiqht ranqes which would he accepted for a weight class, with
the amount the r anqes were to he expanded left as an operator input. This
would result in overlapping ranqes to be used as tarqets. An operator
could try a run with very wide ranqes and check stability. If stability
limits wer e exceeded, another run could be tried using narrower ranges.
Limits would not chanqe durinq a run. Therefore, the first actions after
selectinq a cell were to determine its weiqht class and to calculate a
range for the weiqht of the container to fill it.

Resides weiqht, three other factors had to be checked. These were
port, length, and sometimes height. Heiqht was checked only if the cell
beinq f'illed was in a 20-foot, underdeck bay and if no more hiqh cubes
could be allowed in that stack . Port and lenqth checks were always
required.

With port, length, weight, and sometimes heiqht requirements
determined, the alqorithm then searched for a suitable container. The
first place searched was the transtainer's current position, or the
"current" row. If only one of the containers in the current row was
acceptable, it would be "loaded"   i .e., assiqned to the cell being filled! .
If more than one container was acceptable, the alqorithm selected
containers that minimized rehandles, then chose the container nearest the
truck lane.

If none of the containers in the current row were acceptable, the
search was expanded to other rows in the current section   i .e., the section
the transition was currently in! . Rot all rows were imnediately
considered, however; candidate rows were selected by the averaqe weight of
the containers in the row. The reasoninq behind this policy was as
follows. Cells for a particular port, lenqth, and weight class usually
came in groups. A 40-foot bay that had 32 cells for the port Kobe might
have had 12 heavies desiqnated for it. Tlie algorithm would look for a row
where the average weight of the containers was also heavy, so several af
the cells could be filled fran the same row. As with the container
weights, the weight ranqe used when searchinq for a row cauld be varied for
each run by the operator.



When the candidate rows had been determined, the algorithm searched
them for an acceptable container . If more than one acceptable container
was found, the algorithm first minimized rehandles, then took the shortest
travel distance. If no acceptable containers were found, the search
proceeded to other sections.

FrOn the current sect'ion, the search moved to the ad'iacent section, if
any containers for this voyage were stored there. randi date r ows were
developed using the same weight ranqe used for the current section. The
candidate rows were then searched using the same criteria of minimizing
rehandles and travel distance used before. If the adjacent section failed
to yield an acceptable container, the other sections were searched in the
same way. As soon as a section was found with an acceptable container, the
best container in terms of rehandles and travel distance was loaded and the
search terminated. If no acceptable containers were found in any of the
candidate rows in any of the sections, the search returned to the original
section.

At this point, the allowable weight for a candidate row was changed to
any weight outside the original range. Thus, any row not already checked
would then be a candidate row. The search of the original section was
repeated @sing the new criteria for candidate rows and the same policy of
minimizing rehandles and then distance. If no acceptable container was
found, the search would be repeated for other sections, star'ting with the
adiacent section and continuing with the others if necessary. If any
section had an acceptable container, it would be located and loaded. If no
acceptable container was available anywhere in the yard, the algorithm
eventually returned to the original section and the failure to find a
container for that cell was noted. Reqardless of whether a container was
found or not. the algorithm moved to the next cell and began a new search.

The second method of container selection was reserved for cells which
were at the top of an on-deck stack. Too heavy a container in this case
would result in overloading the deck stress limits. Pop personnel pointed
out, though, that the lightest containers might be needed later in other
stacks. They therefore recoeeended that the heaviest container which would
not actuaTTy exceed the deck strength limits be loaded. This would save
the Tighter containers for possible later needs.

It was decided to modify this policy to increase flexibility.
of using the heaviest container with acceptable port and length, we
considered eligible for loading any acceptable container within an
operator-specified weight range of the heaviest acceptable container.
those containers. the choice was narrowed to those which minimized
rehandles; them the orle which minimized travel distance was loaded.
with the normal search for a container, the search when weight could be
critical proceeded section by section. If an acceptable container was
located in a section. no othe~ sections were searched. The order of the
sections was the same; <irs? the current section was checked, then the
adjacent section. and finally the nonad!acent sections. Since all rows in
a section were considered candidate rows, each section was checked only

If >o acceptable container was found, that fact was noted as in t~
regular search routine. and the loading algorithm proceeded to the next
ceTT.



It should be noted that the policies adopted in the two container
search procedures further refined the obiectlve function. me result is a
mixed policy of mi" imizinq the number of transtainer moves the transtainer
distance traveled, and the number of rehandles. In the reqular search
routine, the number of moves is first minimized. If a move is necessarY&
the number of rehandles is minimized next and finally the distance'
traveled. In the critical weiqht search routine, the number of moves
ingored; rehandles are minimized first, then transtainer distance, within
the li»ts of fi "dinq a container of acceptable port, lenqth, and weiqht.

It may be noted that no consideration was qiven to reefer s>
refrigerated containers, in the algorithm, This omission was not
accidental. When steamship line representatives give PoP personne'1
directions on where to locate carqo for different ports in the vessel, they
distinquish between reefers and reqular cargo. Oifferent portions
vessel are set aside for each. In effect, reefer carqo and regul ar
for the same destination port can he considered as cargo for two diff+«nt
ports. PoP personnel currentlv distinquish between reefer and r~ul ar
cargo for the same bay. It was thus decided to make no special
arr anqements for reefers but to simplv handle it with the algorithm's
provisions for separate ports.

