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AB STRACT

The queuing theory approach to the analysis of ports is developed
further for the traditional one stage queuing model, and extended to
cover storage space as well as berths. The indirect cargo transfer
operation is modeled as a two stage process: ship to berth, and berth
to storage. For a ship to be unloaded, both the berth and a suitable
amount of storage space must be free. Considering both the berths and
the storage spaces as servers, a two stage queuing model is developed
(assuming the assumptions of the M/M/n/s/FIFO queuing model hold at each
stage), and expected wait time is computed. Then the cost of the delays
is balanced against the cost of berths and storage space to determine
the socially optimal port expansion strategy.

Then using microeconomic theory, optimal berth and storage occu-

pancy charges are derived considering the difference between social and

private marginal cost created by the congestion effect.
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The algorithm that finds the optimal number of berths and of
storage spaces, as well as nine other programs applicable to port
Flanning,have been coded on a programmable calculator and documented#*
for easy use by others. Because in an analysis mean service time at
both the berth and the storage area is usually not known with certainty,
the programs parametrically vary the service times over any range

desired by the user to give the decision maker a matrix of optimal

expansion strategies for varying mean service times.

Thesis Supervisor: Ernst G. Frankel

Title: Professor of Marine Systems
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CHAPTER I

Introduction

1.1. Models in Port Planning

The techniques of port planning have come a long way
from the simple treatment of the capacity of specific
port elements, usually aimed at meeting single demand, to
the present-day approaches of multiobjective, multipurpose
integrated planning of large port systems.

Accordingly, the computational techniques available for
port planning have evolved from numerical and graphical
methods, appropriate for hand calculation and a variety of
computer-based mathematical models, capable of analyzing
with unprecedented detail the physical and economic behavior
of complex port systems.

Planners are called upon to provide decision-makers
with suggestions as to which elements should be built,
where, and when and to Qhat sizes, and how they should be
operated to achievé the desired objectives, which may
include increasing national income, regional.development,
environmental quality, and so on.

The answer to these questions, even for relatively small
problems, involves the analysis of a number of possible
alternative combinations of types and sizes of the element,

time of execution, etc. In many cases, the number of



alternatives may, by far, exceed the planner's capacity
to evaluate them all. Therefore, planners have turned to
the development of computer-based mathematical models

in an attempt to overcome the complexities and time-con-
suming aspects of the analysis. The models developed in
the field of port planning might be classified into two
general categories:

l. optimization models; and

2. simulation models.

In general, optimization models are descriptive and pre-
scriptive in nature. They are descriptive in the sense

that they necessarily incorporate mathematical relationships
which to some extent translate the particular physical,
economic, and political and social aspects of the behavior
system. They are also prescriptive because, through an
objective functicn which measures the efficiency of the
alternatives in meeting the objectives, they generate the
solution which is meant to be optimal, at least im the
.ramework of the mathematical proble.a1 formulated.

The cptimization models are usually based on existing
algorithmg or theories, formulated tc solve special types
of problems characterized by the nature of their mathematical
relationship. These algorithms or theories often face a
severe direct limitation on the optimization models with
respect to size of the problem they can handie, the type

of mathematical relationship they accept, or indirect



limitations, through the data that is reauired.

among these theories {(algorithms ), the one with most
widespread application in port planning has been queuing
theory, mainly for its close relation to port system and
and its relatively low cost. Simulation models, on the
other hand, are only descriptive in nature. They are not
bound to the restrictions of the optimization models in
the nature of the mathematical relationships allowed that
translate the real time behavior of the system, or its
economic responses. They are limited mainly by the data
available, the size of the computer to be used, and time
and budget constraints. They can, therefore, include a more
realistic representation of the problem at hand, and provide
a far more accurate answer to the physical and economic
responses of the system under a variety of external conditions.
But they cannot do more than evaluate these physical and
economic responses for a given system configuration. In the
face of a generally infinite number of potential solutions,
they lack the mechanism that can enhance improvement of their
present system configuration toward an optimal solution, which
is the ultimate objective of any planning effort.

1.2 Goals of the Present Study

Within the framework of the "optimization models",
specifically those using queuing theory, there is room for
simplification, incerporation of a more realistic represen-
tation of port system configuration, and additional uses of

the model result.



The main goals of the present study are the develop-
ment of a new approach to port expansion planning, using
one and two stage queuing models, that is perhaps more
systematic, realistic and general than the traditional
approach; and the development of a port occupancy charges
model using queuing models in combination with microeconomic

theory.

A further goal of this study has been to develop analysis

tools that require only data that is generally available, have
quick response time, do not require much computation capacity
and that can be used by an analyst or technician without his
being intimately acquainted with queuing models. The need
for such tools has been addressed in a research project at

MIT (Responsive Analysis Method Project, or RAMP) 1/ in

which a number of programs were developed for programmable
pocket calculators , dealing mostly with urban transportation

analysie. In like manner, the analysis procedures developed

in this study have been programmed for pocket calculators

and meet the requirements of simple data, simple user
instructions and clear output interpretation. Thus in many
cases port planners can have all the computational power
necessary for a quick, accurate analysis of port planning
with a pocket calculator (present cost are less than $400).
The result of this study seem to indicate that these goals

were at least in large part achieved.

1/ See reference 51



CHAPTER 1I

Application of Queuing Theory to Ports - General Review

2.1 Introduction

Although the application of queuing theory to the analysis and
planning of port facilities iz quite recent since the middle sixties,
it is now one of the tools that port planners and designers use more
frequently.

There are many reasons that such a tool aas gained acceptance.
One of them is that queuing theory has served to present, in clear and
challenging form, one of the basic problems in the control of operational
systems. The simple inverse relationship between the delay in getting
gserved and the fraction of time the service facility is idle is one of
the most obvious examples of the dangers of sub-optimization. If the
service facility is used with little or no idle time, the delays imposed
on customers become large; if the arriving units are to be served with
little or no delay, the service facility must be idle an appreciable
fraction of the time. A desire to find a solution to this basic dilemma
bras caused a proliferation of queuing theory, with well established and

.

general results. Another important reason is that port operation systems
and the design variables (number of berths, cranes, storage areas, etc.)
associated with the analysis and/or p1&nning of port facilities fit
very well into the framework of a queuing model. Furthermore, as will

be demonstrated later, the basic assumptions over which queuing models



are based are in accordance with real port situations.

I will present in this chapter a general review of the structure
of queuing mocdels, the main assumptions involved, and the formulation
and equations of the M/M/n/FIFO queuing model adapted to the parameters

related to the port failities and to the use of programmable calculators.



2.2 Characteristics of Queuing Systems

Any queuing systemis characterized by the arrival of customers to
a facility demanding service, the servers rendered, the rules used to
select customer for service (if any), and the system capacity.

A schematically representation of two gueuing systems is shown in
Figures 2.1 and 2.2. Such systems, as well as any other queuing system,
are defined when their basic elements are fully specified, i.e when

- the arrival pattern

- the service pattern

= number of servefs

- system capacity

- gqueue discipline
are given and/or assumed.

2.3 Queuing Notation

Since there exists a proliferation of queuing models, a more or.
less international convention of symbolic identification of queuing models
has been developed (See reference 15),

According to the specification of the above elements, queuing models
are identified as follows in the A/B/N/C/d model, where

A = symbol for the interarrival time distribution

symbol for the service time distribation

B =

N = number of servers

C = system capacity (maximum queue length)
d = queue discipline.
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Figure 2.2 Series (Tandem) Servers-Multichannel Queuing System




Table 2.1 Queuing Notation presents a list of the most common symbols

used to identify gqueuing models.

2.4 General Assumptions

There are many alternative assumptions that can be made about the
various elements of a queuing system as can be seen from the list on
Table 2.1. |

With respect to ports, the assumptions about ship arrival and service
time distributions are the most relevant and crucial. (Actually there
are two important aspects that should be considered before using any
queuing model, namely the identification of the relevant service stations
in a port and whether or not the service stations are truly cooperative.We
assume that they are truly cooperative, in this work) In this way the num=
ber of service stations can be specified according to the actual layout
of the port, and the queue discipline according to the operational ru;e
used. In most of the cases the capacity of the system (ﬁwaiting rocm"
capacity) is assumed to be infinite as seems to be the case.

A general procedure to select one of the several queuing models
possible is shown in Figure 2.3. This procedure involves a great deal
of data analysis and is one of the critical stages in an analysis and
planning of port facilities using queuing theory.

It is worth noting that in specifying each one of the basic elements
in this way a simplification of the real situation is inevitable. However,
this is in no way different from what occurs in any other type of model,
and represents the price that one must be willing to pay in order to have

a tractable model.



Table 2.1 Queuing Notation 1/

Element

Symbol

Description

Interarrival-time

distribution (A)

8 ©

Exponential
Deterministic

Erlang type k (k=1,2,...)
General Independent

Service-time

distribution (B)

OxFJUZ

Exponential
Deterministic

Erlang type k (k=1,2,...)

General
Number of service n 1,2,...,n
stations(parallel) (N)
System capacity (C) 1,2,...
(Queue size limit)
FIFO | First in, First out
LIFO | Last in, First out
Queue discipline (4) SIRO | Service in random order
PRI | Priority
GD General discipline

1/ Source: Queuing Systems, Vol I by Kleinrock, Leonard
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Queue Discipline
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4

Select Appropriate
Queuing Model

Search For Other Model

Figure 2.3 A Procedure to Select a Queuing Model
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2.5 Port-Related Assumptions

As was pointed out in the last section, there are many alternative
assumptions that can be made about the principle elements of a queuing
system, most critically the assumptions concerning arrival and service
time distribution. We will deal throughout this thesis mainly with the
M/M/n/</FIFO model. That is, we are assuming that ships arrive at random,
implying that the distribution of arrivals is described by the Poisson
distribution, and that the duration of the service times is random,
fitting the negative-exponential distribution. The validation of these
assumptions depends on the particular situation of each individual port
and is not in any way generally valid. However, in a fairly large number
of cases (references 1,2,3,4,5) it seems that the Poisson and negative-
exponential distribution are good approximations to real port situations.

It can be said that in general ships arrive at ports in a random
fashion. chever; this assumption may not be valid for passenger liners,
container ships, ro-ro ships and tankesrs, which need special berths
and follow more or less strict schedules. Therefore, we exclude from
our analysis the facilities associated with them.

The assumption regarding the service time stipulates that the time
required to serve a ship is independent of the time required to serve the
ship just serviced, and does not influence the service time of the next
ship.

The service time is regarded as random since there are numerous
random factors .affecting it. This assumption would be unrealistic if

there were functional relationships hetween the service time and a

12



small number of variables; however, this does not seem to be the case.
Although widely accepted, this assumption has been challenged by some
authors; however a complete refutation of i: has not been shown so far.

There is some evidence that assuming the service time distribution
tobe 'negative-exponential" will result in a little bit conservative
(higher) estimatés of some queuing measures, such as the waiting time,
in comparison with the result that can be obtained assuming an Erlang
Type K (k = 2 or higher).

A;yhow, we need to keep in mind that each set of assumptions needs
to be tested in every particular case.

2.6 Test of Assumptions

The principle assumptions (arrival and service time distributions)
can be verified in several ways. Among them the following two are
cocmmonly used:

1. Verify that the ship arrival distribution is Poisson and the
service time (including all relevant aspects) is exponen-
tial. The data needed to carry out this are:

a. an estimated mean arrival rate during certain
periods (considered as a sample)

b. an estimated mean service rate. Alternatively, the
mean time betweer. successive arrivals and ship

service completions can be used.

13
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2., Verify that the distribution of number nf ships
in port in a given period (sample) fits the distri-
bution implied by the model. For this we need the same
information as above plus the number of berths used in that
period to provide services.
2.6.1. 7.2 Arrival Distribution Test
If the ships arrive at random, implying that the distribution
of arrivals is described by a Poisson distribution, we can define
p(V) as the probability of V ships arriving in port as: ]
MY e -2

p(v) = (2.1)
v!

where

>
n

mean number of arrivals in unit time
v = as described before.

The expected frequency F(V) of V ships arriving at a port in a given

period T can be expressed as:
F(v) = Tp(Vv) (2.2)

Bquation 2.1 is known as the Poisson distribution, which have a mean

and variace equal tol . Since we do not know which specific Poisson

distribution to expect, i.e. which value of A to use, we use for A

the mean of the sample:

.
A = v=0 V £(v) (2.3)

14
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where
f(‘v) = the observed number of days, in pericd T (sample), that V¥,
ships arrived at port.
In order to decide whether or not the ship arrival data constitute a
sample from a population with Poisson distribution, at some significant

level, ® , we use the chi-square ( Xz) test by defining a statistic as

2
i=1
F{vi)
where
r = number of categories within which the sample values fall
vy = value(s) of v associated with category i

If certain cr:i.te‘ria are met, this statistic has apprcximately a chi-square
distribution with £ degrees of freedom, where

£ =r-2.
Then if we consider as the null hypothesis that arrivals are Poisson
distributed, we reject the mull hypothesis at significance level ¢
if the calculated value of )(2 exceeds the value of Xza £

As we pointed out in chapter one, several programs for programmable
calculators (TI-59 in this case) have been developed thrlough this thesis
to campute most of the formulas involved in the application of the
M/M/n model to ports. One of these programs "port Traffic X2 Goodness
of Fit Test ships Arxival Distribution” is described in Appendix I.

