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Variables in Program:

N = the number of arcs in network

M = the number of nodes in network

NN = the number of fif j terms in S f!

MN = the number of steps considered in shortest

path problem

EPS = epsilon, used as a stopping rule

JK = the number of the arc corresponding to the

first port arc

FI �00! = a vector with coefficients of Fi in S  f!.2

FI2�00! = a vector with coefficients of Fi in S  f!2

FIFJ�5! = a vector with coefficient of fif j n S  f!,
18 fif j terms in 9 U.S. port models

FIFJ�5,2! = a matrix containing arc i, arc j in each
row corresponding to the crossterms in S f!

XK�00! = a starting vector of flows

G�00! = a vector of arc distances, arcs numbered from
1 to N

IG�00,3! = a matrix of partial derivatives of cross
terms, each row i representing the partial
with respect to Si. The column tells us
the variable.

D�0,50! = matrix of distances between node i and node j

F�0,60! = a matrix of shortest distances between source
and other nodes in K steps where L = 1,2,...,5.
 There are really two sources, one for imports
and one for exports.!

Pred�0! = predecision of node i vector in least cost path

Flow�00! = shortest path flow vector

Demand�0,2! = row i of the matrix gives the node $ of
demand center, then actual demand.

XKPl�00! = new vector of flows.

A note on program dimensions: with 4 foreign ports, 9 U.S.

ports, and 30 hinterland supersource and supersink, we have

54 nodes and 698 arcs.



Sections in program:

Dimension cards, read statements defining the variables.

Calculate partial derivatives of total cost in the
network.

This section is used during first iteration only
and gives us a starting feasible flow.

Evaluate partial derivatives at a point X> which
yields distances associated to each arc.

IV.

Initialize all distances to either zero or infinity.

Now associate distance G to the ordered pair  i, j!
if and only if arc ij appears on graph.

Find shortest route from node i, the supersource.

VI.

VII.

VIII ' For all demand centers supplied from node, we place
demand on each arc contained in the shortest path.

Find shortest route from node m, the supersink.

For all demand centers supplied from node m, we
place demand. on each arc contained in the shortest
path.

This section is used to help find initial feasible
solution.

IX.

XI-

Golden Section Search Technique

Stopping Criterion.

Inputs:

The input variables are:

PI is read in as 0. 0. 5. 5. 7. 7. 6. 5. 4. 5. 8. 9. 13. 13.

ll. 10. 9. 9. 0. 0. 0. 0.

FI2 is read in as 0. 0. 0. 0. 0. 0. 3. 3. 4. 4. 0. 0. 0. 0.

0. 0. 0 ~ 0. 0. O. 0. 0.

0. 0. 0. 0. 0. 0. 0.

FIFJ is read in as -l. -l. -2. -l.

IFIFJis read in as 7 8, 7 8, 9 10, 9 10

XK is read in as 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.



IG is read in as l 2 1, 2 1 2, 2 3 3, 3 2 4, 2 4 5, 4 2 6,

3 5 7 5 3 8g 4 8 9 6 4 10 5 7 ll~ 17 5 12~ 7 6 13~

6 / 14' 8 5 15' 5 8 16' 6 8 17r 8 6 16 7 9 19r 9 7 20'

8 9 21, 9 8 22

Demand is read in as 7 30, 8 36, 2 32.

As is obvious from the preceeding graph, N = 22 and

m = 9. The number of crossterms in S f!, NN, is equal to

the number of P � P' arcs, here 4. There are three demand

centers  ND = 3! which are nodes 2, 7, and 8. An EPS

value of O.l is used. For this six-partite class of graphs,

mm will equal 5 ~ Concerning the numbering of arcs, our

policy will be to number from left to right, up to down,

in general. JK will be the number of the first arc to

possess crossterms  the first U.S. port arc! and arcs

JK through JK + NN � 1 are P � P' arcs with crossterns

Let it be demonstrated how inputs are handled by referring

to the example which has been solved using both algorithms.

The graph following is the same graph as was mentioned in

Section 4.4.4.3 excepting this graph's additional node

 supersource! and tow arcs. Therefore, C. f! from the

previous graph represents C, 2 f! on this graph. Nodes
i+2

and arcs are numbered as shown in Fig- A-l.
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Flow Chart of Section II.

Start
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Flow Chart of Section IV.

Start



Flow Chart of Section V.

Start

STOP
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Flaw Chart of Section VI.

Start
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Flow Chart of Sections VII and VIII.

Start
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Flow Chart of Sections VII and VIII  continued! .
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Flow Chart of Section XTXX-

Start

  The flow charts of Sections I, III, and XI have

been omitted because they are trivial. Sections IX and X

are very similar to Sections VXX and VIXI, and thus are

also omitted.
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The Ford-.Bellman-Moore Shortest Path Algorithm

The node label f. represents the length of the k!
3.

shortest path connecting node l and node i and that contains

k + 1 or fewer arcs. The fundamental recursion is

f. = min[d.. + f. ], f. = d .. In the case where k+l! ~  k!  o!

all distances are positive or zero, convergence occurs

wherever f = f. . On the other hand, if negative dis- k!  k+l!
1 i

tances exist either convergence occurs for k < N � l or a

change in some f. will occur on the  N � l! iteration indi-

cating a negative loop. [l9]

Find minimum cost free from  a! in the graph below.