When all cells of the vessel have been checked by the al qorithm, and
as many as possible have been filled, the matter of stability remains. No
way could be devised while developinq the alqorithm to check stabil ity as
loadinq progressed, so it was decided to follow current PoP procedures and
check it after the loadinq was finished. The final step in the algorithm
was therefore to calculate stability. If the calculations were within
tolerance, the plan could be used. !f they were out of tolerance
parameter changes would have to be made to the ranges used when searching
f' or a row or a container and the alqorithm rerun from the beginning. The
first run with acceptable stability calculations would be used.

Evaluation of the Nearest Container Heuristic

Now that the sub.iect of how the algorithm works has been dealt
the remaininq maior topic is how well does it work? Naturally, tnis,
question must be broken down into measurable criteria. The first
that must be established is whether the algorithm works at all
containers and a ship, can the program successfully match the two'
second criterion is feasibility of the load plan. Are constraints
regardinq stability, deck-stress limits, and hiqh-cube limits rnety
third criterion to be considered is whether the material handlinq
efficiency of the proqram is acceptable. It should be remembered
of the original objectives was to be at least as good as the currying ~~ d
in terms of time to load the vessel. The final criterion is what r<s~
are required by the program? How much management and computer tilne. will
needed for program operation. Reducing the management time nm~y ~o
loads is of great interest to the Port of Portland. After the @q<r~a~
results have been evaluated, pertinent points from the results ~~
individual voyages will he discussed.



Testin Procedure

Two vessels were selected for testing. These were the Japan A olio
and the Alaska Naru. The basis of selection was simPly that~ot are arge

dern ships constructed for containers and having good ball ast systems.
They are part of a fleet of six ships belonging to a consortium of
steamship lines that handle a large proportion of the contai ner traffi c in
portland

Two voyages were tested for each of the two shi ps. These were voyages
9 and 10 for the ~Ja an ~Anile, and voyages 89 and 93 for the Alaska Mare.
Information on the containers to be loaded and the status of the vessel
bef'ore loading was obtained f'rom the PoP. The assignments of ports to
cells for the voyage and sequence for loading the bays were also provided.
This information was used to prepare the yard file and run fi1e to be used
by the program to develop a load plan.

Once the files were prepared, several program runs were made usinq
different parameters for row and container weight ranges. Only stability
results and material handling sugar ies were obtained f' or these runs. The
run with the best material handling results and adequate stability was then
selected. An additional run was made using these parameters to obtain the
camplete load alan. For one voyage � Alaska Maru V93 � the program failed to
load two containers. Th s occurred because light containers for a port
were loaded early in the loading process and were not available for a later
on-deck bay. As a result, the operator was not able to meet deck stress
limits for two stacks. The load plan was adjusted by the operator so that
all containers were loaded. This required changinq the positions of' six
containers.

The load plan and stability calculations prepared by the Pop were also
obtained for each of the four voyages. In some cases, the stability
calculations by the port' contained errors. These were corrected and
stability was reCalCulated fpr their plan. The material handlinq neCessary
«r the PoP load plans was also calculated. Material handlinq For the
computer load plan is calculated by the program. This was adjusted for any
containers that were placed by the operator and for a different startinq
Po sition The program uses an arbitrary starting position f' or all
tr anstainer movement. Since the transtainer position before loading is not
known. the position of' the first container loaded by each crane was usecf

Comparisons between PoP load plans and the computer load plan
we« made with these adjusted figures.

one problem with testing involved rehandling of containers from the
"ip ~ Some voyages required that containers which were aboard ship when
he ~essel reached the pop be moved ta other points on the vessel . Some of
"ese >haves were made directly, but in some cases, the containers were

first Placed in the yard, then loaded with the other cargo. Information
obtained from the Pop did not include which container s were stored in the
"ard or what their locations might have been. These containers were
+er«ore ignored in the analysis. The effect these containers would have
+d on the load plans is not known.



Stabi lit Results

Table 5. Stability Ranqes

GM

Im. 1mnTarget

0 - 1.5
0 - 1.5

0.8 - 1.9
0.65 - 2.0

Winter range
Sunmner range

Stability calculations for the four voyages were not always within the
desired limits . However, calculations for the computer load plan were
within a few percent of those for the PoP plan.  Table 6!. GM
calculations ranged from 3.7% to 1.1% under the PoP's. Trim calculations
ranged from 1.% to 7.1% under the PoP's. Consultation with PoP load
planners revea'led that this range is considered acceptable for all voyages .

Table 6. Stability Results for Test Voyages

PoP
Plan

Computer
Plan % Diff.Diff.Uo ~alp

- 1,1
+ 1..1

- 0.02
+ 0.01

~Ja an ~Apl la VS 1.75
0.96

GM 1.77
Trim 0.95

- 3.0
- 1.9

- 0.06
- 0,04

~Ja an ~Ao11o V10 Ql l.na
Trim 2.06

1.92
2.02

- 3.7
+ 3.5

- 0,06
+ 0.02

1.58
0.59

Alaska Maru V89 GM 1.64
Trim 0.57

GM I.~>
Trim 1.04

- 2.8
+ 7.1

- 0.03
+ 0. S

1.29
1.12

Alaska Maru U93

The stability results obtained by the progreir are especially
surprising given the weight ranges used in the runs. %e program is

23

Whether a load plan's stability is adequate or not must be decided by
ship's officers. They have the ultimate responsibility for the vessel and
its cargo. They also know how much the shio's hallast system can modify
the stability for the load plan supplied . The load planners, however, do
have targets and ranges for stability which they try to achieve. These
vary with the season . Table 5 shows the targets and ranges used by the PoP
for sumner and winter . Whether or not a load plan meets these limits, the
vessel's officers make the final determination of acceptability.



des~9>~cf tp allow the load planner to emphasize or de-emphasize stability
by tiqhteninq or looseninq the weiqht ranges used in row and container
«a«hes. The we;qht ranges used for the four test voyages were very wide,
especially for individual containers. Table 7 shows the parameters used.