An example follows to show how we can test the ship arrival dis-

tribution and at the same time the output of the program mentioned above.



Example 2.1

The following data of ship arrivals during a year at the hypc-

thetical port is given in Table 2.2, and used as imput in the program.

The output is shown in Table 2.3.

Table 2.2 Ship Arrivals at a Port

Number of Days That,v
Number of Ship Ships Arrive at Port
Arrivals (v) (observed)
0 (0]
1 3
2 10
3 21
4 43
5 56
6 6l
7 57
& 42
9 28
10 20
11 12
12 8
13 4
14 0
14 0

From Table 2.4 and with 5% level of significance, we have
X% . = 18.31
.05,10 .
Since x2 computed / 3.210392) does not exceed this value, we have
no reason to reject the hypothesis that the ship arrivals dist;ibution

is Poisson.

16



Table 2.3 Ship Arriwval Distribution Test. Program Output

Observed number Computed (Poisson)
Number of ship | of days that v ships |[Number of days that v Bverage
arrivals,v arrive at a port W ships arrive at poxt ship aerivals
Wy .
0- A 5’ Qrgg
3 TN
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14, B 320‘854
Grouoed| Number of Observed Data |Computed Data Degrees of 2
Category|ship arrivals|grouped f(vj) |Grouped F(vj) freedom X
0. i 13 RO -la
1. 2. B w.r 502668
.2. 3. p (N £%. 17861433
3. 4. ;'3‘ 40, ”“3602
4. S. -2 3. ¥ e 2752
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Even at 10% level of significance, we cannot reject the hypothesis, since

X = 15.99

.10,10
Therefore in this hypothetical case, ard in several real life situations
(references 1,2,3,4,5) the ship arrivals distribution can be said that
it follows a Poisson distribution.

It is worth noting that we use the level of significance and the
degrees of freedom to reject or accept the hypothesis that ship arrivals
followed a Poisson distribution. In many studies there exists a little
bit of ambiguity about the meaning of the level of significance. Instead
of testing the hypothesis, they define some ranges of "good" and "bad"
fit which are subject to some controversy.

Also it is very important tc note that we are talking about the
ships arrival distribution and not of the distribution of ships at
port, which is completely different to the distribution mentioned a.'bdve;
for it one cannot use Equation 2.1 for a test. I make this clarification
since this is a common mistake made in many cases. In the next secfion
the appropriate formula to test the distribution of ships at port will
be presented.

2.6.2 _The Shivs Distribution Test

Under the assumptions that ships arrive at random, implying that

the distribution of arrivals is described by the Poisson distribution,
and that the service time is a random variable fitting the negative-
exponential distribution, and that we are dealing with a multi-channel

queuing system with parallel service stations, no limitation in the
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queue size and FIFO queue discipline, queuing theory provides us with
well established formulas. As was pointed out, we need to know, in this
case, the arrival rate, the mean service time and the rumber of berths
involved. Then from queuing theory we find that p(ng), ﬁhe probability
of ng ships present in port (both those waiting for service and being

served) at any given time is expressed as:

ng .
(np) p(0) if n.< ng
p(ns) =4 n"s' (2.5)
(p)'8 nh p(0) if n<pg < ®
ni
where
AS
P = berths utilization factor =
‘ n
n = mumber of berths
S = mean service time
A,ng as defined before, and
=1 i =1 '
i (no)” (np)" (2.6)
p(0) ={ % + :

Also, we can check the probability, p(vh ) of va ships waiting for

berths (in queue) and the probability p(vyp) of v ships at berths as

follows:
n .
z iILEl} p(0) for v =0
i=0 1! q
P ) 2.7
% =< (p) (n+ Va ) pn p(0) for vgq > ©O (2.7)
n.j
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and p(0) if vy = 0
p(vy) = (2.8)
< (np)'P
p(0) if 0<vp > n
vbl

An identical test to the one described in Section 2.6.1 can be
done by applying Equation (2.6) instead of Equation (2.1). The parameter
needed to complete the specification is p . A program and the user
instruction ("Port Traffic ‘x2 Gooﬁnessof Fit Test - Ships Distribution
at Port) is shown in Apperndix I. The outputs are similar to the first
program.

2.7 The Service Time Distribution Test

If we let
t = class interval of the time that ships spent at berth
(difference between berthing and deberthing time)

we can define the following theoretical distribution

-t
f(t) = e /to (2.9)
where
t, = mean duration of the service time between successive arrivals.

An identical test can be carried out using Equation (2.9) and the
2 . . .
equation of the ¥ statistic. Alternatively we can run a linear regression
to decide whether or not the distribution service time is "negative-

exponential”.

Theoretically, a "negative-exponential distribution of the

service time can be expressed as:
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“t/tm (2.10)

F(t) =1 - e
where
tm = the mean service time obtained from a log-linear
regression.
F(t)=the accumulative distribution computed from the
observed data.
Then, we can rearrange Equation (2.10) as follows:
1 - F(t) = e ¥tm

and define

y=1n [ 1 - F(t) ] = -t/tm

A regression of the form
y= a t (2.11)
where
a = -l/tm
can be performed and the value of tn, compared with to; also
the usual statistic associated with regression analysis can
be used to support our assumption.

2.8 Structure of the Queuing Model

There is a lot of information about the pért system that
we can get from queuing models. A detail list of the most
important information is given below:

- The probability of delays, i.e.the average fraction

of demand that is not given immediate service.
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- The probability of a waiting-time in excess of some given level
» i.e. for any fixed value of delay we can find the probability
that the waiting-time of a ship exceeds that value.

~ The average number of ships wéiting,both in the system and in
queue.

- The average waiting-time,averaged over all demand, or over
delayed demand only.

- Service stations (berths,etc) perfomance: average number of ser-
vice stations occupied and idle and service stations occupancy
rate.

All the derived formulas that follow apply to ports for whibh the

assumptions of an M/M/n/</FIFO queuing model are valid.

2.8.1 The Probability of Delay

The probability p(D),that a delay occurs:

(np)n
n! (1 - p)

p(D)= P o) (2.12)

The probability that a delay occurs means the probability that
there are n or more ships in the port and hence an arrival must wait

Equation 2.12 can be derived from Equation 2.8 by setting v_=n

b

2.8.2 The Expected Number of Ships in Queue

The expected number of ships in queue, ;é, can be expressed as:

h.v=p(D) —lf—p

q (2.13)

2.8.3 The Expected Number of Ships in Port

The expected number of ships in port (waiting for service and in
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service) , w , is :
w=np+w (2.14)
q

2.8.4 The Expected Waiting Time in Queue

The expected waiting time in queue, wq, is given as:

S

T (2.15

= p(D
wqp()

2.8.5 The Expected Waiting Time in the System

The expected waiting time for all demand, w, is

w=s [ p(D) + 1] (2.16)

—
n(l - p)

2.8.6 The Expected Value of Total Delay

The expected value (in time) = of total delay, TW, is
™ = Aw (2.17)

2.8.7 The Marginal Waiting Time

The marginal waiting time,MWT,is

8 (TW)
MAT =
F ' § A
[ n
= s<| (np) —_ 1 +n(l -p) +
=l (1~ o)
(l-p)n![(l-p)Z p) , _inp P
i i=0 it nl!
n;l (EE)l
it
no{f i=0 1l +1 > (2.18)
(l_p)“gl(np)i . _tnp)"
{=0 il nl _
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2.8.8 The Expected Waiting Time for Those Who Wait

The expected waiting time for those ships that are deleyed, q,

is expressed as
-
qg= — (2.19)
n(l - p)

2.8.9 The Expected Number of Berths Occupied

The expected number of berths occupied,no, is

n_= np (2.20)

2.8.10 The Expected Number of Idle Berths

The expected number of idle berths, n. . is
n = n{(l - p) (2.21)
2.9 Comments

In Appendix I a set of programs to compute most of the above
Equations is shown.

Almost all of these Equations involve a great deal of calculations
or the use of tables or diagrams. The programs developed made it very
easy to compute quickly and accurately each one of the above formulas.

Many impacts due changes in port operations can be evaluated with
only a few keystrokes. Although those programs are only a by-product
of this study, special care was ‘taken toc made them very functional and

useable.
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CHAPTER ° .I

Queuing Models. T.e Traditional Approach

3.1 Intrcduction

The application of queuing theory to ports is relevant for several
reasons. The two main problems to which queuing theory is ultimately
devoted as expressed in Chapter II are:

1. How many service stations are to provided to meet a giveh demand

for service?

2. What is the optimal capacity in accordance with specific valueis

of the relevant variables?

In ports the question of the optimal mumber of berths and the opti;
mal capacity can be regarded as the main expansion problem. The
traditional approach to this problem using queuin§ models, specifically
the M/M/n model, will be discussed in this chapter, and an algorithm
based on an optimal expansion criterion derived from the application of
the queuing model to ports will be presented. One of the reasons for
the incluéion of this model can be found in the following remark from
Jan de Weille and Anadarop Ray (Ref. 25):

"Though simple, the model has considerable analytical value, and

has already proven effective in analysing a mumber of ports in devel-

oping countries. It is easy and inexpensive to apply and theréfore

has a high payoff as an analytical technique."

3.2 The Traditional Approach

The traditional approach to finding the optimum mumber of berths

has followed the expansion criterion defined as follows.
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The optimum number of berths is the number of berths for which the
anmial cost of the time that ships spend waiting for a berth and related
facilities plus the anmial cost of providiig those berths and related

facilities is minimized. Therefore the cost function can be expressed

as:
TCOST = T {cn+ V [Wq(n)]} “ (3.1)
where
T = period of time {usually a year)
n = mumber of berths
c = average berth cost per unit time (derived from berth construc-
tion cost)
V = average ship waiting time cost
Wq(n)= Expected queuing (waiting) time

Some authors prefer to use a measive of berth idle time_and use a
so-called berth idle time cost. This assumption can be challernged in
many ways, but as will be shown, its use has only an impact on the magni-
tude of the cost function and not on the optimum mumber of berths.

Fiqure 3.1 depicts the relationship of the cost function and the

mumber of berths.

3.3 Optimum Number of Berths

I will use the cost function defined by Equation (3.1) and the M/M/n
queuing model described in the last chapter to derive an "optimum expan-
sion strategy" or expansion criterion. Substituting Equation (1.23) inte

(3.1) we have

TCOST =T { cn + V [p(0) ;ﬁfﬁ]} {(3.2)
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Z— Total annual cost

Annual berths cost

Annual ship waiting cost

Number of berths —»

Figqure 3.1 Total Annual (Cost vs Number of Berths
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and substituting Equations (1.7) into {1.10) and (1.10) into (3.2)

yields:
n
TCOST =T { cn + VI r(l?:’i_p) X — -1 X
i ¢ tnp)* . (np)"
i=0 i! n!{i-p)
n
_ ‘ (np) s
=T { cn + VI 1 o )i X T1<9) 1}
(ne)™ + nl(l-p) & T
i=0 :
It can be seen that
cn increases as n increases,
(no) " '
1 1 decreases as n increases, amd
(np)™ + nl(1-p) = iggl—
i=0 -
;T%:ET decreases as n increases.

Therefore the cost function has a unique minimum.

Provided that the total cost function is contimiously differentiable

with respect to n, the efficiency cordition as to the optimum mmber of

berths,n, is obtained by taking the partial derivative of Equation (3.1)

with respect to n and setting the result equal to zero:

ATCOST =0
on
This becomes
c+V 3Wq(n) =0
on -

or

29
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awq(n)

C
on Ty _ (3.5)

However, since we are talking about choosing the number of berths
an indivisibility problem is unavoidable. (One way of getting around
this problem is considering total berth length instead of number of
berths, but the analysis becomes more complicated.) Generally speaking,
factor indivisibility should not be disregarded where an addition of
a unit of a factor constitutes a relatively substantial additional cost.

In order to deal with the indivisibility problem we can get a
good approximation of Equation (3.5) by defining:

Bwq(n)

- = Wg(n + 1) - Wg(n) (3.6)

Then substituting Equation (3.6) into (3.5) and multiplying both sides
by -1, and changing the equality sign (since we now have an apprcoxima-

tion), we have
Wg(n) - Wg(n+l) 3 % (3.7)

Another way to find the optimum value of n is evaluating the cost

function for sequential values of n. Then the optimum is found when:

TCOST(n-1) > TCOST(n) < TCOST(n+l) . (3.8)

This relation is shown in Figure 3.2.
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It is very easy to show that both approaches yield the same result.

Equation (3.8) can be expressed as:
c(n-1) + V(Wq(n-l)) > cn + V(wq(n)) < c(mtl) + V(Wq(n+l)) (3.9)

Setting V[wq(n=0)] = » , and after some algebraic manipulation, we

obtain

V[ Wg(n) - Wg(ml)] > ¢ v - (3.10)
orxr

C
Wq(n) - Wq(n+l) ? v (3.11)

Our expansion criterion model is defined by Equation (3.7), which
can be paraphrased as:
"Expand (construct a new berth and related facilities) if the
benefit from reduction in waiting time exceeds the anmual cost
of the expansion."
Equation (3.7) is wore general since a table or graph can be constructed

as a function of the "cost index," c/V, defined as the ratio of berth

L/ A similar equation was used by Fook-Wah Ng in his thesis Anpalytical

Model for an Offshore Port Facility Reception. However, he committed a
tremendous mistake in multiplying the right hand side of the inequality
by the service time, i.e.,

v [Wq(n) - Wq(n+1)] > sc

which makes the equations and its results meaningless.
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cost (including the cost of related facilities) to the cost of ship
waiting time.