Solution is darkened.

f. = the length of the shortest path that connects<k!

node 1 and node i and that contains k + l or

fewer arcs.

f  o!
i li

f. = min[d.. + f. ] , j is right before i k+1! .  k!
3> j
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Calculations

�! �!

fb = 3

f = 4
c

f
e

10

12 12 12

14 14

16 16

Therefore, there are no negative loops, convergence has

occurred.
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Method of Golden Search

Suppose we want to maximize C x! a unimodal function,

where x lies in the interval I = [a a ]  min C x! - -max -C x!1' 2

so no loss of generality! . Define a = .5 v 5 � l! = .618033.

[20]
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APPENDIX D

Pro ram Listin s

I.

II.

III.

Re ional Port Model

Main Program
Minimum Cost Multicommodity Flow
Modified Steepest-Descent Method
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II. Minimum Cost Multicommodity Flows

This program relates to the section in the report

devoted to Minimum Cost Multicormnodity Network Flows.

In particular, we might be concerned with an optimal

simultaneous routing of imports and exports. This computer

program provides the opportunity to address such questions

as it handles more than one commodity  imports and exports

can be considered distinct commodities!.
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Modified Stee est-Descent Method

The modified steepest-descent computer code is designed

to minimize  suboptimally! the total cost  fixed + variable!

of a sea land transportation network. The code uses an out-

of-kilter network flow algorithm to minimize  optimally! the

variable costs  e.g. land transport, sea transport, port

handling! for a particular configuration of port capital invest,�

ments and proceeds to search through a series of redetermined

capital investment options for each port in order to reduce

the total cost. Reduction in capital investments are weighed

against increased transportation costs and the p first stage

of the code proceeds until no further reductions in capital

investment can be justified economically In the second stage

the code proceeds to determine whether any trade route between

a foreign port and Eastern seaboard port can be economically

eliminated  saving the fixed cost associated with maintaining

a trade route!. When no further capital savings can be accrued

the program comes to a halt.

At each step in the procedure the program outputs which

capital reductions are justified, the resultant total cost, the

throughput for each port and which hinterland s! each port feeds.
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Sea ort Simulation



Sea ort Simulation

The seaport simulation is written in PL/l, and is

currently implemented on the NIT timesharing computer

NULTICS. However, the program's memory requirements are

such that a much smaller machine would be capable of

executing the program. A listing and flowchart appear

in Appendix VI. Numbers appearing in the following text
/

preceded by a 4 refer to the numbered elements of the

flowchart.

total number of berths in the
port. All berths are identical
and capable of servicing one
ship at a time.

berth capacity

tank capacity

tank outflow

capacity of tank form, as ex-
pressed in shiploads of oil.

rate of flow of oil from tank
farm to inland users, as ex-
pressed in shiploads/day.

rate at which a berthed ship can
discharge its oil into the tank
farm, as expressed in shiploads/
day.

pumping~ate

average time between ship arri-
vals, as expressed in days.

av intarrival

number of days the simulation
will run ~

length of run

fine levied against. the port.
each day it can't supply the
inland oil demand, as expressed
in thousands of dollars.

empty tk fine

Preceding the simulation is a rather lengthy section

of program labeled 'INPUT'. This set of instructions

allows the program operator considerable flexibility in

changing the parameters of the simulations These parameters

are as follows:
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berth charge  n!,= charge f or keeping a s hip
in berth on its nth day in
berth, as expressed in thou-
sands of dollars'

anchoring chg  n! = charge for keeping p ship in
anchorage on its nt day in
anchorage, as expressed in
thousands of dollars.

Once the operator is satisfied with the input para-

meters, he begins the simulation. Initialization of all

variables is done first  fl!. The port is cleared of all

ships, all charges are zeroed, and the tank farm is set

at an initial state of being half full.

A one-dimensional array, larrival  i! is set up.

The elements of larrival are the number of new tankers

that arrive at the port on day i. For instance, if

larrival �! = 2, then two fully loaded tankers will arrive

at the port on the third day of the simulation. The arrival

times are such that interarrival times are randomly distribu-

ted according to an exponential distribution with a mean

equal to av intarrival �2!.

All port activities are handled on a day-to-day basis.

The remainder of the program simulates one day's activities,

and will be repeated length of run times. At the end of

each iteration, the variable lday will be incremented by one

�3!. Lday can be considered as the date of the iteration.

It will begin as being equal to one.

The first question asked is whether or not a new ship

has arrived at the port, i.e., is larrival  lday! greater

than zero �4!. If not, the program immediately moves



to the processing of the ships already in port �19! . If a

ship has arrived, the problem arises of determining whether

or not it should be serviced. It is possible that the port

may be so congested that more profit can be realized by

refusing to service the ship and sending it on its way.

To make this decision, the program enters the 'optimization

algorithm'.

The algorithm is intended to simulate the decision-

making process of the port manager. It considers the sched-

uling of the next seven ships that will arrive at the port.

All possible combinations of servicing and rejection of

these seven ships are formed. This results in 128 possible

schedules � = 128!. Each schedule is evaluated by running7 =

a simulation of the port with the schedule in force. The

solution which minimizes charges against the port is chosen,

and is used to determine the fate of the newly arrived ship.

Note that this strategy does not necessarily lead to the

optimum schedule, but the solution it obtains is near-

optimum, i.e., a "good" solution. The details of this

strategy follow.

The program fills an array, lable �28,7!, with binary

representations of all possible schedules �5! . A zero rep-

resents not servicing a ship, while a one implies servicing

it. Thus, lable can be considered as a list of all seven-

digit binary numbers from 0000000, representing rejection of

all of the next seven ships, to lllllll, representing the

servicing of all seven tankers.