+iquves, for row and container range increases are the amount the ranqe
is incr assed in both directions. Thus, if a ranqe is from 15 to Z3,
<n«easing the ranqe by 1p changes it to 5 to 33. The cr itical weight

is the maximum di fference between two container weiqhts that will
still be considered the same weiqht hv the critical weiqht container search
subroutine It has only a small effect on overall program performance.

Parameters lJsed in Test Vovaqes

CriticalContainer Range
Increase

Row Range
IncreaseVp a~de e

~Ja an ~Apl le VB

~Ja an ~Aollo V10

Alaska ataru VB9

Alaska Maru Y93

1Z

facie 8. Row and Container Ranoes for ~Ja an ~Aotlo 910 and
Alaska Maru V93

Heigh<
Cl ass ~Basic Ran e ~Row Ran e

20 40

0-1G 0-irk

40

 -4!-14  -4! 19  -11! -21   -11!-26Light

10-15 15-23 6-19 11-27 4-34

15-21 23-31 4-32 4-32 12-42Heav.V

Me effect of the parameters used is perhaps better illustrated by
Table 8. This shows the ranqes that resulted for row and container
searches fram the parameters used for ~Ja an ~Aetio V10 and Alaska Maru V93.
For 2'0-f'oot containers any weight would be accepted for light and medium
eel lS . iorIl y very liqht containerS wOuld be rejected fpr heavy cellS . FOr
40- foist containers, containers would be excluded for everv weight class,
but ~~Iy' the heaviest and liqhtest containers are excluded.



The ease of achievinq stability even with wide weight ranges may be
due to a preponderance of heavy containers for the four voyaqes. Table 9
shows the number of containers in each weight class. For all voyages heavy
containers account for at least 60% of all containers loaded. Less than
10K of the containers loaded were classified as lights. It may be that
narrower weight ranges would be needed if container weiqhts were more
heteroqeneous. The weight distribution of containers for the test voyages
is not typical for the PoP, however. A study of export containers at the
PoP's terminal 6  Cho, 19BO ! found 8X of the containers were liqhts, 34K
mediums, and 58K heavies. Problems with stability at the PoP are thus not
expected.

Table 9. Number of Containers in Each Weight Class for Four Voyaqes

~Ja an
~Ao1'la V10

Alaska
Maru V89

Alaska

Maru V93~Ao11o V5

No.

17 7

55 21

No ~ No.

8 3

64 25 120 36

Material Handlin Results

The influence that a load plan can have on material handlinq time can
be attributed to five discrete factors. Four of these have to do with
movement of the transtainer  yard crane!. The last is the number of
containers for the voyage that must be rehandled. The four elements of
transtainer movement are the number of moves, the distance traveled within
yard sections, the number of times the transtainer moves between adjacent.
yard sections, and the number of times it moves between nonad.iacent yard
sections.

The number of moves made is siqnificant because each one requires the
tr anstainer to accelerate, decelerate, and position itself . The distance
is of course siqnificant because transtainer speed is finite. Chanqes
between adjacent yard sections are reallv,iust added distance. These are
chanqes where the transtainer can drive across the center aisle into the
next yard section. The analysis distinguishes between these moves and
distance traveled within sections because it was simpler to keep track of
them this way. Chanqes between nonad,iacent section changes require much
more time. These section changes require the transtainer to stop in the
center aisle, turn the wheels 90', travel down the center aisle, turn the
wheels back, and then move into the new section. Nonadjacent section
chanqes are thus counted separately.
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Weight
Class

Light

Medium

Heavy 186 72 201 61 18q 72

No.

5 2

46 22

160 76



Time studies were used to measure the influence of the five factors on
loading time. The times recorded were move times for various distances,
time to change between nonad,jacent sections, and time to load containers
out of a row to the truck. These were then used to develop time estimate~
for each of the five factors  Table 10'.

The first step in developing times was to distinguish between the time
needed to accelerate, decelerate, and position the transtainer, and the
time to travel various distances. This was done by recording times for
various distances and then regressing time against distance . The
correlation coefficient for these points is O.o783. Regressing
against distance gives the model:

time = 19.8622 seconds + 1.56236 seconds/row number travel ed

Row numbers were used as the distance unit since locations at the pop
are recorded this way. Row numbers are 10.8 feet apart . This model gives
a constant time of 19.86 seconds for everv move and additional time of
1.56236 seconds for every row number traveled by the transtainer. This
figure for speed corresponds to 416 feet/minute. Maximum transtainer speed
according to equipment specifications is 440 feet/minute. Once the
transtainer speed is known, the extra time needed to travel between
adjacent yard sections is easily calculated. The center aisle is 104 .3
f'eet wide or the equivalent of 9.66 row numbers. The time to cross the
center aisle is thus 16.09 seconds.