An important aspect of this formulation is that it will yield
the same results, using, for the berth cost function, either the
expected mumber of idle berths or the total berth cost, provided
that the cost of an idle berth is related to construction cost only.

In the former, Equatior (1.22) will be expressed as

TCOST = cn(l-p) + V[Wq(n)]

AS _ _
cn - cn n + V[Wq(n)] = Ccn clis + V[Wq(n)]
where
n (1-p ) = expected number of idle berths

and

ATCOST g (n)
AOS? _c+ v
on on

which is identical to Equation (3.4). Of course, the magnitude of
the cost function will be different, but the optimum numbe:: of bexihs

will remain the same in both cases.

3.4 Port Expansion - Optimization Algorithm (I)

As part of this thesis, the following algorithm has been
developed to find the optimum number of berths according to the .
expansion criterion as defined in Equation (3.7) in a more simple
and systematic way. Since average service fime is not known with

certainty, it is useful to find the optimum number of berths, n*, for
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many values of average service time, s. Therefore this algorithm is a

parametric analysis computing n* fcr increasing values of s.

1. Set range of service times to be used

Define:
8o = initial value of s (service time)
As = the increment of s to be used ( >0)
k = the number of values of s desired

2. Specify parameters
A = arrival rate
c/V = cost ratio
set flag if cost function is to be evaluated for n*
3. Initialize parametric analysis
i=0
n=2

4. 1Initialize search for n*

n n-2 l/

Wq (old)

5. n=n+1

6. Test if n = 0, if yes, go to 5, else contime

7. Compute p =sA/n . If pyl, print n and p and go to 5; clse
continue. '

1/ Begins search for optimal n at 1 less than n* for the last value
of s, since n* monotonically increases with s.
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s (np)"

8. Compute Wq

n- (np)i
n!(1-p)2 I —i—,—+n(1-p)(np)"
i=0 :

9. Compute Awq wq(old) - Wq
10. 1If Wq > ¢c/V , set Wq(old) = Wq and go to 5; else continue.

11. For present s, n* = n-1 is optimal.
Print n¥*.

12. 1If flag is set, compute and print TCOST(n*); else continue.

13. Set i=1%+1
s = + As

14. If i < k, go to 4; else stop.

The program based in this algorithm using the TI-59 is shown in

Appendix II

3.5 Implication of the Port Expansion Model

The above port expansion model can be thought of as a maximization
of net benefit, regardless of whom the beneficiaries will be, and as Jan
de Weille, et. al.point out, from a national point of view this would seem
to be the right approach, provided that all benefits accrue to the nétional
economy. Moreover ﬁe said that this will be true if the shipping industry
is operating under fully competitive conditions which force it to pass on
cost reduction in the form of freight rate reductions and therefore all
benefits will accrue to the national economy.

On the other hand if monopolistic conditions exist in the shipping
industry , some presure may be needed to obtain freight rate reductions,
or else additional port charges might be introduced to capture part of tkLe
profit. Any way it will be expected that after the investment in expansion,

sooner or later cost reduction will be reflected in freight rate reduction
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(eliminating cost penalties) and both parties will get their share of

the benefit.
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CHAFTER IV
The Two Stage Queuing Model: A New Approach

4.1 Introduction

The single stage character of the model presented in Chapter III
is all right as far as direct transfer of cargo between ships and land
transport vehicles is concerned. This is a single stage process. : But
in many ports, the direct transfer of cargo represents only a small
percentage of all cargo movements. The indirect route, i.e. the transfer
of import cargo from the hold of ?B? ship to the transit shed, and
after a lapse of time to the hold ;f a land transport vehicle (ard vice
versa for export cargo), is more dominant.

The justification for still considering one-stage models is the
following. The main function of transit storage is to make the opera-
tion of loading and unloading ships and inland vehicles independent
of one another. This waitiﬂg-room function will be performed perfectly
only when the transit storage holding capacity is practically unlimited.

However, a "waiting-room" between two process stages is hardly ever
of literally unlimited capacity (although if the cost of waiting-room
holding capacity is very small in relation to the cost of production
in the preceding and succeeding process stages the holdihg capacity might
be considered unlimited for practical purposes). A large amount of |
evidence against the last assumption can be found in the literature.It is
rare that storage space within the port area is sufficiently ample never
to be exhausted.

So long as port storage is not of unlimited'capacity the performance

of the two service stages will be connected. When the storage happens
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to be filled by cargo (because something is holding up the production
in the second stage), the preceding service stage cannot pass on cargo
which has been served, but this cargo has to remain in the first stage
(usually at the apron), blocking the service stations for following
ships. 1If nothing is done to relieve the original course of de}ay in the
second stage, the production of the first stage will eventually go down
to the level of output of the second stage.

If the service time considered in the one stage modellincludes the
delays of the other links, the results can be considered to be a reasonable

approximation of the real system. However, it is possible tc model the two

link involved, and have a better representaticn of the real system.

There is an important aspect of the storage area that will permit us
to build up our modél, namely that the time that a consigmment (cargo)
spends in the transit storage area is not primarily determined by the
capacity of the following service stage, but by the time that elapses
before it is collected by the importer (or in the case of export cargo,
the interval between receipt of a consigment at the port land-side aﬁd
the arrival of the applicable ship), i.e. the cargo dwgll time. This
fundamental fact is taken most adequately into account by making transit
storage a process stage in i* s own right.

The storage areathenplays both the role of waiting-room in the
ordinary sense of the word and that of as a service station in the
sense which is relevant in queuing models. The dwell +ime is determined
inrdependently of what is going on in the other service stages; that is

why the storage area is analytically analogous to a proper service stagé
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rather than just an in-between waiting-room. Hence, the dwell time is
to be viewed as service time rather than queuing time. This way of dealing
with the storage area is a new approach to port planning which will be

described in the nmext section.
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4.2 The Two Stages Multi-Chanrel Queuing Model

In this analysis we use the same assumptions as previously,
that ships arrive at random following a Poisson distribution and that
- the service time is negative-exponeatial.

However,in this two-stage model we assuma that ships may not
load/unload their cargo unless there is both an available berth and
available storage space. Then the expected queuing time in the two

stage multi channel system,can be derived as follow:

Wg = expected queuing time of all ships

pl = probability that every relevant service station in the
first stage (cranes,berths, etc) are occupied when a
ship arrives.

p2 = probability that no storage space is available (Storage
space is defined as the area needed to store an average
ship load).

expected time before a service station in the first stage

ql
is free on occasions when a ship is delayed at the first
stage
g2 = expected time before enough space is cleared on occasions
when a ship is delayed at the second stage.
Then the joint probability that a ship will be delayed can be

expressed as:

p(belay) = pl + p2 - plp2 _ (4.1 )

40



Now delays can cccour under the following combinations:
1.- The stations in the first stage are fully occupied,and
the stations in the second stage are not.
2.- The stations in the second stage are fully occupied,
and the stations in the first stage are not.
3.- The stations in both stages are fully occupied.
In case 1, the expected delay is simple ql. In case 2, the
expected delay is q2. In case 3, the expected delay is the maximum
of gl and g2. (An arriving ship will have to wait until there is both
free space at a berth and in storage. If the berth becomes free
before storage is free, it will still have to wait fbr storage to be
freed, and viceversa; so the maximum delay between ql and g2 controls).
Summing the expected delays in each case times their probabili-
ty of occurance, we get the total expected queuing fime as:

Wg = (Pl - plp2)ql + (p2 - plp2)g2 + plp2[max (ql,q2)]

plql + p2q2 - plp2(ql + q2 - max (ql,q2)]
This can also be written as
Wq = plgl + p2g2 - plp2[min (gql,q2)] 1/ | (4.2)
(Since if gl is maximum the third term became plpZ[qZ],ané if
q2 is maximum,plp2iql], i.e. plp2 is multiply by the minimum (gql,q2) ).
Bquation 4.2 is valid under the following general assumptions:

l.- The whole stcrage area can be used by all cargo.
2.- Arrivals of ship-loads are Poisson distributed.

3.- Service time in both stages is negative-exponential

1/ A similar Equation was used by Wah Ng (Ref.S50).

However he commited a mistake using as the third term a unweighted average
of ql and g2 (ql+g2/2), which mean that if ql=2 and g2=14 days,a ship will
wait 14 days. Actually it will wait 14 days [Max (gl,g2)],since is necesary
that both a berth and storage space is available.
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distributed.
The expressicn for 'ql and g2 is shown in Equation (2.19).
In the two stage case, there is a separate number of service
stations and service rate for each stage,gien below:

sl = mean service time in the first stage.

nl = number of service stations in the first stage.
s2 = mean service time in the second stage.
n2 = number of service stations in the second stage.

From the arrival rate, A , utilization factors for each stay.

can be computed:

_ A sl
pL = nl
(4.3)
A s2
p2 = n2
From Equation (2.19) the mean queuing time is found:
sl
a =TI - e
(4.4)

2 = s2
=021 - p2)

Similarly, Equation (2.12) can be adapted to give the exact

expression for pl and p2 :
(n1p1)"!
nl-l i nl
nl! (-pl) Z(nlgl) +(nlol)
i=0 il

pl

(4.5)

(n2p2)n2
' n2-1 i n2
n21(1-p2) I’ 12%%!) , (n202)

i=0

p2
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Substituting the values from Equations (4.4) and (4.5) into
Equation (4.2), the average queuing time in the two stage model can

be computed.

4.3 Port Expansion - Optimization Model. The Two Stage Case

The purpose of the model analysis of this section is to show,
in principle, how the dptimum capécity and output are determined when
the objective is to maximize net social benefit. By optimum capacity
I mean the optimum number of berths ( or other relevent stations at
the first stage) ‘and optimum amount of storage space.

In the next section I will use the model (Optimization Model)
to derive " optimum éort occupancy chérges " as an effortlto show that
there exist additional uses of queuing models in the port context.

The model that I will propose is still very general and some
important aspects are left out of consideration in order to keep a degree
of simplicity and clarity in the exposition.

Let us start defining the cost function:

TCost = F + bQ + clnl + c2n2 + v)\(wq + sl) (4.6)

where
F = Fixed cost
b = operating cost
Q = Throughput volume
cl = Cost per. uanit . time of berth and related facilitigs.
c2 = Cost per unit  time of storage area.
V = Average cost per unit time of ships at port.
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nl and n2 as before.

In order to fit the problem to the theoretical format, the
storage area is measured by the number of sub-areas, each of which
is sufficient to acccmoiate an average shipload. Therefore each of
these sub-areas is defined as a service station, yielding n2 service
stations in the second stage.

We will follow the same scheme presented in Chapter II ( The

traditional approach )to derived the Expansion Criteria for the two

stages queuing model. The main difference from the traditional approach
is that in this case the trade-off between gieuing cost of ships is made
not only against berth construction cost but also against storage space
cost, i.e. a new dimension has been added to the model to incorporate a
more realistic port system.

Provided that the total cost function (TCost) is continuously
differentiable with respect to nl and n2, the efficiency conditions
as to the number of services stations,nl and n2, are obtained by taking
the partial derivatives of TCost with respect to nl and n2 and setpiné
them equal to zero (as we did in Chapter Ii).

From Equation (4.6) we have

TCost= F + bQ + clnl + c2n2 + kaq + VAsl
_8 (TCost) _ '

cl + VvV 8 (Wy)
Sni Snl

8 (TCost) ., c2+V 8 (Wg)
n2 én2
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(Recall that wq = g (nl,n2,s1,s2,}).

In order te find the minimum we set:

§ (TCost) _ o
Snl a
8 (TCost) =0
én2
Then
8 [Wg (n1,n2,s.,52,1)]
cl +V - = 0
Snl
6[Wq(n1,n2,sl,s2,k)]
c2 +V =0
én2
or (4.7)
6[Wgq(nl,n2,s1,s2,))]
- = - cl/v
Snl
G[Wq(nl,nZ,sl,sz,k)]
= - c2/V

8n2
Again we get a good approximation of the above Equations (4.7)

by defining

G[Wq(nl,n2,sl,s2,l)]

= Wé(n1+1,n2,sl,sz,l) - Wq(nl,n2,sl,52,l)
dnl

(4.8)

6[W§(n1,n2,sl,s2,k)]

= Wq(nl,n2+1,sl,32,X) - Wq(nl,nz,sl.sz,X)
Sn2
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Now subtituting Equation (4.8) into (4.7),multiplying both
side by -1, and changing to inequality sing,we obtain our Expansion .
Criteria

Wq(nl,n°~sl,s2,k) - Wq(n1+1,n2,sl,sz,l) < cl/v

W&(nl,nz,sl,sz,k) - Wq(nl,n2+1,sl,52,l) < eN |

Solving simultaneously both Equations (using Equaticn (4.2)),
we get the optimum number of berth and the optimum number of storage
spaces. In the next secticn an algorithm to find the optimﬁm values
of nl and n2 will be developed.