A particular schedule is selected �6! and a duplicate

of larrival, la, is made. The selected schedule is used to

delete those ships that won't be serviced from la. This

modified la is scanned to find the arrival time of the

eighth ship �7@8!.

A fake port is set up, identical in every way to the

current port configuration and state �9!. This fake port

is then led through a simulation of day-to-day activities,

from the present day to the date of the arrival of the

eight ship �10-14!. Except for the fact that the ship

schedule is fixed, this simulation is identical to that

which the "real" port would experience. The charges accrued

by the fake port are calculated and stored for future refer-

ence �15!.

This process of selecting a schedule and implementing

it on a fake port is repeated until all the schedules in

lable have been evaluated. The charges accrued in the

imulations are compared, and the schedule that results in

the minimum cost is selected. This is used to determine

the fate of the ship that has just arrived in port. It is

scanned �17!, and if it tells us not to service any ship

arriving in port "today", that ship is deleted from larrival

 lday!.

If, after this process, there still remain any ships

arriving "today", they are moved into anchorage �18!. If

any free berths are available, the ship s! that has remained

in anchorage the longest is berthed �19!. Note that this



The program then simulates the day's cargo discharging

by decreasing the amount of oil in each berthed ship by

pumping rate, and correspondingly increasing the level of the

tank farm. The level of the tank farm is decreased by an

amount equal to tank outflow to simulate the transmission

of oil to inland users. The oil level of the tank farm

is not permitted. to exceed tank capacity or to drop below

zero. All the ships in the port have associated "lengths

of time in anchorage" or "lengths of time in berth". These

values are incremented by one, representing the spending of

one more day in their positions. These values are used to

calculate the charges made on the port, and these charges

are added to the total charges already accrued �20! ~

A fine is imposed on the port if the tank farm was unable

to supply the inland demand. If any berthed ships have

drained their tanks during the day, they are removed from

the port �21!. This concludes one day of port operations.

The value of lday is incremented by one, and the program

returns to flowchart box 43 to begin another day.

After length of run iterations, the following cumula-

tive values are printed:

ships served
ship-days spent in anchorage
ship-days spent in berth
oil pumped
anchorage charges
berth charges
empty tank charges
cos t.

total

total

total

total

total

total

total

total

is the set of instructions the program would have skipped to

i f larrival  lday! were equal to zero  no ships arriving today! .



A sample run of the simulation has been prepared, and

appears in Appendix II. It is heartily suggested that the

reader study it in an effort to make the above discussion

meaning f u l.

The program, as now written, can simulate a port with

up to 20 berths, 20 ships in anchorage, and infinite tank

farm capacity for runs up to 2000 days. Any level of demand

is permissible. Execution time is approximately proportion-

al to the value of av intarrival and porportional to the

length of run. MULTICS executes a five-berth, 50-day run

in about thirty seconds of CPU time.

Discussion of the Sea ort Simulation

The reader will probably notice that the simulation

described above is a rather simple, brute-force model.

Undoubtedly, it would be possible to devise a far more

elegant model. However, for the purposes of this work,

such sophistication is not needed, nor even desired.

As it is intended to incorporate this model with a

larger dynamic programming routine, it is of great impor-

tance that the model be capable of rapid execution. Attempts

to more accurately reflect real-world operations would

certainly lead to greater execution times. As was previous-

ly mentioned, the "optimization algorithm" can find only

"good" solutions to the problem of ship scheduling. It is

possible to construct dynamic programming routines capable

of determining the optimum solution, but again, these involve
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an excessive amount of execution time.

Although the above considerations led to the development

of a simple, straight- forward model, several unanticipated

advantages resulted from the decision. In future work, it

will be necessary to construct a function giving a "quality

of service" parameter. The analytic structure of this

function is still rather vaguely defined. It has not even

been determined just which parameters the function will use

as input. However, no matter what values the quality of

service will depend on, the present simulation will probably

be able to generate them. A more ingenious model, utilizing

clever relationships and dimensionless parameters, might

very well not have this flexibility.

Through the use of negative pumping rates and the

modification of only two statements, the seaport simulation

can model a port that exports, rather than imports, oil. A

few simple modifications could result in a model for light

cargo handling ports with the tank farm representing a set

of transit sheds. In short, the present model can be easily

modified to represent a wide variety of ports. These changes

might not be feasible for a more sophisticated program.

The present model attempts to operate the seaport in

such a way as to minimize the charges incurred. It is not at

all clear that this is the criterion used in actual ship

scheduling. In future work, existing ports should be studied

to determine the decision function used. It is highly probable

that the existing model would need only small changes to



con f orm more closely wi th re a 1 i ty.

The Feedback Model

The following is a discussion of planned future work.

In the visualization outlined in Figure 5, the seaport,

simulation is viewed as a "black box", into which the parame-

ters of berth capacity, tank farm capacity, and demand

 tank outflow and av intarrival! are fed. The simulation

uses these parameters, and produces a "quality of service"

parameter. Thus, the quality of service is a function of

the three input parameters.

Future demand made on the port is a function of the

quality of service rendered. Specifical3.y, it is assumed

that the quality of service is the input to a simple,

first-order economic model. The rate of change of demand

with time is directly proportional to the quality of ser-

v3. ce

= C x  quality of service! � C
d demand

d  time} 2

where C = constant, C = constant
1 2

Implementation of this model will be as follows.