To calculate the time for nonadjacent sections changes, the time to
turn the wheels, move down the aisle, and turn the wheels back was needed.
Observations of eight nonadjacent section changes yielded an average time
of 218.50 seconds with a standard deviation of 48.10 seconds. When making
nonadjacent section changes, the transtainer wi 11 on average traverse the
width of the center aisle once . The time to cross the center aisle � 15.09
seconds--is thus added to the nonad,iacent section change time. In
addition, the tr anstainer makes a complete move out of the original section
and a second move into the new section . Only one of these moves is counted
in the number of moves statistics, so the time for the second move--19.86
seconds � is added to the nonadjacent section change as well. The total
time for nonadjacent section char qes is thus 253 .46 seconds. There is
another consideration, however. Not all nonad,iacent section changes
actually take place. During normal business hours, the PoP has four
transtainers manned to service trucks delivering and picking up containers .
When a vessel is being loaded, transtainers are placed in all areas where
containers for the vessel are located. Instead of actually movinq
transtainers between sections, the port simply switches from one
transtainer to another. Many nonad,iacent section changes never take place,
To account for this, it was assumed that no nonad,iacent section changes
take place during regular business hours and all chanqes take place at
other times. Standard practice is to work a vessel two shifts a day everv
day it is in port. Thus, nonadiacent section changes can he expected
during nine shifts out of every 14, or 64.3% of the time. Rather than try
to determine when ships were loaded, we multiplied the time for nonadjacent
section changes by .643 to get an expected time for section changes over
the long run. The figure obtained is 162.94 seconds per nonadjacent
section change.



Perhaps the most difficult time to obtain was for the fifth material
handlinq factor-rehandles. When a container is rehandled, two thinqs can
happen. If the container can be placed somewhere else in the same row
without blockinq another container for the same voyage, this will be done.
If all stacks in the row still have containers for the voyage, the
transtainer will move to a nearby row and place the container there. Times
for this are diffi cult to obtain because there are few rehandles per
voyaqe.

To develop a time for rehandles we made two assumptions. The first
was that the rehandled container would always be placed in the same row and
no transtainer movement would be necessary. The second was that it takes
the same amount of time to move a container from point to point within the
row as it does to move it from the raw to the truck. Since the transtainer
operator usually pauses and verifies the container he is to take by radio
when a rehandle is needed, this may result in underestimating the time
needed for rehandles. Given these two assumptions, the data needed is the
time to move a transtainer from the row to the truck .

While it is difficult to tell when individual containers are moved by
the transtainer, it is easy to tell when a transtainer beqins pickinq
containers from a row and when it stops. It was thus possible usinq a load
plan to calculate the average time to take containers from each row.
Weighting these averaqe times yielded an overall average time of 157w92
seconds to move a container from its position in the row to the truck.
This is the fiqure used for rehandles.

With times for the five material handling factors, variable material
handlinq time for the load plans can be calculated. Table 11 qives the
results for both the PoP and computer load plans for the four vessels.
Results tor the Alaska Maru's voyage 93 are qiven both before and after
adjustment to shouw~ oat effect the manual alterations had. As can be seen
in the table, there was siqnificant variation between the PoP and computer
load plans, but in no consistent direction. The proqram did the best for
the ~Ja an Apollo's voyage 5, bettering the PoP's plan by more than 25
minutes. Tts worst performance was for the Alaska S aru's voyage 93 where
loadinq time was nearly 15 minutes longer. The vessel involved makes no
apparent difference, as two voyages where the program did better were for
different ships.
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Table 10. Times Used for Material Handling

Transtainer Moves

Distance Traveled Within Sections

Ad,iacent Sections Chanqes

Nonad.iacent 'Section Changes

Rehandles

19.86 seconds/move

1.56236 seconds/row number

15s09 seconds/change

162.94 seconds/change

157.92 seconds/rehandle



Table 11. Material Handl jnq Results by Vpyaqe

Time   sec!
Computer

Resul ts
PoP ~Com uter Diff Diff X Diff

58 59 1
1551 1743 92

7 9 2
8 10 2
0 0 0

Alaska Maru Y89 �61 containers loaded!

70 64 -6
2473 1978 -495

15 11 -4
14 14 0

4 3 -1

Alaska Maru V93--Before Ad ustment �09 containers loaded!

1072
2547

166
1141

948
5874

Alaska Maru V93 � After Ad ustment �11 containers loaded!

1072
2547

166
1141

948
%%%

mes

1172
3153

166
2118

158
6767

m8T

100
606

0
977

-790

893
:TK

Uses after adjustment figures for Alaska Maru V93

Moves

Distance  rows!
Ad,j Sec Chgs
Nonadj Sec Chgs
Rehan dl es

Totals

Moves

Distance   rows!
Adj Sec Chqs
Nonadj Sec Chqs
Rehandles

Totals

Moves
Distance  rows!
Ad,i Sec Chqs
Nonadj Sec Chqs
Rehandles

Totals

Moves
Distance  rows!
Adj Sec Chgs
Nonadj Sec Chqs
Rehandles

Total s

Moves
Distance

Adj Sec Chgs
Nonadj Sec Chgs
Rehandles

Totals
Grand Total*

54
1677

9
ll

7

54
1630

11
7
6

54
1630

11

6

52 -2
1330 -347

8 -1
9 -2
3 -4

56 2
1864 234

8 -3
13 6

1 -5

59 5
2018 388

11 0
13 5

1 -5

1072
2620

136
1792
1105
6725

1152

2579

106
1304

0

1390
3864

226
2281

632
8393

1033
2078

121
1466

474

5172

1172

2723

136
16?9

G
5660

1271
3090

166
2281

474
7~1

1112
2912

121
2118

158

642T

-39
-542

-15
-326
-631

-1553

20

144

30
325

-119
-774

-60

0
-158

-TTTT

40
365
-45

977
-790

547

-3.7
-20,7
-11.1
-18. 2
-57.1
-23.T

1.7
5.6

28.5
25.0

0
ToO

-8.6
-20. 0

-26.7

0
-25.0
~3. 2

3.7
14.4

-27. 3
85.7

-83 ~ 3
9.3

9.3

23. 8
0

85.7
-83. 3

15. 2
:>+f



The ma,ior conclusion that can be drawn from the data is that th«e i
no evidence that use of the program would result in increased material
handling time at the PoP,

Another way of lookinq at the material handlinq results is by th<
material handlinq factors. Table 12 breaks down the material handlin>
results by factor. The second, third, and fourth factors show a similar
pattern to the results by vessel. If the proqram did well for a voya9<
does well for the number of moves, distance, and adjacent section change
!t should be noted that the deviations for the number of moves are
relativelv small, always less than 10% either way.