4.4 Port Expansion - Optimization Algorithm (II)

This is an algorithm to find the optimum number of service stations
nl and n2 , for parametrically varying service times sl and s2. Service
times are increased by increments Asl and As2. The results are a table
of optimal number of service stations for K values of sl, beginning with
initial value sj;i [ sli,..., sli + Asl(K-1)] and L values of s2, beginning
with initial value s2i [ s2i,..., s2i + As2(L-1)].

l.Set range of services time to be used. Defined

Initial value of sl (berth service time)
Initial value of 82 (Storage service time)
Asl, the increment to be used for sl

As2, the increment to be used for s2

K, the number of sl desired

L, the number of s2 desired
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2. specify the parameters.

A, the arrival rate

cl/V , ratio of berth cost to ship cost

c2/V , ratio of storage area cost to ship cost
Let

j be a counter for s2

i be a counter for si

3. Initialize for present value of sl.
s2 = s2 initial
Initialize nl = sl)\/a
n2*= s2\/b ( a and b are arbitrary constant )
4. Initialize for present value of s2

*
Set nl (old) = C (C <0)

* ®
n2 (old) = n2

x *
*** For Present Value n2 , find optimum nl ***
*
5. Compute p2 = s2\/ n2

* *
6. If p2 21 Set n2=n2 +1, go to 5. Else Continue

7. Compute n2
n2! (1-p2)

q2 = 82
n2 (1-p2)

sl A/ nl . Ifpl<1l, gotoll . Else Continue

8. Compute pl

9. Set qu =® ; Wl =2
nl =nl +1
10. Compute pl . if Pl > 1 , go to 9. Else go to 14
11. Compute (nlpl )nl
pl = p(0)

nll(1-pl1)
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12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

sl

Q= ——
nl (l-pl)
qu = plgl - plp2[ min (ql,q2) ] = zi
= gt

Set z Zl

nl =nl +1
Compute pl
Compute zi

1f Azl= z, - zi > cl/V ,continue (search upward) ; else

go to 20 (search downward)

*** -Search Upward ialalel
= '
Set z, zl
nl =nl +1

1
If Az1 > ¢l/V, go to 16,else continue

Compute pl and z

* x
For present n2, nl = nl - 1 is optimal. Go to 27
***  Search Downward ***

Set nl = nl - 1 (Original value of nl for this iterarion)

'=oo)

If nl = 1 go to 27 (nl=1 is optimal,since for nl=0 z;

Else continue
Set nl =nl -1
Compute pl . If pl >1 go to 26 (Optimal found,since if

pl > 1, zi= ®), Else continue

1
If -Az; < cl/V go to 21. Else continue

Compute 2

L] *
For present n2 ', nl = nl + 1,is optimal
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27.

28'

29,

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

*** Optimum found ##*
*
Set nl = nl
*
Pl = pl(nl )
*
ql = ql(nl )
* * :
I7 nl = nl (old) go to 50. Blse set nl*{old)=nl* continue
* *
*** For Present Value nl , find optimum n2 ##»*
Compute p2 . If p2< 1 , go to 32 ; else continue
Set W 2= o=z
q 2
n2 =n2 + 1
Compute p2 . If p2 > 1 go to 30 ; else go to 35
Compute p2 and g2 (as defined above) .
Compute w§2 = P292 - plp2 [ min (ql,q2) ] = zé
t =z!
Set 2,2,
n2=n2 + 1
Compute p2
Compute zé
If A z,= z," zé 2 ©2/V continue (search Upward); else go
to 41 (Search Downward)
*** Search Upward #**x
= !
Set z,= z,
n2= n2 +1
Compute p2 and zé
If Az, > c2/V , go to 37 . Else continue
* *
For present nl , n2 = n2 - 1, is optimal. Go to 48
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41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

**%* Search Downward **#

Set n2 = n2 - 1 (Original value of n2 for this iterarion)

If n2 =1 go to 48 (n2 = 1 is optimal, since for n2=0,zé= )
Else continue

Set n2 = n2 -1

Compute p2. If p2 > 1 go to 47 (Optimal found, since if

)

p2 2},25

Compute z,

If -A22 < c2/V go to 42 ; else continue
* *
For present nl , n2 = n2 + 1,is optimal

*** Optimum found ***

*

Set n2 = n2
*
p2 = p2(n2 )
*
g2 = g2(n2 )
* -]
If n2 = n2 (old) continue (Search is ended) .Else set

* *
n2 (old) = n2 and go to 5
* * i
For present sl and s2 , optimum nl and n2 have been found.

Increment s2 and counter

Set s2 s2 + As2
i=3+1
If j < L go to 4 ,else continue

Increment sl and counter

Set sl = sl + Asl
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54. If i < K go to 4. Else STOP ,all values of sl and s2 have been

evaluated.

The program based in this algorithm using the TI-59 progra-
mmable calculator is shown in Appendix III

4.5 Optiwmum Port Charges - An Analytical Model

In reference (45) ,Dr Shneerson points out that port charges
which are consistent with the factor combination and output volume
which result from net social benefit maximization can be called "Optimum
port charges". In this section we wiil_develop an analytical model to
compute port charges based on the resuléb of the expansion criteria
model developed in las section. In many past studies queuing models
have been used to compute mainly the optimum number of berths or optimum
capacity of a port; we will show in this section that our model can also
be used to derive "port charges".. Some aspeacts of port related charges
such as stevedoring will be lef* out of this analysis . Nevertheless
the results obtained from this analysis are meaningful and applicable

4.5.1 Basic Consideration

We already have incorporated in the model presentéd in section
4.3 some measures of demand velume (factor combination) and established
a "design volume " indirectly from the net social henefit maximization
, through the use of the cost function and the expansion critefia model.

The- former can be interpreted as the products Xsl,lsz,used internally
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in the Equations to represent the total service-dav of ships,x
and the total transit storage-days of the cargo,y. These are used to
calculate the expansion paths of the number of service stations nl and
-

n2.The latter is associated with the optimum values of nl and n2.

4.5.2 Port charges Model

Under marginal-input pricing policy, every occupant of a service
seation should be charged for the expected queuing cost caused to other
succeeding ships in order to raise the private cost faced by the indi-
‘vidual owners of ships and cargo to the level of social marginal cost.

From Equation'4.2.we can compute the average queuing time per
service-day for a ship as:

wq/x
where
Wq and x as defined above.
Now if we increase the arrival rate, this will vincrease x and raise
wq/x (Wq will increase at least at the same rate as x)
Then the marginal queuing time (the additional queuing time

caused by an additional ship) is:

§ (W._/x)
=1

N Q

Sx x X
The additional queuing time caused to all ships by a unit increase

in x is:
8 (Wg/x) S w W '
ks a 4 (4.9)

ATW =X =
4 Sx § x X’
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Finally the optimal herth occupancy chakge is obtained by

multiplying Equation(4.9)by the average value of ship's time V,so that
8 (Wg) W

Optimal berth occupancy charges= V[ - 1 ]
Sx P'q

14

(4.10)

Similarly , the optimal Storage occupancy charge, can be

obtained following the same argument as follow:

G(Wq/x) _ G(Wq)

Sy xSy
and the total addtional queuing time of ships caused by a unit increase
iny , is

JUMN 8 (W)

ATWq= X = (4.11)
x Oy oy

Again the optimal storage occupancy charge is obtained by
multiplying Equation ( 4.11 ) by the average value of ship's time V,
so that: _

$ (wq)
timal Storage Occupancy charge = V [ ]

Op g pancy g 5y

The main difference between these two charges is that the berth
occupancy charge is set equal to the social marginal cost minus the

private marginal cost, and the storage occupancy charge only to the

social marginal cost.
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Since Equations (4.13) and (4.16) are extremely difficult to compute,
I will use an alternative method, "the average cost of the marginal
plant" to éstablish the port charges under marginal-input pricing
policy which is a practical method of deriving marginal cost using
the ratioc of an incremental cost to the corresponding increment of
output as proxy for the social marginal cost.

The validity of this method rests on the following condition:
The quality of the level of services (product) has to remain the
same in the original situation, and in the situation after a capacity
(station) ad@ition has been made. When the level of services changes
(normally, improves) or capacity is expanded this method can be
correctly applied as follows: if.the original situation can be
assumed to be an optimum, it is not necessary to translate quality
of service to user costs, even if an improvement (or impairment) of
the level of service actually occurs as a result of a capacity (station)
addition. One can calculate the incremental cost per unit of the
additional output in the hypothetical case where the level of service
remains constant after a capacity (station) addition (reference 34).

In our case, if the utilization factor were kept constant after
adding another service station, which would make the incremental port
capacity cost per unit qf additibnal output equal to the average
port capacity cost, it is clear that the level of service would
improve, i.e. the average queuing time would fall. Therefore, in order
to apply the method mentioned above, we let an increase in the utili-
zation factor accompanying the addition of another service station,

which is chosen such that the average queuing time remains unchanged.
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Therefore, we need to find the level of service for which the

average queuing time is the same before and after the addition of a

service station.

Then outr berth occupancy charge can be derived using Equation (4.2}

as follows:

Wq (x*,y, ny+l,n3) Wy (x, ¥, nj,ny) (4.17)
x* - X =0
Then the optimal berth occupancy charge = e (4.18)
: X

where
c; = the incremental cost of a service station in the
first stage and
Ax = x* - x

amd the storage occupancy charge as

wq(xl y*' nll n2+1) wq(x' Y, nlr'.'»nz)

X X
or

wq(xl Y*I nll n2+1) - Wq(x, Y, nl, nz) = O (4-19)

Then the optimal storage charge is

C2

optimal storage charge = K; (4.20)

where
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cé = the incremental cost of a service station in the second

stage, and

by = y* - ¥

There are not systematic differences between the results obtained using
Equations (4.18) and (4.20) and the results obtainéd from Equations
(4.13) and (4.16).

These marginal costs due to queuing should be added to the other
costs of berth and storage use (labor, etc.) to obtain port charges
that reflect social marginal cost, in orde: to have the most efficient
use of port facilities to maximize net social benefit.

To find Ax, Ay, we use Equations (4.2), (4.17) and (4.19), the
results from the expansiop criteria model described in Section 4.2

and the half interval method to find the roots of Equations (4.17) and (4.19).

as well as the algorithm described in the next section.

4.5.3. Port Occupancy Charge: Optimization Algorithm

With the algorithm described below is possible to find the princi-
pal factor: Ax ( Ay ) to establish an optimum berth (storage) occupancy
charge as defined by Equation 4.18 (4.20). |

The berth (storage) occupancy factor is allowed to increase when
an addition of a service station in the first (second) stage occour, such
that the average_queuing time remain the same before and after the expan-
sion.

1. Specify parameters.

A, the arrival rate



4.

5.

n number of berth

ll
n,, number of storage spaces

Sy average service time (first stage) before expansion.
S+ average service time (second stage) before =upansion.

n;+1(n2+1) number of berths (storage spaces) after expansion.

Initialize for present values of o and s,

S]1 = s; initial
Sz = s, initial
ny; = nj initial
ny = ny initial

For present value of S1, S2, nj, n2, and X : Compute

x = S5)A 5 (y = spd)

Py = x/n31 ;i (p2 = y/ny)

(n2p2) n2

ny
0P ~ 50 p,= —=2 __pl0)

P1=

ny!(1-py) Nt (1-p,)

q; = s1/m1(1-p,) (qz sz/nz(l-oz))

Compute actual average queuing time:

We = P91 + Pyq, - pip2 [ Min (qy,q3) ]

q
Set 2 =W ' =
e q/x (2 Wq)
Define:
f(x*) = Wé(n1+1, ny, x*, y)/x* -2
[E(y*) = Wq(nl. ny+l, x, y*) -2')
Set lower bound
plL = x/n1+1 (p2L= y/n2+1)
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10.

11.

12.

13.

14.

Set upper bound

p1U = .999

Specify accuracy desired

e=a (a2>0)
Compute 1/ :
f(le) : f(xlU)
If f(le)

interval defined.
Compute:

£(( Xt xlU)/2)

If £(( X, + xlU)/Z) =0 x*=

L
Else continue

If f(le) £(( x1 + xlU)/2) >0 set

L

Else continue

If f(xlU) £(( x,_+ xlU)/2) > 0 set

1L

Else continue

If x, < € X* =

1L stop

If x x*

<
w= ¢

stop 10

(o

Else continue

20 .999)

f(xlU) > 0 stop,there is no root in the

11 *1u
2 , print the results.
X, _+ X
_ 1L 1
X= 2 and go to 13.
x. _+ x
_ 1L 1U
xlU_ ———;———— and go to 14.

*]L. Print results. Else go to 10

x. .. Print results. Else go to 10

Appendix IV shows the details of a program for TI-59 to compute port

occupancy charges based in the above algorithm . Table 4.1 show a sample of

the program output.

1/ The same procedure is used with y. For clarity sake we omited it.
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Table 4.1 Port Occupancy Charges. Program Output
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Tahle 4.1 Port Occupancy Charges. Program Output
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CHAPTER V

Sstudy of Hypothetical Cases

5.1 Introduction

Based on the queuing models described in Chapters 3 and 4 I will
examine two hypothetical cases.