The seaport model will be run for a period of a year with a

constant port configuration and demand. The resulting qual-

ity of service parameter will then be used to modify the

demand. Another simulation will be executed with this new

demand level , resulting in a new quality of service parame-

ter. This will determine a new demand level, etc. The

trajectory followed by the demand will be compared to those



followed in existing ports. Nodif ications to Cl, C2, and

the quality of service function will be made until the

model realistically represents the actual situation.

It is felt that even this simple model will be

capable of an accurate simulation of reality. It is hoped

that a more sophisticated approach will not prove to be

necessary. However, as long as the feedback model does

not incorporate a "memory", it can consist of arbitrarily

complex functions without seriously affecting future work.

The namic Pro rammin Al orithm

After the implementation of a suitable economic

feedback model, the seaport system has two remaining input

parameters, berth capacity and tank farm capacity. These

parameters are within the control of some sort of port

authority, which has the power to augment the capacities

in any way desired. The port authority will attempt to

schedule port expansion in such a way as to maximize the

profit realized from the port's operation, where "profit"

is a weighted function of monetary gain and benefit to the

country served by the harbor. It is apparent that the port

should maintain a proper mix of berth capacity and tank farm

capacity so as to prevent the under-utilization of facilities.

The optimum schedule for such expansion. can be found by a

straight-forward, three-dimensional dynamic programming

algorithm staged forward aver time- The proposed algorithm

is outlined below.



The simulations described in previous sections of this

report result in a model whose state is completely described

by three state variables: demand, berth capacity, and tank

farm capacity. For a given set of these variables, the qual-

ity of service rendered by the port and the profit realized

through the port's .operation can be found simply by plugging

in the variables and simulating port activity for a year' s

time. It is assumed that the state variables can assume

only a finite number of values. To keep the size of the

search space within practicable limits, it is assumed that the

total number of possible states is less than one thousand.

For instance, each state variable could be allowed to assume

ten different values  one to ten berths, tank capacity of

from one to ten shiploads of oil, ten levels of demand!.

The long-range planning in question has a time scale

of perhaps twenty years. In order to simplify the problem,

it is assumed that the port configuration and demand level

will not change during any one year of operation. Changes

will take place only between years. That is, the system's

state will not vary continuously, but rather, instantaneous

changes will occur at the end of each year. Continuous

variation leads to an algorithm involving an infinite num-

ber of stages, while the above assumption leads to only

twenty stages.

With the above restrictions in force, a dynamic pro-

gramming routine can be executed. The first and longest act

is to run the seaport simulation for all possible combinations



of the state vari ab 1 es ~ E ach run produces two va 1 ue s, the

qua l i ty of service parameter and the profit realized . The

resul ts of al 1 runs are stored in a large matrix for f uture

re f erence

The s econd act is the staging of the a 1 gori thm through

time, beginning at year zero wi th the port in an initial

s tate . Re f erence to the matrix yie 1 ds the prof it and qual-

ity of service parameter for this state. The latter value,

through the economic f eedback mode l, determines the demand

during year one . The one hundred possible combinat ions o f

berth and tank capacities are f o rmed and through reference

to the matrix, the profits from each combination are f ound .

By adding the prof its f rom year zero to each of the prof its

f rom year one and s ubtracting the cons truction co s ts res u 1 t-

i ng f rom capacity addi tion, the tot a 1 profits are computed .

Also, the quality of service parameter for each combi na tion

is f ound. through ref erence to the matrix. These two values

are stored in a large table, along with their associated

descriptions of the year one states

The next stage sets the routine for a l l f o l lowing stages .

From each of the states the system can be in during year one,

the sys tem can move to a large numbe r of s tat e s for ye ar two .

However, these transitions are 1 imit ed by the fact that the

state at year one determines the demand for ye ar two . That

is, if one of the possible states for year one is described

as  bcl, tkl, dl!, then the system can go from this state to
the state  bc2 tk2 F  bcl tk] dl ! ! fox' year two, where F



represents the economic feedback relation. Thus, the

system can move from any possible state at year one to only

a finite subset of all states at year two, namely, that

subset in which the demand variable equals that determined

bY F bcl,tcl,dl!.

All allowable transitions from the states at year one

are attempted. If two or more transitions result in the

system being in the same state at year two, a simple search

is executed to determine which transition produces the

maximum profit. This transition is recorded, total profit

calculated, quality of service found, and all three quantities

stored in a table of all possible states which the system can

be in at year two.

The process is repeated for the transitions to year

three, etc. Recapitulating, at year n, the system can be

in any of m states, where m is less than 1000. Each of the

m states is described by a set of state variables,  bc ,tk ,d !,n' n' n

and an associated total profit. In the transition to year

n + 1, the system can go from each of the m states to 1 new

states, where 1 is less than 1000. Each of these 1 states

can be described as  bc +l,tc +l,d +1!, where dn+]

F bc ,tc ,d !, and bc < bc 1 < 10, tc < tc 1 < 10n' n' n n � n+1 � ' n � n+1-

 assuming capacity will not be removed from the port.! . Each

possible transition has associated with it a total profit.

The transitions from all m states at year n to all their

respective allowable states at year n+1 should be attempted.

I f two or more transitions result in the same state at yeaz'



n+1, the profits f rom the transitions are compared, and the

transition showing the highest profit is recorded. After

all possi'ble transitions have been evaluated, the process

is repeated for all possible transitions from year n+1 to

year n+2.