Table 12. Material Handlinq Results by Material Handling Factor

Time   sec!
PoP ~Cpm uter Di f f

Resul ts
PoP ~Cpm uter Diff

Containers Loaded

~Ja an ~Aollo Y5 258
J~aan A olio V10 329
~as a Maru 89 261
Alaska Maru V93 211

T05%
5 af Grand Total

O',VT
87m0

Moves

1072 1033 -39
1152 1112 +20 +1 ~ 7
1390 1271 119 8 6
1072 1172 +100 +9a3

:53k
2.4 2.4

~Ja an ~Apl lo V5 1677
~Ja an A olio Vlp 1651
Alaska Naru 89 2473
Jllaska Naru V93 1630

X of Grand Total

-347

+92
-495
+388

-362

Iae 136 +~> 263

-3 .3

7
15
11

~Ja an A~olla V5
~3a an ~Ao11o Vlo
Alaska Maru V89
llasSsa Maru Vq3

To~a
'0 of Grand Total

~Ja an ~Anile Y5
~aaan A llo VIO
~as a ru 89
%~as a %ru V93

To~i
C of Grand Total

54
58
70
54

m

258

329
261
211

52
59
64
59

1330

1743

1978
2018
7069

-2

+I
-6
+5

-I

+2

-4 0
-3

40743
51956
41217
33321

TF7HV'
86. 5

2620

2579
3864
2547

116 0

6.0

40743

51956
41217
33321

2078 -542
2723 +14
3 }90 -774
3153

566

5.7

-20.7
+5.6

-20.0
+23.8
~$



Table 12.  Continued!

+2

0
+6

+6

10
14

13
46

ll
8

14
7

40

-326 -18.2
+325 +25 p

0 0
+977 +85.7
+976 +15,p

Totals

-1553 -3,3
+519 +0.9

� 1111 -2.2
893 +2.3

-1252 -0.6

47468 45915

57097 57616
49610 48499
39195 40088

193370 192118

~Ja an ~Aotto VS
~aan ~Anile V10
P aska Naru V89
Aiaska warn V93

Grand Total

The fiqures for nonadjacent section chanqes and for rehandles do not
follow the same pattern. Furthermore, deviations between the PoP and
computer load plans are much greater � as high as 85%. In the case of
nonadiacent section changes, the computer load plan resulted in fewer
chanqes only once. Examination of the PoP load plan for that voyaqe shows
that a simple change ~ould have eliminated the need for two of the sections
changes, If this had been done, the PoP would have been as qood as or
better than the proqram for every vovaqe. That. this was not the case can
be attributed to human error. Analvsis of the two voyages where the PoP
was better than the proqram for these section changes shows that t"e
proqram's weakness is its inflexibility in certain situations.

The last factor is rehandles. Here the proqram does hetter in every
case except for ~Ja an ~Aetio V10, where neither method resulted in
rehandles. For the Alaska Naru V93, the pop load plan resulted in six
rehandles while the program liad only one. For the four voyages, the
program had 59% fewer rehandles than the poP. This is bv far the largest
difference of any of the factors. Studies of the load plans do not sugq«
been
a reason for the difference. In a few cases the PoP rehandles may have
een due to a qreater emphasis on stability, but most do not appear «

caused by this.

The possible trends for nonad,iacent section changes and for reha«l«
are interesting, but it should be stressed that with the small sample s'
the results have no statistical siqnificance. Any suggestion of a t«n
canes as much fron a detailed comparison of the load plans, as from t"e
overall statistics f' or these four vovages. Further testing would be nee"e
before any patterns could be given statistical backing.

-,,=,.-",:.'-.=;.';: j.';m@j;. j >-j.-.k:,

~Ja an ~Aollo V5
Japan A olio V10
A aska Maru 89
Ai asks Maru V93

Total
X of Grand Total

Results Time  sec!
Po ~Cw uter Diff PoP Computer Diff

1792 1466
1304 1629
2281 2281
1141 2118
6518 7495

3.4 3.9



Summar of NCH Pro ram Evaluation

The results from the NCH proqram evaluation are positive. Although
not exceedinq the manual load plans in material handling efficiency ln
every case, the computer-ass1sted load plans did reduce on the averaqe,
nonproductive transtainer time by 4.8% and over all time by 0.6%. It
would appear that the computer-assisted load plans are, on the average, as
efficient as manually prepared plans. Furthermore, lt is estimated that
the computer-assisted load plans can be prepared ln half the time or less
than that required for manually prepared load plans. The results of the
evaluation indicate the NCH program has met the objectives oriqinally
established for it.

From the results of the evaluation, it is estimated that further
development of the NCH program cauld improve its efficiency by as much as
10K of the nonproductive time or about 1.5% af the total loading time.