The basic data for the first case was taken from the paper by Jan
de Weille and Anondarip Ray, "The Optimum Port Capacity" (Reference
25). The data in the seccnd case corresponds to a case used by Fook-
Wah Ng in his thesis, "Analytical Model for an Offshore Port Facility
Reception" (Reference 50). Unfortunately it was not possible to make
a comparison between the results of this study and those of de Weille
and Ray simcethey did nct present results for the expansion problem.
With the second case a good comparison cannot be entirely achieved
because of the error committed by Wah Ng (see footnote, pp.32 ).
However, the availability of the data and the desire to show the appli-
cability of the models were still incentive enough.for the presentation

of this chapter.

5.2 Study of the First Hypothetical Case

in Reference 25, de Weille and Ray used as the value of waiting time of ships
time of ships $1500/day (1974 dollars) for a 10,000-ton ship as indica-
tive of the order of magnitude involved. They have not attempted to
present orders of magnitude involved in berth construction cost since
this will differ from port to port, but they use in their case a berth

construction cost of $1 million. Amortizing this cost over a period of
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20 years at a discount rate of 10% (as in Reference 25) gives a c.r.f.
{capital recovery factor) value of 0.11746. Therefore the cost of

berth per day is approximately

1.0 x 10% x 0.12746 x 1/365

= 321

or say $325 per day. Therefore we can define

c = $325 per day
V = $1500 per day, and
c/V = 0.217

Using this cost ratio, the optimum number of berths was ccnputed
for different values of service time s (and annual berth-days required)
and different arrival rates, with the program Expansion Criteria: One
Stage Queuing Model presented in Appendix 2. Tables 5.1, 5.2, 5.3, 5.4,
5.5, 5.6, and 5.7 show the relevant results and Table 5.8 a sample of the
program output. The expansion path for optimum number of berths (n¥)
is plotted (from the data in Tables 5.1 - 5.7) as shown in Figures 5.1,
5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, and 5.10. In oxder to test the
sensitivity to the cost ratio of the various operational characteristics,
the optimum number of berths of ¢/V = .10833 and for c/V = .4333 was also
calculated and are tabulated in Tables 5.1 - 5.7.

As expected, when the value of ship waiting time becomes higher

(due to a lower cost ratic), the optimum number of berths increases,
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Table 5.1 Optimum Number of Berths-Annual Berth-day Required
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Table 5.2 Optimum Number of Berths-Annual Berth-day Required

Annual - Annual n ! Wq (n) N Opfimum I
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Table 5.3 Optimum Number of Berths-Annual Berth-day Required

Annual S Annual n Wq (n) | n Optimum ;~ ‘
ship Berths- | T
. Arrival [(Days/! Day c/v c/v c/v
ship) | Required R .108 | .217 | .433
2 | .e85 | .884
1 500 3 | 457 | .118 | 3 3 3
i a1 .3e2] .on } o
O 4 | .e85 | .644 T
2 | 1000 5 | s48 | .15 | 6 | 5 5
, 6 | .457 .042 i
3 -1 — i 1
! 6 | .685 | .496
500 3 1500 7 | .s87 | .157 7 7 7
- 3 8 | .514 | .052 '
o 8 | .e85 | .393 -
4 | 2000 | 9 | .609 | .145 | 9 9 g
|10 | .sa8 | .054 1
9 | .761 | .817 _ T
5 2500 |10 | .685 | .317 11 10 |10
11 | .e23 | .129 o
2 | .822| 2.082 | T
1 eoo [al .san] 21l 4 | 3 |3
4 | .411) .o042 ' .t
r ? 51 .e58| .366 | " """""" |
L2 1200 | 61_, .548 | .104 | 6 6 . 5 :
L . 7. l .4701 .032 | i . ]
ST Ll es| e | [T T
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Table 5.4 Optimum Number of Berths-Annual Berth-day Required

Annual S |Annual n W Wq(n) [ 9_.9%&].-“‘“:'.“ -1
ship Berths- c/v c/v /v
Arrival | (Days/Day 108 | .217 | .433
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Table 5.5 Optimum Number of Berths-Annual Berth-day Required
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Table 5.6 Optimum Number of Berths .

—

! Anmual
! ship
Arrival

General

Results

e

Annual
Berths -
Day

quired

100

200

600

600
700

4 - -

c/V
.10833

“wﬁ-optimum

c/V

1200

8 | 800 | | e |
o e T 2
10 1 1000 [ _ I

RIERERE
NSlov' | ojwi® o

|

[o)
o

6 B ] 7
7 [ 1400 _ 8
8 [ 1600 - 5
S 1800 9
0 1T 2000 10
6 | 1800 1 I
7 | 2100 10
8 | 2400 . ol
9 | 2700 _ T T e
10 | 3000 | 13

67

9 | 4500 | . S _ 1 18 17 16 .
10 _| 5000 L _ 20 19 18 .

6 | 3600 | | i 15 | 14 | 13 .

7 {420 | 1 ] 17 16 15 |

8 | 4800 | 19 | 18 17

9 5400 | | ol 20 19 |
T 6000 T T ] T a1 20




Table 5.7 Optimum Number of Berths.
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Table 5.8 Expansion Criteria-One Stage Model. Program Output
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since basically our model is a tradeoff of ship cost and berth cost.

5.3 Study of the Second Hypcthetical Case

In Reference 50, Wah Ng examines a hypothetical case of an offshore
terminal having an annual throughput of 20 mi;lion tons of fertilizer
using a fleet of 250,000 D.W.T. carriers. He used the following data:

1. Arrival rate, A = 0.22 ships/day

2. ¢ship waiting cost, V = $560/hr

3. Cost of berth, c; = $230/hr

4. Cost of storage (land) c, = $89/hr

5. Cost ratios: c1/V = 0.41

0.1589

C2/V

Even though his investment criteria model is faulty as well as his
queuing model (proposed also in Reference 43) (see footnote, pp. 41) and
that the likeiihood of violation of tha main assumptions involved in
our model is high (since the schedule of ship arrivals and servicing
is usually highly organized in an offshore terminal), I will still use
the above data to compare the results obtained by Wah Ng and also to
show how the model performs the optimization more systematically and
simply.

Given the limitations of the approach used in Reference 50, the
optimization of the storage space was made by fixing the value of s,

and nl* as follows:

slznigz

77



Then for s, = 1l to 60, the cptimum n2* were computed. The relevant
results from the program Expansion Criteria: Two Stage Queuing Model,
presented in Appendix 3, and the above data are shown in Table 5.9
(including the results of Reference 50). Table 5.10 shows a portion
of the program results.

Table 5.11 shows the results of a small example (example 5.1)
using the following data:

Example 5.1

Data:

Arrival rate A 2.4 ships/day

s, initial = 3 days
52 initial = 5 days
A s, = 15 days
cl/ v = 0.1
cz/ v = 0.5

5.4 Analysis of the Results

The results from the first hypothetical case are as expected.
Since the model is a tradeoff of ship cost and berth cost, when the

service time increases up to some level,the addition of more service

stations is needed in order to maintain the balance in cost. Also the sen-

sitivity analysis shows that a decrease in the cost ratio (an increase in

ship waiting cost) implies an increase in the number of service stations

as we can expect (and viceversa).
In addition, the values for the average queuing time and the

berth utilization factor, which are part of the program output (see
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Table 5.9 Optimum Number of Storage Spaces

Data: A = .22 ship/day, ;= 2 days/ship, n,= 2 berths
cl/ vV = 0.4, c2/ V = 0.1589
Storage Optimum ns Storage Optimum n»o
Service Computed! Referece 50 Service Computed | Reference 50
Time, 52 1 Time ,52
1 2 1 26 11 8
2 2 2 27 11 8
3 3 2 28 12 8
4 3 2 29 12 -
) 4 3 30 12 9
€ 4 3 31 13 9
7 5 3 32 13 9
8 5 4 33 13 10
9 5 4 34 14 10
10 6 4 35 14 10
11 6 4 36 14 10
12 6 5 37 15 10
13 7 5 38 15 11
14 7 5 39 15 11
15 8 5 40 15 11
16 8 6 41 16 11
17 8 6 42 16 -
18 9 6 43 16 12
19 9 6 44 17 12
20 9 7 45 17 12
21 10 7 46 17 12
22 10 7 47 17 -
23 10 7 48 18 13
24 10 - 49 18 13
25 11 8 50 18 13
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Table 5.10 Expansion Criteria-Two Stage
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...Continue Table 5.10
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table 5.8), can be used to plot them against the se;vice time and
the optimum number berths.Also the probability of delay in each case
can be retrived from its storage register.

In the second case, the results shows that due to a mises-
timate expansion criteria as well as que . model an under-ectima-
tion of the storage space raquired were obtained in reference 50. The
correct results are tabulated in the second column in table 5.9.. Again
the average queuing time (of the joint process) and the utilization
factors (for the service stations in both stages)can be used tc plot
them against the service times and the optimum number cf berths and
storage spaces. The probability of delay attributed to each stage can be
retrived from the storage registers.

Since the optimization of both ‘- the number of berths and storage
spaces, is carried out simultaneously meaningful results about a port
system modeled as a two stage system are obtained as is shown below.

Example 5.1 was used to show the dangers _of fixing the para-
meters of one stage in order to optimized the number of service station
in the other one. If the level of service in the second stage (in this
example) is expected to get worse the utilization of the service stations'
in the first satge will drop down and eventually one or more stations
will stand idle 100 % of their time. This is reflected in the results,
if we consider the inifial condition given as normal, the optimum
number of berth and storage spaces are: 11 and 15 regpectively. Né;-if
we let the service time in the second stage to incregse up to 20 days

to represent a deterioration in the level of service the optimum number
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of berth is reduced to 10, also the optimum number of storage spaces

is enormously increased as we expected.
This is one of the main adventages of our model which I did not

find in any of the actual analytic models used in port planning.
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CHAPTER VI

Conclusions and Recommendations for Future Research

The basic purpose of the present study was the development of a
new approcach to port expansion using the M/M/n/ /FIFO queuing model
in a more systematic,realistic and general way than the traditional
approach. As an extension of this new approach'a port occupancy charge
model was developed to show an additional use of queuing model results
in combination witk a microeconomic model.

Parallel to this was the goal that the analysis procedures used
in the study be programmed on programmable pocket calculators for eaSy
use requiring simple input data, user insfructions, and user output
interpretgtion.

The optimum number of berths using a one stage queuing model is
found using an optimization algorithm (developed by the author) which
was written in terms of the demand for port service, given by the
arrival rate, and the cost ratio, Aefined as the berth cost divided by
ship waiting cost. The optimization is made parametrically.over a
wide range of service times (since the service time is not known with
certainty) using different service time increments (both specified by
the user).

The results obtained in a case study evidenced the capability of
the optimization algorithm and the program working togethér in an effort -
to find an qptimal solution for the configuration of a port system

represented in one stage.

86



The procedure developed for the estimation of the optimum humber
of bertths using the one stage queuing model has the following uncommon
feature: it requires ohly knowledge of arrival rate and cost ratio.

The specification of service times and for service stations is
no longer needed (as in some traditional approaches; see Reference 1).

The single stage character of the aboﬁe model is all right as far

as direct transfer of cargo between ships and land transport vehicles

is concerned. However, in reality the indirect route, i.e. the transfer

of import cargo from the hold cf the ship to the transit shed, and after
a lapse of time to the hold of a land transport vehicle (and vice versa
for export cargo) is more dominant (the direct transfer represents a
small percentage, if any).

The indirect route can be modeled as a two stage process: one
corresponding to ship-apron transfers, involving the berth-ship inter-
face, and the other to the apron-storage transfer. The basic point of
this approach is that as long as port storage is not of unlimited capacity
the performance of the two service stages will be connected. When the
storage happens to be filled with cargo, the preceding service stage
cannot pass on cargo which has been served, but this cargo has to
remain in the first stage (usually at the apron) blocking the service
station for subsequent ships. Therefore the storage area plays'béth
the role of waiting room in the ordinary sense of the word and that of
a service station. Hence the cargo dwell time is to be viewed as the
service time rather that as queuing'time.

This way of dealing with the storage area is a new approach to port
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egpansion planning and was incorporated in the derivation of the two
stage queuing mcdel.
The same set of assumptions as fo; the M/M/n/ /FIFO queuing model
were retained in the two stage model; however as prerequisite to
starting the load/unload cperation both a berth and storage space need
to be available (implying that all berths and storage are interchang-
able, i.e. can provide service to any customgr).
The optimum number of berths and storage spaces is found simul-
tareously using an optimization algorithm (developed by the author)
and the two stage queuing model which was written in the same manner
as the first optimization algorithm.
Once the cost parameters of berths, storage spaces and ships
(cost ratios) have been established, the optimum number of berths and
storage spaces for a given arrival rate and for a wide ra:nge of service
times in both stations can be found.
The results obtained from both algorithms can be used for the'
following:
= To check whether the existing number of berths and/or storage
spaces is adequate to service the existing flow of traffic

- To find a good estimate of the order of magnitude of expansion needed
to service future demand

— To assess the impact of changes of the service times on port
capacity

= To measure actual port performance.