At the end of the twentieth stage, the algorithm

has generated twenty tables of possible states, one table

for each year. Each table lists all possible states the

system could be in during that year, the transitions for

these states from the preceding year, and the associated

profits. To find the optimum schedule, begin at the

twentieth table. Find the state showing the highest total

profit, and note the transition that brought the system

to this state from year nineteen. This tells which state

the optimum schedule specifies for year nineteen. Look

at the transition listed for this state fram the year

eighteen. This tells which state the optimum schedule

specifies for year eighteen. Continue backtracking

through the tables to year zero. The state trajectory

followed is the optimum schedule.



Pro osals for Future Work

following sequential steps:

Extensive testing of the seaport simulation,

Investigation of a suitable tanker port to

compare the simulation's behavior to actual

practice. If necessary, modification of the

simulation.

Determination of appropriate quality of ser-

vice function. Development and testing of an

economic feedback model. Development of a

suitable profit function.

2!

Rewrite program in a language with faster

execution time than PL/l, such as FORTRAN.

Attempt to streamline the program by reduc-.

ing the number of redundant operations.

3!

4! Production of the matrix needed by the dynam-

ic programming routine.

Write and execute the dynamic programming

a lgori thm.

5!

6! Compilation of final report.

Continuation of this study should be composed of the
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This appendix includes a short sample run of the

seaport simulation. During execution, the command

"data dump" was activated, which results in a day-by-day

description of port activities. During normal operation,

this command is usually deactivated, as the information

it results in is printed on a console typewriter, a rather

slow device.

The first page of input lists all the input data.

Note that the port is a rather small one, with only one

berth.. However, the demand on its services is rather

high~ 0 5 shiploads of oil will be drained from its tank.

farm every day. The port will need at least one ship to

arrive every two days to maintain this high outflow. Note

that av intarrival = l.0, so that on the average one ship

will arrive at the port every day. Thus, we would expect

the port to have plenty of oil, i.e. the tank farm should

never run drys

Note that pumping rate = tank outflow = 0.5 shiploads

per day ~ The port must keep its one berth working continu-

ously to maintain its initial tank farm level. The charges

are as listed, and the length of the run is ten days.

The second page of output begins with a listing of

the ship arrival times, as generated by a Poisson exponential

random number generator. These times are used to produce

the next listing, that of larrival. Larrival is printed

horizontally, so we see that on the f irst day of the simula-

tion,  lday = l! three ships will arrive at the port. The
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second day  lday = 2! one ship will arrive; the third day

 Iday = 3! two ships will arrive, etc.

The rest of the second page is a listing o f the por t ' s

activities for the first day of operation  lday = 1! .

Since a ship did arrive at the port this day, the optimization

algorithm was utilized. The algorithm determined that the

best schedule was number 17, which can be represented as

1000100. The three ships that arrived on lday are repre-

sented by the first three digits of the binary number, 100.

We see that one of the three ships is to be serviced, while

the other two are to be sent away unserviced.

Beneath the word "Anchorage" is a blank line, indica-

ting that the anchorage is empty- Under "Berths" is the

line "1.0000000 .50000000." This indicates that there

is one ship at berth, it has been there one day �.0000000!,

and is half full of oil  at the end of lday = 1!. This

ship is the one the optimization algorithm just admitted

to the port. The tank level, after one day's draining

and ship discharging, is 1.0000000 shiploads of oil  it

started out at lday = 0 with a tank level of 1.0000000, and

equal amounts of oil have been pumped into and drained out

of it!.

The top of the third page lists the activities for the

second day  lday = 2!. A ship arrived at the port, and we

see from the first digit, of the optimization algorithm's

output �100010! that it should not be serviced. There are



no ships in anchorage or berth  the ship in berth on

lday = 1 has completed its discharging during the second

day and left! ~ The tank level is still 1.0000000

On lday = 3, another ship has arrived, and the opti-

mization algorithm has decided to service it �000100!.

The ship was immediately moved into berthage, and has

discharged half its load. On lday = 4, another ship

has arrived at the port, but it was decided not to service

it. The ship present o n the third day has finished unloading

and has left. The next day, lday = 5, no ships arrive at the

port, and none are in berth. The tank level correspondingly

drops by one tank outflow. On lday = 6, a ship arrives and

is moved into berthage. On lday = 7, a new ship is not

serviced and the ship berthed on day six finishes unloading

and departs. During the eighth day, three ships are sent.

away unserviced, and one is berthed. The port realizes that

on lday = 10, no ships will arrive, so on lday = 9 it takes

the arriving ship and temporarily stores it in anchorage

while the ship berthed on the eighth day finishes discharging.

Thus, on the tenth day, after the day-eight ship has left,

the anchored ship can be berthed and unloaded to keep the

tank level from dropping to zero.

The last few lines of output give the various costs

and performance factors.