It should also be noted that the evaluation of the computer program
was conducted in such a way that one of the program's best features was nat
used. The preparation of a manual load plan is such a laborious task that
once a feasible plan is obtained, no attempt 1s made to improve the
material -handling efficiency by generating alternative plans. This is not
the case with the computer-assisted system. Once a feasible load plan has
been developed usinq NCH, alternate plans may be developed ln four ta six
minutes by chanqing certain praqram parameters.

For example, the load planner could try three or four different
bay-loadinq sequences, then pick the sequence which qives the best results.
This possibility was not examined in the evaluation of NCH.

Port Load- lannin Efficienc

The summary results in Table ll provide an estimate of the total
transtalner time, in seconds, required to load each ship. These estimates
are translated into hours and into container handling rates in Table 12.
For example, a total of 16.00 transtalner hours would be required ta load
the ~da an ~Aolio on voyage 10. This estieate is based upon two transtainer
operations, but manaqers should be aware that lt is usually not possible to
distribute the work equally between the two transtalners. In other words,
the results do not imply that two transtainers, each workinq eight hours,
could complete the task.

It should be observed that the estimated average containers per hour
per transtainer of 19.78 containers/hour qiven in Table 13, is based upon
continuous, uninterrupted transtainer operation. It is also based upon the
PoP's current operating procedures. Changes ln these aperatinq procedures
could significantly affect this rate. This rate also assumes a load1ng
only mode af operation and does not include unloading time.

Althouqh it wasn't passible to obtain an estimate of the magnitude and
frequency of the unavoidable delays that a transtainer might encounter, a
customary figure would be about 15K. This would provide an estimated rate
of 16.81 containers/hour, which should provide a good target value. It
should be emphasized that no attempt was made ta measure the actual
ooerating efficiency.
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Table 13. Performance Indi ces

Loadinq Time  Comp.!
Sec. Hrs.

Number of Containers per
Containers Loaded hour loadedVol~ac

~Ja an ~Aollo VS
~Ja an ~Aollo V10
Alaska Maru V89
PrTaas',a ~aru V98

20.Z4

20.56
19. 38

45915 12.75
57616 16.00
48499 13.47
40088 11.].4

Z58

329
261
211

Mean 19.78  .75!Total 192118 53.36 1059

It is informative to compare the actual performance to the
theoretically hest possihle performance. Here, the theoretical performance
assumes no rehandles, no section chanqes, and the minimum possible number
of moves and distance traveled by the transtainer. It also assumes a 50/50
mix of 20- and 40-foot containers and na-specials. The tabulated results
in Table 14 would indicate that the current manually developed load plans
are operatinq at 87'% of the maximum theoretical efficiency, as measured by
transtainer time. Thus, the maximum possible reduction in transtainer time
would be 13%, and this assumes perfectly arranged containers and no
specials! It's not clear exactly how much of this 13% potential savinqs
could possibly be realized. Most likely, no more than 6W or 7% could
actually be realized under current operating procedures.

Table 14. Theoretical Performance  Sec.!

Voltage Theor et i cal

41111
52422
41585
33615

~Ja an A olio V5
~Ja an ~oo V10
Alaska Maru V89
311aska Naru V93

47468
57097

49610
39195

86.60
91.81
83.82
85.76

168733 193370 Mean 87.00Total

Nonadjacent section changes account for 25% or more of the
nonproductive time and represent another area for potential improvements
An examination consisting of a sample of load plans, Table 15 suqgested
>at these nonadjacent section changes are necessary to load a small
percentage, 17.2%. of the containers. Of these "out of section«
containers, 78% are refrige d units. The possibility of prestaging

- 93IV '- f-'"elf- =-:~ ' 4"a.
J

Once aqain, Table 11 indicates that about 8% of the total, or over 60%
of the nonproductive time, is spent on movement time within sections. Tliis
would then appear to offer the greatest potential for possible reduction .



these containers iranediately presents itself. By this we mean moyinq ese
containers out of their current sections to the primary sections !ust p
to loading the ship. If this could be accomplished during the first ~hift
idle time at no additional cost, then there would be nearly a half hour
ship reduction in loading time. However, if this staginq could not be
achieved as backqround work which could be accomplished at very little
cost, it would probably not be cost effective.

Table 15. Container Oistribution by Section

SECTION

54 57

1 36

116 O

117

4442 52

616 567

0 0

616 567

14Requl ar

Refrigerated 65

79Total

8.343.5 40.1 5.6 2.5

Ouring the evaluation of the NCH, two possibilities for improvinq
terminal operation were identified. The first involves the estimated
157.92 seconds, or 2.63 minutes, to load a container from a stack onto a
chassis. This time appears excessive. Since about 85% of the total
loading time is due to this single factor, it should be carefully examined.
If this time per container can be substantially reduced, the total time
could also be similarly reduced.

Current port operatinq procedures are for the ship to be unloade4.
then loaded. Ourinq the unload operation the crane spreader travels +~+ty
from the dock to the ship . Durinq loadinq operations, the spreade«r»e
empty from the ship to the dock. This empty travel time represents a
significant wasted effort. If these two operations, loadinq and unloadinq ~
could be interleaved, there could be a substantial improvement in
efficiency. When interleaving, the crane ~ould pick up a shipbound
container and then place it on a chassis on the wharf. The cran«o"1
then pick up an export container from a shore side chassis and load i
the ship bay. This pattern gould continue as long as th re was In ad q"'"
supply of both inbound and outbound containers. Obviously this sche
would not always work for on-deck bays. It does, however, offer the
potential for a 2� or more improvement in efficiency, and we re~~"
be given serious consideration.