Finally an attempt to develop port occupancy charges from the



results of the two stage queuing model and marginal cost using the ratio
of an incremental cost to the corresponding increment of output as
proxy for the social marginal cost, derived from the applicaticen of

the "average cost of a marginal plant" method in combination with the
half interval method of numerical analysis.

The validity of this model rests on the condition that the quality
of the level of service has to remain the same as in the original situ-
ation after a capacity (station) addition has been made. The basic prin—‘
ciple to derive this mcdel was taken from Dr. Dan Shneerson's work on
port economics. It gives an approximate but simple approach to estab-
lish berth and storage occupance charges. The model is still very
general and more work needs to be done in order to incorporate some
further items (stevedoring, etc.) that are factors in the determination
of port charges. However, the results can be considered as a good
approx;mation of maiginal-input pricing resulting from a net social
benefit maximization. .

As a by-product of this study a complete set of programs for pro-
grammable pocket calculators has been developed to tackie various problems
encountered with the M/M/n/ /FIFO queuing model (verification of assump-
tions, port traffic distribution, delays, etc.) which normally -are solved
by computer.

In summary, a systematic general approach to port expansion
Planning using one and two stage queuing models was developed in this
study. The introduction of programmable calculators to this field

promises great dividends for the future; indeed a research project to
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develop this kind of simple to use, responsive analysis tools may be
quite fruitful.

Future work in this area could include:

1. Inc§rporation of a third stage into the model corresponding
to storage-land transport carge transfer involving the port-hinterland
interface.

2. Adaptation of the present two stage model to an optimal
scheduling of port improvements or expansion to cater to growing
traffic congestion.

3. Development in the two stage queuing model the capabilities
necessary for its operation without the assumption of interchangeable
berths and storagé.

4. Extension to the program set to incorporate other queuing
modeis or time-staging models.

_ 5. Further study in port pricing.
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1.1 Port Traffichz Goodness of Fit Test for

Ship Arrival Distribution

Purpcse: This program computes the xz statistic, derived_from

Equation (2.4):

2 T . 2
x? = ) [F(vi)_- f(vi)]
i=1 F(Vi)

The user inputs the actual observed frequencies for V=0, 1, 2, . . .

vmax and the program computes the expected frequencies from equation

(2.2):

F(V) = T P(V)

-A
where ( P(V) = ‘AééjL—— )

It then groups both the observed and expected frequencies so that the

expected frequency of each group is at least five. Using these cate-

2

gories it computes the x“ statistic as shown above.

As output it prints:

Input data

Expected frequencies

The average arrival rate
The grouped categories
The dsgrees of - freedom
The x¢ statistic value

DN WN —
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for ship Arrival Distributicn.
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User Instructions

~ Press

299

_Step Procedure _ Enter T __Print
1. | Load the program
2. R.Enter maximum number of
arrivals on any one day, M M
Hb. Enter observed frequency wo HO
"W, (number of days v ships W W
arrived), from v = 0 to 1 i
v = M. .
Wy Wy
3. Compute
a. Average arrival rate v v
b. Period of time considered
- (in days) T
c. Expected frequencies Hé
W,
"
1-ENV
d. Revised vector f(v) and f(v.)
F(v) (with -1 in null £( °)
entries) as grouped into i
r categories criteria for .
grouping categories (ex- fiv )
pected) > 5 elements r’
F(vo)-pg W,
F(v] )ag W'
F(vr)"g NM',"
4, Degrees of freedom f
5. x2 STATISTIC Xt

—




Port Traffic x2 Goodness of Fit Test, I (Poisson)

Registers Used

0 Index
1 v

2

3

4

5 T

6 M

7 Index
8 v

9

10-34 W, f(vi)

14
35-59 W, F(Vi)
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1.2 Port Traffic x2 Goodness of Fit Test for

Distribution of Ships in Pert

Purpose: This program computes the x2 statistic, derived from

Equation (2.4):

2 =
i

F(v4) - F(vi)?

Il 1%

X

where F(Vj) = expected frequency of V; ships in port

f(Vi) = observed frequency of Vi ships in port

"It is structured in a way that can serve to priﬁt the basic data needed
to carry out the xz.goodneés of fit test about the distribution of
ships in port. The user inputs the cbserved frequencies, the number of
berths and berth utilization, and the program prints out the expected
frequencies, derived from the theory of the M/M/n queuing model as .
follows:

F(vi) = TP(vi) where

o) |
{no) Plo) if 1<v<n

V.

VN
- P(o) if n<y<w

Then after grouping the data according to the criteria that the expected

frequency of each category must be at least 5, it computes and prints

2

the degree of freedom'and the x~ statistic.
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User Instructions

Ste Procedure Enter | Press “Print
1. Load program.
2. Enter number of berths. n STO 08
Enter berth utilization - P STO 09
factor.
3. Enter maximum number of ships] M A
in port on any day, of cate-
gories, Viax - M
4, Enter observed frequency "v
for x‘= O0seees Vinax "0 B HO
~(Hv = # of days that v ships W, B Wy
were in port) . .
"m B Wi
5. Compute and print output C
print v (expected number of v
ships in port), n, p n
: P
print T (period of time T
considered)
print expected frequencies N6
Wy
’ ]
W
l-uﬁ
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User Instructions

Procedure

Load program.

Enter number of berths.

Enter berth utilization
factor.

Enter maximum number of ships

in port on any day, of cate-
gories, Vimax - M

Enter observed frequency “v
for x.= 0500 Vimax

(Nv = # of days that v ships
were in port)

Compute and print output
print v (expected number of
ships in pert), n, p

print T (period of time
considered)

print expected frequencies

Enter | Press Print
n STO 08
o STO 09
M A
Wo B Wo
W B Wy
" B M
C
v
n
p
T
¥o
Wy
My
1-W
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Procedure Enter 1 - Press Print
Print revised vectors W; and f(v])
w;, as grouped ints r cate- f(v,)
gories (with -1 in null en- :
tries). (Zriteria for group- f(v )
ing number of entries in r
each category > 5) : ' F(v,)
, . i
F(v,)
F(vr)
Print degrees of freedom f
Print xz statistic XZ
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xz Registers

0 Index to 10-34
v

—

i

np

p

T

M
counter

n

O O N oo ;o & W P

S
W, f(vi)
35-59 w;, Flv;)

wd
?
(93]
-3
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—

O O N oo - & W M

10-34
235-59

Index to 10-34

v

i

np

P

T

M
counter
n

s

Wy s f(v;)
w;, F(vs)

x? Registers
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1.3 Port Traffic Distribution

This program computes p(v), the probability of v ships present in port
(waiting for service and being served) at any given time, and pq(v),
the probability of v ships waiting for berths (in queue), given by

the equations: | '

o)V
iv%l— p(0) if 1<v<n

p(v) = v n
19%7—9-—p(0) ifv>n
and n j
120 1%%1—] p(0) forv=20
p.(v) =
q ( )(n+V) n“
2 ~ p(0) forv>0
where
_ 1
p(0) n-1 o)) no)"
150 io + n -p

The user is free to specify any value of n < 55 and p < 1. The program

prints the values of p(v) and/or pq(v) for v = 0,1,..., v .. where

Vnax is specified by the user.
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...Continue Table I.3
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User Instructions

Frocedure Enter | Press Print

Load program.
Enter number of berths. n A

Enter utilization factor. ) R/S

To compute p(v) (probability
of v ships in port):

Enter number of values of v M B

(# of ships in port) desired :

Compute and print p(v) for C p(0)

v=0,1,..., M-] p(1)
p(M-1)

To compute pq(v) (probabili-
ty of v ships in queue):

Enter number of values of v M B

(# of ships in queue) de-

sired .

Compute and print pq(v) for 2nd A’ pq(O)
V=0, ],..., M-1 pq(])

p;(M-1)
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00
01
02
03
04
05
06
07
08
09
10
n
12
13
14
15
16
17
18
19

20
21

Used in n!

counter

counter

used

p(0)

used

Registers Used
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Purpose:

1.4 Probability of Delay in Multi~Channel Facility

Computes and prints the probabiltity of delay in a multi-chan-

nel facility, as a function of the number of servers (n) and the utili-

zation factor (p), for Poisson arrivals and negative-expenential service

times.

The program can be used in three ways:

1.

It can be used to obtain a list of the probability of delay,
p(D), for values of n (number of berths) from 2 up to 55 and
vélues of p (berths utilization factor) between G.1 and .99.
For each value of n, starting from n = 2, and increasing by

one (for 2 < n < 20), the program computes p(D) varying p

from 0.1 to 0.8 by increments of Ap = 0.1 and from 0.8 te 0.95
by increments of Ap = 0.5, and finally for p = .99. For values
of n > 20 the increment An becomes 5 (up to n = 55).

It is possible to compute specific values of p(D) for given n
and p . L '
Any set of p(D), for any increment An and a range of p with

any increment Ap, can be computed to analyze specific situations.
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Table I.4 Program Probability of Delay in Multichannel
Facility
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... Continue Table I.4

isq

nz2 08 230 70 RAD
185 &3 0OF 231 10 E°
186 10& 0 23z 33 .
187 15 E 233 01 1
1€2 42 STO 224 44 S
189 10 10 23% 09 03
190 91 R~S 236 97 D=2
191 42 S7T0O 237 02 b
192 09 049 238 70 RAIL
193 10 E° 239 92 .
194 31 Rs5 240 02 3
195 7& LEL 241 05 5
“1%¢ 18 C° 242 42 STO
197 0z 2 243 09 0=

198 42 5TO 244 10
199 08 08 245 93

m

200 01 1 246 09 9
201 09 9 247 42 570
202 4z <70 248 09 03
203 03 03 249 10 E'
204 08 8 250 93 .
205 42 STO 251 09 9
206 0& 06 252 05 S
207 7e LEL 253 42 570
208 60 DEG 254 09 09
2Q9 93 . 255 1o E°
210 01 1 255 93 .
211 42 =70 257 0% 9
212 09 09 2532 09 9
213 0Ng 8 259 42 SsT0
214 4z STO 260 09 0%
215 02 02 261 10 E"
216 98 ADV 262 69 0OP
217 03 3 263 28 2%
218 01 1 264 97 DSZ
219 69 0P 265 03 03

220 04 04 266 60 DEG
221 43 RCL 267 04 4
222 08 08 268 44 SUM

223 €9 0OpP 269 08 08
224 06 0¢ 270 97 DSZ
225 1S5 E 271 06 06

226 42 ST0 272 60 DEG
227 10 10 273 92 RTHN
228 98 ADY 274 398 ADVY
229 76 LBL 279 00 0O
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User Instructions

Procedure

Enter 1 Press

Print

Load program.
Ciear memcries.

Compute and print list of

p(Dg for 2 < n <55, Vary-
ing p from-0.1 to 0.99 (re-
peated for each value of n).

a. Print number of berths, n
b. Print berth utilization
factor, p, starting at
p = 0.1
c. Print p{D)
If p< .99, p=p+ Ap,
ge to b;else n = n + An,
go to a

Compute and print specific
values of p(D).

a. Clear memories

. Enter value of n (2<n<55)
. Enter value of p (0<p<1)
. Print number of berths, n

. Print berth utilization
factor, p

. Print p(D)

g. Repeat steps a to c for
different values of n and p

o QA O o

*

COmguté and print a set of
p(D

a. Clear memories
b. Set limits

1. Enter initial value of n|n initial

2. For increment An = 1,
number of values, J, of
n desired (including n

initial)
(Note: nmx < 55)

2nd

2nd

2nd

V.
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CMs

CMs

R/S

CMs

A -

R/S

1/ Default Value = 1

p(D)

p(D)




Ste Procedure Enter —Press Print

3. Defined increment (An)'| (an)' 2nd A'

desired
. ' 2/
4, For increment (An) , K= R/S
' number of values, K,

of n desired

5. Enter initial value of |p initial]l 2nd D'
o

6. Enter any increment Ap Apg/ R/S
desired , '

7. Enter number of values, Llj

L, of p desired

. Print number of berths, n

d. Print berth utilization

/]

factor p

. Print p(D)

If p < p initial + LAp,
p=p+tbp

go to d

elsen=n + An or
n=n+(an)’

ge to c

. Repeat step a to e for

different set

Default Value
Default Value
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00
01
02
03
04
05
06
67
08
09
10
n
12
13
14
15
16
17
18-59

Used in n!
Not used
Counter
Counter

Not used

np

Counter

i

n, n initial

p

Not used
Not used
(n-1)
(an)'

Ap

p initial
Counter

Returned

Registers Used
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1.5 Expected Waiting Time in_Multi-Channel Facility

Purpose: This program computes the expected waiting time in queue and
the expected time fn the system, in multiples of the average service
time, and the average total time in the system in a multi-channel
facility derived from the M/M/n/=/FIF0 queuing model. |

The features of the program are:

1. it can be used to obtain a complete 1ist of the expected waiting time
in queue, Hq/s. the expected time in the system, W/s (in multiples
of the service time, s) and the average total time in the system
TW, for values of n (number of berths) firom 1 up to 55, and values
of p (berth utilization factor) between 0.1 and .99. For each
value of n, starting from 1 and increasing by one (until n = 29),
the program computes Wy/s, W/s or TW (as specified by the user),
varying p from 0.1 to 0.3 by increment Ap = .1, and frpm 0.8 to 0.95
by increment Ap = 0.05 and finally for p"E'.§§. For values of
n > 20 the increment An becomes 5 (up to n =55).