Numerical Exam le of Sim lified D namic Sea ort Al orithm

The following example illustrates the operation of the

flow chart of Figure 4 ' 5.Allocation to berth space has been

neglected for sire>plicity. The recursion relation is then:

CN "~ CN+1 N fN - hN + AdN

Ne shall assume:

dN

N tn

N N N-l

"N= N

N=2N+l N

@max = 3

d = 5
3

t = 2
0

C3 = Min � + t + t3 � t2 � 2.5 + t3!
 t3>t2! 3

suppose t2

then t3 C3

C -4.5t3

~ C = -3.33
3



suppose t2 = 2:

suppose t = 3:
3

The optimal policy table stored is thus.

st~ac 2

suppose t = 1-
1

suppose t = 2:
l

t = 3 W C = -6
2 2

suppos e t = 3:
l

then t = 2 M C = -5 5
3 3

= 3 ~C = -6.33
3 3

then t = 3 W C = -6.33
3 3

C2 = Nia  C3  3  2! !
 t2>tl} '2

then t = 1W C = -11.5
2 2

t =2~C=-14.5
2 2

t =3~C=-5
2 2

then t = 2 M C = -15.5
2 2

then t = 3 W C = -7
2 2

The optimal policy table stored is:

+ t2 - tl � 2d2  t2! + t2 }



stage 1:

dl  tlatCi = Min tC!  t~  ti! ! + � + ti � t  - 21  t ! - ti!
ft >t! j 0 l l 1

1- 2

2, so:

a t = 2 MC = -36.5
l l

tl = 3 MCl = -21.33

The optimal allocation is:

If the initial demand happened to be d = 28, we would now
0

have the answer. If not, we would attempt to arrive at

d = d  required! by inserting a lagrange multiplier.

CN " ~CN~l + qN + fN � hN + A I!

The optimal value of tN at each step would correspond

to a small demand dN if A were large. The correct value

of A would produce the correct value of do.

If do � � 28 were the correct value, then the optimal

schedule is clearly given by:
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2
0

t = 2
l

t = 2
2

t = 2
3

This says that because t = 3, we cannot add enough
max

capacity to maintain the initial demand, and adding one

unit  t=3! will cost more to install than it will raise

profits.
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Allocations

bb

Figure F. l

System Configuration
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demand for
seaport's
servi ce

Adaptive Controller:

Changes to
configuration
of the port,
staged over
time

Figure F.2

Signal Flow Block Diagram
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Read input data
and initialize

Iterate over stages

Iterate constraints

at each stage

Find minimum
cost for each

set of constraints

Figure F3.a

Dynamic programming
Algorithm



printout

Figure P3.a  continued!
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Figure F3.b  continued!
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Execute
simulation

Write
outputs

Figure F4  continued!
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Figure F5
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Figure F5  continued!

s42

Calculate
change in
levels

Cost due to

ships in
queue

Zs tank

empty?

Simulation
compLeted?

Iterate time
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Figure P5  continued!
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Figure F6

Program Logic

�!

optimization algorithm
follows

set up lable �28,7!
fill it with all

possible schedules

set up incrementation �!
through policies

return f rom

box 4l5

duplicate larrival,
delete from the c

ships rejecte
by present policy

�!

 8!find time till eighth
ship is scheduled
to arrive.

This will be the length
of the little simulation

have any ships arrived 4!
today7' go to

larrival  lday! 4 0'?
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Figure F6  continued!

 9!

 ll!move new ships
into anchora e

�2!move ships from
anchorage to berth
if possible

�3!increment all ship
waiting times,

adjust tank level,
cora ute all costs

�4!move empty- ships
out of berths

store total cost of go to�5 }

schedule Box 46

�6!scan schedules and
find the one with
least cost

�7!delete ships not
to be serviced
from larrival

�8!move new ships
into anchorage

�9!
move sh

if po
from

ox g4
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Figure F6  continued!
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PORT SIMULATION PROGRAM DETAILS
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The computer simulation program for determining port costs

was written in Fortran. The program consists of one main

routine in association with 21 subprograms. The major subprograms

Generation of ship arrivals.

Set matrix of feasible berths for
each ship arrival.

Preschedules ships to berths.

Monitors simulation events.

Calculates berth release times.

9! LITT

10! TERM

ll! CARGO

l2! NEXT

13! IDPT

14! END Accumulates and prints simulation statistics.

In the following paragraphs the main program and the various sub-

routines will be described in further detail.

are as follows:

1! GENERA

2! PEAS I

3! ASSIGN

4! DRV

5! SIML

6! WmN

7! RELEAS

8! TBIG

Sets durations in ship arrival times
and sets cargo volumes for each arrival.

Determines next event for simulation and

in association with the simulation events.

Calculates terminal capacity at any
simulation time.

Calculate time for terminal to reach a
given capacity-

Calculates load/unload rate for each
service unit when terminal limit is reached.

Calculates import and export cargo
volumes remaining in each berthed ship.

Determines next ship scheduled for a
given berth.

Calculates berth preference rating for a
ship and berth combination.
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The main program serves to lin3c together the operational

subroutines and provide input statements for most of the

simulation initiation data. It calls, in turn, REDIN, to read

further data, GENERA, ASSIGN, DEV and SIML and it provides the

looping function to pass to subsequent time periods and to loop

over the subsystem numbers.

Within the main program the array PARMAX receives a sequen-

tial listing of ship arrivals from GENERA. This listing is ordered

by ship priority with arrival sequence order maintained within

each priority level.

At the close of each time period, the main program deletes,

from PARMAx, those ships that have passed through the system.

GENERA then adds new arrivals for the next period into PARMAX.

REDIN

The subroutine REDIN is used to enter some terminal

descriptive data and to initiate certain terminal parameters.

GENERA

The GENERA subprogram operates the list of ship arrivals for

a single time period and assigns ship characteristics to each

arrival. The ship arrival times and the parameters representing

the ship characteristics are stored into the array PARMAX.