5. DEVELOPMENT AND TESTING OF THE YARD SIMULATION PROGRAM

Introduction

Because of its highly capital-intensive nature, a container port calls
for the maximum use of its equipment and manpower. The primary objectives
1n developinq the model are reduced overall operatinq cost and increased
customer satisfaction, includinq minimum possible sh1p turnaround time .
The actual chanqinq of physical layouts, operatinq procedures, and other
factors influencing operational effectiveness would be a verv expensive
means of testinq various proposed improvements. Such is not the case in
computer-based simulation models where it is possible to test various
proposed changes without affecting actual yard operations. Granted, no
simulat1on model exactly represents all the parameters and the'ir
interactions of' a system as complex as a container facility, hut a
well-developed model does allow tests to be run on siqnificant aspects of
the operation. The technique of computer simulat1on provides the manaqer
analyst with an economical means of eyaluatinq chanqes and their effects on
overall port efficiency.

The overall port desiqn was assumed to consist of the fol lowinq
qeneral areas:

l. Gate � for processinq paperwork of incominq and outqoinq trucks.

2. Yard area--provides stowaqe and staqing area for both outqoing and
incoming containers.

3. Dock area--loadinq and un'toadlng operations take place here.

4. Container freiqht station � packing and unpackinq of containers
when necessary.

5. Administrative and maintenance support area.

The following types of' material handlinq equipment operate in the port
system under consideration:

l. Ship cranes � mounted on rail trucks along the deck and load and
unload containers onto and off of ships.

2. Transta iners � rail-mounted qantry cranes that ride across the
breadth of a yard section. They stow containers to slots in a
section or take them out to place on truck chassis .

3. Yard trucks � trucks with specially desiqned container chassis.
They prov1de the link between transtainers and ship cranes.

4. Others--reqular 'hiqhway trucks that bring in or take out
containers, fork-lift trucks that handle empty containers, and so
on

The yard consists of a number of "sect1ons of equal size. A typical
section contains 37 rows and six columns of 20-foot storage slots.
@yeti!mrs c, be stacked to a max1mum of four high in each slot.

=a'~.x4 s.~:K '



Simulation Obiectives

The pr imary ob,jective is to develop a simulation model using the $4Sp
IV simulation language wh ich will enable the user to test and compare the
merits of the following operational parameters and policies of a contain<
port.

l. Various values of maximum stack height.

Loading from a randomly stacked yard section vs. loading from a
pre-ordered section.

3. Implementation of any lnitlal yard stowage pattern throuqh inp�t
data to provide the flexibility of being able to handle various
policies of partial preload yard stowage.

4. Number of yard trucks to use.

5. I.oading from a single section vs. loading from two sections.
The measures of effectiveness are the total oper ation time and

expected annual equivalent cost.

The model should enable the user to establish the relationship of
total loadinq time ln terms of the number of containers, the number of yard
sections, and the number of cranes employed.

Model Structure

The general structure of the simulation model is based upon a
mathematical representation of the primary characteristics. of the system
being studied. The basic variables of this representation fall into three
groups: entitles, or the physical components of the system; activities. or
the action taking place within the system; and events, or significant
points signifying the beginninq or end of critical activities.

Additionally, specific technical components of the model must be
developed in order to allow the computer to perform simulated activiti«
and keep track of relevant statistics. These components are subroutines~
variables, and data arrays, and a cNnplete list of those statistics «
collected. The specific program components for YARDSIM are detailed in
this section.

A. Entit ies

Permanent: "ranes
Transtainers
Yard trucks
Ship, yard sections

Temporary: Containers



S. Act1vities

1. Sh1p load1nq operations

Transtainer loads container on truck chasis .
Truck chasis transports container to crane.
Crane loads container onto ship.
Truck returns to transtainer area.
Tr anstainer handles rehandlinq of containers in section.
Transtainer changes position.
Crane changes pos1tion.

2. Pre-orderinq operation

- Transtainer loads desired container onto truck chassis.
- The container is transported to pre-order section .
- The container is stowed in pre-order section .

C. Events

The f'ollowing events represent key operational points in both yard
activities and the simulation model of those activities.

- Truck arrives at transtainer
- Transtainer completes position chanqe
- Transtainer completes truck loadinq
- Truck arrives at crane area
- Crane completes position chanqe
- Crane completes ship loading

Model Lo 1c and In ut Data

Table 16. YARDSIN Subrout1nes

Function

Reads in some data and calls GASP.

Sets initial conditions.

Makes random assignment of initial container locations.

Constructs job sequence file for pre-ordering .

Constructs job sequence file for ship loading.

YAiRD5IM

INTI.C

BONZE

The general logic of YAROSIM is actually condensed into a three-phase
program of ~in uttin data specifying yard layout, ship characteristics, and
equipment oper ating parameters; ~executin the GASP package to monitor and
perform the various simulation activities; and ~rintin various statistics
called for in the output. The 20 subroutines used in the YARDSIN program
are listed in Table 16. This interrelationship is shown in Fiqure 2.



Table I6.   Continued!

FunctionName

Transfers control to appropr iate subroutine.

Generates random movement times.

Prints out error messages.

Enjoins the arriving truck to queue and calls TRANS.

Updates transtainer position and calls TRANS.

Sends off truck from queue and calls TRANS.

Truck-loading operation.

Computes transtainer move time to take out container.

Looks for an empty slot to move rehandle container.

Stows container in pre-order section.

Adioins arr ivinq truck to queue and calls CRANE.

Updates crane position and calls CRANE.

Ship-loading operation.

Output of results.

Finishes loading into ship and calls CRANE.