2. It is possible to compute only specific values of HQ/s, H/s or TH.
for given n and‘p. _ |

3. A set of Hq/s. W/s or TW, for a range of .n and p with any desired

increments An and Ap, can be computed tc analyze specific situations.
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Table I.5 Program Expected Waiting Time in Multichannel
» Facility
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. Continue Tahle I.5

200 69 OP 250 Sz . 300 42 STO
201 28 a2z 251 o1 1t 301 09 Q9
202 97 DsL 252 4z ST0 3nz 10 E°
203 03 03 253 09 09 303 &9 OP
204 13 C 254 08 8 204 28 28
205 69 OP 255 & sT0 205 - 97 D52

206 38 36 256 02 02 306 03 03
207 43 RCL 257 98 ADY 307 60 DEG

208 14 14 258 03 3 308 04 4
209 44 SUM 256 01 1 309 44 SUM
210 08 08 260 €9 OP 210 02 0%

211 97 DSZ 261 04 04 311 97 DSZ

212 06 O¢ 262 43 RCL 312 06 06
213 13 C 263 (02 08 313 e0 DEG
214 92 RTN 264 o9 OP 314 92 RTN
215 98 ADY 265 D& 08 315 98 RADV

216 76 LBL 266 15 E

217 12 B 267 42 STO
218 42 STO 268 10 10
219 08 08 269 98 ADV

220 03 3 270 76 LBL
221 01 1 271 70 RAD
222 59 0P 272 10 e°

223 04 04 273 93 .
224 43 RCL 274 01 1
225 08 08 275 44 sSuUM

226 69 0OP 276 09 09
227 06 06 2?¢ 97 DS2
228 15 E 278 02 02

229 42 STO 279 70 RAD
230 10 10 280 93 ,
231 91 R-S 2861 08 8
232 42 STO 282 0% 5
233 09 09 283 42 STO
234 10 E® 284 09 09
235 91 Rs/S 285 10 E*
236 76 LBL 286 93 .
237 18 ¢ 287 09 9
238 01 1 288 ‘2 STO
239 42 sTO 289 09 09
240 08 08 290 10 E*
241 01 1 291 93 .
242 09 9 292 09 9
243 42 STO 293 05 §S
244 03 03 294 42 STD
245 08 8 295 09 09
246 42 STN 296 10 E*
247 06 06 297 93 .
248 76 LBL 298 09 9
249 60 DEG 299 09 9
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Step | Procedure Enter 1 Press Print
1. | Load program.
2. | Clear memories. 2nd CMs
3. | Compute complete 1ist of 2nd c!
Wo/s
(starting fromn = 1)
a. for p = 0.1
b. print/compute n
0
Hq/s
c. if p <0.99, p = p + Ap,
go to b
d. if n <55 n=n+An,
go to a
4. Compute cdmplete list of 1 STO 04
W/s (the program repeats the
same procedure [step 3.a. 2nd c'
to 3.d.] explained above)
print n
o)
W/s
5. Compute complete 1ist of TW 1 STO 04
(the program repeats the
same procedure [step 3.a. 1 STO 11
to 3sd3)
print n
P
W
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Step :

Procedure

Print

Compute specific values of
Hq/s

a.
b.
C.
d.

o O T o

We-

b,

Clear memories
Enter values of n (1< n < 55)
Enter value of p.(04< p< 1)

Repeat steps a to ¢ for
different values of n and p

Compute specific values of
W/s

. Clear memories

. Select subroutine

. Repeat steps 6.b. and 6.c.
. Print

Repeat steps a to c for
different values of n and p

Compute specific values of TW

Clear memories
Select subroutine

. Repeat steps 6.b. and 6.c.
. Print

. Repeat steps a to ¢ for

different values of n and
P
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2nd

2nd
STO

2nd
~STO
ST0

CMs

R/S

CMs
04

CMs
04

N

Nq/s

W/s

T




Step .

T Press

Print

“Procedure

Comoute a set of Nq/s
a. Clear memories
b. Set limits

1. Enter initial valueof n

2. For increment An = 1,
numbér of values, J,
of n desired (including
n initial)

3. Defined increment (An)'
desired

4. For increment (2An)',
number of values, K,
of n desired

5. Enter initial value p

6. Enter any increment
Ap, desired

7. Number of values, L, of
p desired (including
p initial

. Compute set of uq/s

specified

. Print (set)

. Ifp<p+LAp, p=p+Ap,

go to d

cIfa<n+d,n=n+t],

go to 4

. If n<n+K@An)', n-=

n + (an)',
go to d

. Repeat steps a to c for

different sets of n and p

}/Default Value = 1
2/Default Value = 0

ninitial

(An)'

p initial
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2nd

CMs

R/s

Al

R/s

Dl

R/s
R/s

Hq/s




. Repeat steps a to c for

different valiues of n
and o

125

[ Step. Procedure Enter | Press Print
10. Compute a set of W/s
a. Clear memories end CMs
b:. Select subroutine STO 04
Cc. Repeat steps 9.b. and 9.c.
d. Print (set) n
(o)
W/s
e. Repeat steps a to c for
different sets of n and p
11. | Compute a set of TW
a. Clear memories 2nd CMs
b. Select subroutine STO 04
STO 1n
c. Repeat steps 9.b. and 9.c.
d. Print (set) n
' P
™




00
0
02

03
04

05

06

07
08
09

10

N

12

13

14

15

16

17
18-59

Used in n:

Not used
Counter
Counter
Subroutine flag
p

Counter

i

o]

n:

Subroutine flag
Wg/s or W/s
(n-1)!

(an)'

bp

P

Counter

Not used

Registers Used
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1.6 Marginal Queuing Time

Purpose: This program computes the expected marginal queﬁing time in
a multi-channel facility (in multiples of the service time, s) as a
function of the number of berths, n, and the berth utilization factor
0, derived from the M/M/n/=/ FIFO queuing hodel. |

The program can be used in three ways:

1. It can be used to obtain a complete 1ist of the marginal queuing
time (MQT), for values of n from 1 up to 55 and values of p
between 0.1 and 0.99. For each value of n, starting from 1 and
increasing by one (until n = 20), the program computes MQT varying
p from 0.1 to 0.95 by increments Ap = 0.05, and finally for
p = 0.99. For values of n > 20, the increment An becomes 5 (up to
n = 55). .

2. It is possible to compute only specific vafues of MQT for given n
and p. ' -

3. A set of MQT, for a range of n and p with any desired increments

An and Ap, can be computed to analyze specific situations.
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Table I.6 Program Marginal Queuing Time

000 76 LBL 050 08 Qs
001 15 E 051 95 =

00z 53 ¢ 0se 2 370
003 42 STO 052 13 12
004 OO0 0N 0S4 76 LBL
005 29 CF 055 43 RCL
006 €7 EN 056 42 RQL
007 285 + Dg; SS (gs
008 76 LEL 0 5 =

gos 7?5 - 059 43 RCE
010 43 RCL 060 07 07
011 G0 QO 0é1 55 =

N12 65 062 43 RCL
013 97 LsZ 062 13 132
014 00 00 064 35 +

iS5 _ 75 - 0éS f43“Rg;
16 76 LEL 0ée 07

31? 85 + 0e7y 22 IN¥
o1 0t 1 068 49 PRD
019 5S4 089 13 13
020 92 RTN 070 97 Ds?
021 76 LBL 071 07 07
022 10 E* 072 43 RCL
023 43 RPCL . 072 0t 1

D24 08 08 074 95 =

025 65 x 0?§ 42 STO
026 43 RCL 07é 11 11
027 09 09 077 65 x
028 99 PRT 078 43 RCL
029 95 = 079 04 04
030 42 sTO 080 8§85 +

031 0S5 0S 081 43 RCL
032 01 1 082 05 05
033 75 - 083 45 yX

034 43 RCL 084 43 RCL
035 09 09 085 08 08
036 95 = 08é 55 =+

037 42 <70 087 43 RCL
038 04 04 088 10 10
039 43 RCL 0g9 95 =

040 08 08 090 42 STO
041 7?5 - 091 12 12
042 01 1 092 65 x

043 95 = 093 43 RCL
044 42 STO 094 10 10
048 07 07 095 65 x

046 42 RCL 09¢ 43 RCL
04?7 10 10 097 08 08
c48 55 = 098 65 x

049 43 RCL 099 43 RCL
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J4 Q4

35 18
65 X
432 RCL
oS 0S
43 ¥X
42 RCL
gg 08
68 x
53 «
43 RCL
04 04
35 1-¥
85 +

__.4.3 - REL__ R

0g 08
65 X

43 RCL
04 04
S5 +

43 RCL
0S5 05

43 RCL
i1 11
58 =

43 RCL
12 12
54

85 -
01

95 =
99 PRT
92 RTN
76 LBL
11 R

STO
08 08
91 RsS
42 sSTO
03 03
91 R~S
76 LBL
16 A
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14 14
91 R/S
42 STO
06 06
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191
192
193
194
195
196
197

- 198
199 .

91 RS
76 LBL

42 370
09 09
42 STO
16 16
31 R-5
42 =270
15 15
91 Rs3
42 ST0
0z 02
42 STO
1?2 17

6 LBL
43 RCL
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204
205
206
207
208
208
210
211
212
213
214
213
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249

Continue Table I.6
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04
43
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42
08
01
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42
03
g
42
&
76
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RCL
ng

ae
0e

STO
10
RsS
STO
g9
E®
RsS
LBL
c?

STO
.08

sTD
03

sT0

D5
LBL
DEG

230
231
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253
294
255
256
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o
e
42
02
95
03
01
69
04
43
08
69
06
15
42
10
98
76
70
10
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05
42
09
10
93
09
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09
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09
05
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09
10
23
09
09
42

1
10
09

3T0
g2
ADY

ap
04

RCL
08

129

300
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303
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312

313

314
315
1€
317
31e
219
320
321
322
323
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329
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&0
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17
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User Instructions

Procedure_ Enter | Pres Print

Load program

‘Clear memories | lond | o & 0+

Compute complete 1ist of MQT
(starting from n = 2)

a. for p =°0.1 ,
b. Print/compute 0

MQT

c. If p<0.99, p=p + Ap,
go to b

d. If n<55 n=n+tAn,
go to a

e. For n = 1 GTO 315
R/s

Co¢pute specific values of

a. Clear memories 2nd Chs

b. Enter value of n n : A B - n

c. Enter value of p P R/s P

. T

d. Repeat steps a to ¢ for '
different values of n
and p

Compute a set of MQT

a. Clear memories - 2nd CMs

b. Set limits

1. Enter inftial value of n| n initial 1 A

2. For increment An = 1, J - R/S
number of values, J,
of n desired (including
n initial) :
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. Print (set)

. If p <p + LAp, p =ptip,

.Ifn<n+y4, n=n+1i
'go to d

. If n < n +K(an)',

. Repeat steps a to c for

specified

go to d

n=n+ (An)', go to d

different sets of n and p
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[ Step Procedure Enter Press Print
3. Defined increment (An)'f {an)' 2nd A
desired
4. For increment (An)', K- R/s
' number of values, K,
of n desired
5. Enter initial value p |p initial| 2nd D'
6. Enter any increment Ap R/s
Ap desired
7. Number of values, L, L R/s
of p desired (1nc1udin4
p initial)
. Compute set of MQT c

MQT




00
01
02
03
04
05
06
07

09
10
1
12
13
14
15
16
17
18-59

Used ia n.
Not used
Counter
Counter

(1 -p)
np

K

Not used

Registers Used
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11.1 Program Expansion Criteria: One Stage Queuing Model

Purpose: This program searches for the optimal number of berths in a
port, assuming Poisson arrivals with arrival rate A, and negative-
exponential service time, s, distribution. The service times over which
the optimization is made vary from S to Sk by intervals As (specified
by the user). The optimal number of berths is obtained using a cost

function defined as follows:

=T lcn + ¥V [Hq (n)]}

where
c = berth cost per unit time (construction cost)
V = ship waiting time cost per unit time
n = number of berths

Wq(n) = Expected ship waiting time (derived»from a M/ﬁ/n queuing
model)
T = period of time considered
and the expansion criteria given by
oo
ooy 2llgn)

i.e.

aWg(n) . __%

on
This is approximated by
Wg(n) - Hq(n+l) < c/V (Expansion Criteria)
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The program coﬁputes Wg (n) - Wg(n+1) for increasing values of n
until this differencé is less than (or equal) c¢/V. Then for the given
service time, s, print the optimal number of berths n®.