Ship arrivals are generated by accumulating interarrival

times, each of which is generated through random selection from

an exponential distribution. From the function,RANDU,a random
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number is first obtained from the uniform distribution over the

The interarrival time, then, is the value of ginterval 0 l.

since that:

X

dx
l m

where R is the random number on the interval 0~ 1 and m is the

mean interarrival time, then:

g  interarrival time! = -m log l-R!

but since l-R is also a random number:

X= -m log R!

The ship characteristics table is stored in the array FPAR. Each

row of this array contains parameters representing values of the

various ship characteristics and describing a single ship type.

The initial entry to each row is a relative frequency of occurance

of this ship type and the variable NFEQ is the total of the rela-

tive frequency counts. Again the function RANDU is used to generate

a random number, R, from a uniform distribution on the interval

0 H l so that R*NFEQ is some number in the interval 0+ NFEQ. The

value of R*NFEQ is then compared to the accumulated relative fre-

quency count to determine in which interval it falls and thus

identify one of the listed ship types. The parameters of the

corresponding row of FPAR are then entered into the PARMAX matrix.
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FEAS I

The subprogram FEASI determines, by matching ship type to

berth type and ship length and draft to berth length and depth,

which berths are feasible for each arriving ship. This routine

generated the matrix A S,B! where S is the count of Rips and B

is the berth number. The value of each element of A S,B! is zero

if the ship and berth do not match, l otherwise.

MAXO

The subprogram MAXO is used by MAIN in sorting ship arrivals

by priority and time. The routine determines the earliest arriving

ship from among the lightest priority arrivals.

ASSIGN

The subroutine ASSIGN is responsible for prescheduling ships

to berths � based on the expected arrival times. Before entry to

this subprogram, all ship arrivals in the PARMAX array will have

been sorted, in MAIN, into priority order and, within each priority

into arrival order. The array KAVAL is used in ASSIGN to indicate

availability status of all berths. If a given berth is expected

to be or become free within the current time period, the correspond-

ing element of KAVAL is set to 0. Otherwise its value is l. The

array TREL also contains one element for each berth in the port

system. The values of the elements of TREL indicate the expected

release times for the corresponding berths.
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Each ship arrival entered into the PARMAX matrix is

examined in sequence and from among the feasible berths for

that ship, the one with release time closest to, but still

earlier than, the ships expected arrival time, is selected.

If no feasible berths become free before the ship arrival,

the first feasible berth to be freed will be chosen. This

berth becomes the prescheduled berth for that ship. If no

feasible berths are available during the current time period,

the ship is placed in a queue status � no berth prescheduled.

Once a berth has been prescheduled to a given arrival, that

berth's release time is advanced by the expected service time

for the arriving ship, where expected service time is based

on cargo volumes expected, no. of service units available, and

load/unload rate of service units. If the new release time

extends beyond the end of the current time period the berth is

immediately placed in the "not available" status  KAVAL=l!.

DEV

The subroutine DEV generates and applies random deviations

from schedule to ship arrival time and to cargo import and export

volumes. Normally distributed, random variates are determined

from the routine GAUSS.



SIML

The subroutine SIML handles the actual simulation of a

single time period. This routine is entered at the start of

each time period. In an itterative procedure it determines

a next event time, advances the simulation clock to that time,

identifies the type of event and then enters the activities

sequency appropriate to that event. This process is repeated

until the event "end of time period" is encountered when the

SIML routine is exited.

WHEN IERLY IF JF KF!

The subroutine WHEN is the routine that actually determines

the next event from the tables of event times. It searches

over berth release times, ship arrival times, terminal limit times

and end of time period to determine the earliest impe~ding event.

On exit from WHEN the variable IERLY contains the next event

time, the variable IF contains a code identifying the event, type,

the variable JF contains the port subsystem number in which the

event occurs, and the variable KF contains any berth number or

ship number that may be required to identify the event location.

For example, if the next event is a berth release, the KF variable

will hold the berth number.

BERT RL   J ! K, IF !

The BERTRL subroutine carries out the activities sequence

called for when the next event is either "ship overdue" or "berth

release." Details of these activities, along with flow charts, are

presented in Sections 3.3.4b! and c!. The input variables  J,K,IF!
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to BERTRL are, respectively � subsystem number, berth number,

and event code.

NEXT  J,L!

The subroutines NEXT, IDPT, PLOW, LITT, TBIS, CARGO, and

RELEAS are used primarily by the BERTRL routine. NEXT is used

to determine, for any berth at any time, the next ship scheduled

for occupancy. Again J and L are input variables containing

subsystem number and berth number.

IDPT  J L,N IR!

The routine IDPT determines, for a given ship, the expected

service time at. a specified berth. This is calculated from the

cargo volume to be loaded/unloaded, the number of service unit

expected to be available and the expected rate of load/unload

per service unit. The calculated service time is added to the

berth availability time to give an expected time of release  IR!

for that ship at that berth. The input variables J,L,M are,

respectively, subsystem number, berth number and ship number.

FLOW  J,K!

The routine FLOW calculates, for terminal K of subsystem J

the value

V -V
m. x.

3. i
V +V

m. x,
i



where summation is over all ships at the terminal, and V

V and u are import, export cargo volumes and number of service
X

units at each ship.

This value is used in calculating ship service rates when

the terminal is full or empty.

LITT  J K T,Ll, TO

The routine LITT calculates, for terminal K of system J

the time at which terminal storage will reach capacity T. The

equations involved in this calculation are presented in Section

3.3.2.3. The variables TO and LI are, respectively, the initial

terminal capacity and initial time.

TBIG { J g K ~ L l HALO g TO!