EVNTS

DISCR

UERR

TARRY

T~IQVE

Tl OAD

SERCH

PRODR

CARRY

NOVE

CRANE

CLOAD

The execution of YARDSIN requires the user to supply data pert««i"g
to the following variables.

Ship characteristics
2. Yard equipment time distribution
3. GASP oper ational details
4. Layout of yard sections

After the various input files are read inta YARDSIN a prfn~N@ ~
made of each of the specific data groups ta «liow the user to cue+
inputs prior to executing the main body af the pregrae. At tie end af
prespecified simulation exercise, the GASP package releases te YAWS.
statistical data requested, and these f!qures are then ~
% a sugary table. In case of an input error in either aquila@~ ~~ -'='--~':::--'-'.'-;-.".
syectf5catians, container ID codes, ar yard Iocatiaa par~ters> ~

, Haeta@an is terminated and «n errar code $s dialed.



Figure 2. YABQSI>i Program Organization
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as $28.33 for a random load, $16.18 for an ordered load, and $12.'53 pe�container for a pre-order, The total cost to pre-order and then load fr~the ordered stack would be $28.53 per conta.incr, or a 0.7'4 increase.Figure 3 indicates this would reduce ship loading time by 12-2 hours,an approximate cost Df il.000.nO per hour for a container ship in port, this
would save the steamship cenpany $12,200, or 530.'50 per container loadedThis savinqs, if it could actually be realized, is substantial. We
therefore reconviiend the PoP seriou slv consider a chanqe in their mode of
operation.

The most ser ious obstacle to pre-orderinq is the lack of timely
information. The port would need a reasonably accurate list of containersto be loaded and a load plan,  '.urrentlv the bay loadinq plan necessary tqdevelop a load plan arrives with the ship. If' pre-orderinq were to be'
used, this information would need to be obtained far enouqh in advance ofthe ship's arrival to allow the pre-orderinq . Iiiven the current state pf
electronic communications this should be easily accomplished.

The use of an accurately desiqned simulation program can providemanagement with a tool which allows the testinq of numerous ideas for
operation and procedure without actually interfering with oper ations.However, it should be remembered that the basic simulation model is asimplified view of' reality and any information it provides is only as valid
as its oriqinal design and the validity of the inout data it uses.

In building and testinq YAROSIH, we have incorporated numerous
assumptions into the design. Overall, the model seems to representcontainer loading and other yard operations very well. It will, however,need updating as time and cost parameters as well as yard procedures
change.
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APPENDIX





CONTAINER TERMINAL OPERATION

I, Structures

eck-in Station . Yard controlled from this po
are checked in, imports are chec'ked out, and

t
in which yard slot are kept here. The disp« "
and customs is here.

8. Dock Office: Loading and unloadinq of ships supervised and

C. Administration Buildin : Administrative functions, planninq of
stowage, and computer center found here.

D. Maintenance: Equipment and containers repaired here.

II. Yard

1. Three sections �5, 46, and 47! are for empties only and can
only be serviced by side and top 1oaders. Containers here are
packed as close taqether as possible � two hiqh  block storage!.
Sections 41 through 44 and 51 throuqh 57 are transtainer
sections. Containers are stacked in rows of six across up to
four high. About one and one-half feet separate containers.
Each section can acconvnodate 37 rows of 20-foot containers.
Numbering of rows qoes from 1 to 73. Lines are painted every
20 feet on the ground. Odd numbers are in the space between
the lines and even numbers are on the lines, The row number is
the number in the middle of the container. Twenty-foot
containers then have odd row numbers, and 40-foot containers
have even row numbers. The six positions in a row are denoted
A through F. The height of a containev in a stack is denoted
by bottom, center, top, and zulu for the first. second, third,
or fourth container off the ground. Complete designation of a
container is given by the section number, row number, stock
number, and height in the stack  tier number!. For ex~le,
5215OB would denote a 20-foot container on the bott' $n stack
0 of row 15 in section 52.

Refrigerated units  reefers! can be acconmodited at the ends o<
sections 44 ~d 54! 4 $d are ~a~st th ch d -!n stati
There are plains at Msm points for ~ refr!gerat ' it



Section

I

S 0
T

A C

C
K B

TRUCK LANE

Upstream Downstream

1. Sections 41, 42, 51, 52, and 53 are used primarily for export
cargo. Sections 41 and 51 have carqo for the six-company
Japanese consortium. Each line has an area of the yard
reserved, more or less, for its exports within these areas;
cargo 1s arranged by ship and by voyage number. Cargo is also
seqregated by we1ght and by corrmodlty when possible. If there
are a large number of containers, an attempt is made not to
place cargo for the same voyage in one spot. This way, two or
more transtainers could work at one time.

2. The ship's cargo  imports! is usually discharged into sect1ons
55 and 56. Cargo is stacked one high when possible to make
every container accessible when a truck picks it up.

3. Section 55 is used primarily to discharge empty  NTY! containers
from ships. Sections 44 and 54 are also MTY d1scharge except
for the reefer areas .

C. Traffic Patterns

Trucks always travel down lanes between sections from the
upstream to the downstream side.   The check-in station is
downstream.! Two-way areas surround the yard and cut between
sections 41, 42, 43, 44, 45, 46, and 47, and 51, 52, 53, 54, 55,
56, and 57, perpendicular to the river.

Traffic from the check-in station usually passes on the land
side of the containers when traveling in the upstream direction.
Traffic on the dock underneath the H1tachis usually travels jn gse
upstream d1rection. Traffic flow, then, is roughly circglar f'~
check-in through the yard or from ship through the yard.