The program is quite flexible and the user only needs to specify
the cost ratio (i.e. the ratio of berth cost to ship waiting time cost)
and the arrival rate, A wide range of values of service time can be
specified as well as different increments of the service time. Also,
if the user has information about the values of c and V, the berth cost
and ship waiting time cost, he can specify that the program print the,»

total cost per unit time for the optimal number of berths.
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001
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003
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045
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Table II.1 Program Expansion Criteria-One Stage
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15
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43
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63
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01
54
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07
69
04
43
08
65
43
09
95
42
0S5
43
08
7S
01
95
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67
43
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10
35

LBL

570
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LBL
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EXC
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10

Queuing ¥odel
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051!
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Q35
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Q58
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0é2
063
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nés
066
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nés
N9
oro
071
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073
074
07?5
076
Qv?
078
079
080
081
082z
083
084
085
ngé
087
oge
089
090
091
Q92
093
094
09%
096
097
098
099

RCL
oe

sTR
13
LEL
RCL
RCL
05
YX
RCL
ov
RCL
13
+
RCL
o7
INV
PRD
13
Bs2
1rg
RCL

RCL
RCL
05
¥X
RCL
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100

10t

102
103
104
10%
106
107
108
109
110
111
112
113
114
115
116
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120
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123
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. 125

124
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[

ivg
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180
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- 193

194
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196
197
198
199

92

76
11
42
15
32
03
42
08
01
42

0%
03
69
04
43
16
69
06
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0é
69
o4
32
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0g

4
A

76
16
42
04
21
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12
42
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32 i

g
0S
a3
06
69
04
43
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02
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3

03

03

op
U
opP
06
ARV
RS
LBL

ADY
RDY

or
RCL

15
ap
06

INY
SUM
i}

INY
LOG
STO

250
251
252
253
254
255
=96
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
2?3
276
277
278
279
280

. 281

282
283
284
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286
287
288
289
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292
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294
295
296
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. Continue Table IIX.1l
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orF
N4

ReT
RCL
1S
X
RCL
16
STO
19
RCL
nge

sTO
0s
opP
06
GE
370
RCL
08

STQ
10
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20
¥iT
EXC
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sT0 .
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STO
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~NwweL NN

ge
04

RCL
26
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User Instructions

[Step

Procedure _

Print

Load program
Enter data

. The arrival rate, A
. Cost ratio c/V .
. Berth cost per unit time

. Ship waiting time cost
per unit time

Specify if you want to evalu-
ate cost function (c and V
must be entered in Step 2)

a 0 o o

Set limits of parametric
analysis

a. Specify initial service
time

b. Desired increment.'As

¢c. Number of values, K, of
s desired

Compute and print results
(repeated for each valueof's)

a. Print number of berths, n

b. Print berth utilization
factor, p

Ifp>1,n=n+1,
.go to a

c. Print waiting time, WT

V¢ and v are optional. They
of cost function is desired.

Z/Default value = 1

A STO
eV | sTo
¢V | s10
vY | sto

1 STO

Asg/ 2nd

need to te enteer.when
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- Step |_ Procedure Enter | Press ~ Print

d. Print change in WT, AWT ANT

If AWT > ¢/V go to e

else:

print optimal n n*
print total cost if ¢esir$d TC*
Increment s, go to a :

e. Incremént n, go to a
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00
01
02
03

05
06
07

09
10
11
12
13
14
15

Used in n!
Not used
Not used
K -

As

np

Not used
Used

n

o]

n:

Not used

Not used

Used in n:'

Not used

-8

Registers Used

16
17
18
19
20
21
22
23

24
25
26
27
28
29
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A

not used
Wq new
SA

c/V

c

v

Used to specify TL
Evaluation

Wq

n opt

A Wq

Not used
Not used

Not used
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1rr.1 Expansion Criteria: Two Stage Queuing Model

Purpose: Tr.s program searches for the optimal number of berths and
storage spaces (defined as the area needed to store an average shipload)
in a port, assuming Poisson arrivals with arrival rate A, and nega-
tive-exponential service times distribution. The service times over
which the optimization is made vary from 59 (initial) to S1K by inter-
vals Asq (specify by the user) and for each S1 (the average service
time at the first stage), So (the average service time at the second
stage) is varied from s, (initial) to sy by intervals as, (specify by
the user also), using the following cost function: |

q
where
F = fixed cost
¢ = cost per unit time of berth and related facilities
Cy = cost per unit time of storage area
V = average cost per unit time of sﬁips at port
n = number of berths
n, = number of storage spaces
W_ = expected queuing time of ali ships
x; = total service-day of ships required ( = As1)
x, = total transit storage-day of cargo required ( = Asz)

A = arrival rate
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The optimal number of berths n1* and the optiimal number 6f storage

spaces “2* are found when:

%‘Zw and =0, e
1 2
when
M (Ny s Ny s Xy s Xog s A)
L Lo
1
and
aW _(Ny , Ny s Xy 5 Xo 5 A)
-q] 2 ] ﬂZ: -_-dcz/v

anz
Approximated by
Hq (n-lgnz,x-l.XZ’)\) - "q (n] + ], !'IZ,X] .XZ,A)lC]/V

and

Nq (nlgnzgx'lgx?.,k) "Hq (l\-'.n2+], x], XZ, A)Z_CZ/X

The program starts by guessing a value for " and nz for a given
1 and Sos then varying M and varying n, will satisfy both equations
when the AW, are less than cy/V and c,/X, respectively.

q
Then for the given 5 and So print n]* and “2* optimals.

The program is quite flexible and the user only needs to specify
the cost ratios, c]/V and c2/V and the arrival rate A ; a wide range of
valﬁgs of.sy and s, can be specified, as well as different increments

for both s and Sp-
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User Instructions

. Procedure Enter | Press Print
Load program
a. Set partitioning 3 2nd Op
17
Enter data
a. The arrivai.rate A A STO 28
b. Berth-ship cost ratio c]/V c]/V ST0 1
c. Storage-ship cost ratio cz/v STO 12
c2/V |
Set limits of parametric
analysis
a. Specify s, initial s]initial& STO 06
b. Desired increment As, as, Y/ | sto | 16
c. Specify s, initial s, initiall STO | 07
d. Desired increment As2 Aszl/ STO 17
e. Number of values, K, of | k& | st0o | oo
s, desired .
1 2/ |
f. Number of values, L, of L STO 27
S9 desired _
Compute and print results - c
(for given s7 and s, varying
ny and np)
a. Print parameters values ‘ : S
S5 .
"2
| P2
Y Default value = 0 | | nz*

2/ pefault value = 1
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. Set Sp = Sy +_As2

Jj = i+
If j <Lgotoa

. SetAs] =5y *as,

1=1i+1
If i<Kgo to a

149

Step Procedure Enter | " Press Print
. For presentnz*
Print (unti) ANq 5_c1/V)' n
1
W
. When Awq SN
print "1*
If n* = ny old and
* o
print optimals M and n, 21*
2
. For present ﬂ.]* print
(until AWg < c,/Y) Ny
2
Wg
) *®
. When Awq < ¢/ ny
print
If "2* = n, old and "l*
N old
print optimals " and n, n]*
*
n
2
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Counter on s](K)

Counter on sz(L)
Used in n!

Counter

Registers Used

15
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19
20
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22
23
24
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26
27
28
29
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wq (new)
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G or 9,
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1v.1 Berth Occupancy Charge: Two Stage Queuing Model

Purpose: This program searches the principal factor

*
Ax = x - X

to establish an optimum berth occupancy charge, using the following
expression:

c
optimum berth occupancy charge = K%

where
¢y = incremental cost of a service station (berth) in the first stage

Ax as above

The program carries out the optimization finding the level of service
x* for which the average queuing time is the same before and after the‘
addition of a service station (berth) allowing the berth utilization
factor (p]) to vary as required by the average cost of a marginal
plant method, used as a proxy for the socia1 marginal cost minus the
private marginal cost, which is found when

Wg (ny+1,n,,x* y) W (ny.n,,x,y)
g (Ml X", y) M (mampax,y)

*
X X

The root of this function x* is obtained using the half interval -

which is decribed in Appendix IV section Iv.3
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User Instructions

Procedure

Enter |

" Press

Print

Step

a.

b.

Load program

Set partitioning

Clear printer registers

Enter data

a.
b.
c.

The arrival rate, A
Number of berths, n
Number of storage spaces,
n

2

. Average service time, 51

(first stage)

. Average service time, So

(second stage

. Number of berths after

expansion, n + 1

Compute Wq (n])/x

Print

a.
b.

The arrival rate, A
Number of storage spaces,
n

2

. Average service time, So

(second stage)

. Number of berths, n]

. Average service time, 51

(first stage)

. Service time required, x,

before expansion (first
stage)
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2nd
17
2nd
00

STO
STO

STO

STO

STO

STO
2nd

Op

Op

23
04

05
06

07

30
B'




Ste

Procedure

- Compute, x* Y

Enter

Print

Set 1imit of parametric
analysis

a. Lower bound, PL = S'IA
' ny+1
1

9999

b. Upper bound, piu

c. Accuracy desired, §
1

Print

a. The average queuing time
before expansion

b. The level of service x*
after expansion (that sa-
tafies condition of
equal .queuing time)

c. The average queuing time
after expansion

d. The factor Ax

To change parameter(s) val-
ue(s) repeat appropriated
parts od step 2. Then '
repet step 3 to 5.

To change analysis limit
repeat appropriated step 4.

l/if tﬁere is no root in the i

sage will be printed: "No

1L

Py

terval
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srfined,
ot". Try| anothe

Wq(n])/X

wq(ﬂ+])

Ax

the foljowing mes-
B interv?l.

';m.i—m-mw o m kG ’ P

2

L



00

01
02
03
04
05
06
07
08
09
10
"
12
13
14
15
16
17
18
19

Registers Used

Used HIM 20
Used HIM 21
Used in n!; m'in(q1 ,qz) 22
Counter 23
N 24
n, 25
$1 26
Sy 27
) 28
09 29
Pys Py 30
Used in HIM K}
Used in HIM 32
n! 33
Used in HIM 34
Used in HIM 35
Nq(n]) 1x 36
Used in HIM 37
n 38
P 39

Note: HIM = Half Interval Method
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9 9

s

Used in HIM
Used in HIM
93 - 9

Q- 9

Py» Py

not used

X

Pys Py

np =g+ 1
Used in HIM
X*

Used in HIM
Used in HIM
Used in HIM
Not used

X

Not used

‘np



1v.2 Storage (ccu ancy Charge: Two Stage Queuing Model

Purpose: This program searches for the brincipal factor:

ay =y* = ¥ |
to establish optimum storage occupancy charge, using the following
expression:

c

Optimum storage occupancy charge = K%

where

c, = incremental cost of a service station (storage space) in

the second stage

by as before
The program carries cut the optimization finding the level of services
y* for which the average queuing time is the same before and hfteﬁ the
addition of a service station (storage space), allowing the storage |
utilization factor (pz) to vary as required by "the average cost of a
marginal plant" method, used as a proxy for the social marginal cost,
which is found when

My(ng amp + 1, X 2 ¥*) = Wglng s np s x,y) = 0
The root of this function y* is obtained using "the half interval"
method.
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Table IV.2 Program Storage Occupancy Charge-Two Stage
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User Instructions

Step

Procedure

b.

a.

a.
b.

C.

-+

sis
a.

b.

Enter |

“Press

.~ Print

Load program

Set partitioning

Clear printer registers

Enter data

The arrival rate, A

b. Number of berths, ny
c¢. Number of storage spaces,

N2

. Average service time $1

(first stage)

e. Average service time So

(second stage)

Compute Nq(nz)

Print

The arrival rate, A
Number of berths, "

Average service time,
59 (first stage)

. Numbef of storage spaces,

N2

. Average service time, So

(second stage)

. Service time required; y,

before expansion (second
stage)

Set limit of parametric analy;

, szl
Lower bound, p2L=n—2+.|-‘

Upper bound, pyy; = .9999-

P2y
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Procedure

Enter |

~ Press

Print

c.
Compute, y* Y

Print
a.

b.

c.
d.

To change parameter(s)
value(sg

step 2. Then repeat steps 3
to 5.

To change analysis limit re-
peat appropriated step 4.

l/If there is no root in the
‘message will be printed: '

Accuracy desired, ¢

The average queuing time
before expansion

The level of services y*
after expansion (that
satisfy condition of equal
queuing time)

The average queuing time
after expansion

The factor Ay

repeat appropriated

#nterval

o Root".

Hefined
Try a*

the fo
other i

ﬁq(nz).

wq(n2+l)

by

lowing
terval.
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1v.3 The “Half Interval Method"

It gives the root(s) of function, if values XL1 and Xy, are
kiczen (see Figure 4), such that f(xL]) and f(XU]) are opposite in sign.
For cosatinous functions, the value of f ((XLI + XUI)/Z)’ being the value
of the function at the halfway point, will be either zero or have the |
sign of f(ng) or the sign of f(XU]). If the value is not zero, a
second pair XLZ and XU2 can be chosen from the three numbers XL1’ XU1

Y1+ Xy
and ———— so that f(xLZ) and f(xUZ) are opposite in sign while

X2 = Xypl = 1721 X - Xyl
Continuing in this manner, there is always a point o in the interval
[xLi R xU1] for which f(a )= 0; o is uniquely determined by the process
even though the interval may contain more than one zero for f(x) (we
avoid this problem setting XL] = X (before expansion)). Because each
new application of the iterative scheme rediices by half the length of
the interval in X known to contain a, this procedure is called the
“Half Interval Method."

In order to reduce the computation time, a degree of accuracy, ¢ ,

can be defined, such that when f(a) < €, the process stops.
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Figure 1IV.l1 Half Interval Method

Source: Applied Numerical Method by Carnahan, Luther
and Wilken (John Wiley and Sons)
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