The subroutine TBIG is essentially the inverse of LITT.

It calculates the terminal capacity, for terminal K of subsystem

J, at time Ll, given LO and to the initial time, and initial

capacity of the terminal. Again the relevant equations are

presented in Section 3. 3. 2. 3.

CARGO { J K, L, N!

This routine determines the volume of cargo remaining to be

loaded/unloaded for ship M, at berth L, terminal K and subsystem

J. This is calculated from given initial cargo volumes and times

and from the number of service units and their rates of loading/

unloading.



RELEAS  J,K,L,M!

The routine RELEAS determines, from load/unload rates of

service units, number of service units and cargo volume

remaining, the expected release time of ship M at berth L of

terminal K in subsystem J.

TERM  J iK!

The subroutine TERM is called when the event "terminal

limit" is encountered. Within this routine the new load/unload

rates for service units are calculated to match the terminal

throughput balance requirements. Again J and K refer to sub-

system and terminal number, respectively. TERM calls on the

routine FLOW in calculating service rates.

END

The subroutine END is entered after SIML encounters the

event "end of time period." Within this subroutine, queue

statistics and throughput statistics are saved and printed out.

The printout statistics are described in Section 3.3.5.2

IROUND  A!

This routine rounds the real variable A to an integer variable.

RANDU and GAUSS

RANDU and GAUSS are both IBM supplied random number generators.

RANDV generates numbers from a uniform distribution on the interval

0 ~l. GAUSS generates numbers from a standard normal distribution

mean 2ero and standard deviation of one.



USER INSTRUCTIONS

1 Card 1 � variables NDAYS, N9, NS

format �I3!

NDAYS is number of days of simulation

N9 is the output unit for detailed simulation printout

N8 is the output unit for statistical summaries

2 C axd 2 variables 1X1 XT IMK g IT IHE i NSYS NN

format  I6,4I3!

IXl � seed fox interarrival time distribution

XTIHE � numbers of time units per time period

ITIME � initial simulation time

NSYS � number of subsystems in the port

� initial ship count number

3 Card 3 � variables IX, NSAN, NFEQ, NSPO, NP

format  I6,4I3!

seed for ship type distribution

number of ship types

IX

NSAR

total relative frequency count for ship type
 see Section 6 above!

NFEQ

f ixed value o f 10

f ixed value o f 14

NSPO

Input data to the port simulation model has been described

in Section 3.3.5.1. In the following section, formatting details

for data input will be presented:



4 Card 4 - variables FPAR array

� format �4 I5!

One Card 4 for each of NSAN ship types.

relative frequency count

ship type

import cargo volume

export cargo volume

maximum ship cargo capacity

not Used

maximum number of service units the ship can use

not used

not used

FPAR-1

10 � subsystem number

ll � ship length

12 - ship draft

13 � not used

14 � not used

5 Card 5 � variables NPR array

� format �I3!

or not for system J.

6 Card 6 � variables JCAT, JPAM

format �I3!

twice the number of systems for which priority
is used

JPAM

number of ship types � up to 5JCAT

NPR J! is 1 or 0 index to indicate whether priority is used
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7 Card 7 � variables PRNTX array

format �X 3!

As many card 7's as the number JPAM. Every other card  even

numbered cards! is not used and may be left blank. The remain-

ing cards indicate priorities to be assigned to each ship type

within each subsystem. For example, the 2nd card lists priorities

for the nth subystem for which priorities are used. PRMTX�n,k!

is priority for kth ship type in system n.

8 Card 8 � variables LTYPE, LXNPO, LEXPO, LSIZE, LBUIM, LBUEX,
LTYPI, LTYPX

format 8X2!

LTYPE � the value Ol

LXNPO � the value 02

LEXPO � the value 03

LSXZE � the value 04

Remaining variables may be zero.

9 Card 9 � variable NPB

format  X3!

NPB � the value ll

10 Card 10- variables NNB

format � I 3!

NNB J! - number of berths in system J
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11 Card ll � variable NIDI

- format�0I3!

NIDI J! - raise in priority for ships remaining in queue

at end of a time period � system J

12 Card 12 � variable ILAM

format  I6!

ILAN � mean interarrival time

13 Card 13 � variable HCONP

format  I 5!

NCONP � total number of terminals within the port

14 Card 14 - variable SRATEl, HATE, CAP arrays

format �F6. 0!

One Card 14 for each terminal  NCOMP! in the port.

SRATE1 k! � load/unload rate maximum for service units.

RATE k! � maximum flow rate through land side of terminal

CAP  k! � terminal maximum storage capacity each for
terminal k

15 Card 15 � variable MPLX array

format �I6!

One Card 15 for each terminal.
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16 Card 16 � variables IRRD, IRRL, Ix3, Ix4

format �?6!

IRRD � standard error in ship arrival time deviations

ARRL � standard errors in ship cargo volume

Ix3 - random generator seed for ship arrival time
deviation

� random generator seed for ship cargo volume

17 Card 17 - variables PARBER array

� format  llI5!

One card for each berth in the port. These cards must be

sorted by subsystem number.

PARBER J,I,l! � not used on input

 J,I,2! - berth identification number

 J,I,3! - berth type identifier

 J,I,4! � berth length

 J,I,5! � berth depth

 J,I,6! � not used on input

 J,I,7! � not used on input

 J,I,8! - not used on input

 J,Z,9! - not used on input

 J,I,10! � terminal to which berth belongs

 J,I,ll! � not used on input

Each for berth I of system J.
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