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ABSTRACT

The probl ens of organization to neet the
rising tide of traffic congestion, patron conpl aint
and increased costs appear, for sone tinme now, to
characterize the operation of vehicular toll collec-

tion at the Lagos - |badan expressway toll boot h.

It is the principal purpose of this research
to study the weekend peak traffic delays at this
facility by anal yzing the queueing problem This
Issue is addressed here in order to evaluate the
| evel of service given to patrons and to seek a
better understanding of the factors contributing to
the poor toll booth service and the neans by which

service could be inproved.

Two policenen constitute a set of parallel
servers and vehicles |eave themfor the toll
col l ectors who constitute another set of six
parall el servers. Thus a tandem queueing situation,
In which capacity restrictions are inposed, is

identified for the system



Specifically, it is a truncated 2-stage serial
queue. It has two parallel servers at the first
stage and six parallel servers at the second stage.
Vehicles are of different types and the servers are
different fromone another while order of service

is first cone first served.

Data is collected and anal yzed using expl anatory
and confirmatory statistical techniques in order to
suggest possi bl e theoretical nodels that can
per si noni ously describe the behaviour of the
variables of interest for the system In particular
the possibility of a poisson arrival and an
exponential service tine for all channels at both
stages is fully explored and the possibility for
stationary ineuts and aggregation of data is
surveyed through statistical nethods. A one-way
anal ysis of variance and curve fitting using the
Kol nogor ov-Sm nov (K-S) test, are carried out on sets
of the data and the poi sson/exponential assunptions
are fairly justified. A conputer programe is

witten for use with the curve fitting technique.

An approximate |ow fidelity anal ytical nodel
with the general capability of predicting the
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"steady state' perfornance of the toll booths under a
wi de range of different physical and operational condi-
tion Is then sought to provide operational

solutions to the probl em

A survey of candidate nodels from existing
queueing literature suggests an appropriate base
nodel which is nodified and adopted for this study.
The expected waiting tinme, nean nunber in |ine
(excluding the first queue), the custoner |oss ratio
and all other neasures of system effectiveness which
are of operational interest are then obtained from
the nodel equations using a conputer progranmre

designed to eval uate these perfornance neasures.

These system effectiveness measures constitute
the basic nodel output and to validate this
anal ytic/ predictive nodel sonme of these predicted
neasures are conpared w th those measured under

sane conditions of input.

Finally, a fewnunerical results are tabul ated
and a graphical illustration shown. Recomrendations
are then nade on howto inprove operations and the
thesi s concl udes by touchi ng upon questions yet

unsol ved.



ITST OF SYMBOLS

The following is a list of the essential symbols

used in this thesis together with their mathematicel

and operational meanings:

%Y, 2

GI

e

a%

-

Usually used to denote general random
variable.

Refers to Poisson-distributed events or
to exponentially distributed intervals,
General distribution.

General distribution with independence
assumptions,

Constant distribution.

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

Number of parallel channels; also
number of parallel channels in the

1st stage queuve (1,2--=- 0a ),

Number of parallel channels in the 2nd
stage queue (1,2-==- 20 ),

Maximum queueing length restriction for
second stage queue,

Number of observations in a data set.
General restriction on system capacity
(mostly in Chapter 3); also random
variable that defines the number of 1st
stage servers that are busy (mostly in

Chapter L).
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FIFO :

LIFO
3IRO 3
PSPO
NPPS :
GD :
Ve i
o ¢
T 2
M :
CI -
FT 3
CDIFF:
T
ﬁ: :

b

Pn :
K :
LL s
Lq 3
W ¢
Wq

First in, First out,

Last in, First out,

Service in random order.

Preemptive Service Priority Order,
Non-preemptive Priority Service.

General discipline.

Coefficient of variation,

Standard deviation,

Observed inter-arrival/service time variable.

Observed absolute frequency.

: observed cummulative frequency.

Expected cummulative frequency.

K-S statistic.

Mean inter-arrival/service time variable,
Traffic intensity or y4ilization factor,
usually the ratio of the input rate to the
service rete,

Arrival rate,

: Service rate.

¢ Steadyestate probability of having n units in

the system.

Random variable that defines the number of
vehicles in the second stage quecue,

Mean number of vehicles in system,

Mean number eof vehicles in queue,

Mean waiting time in system,
Mean woiting time in queue.
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P(i )

h

POD :
a H
al -

!

LR H

nh °
Pbls ‘
PKS

>

ANOVA
K=5
oo
Dn
«-

State probabilities of having 1 vehicles in the
second stage queue or of having i of the first
stage service channels being blocked while jJ
second stage channels are busy.

Random variaple that defines the number of
second stage servers that are busy,

Probability of %O vehicle in the system.

Total traffic offered per service time,

¢ Total traffic carried per service time,

Channel utilization factor,

Customer loss ratio.

State probability of second stage servers
being engaged with no vehilce in queue,
First stage blocking probability,

State probability of K~vehicles in the queue

while all second stage servers are busy.

¢ Rate of service at first stage channel.

: Rate of service at second stage channel.

Fixed probability with which a vehicle leaves
Stage 1 and gets to Stage 2.

Percentage level of significance.

Statistica] package for social sciences,

Analysis of variance,

: Kolmogorov-Smirn-v statistic.

Chi-square statistic.

: Critical K-S statistic for n observed

dsta points,
ix
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CHAPTER 1
INTRODUCTION

1.7, PURPOSES AND SCOPE OF INVESTIGATION

As societies become more complex, it seems to
become more and more dlfficult for any one to aveid
aa Involuntary participation in queueing processes
and we all must have ¢xperienced the annoyance and
frustration of having to wait in line sometimes, For
example, people have to walt in harbersheps to get
a haircut and in the aircraft industry airplanes
sometimes have to wait for either landing cor take-off

operations.

In waiting-line situations, problemé arise”béCEGAQ
of either (1) too much demang on the facilities or indde-
quate service facilities leading to excess of waiting
time or (2) too little demand, in which cuse there is
too much idle facility time or too many facilities,
Both of these cases constitute undesirable gueuveing
situations; for while the first is undesirable to the
customer, the second is undesirable to the queueing
system manager, There is therefore a need for both
the customer and the manager to understand and possibly

estimate queues and their subtleties.



One of the most disturbing types of queueing
processes is the vehicular traffic congestion which
has so characterized life in much of our urban and
suburban environments, This is because, together with
its visual intrusion, air and noise pollution, it
constitutes 2 major factor in the undesirable decay
of the environment with which man is striving to

co=-exist in positive harmony.

This environmental problem is recognized as an
undesirable by-product of highway and transportation
facilities development and if this environment is to
be modified, it must be understood in a quantitative
sense through established analytical procedures,
Conclusively, congestion iz inefficient in the use of
resources and is detrimental to the environment adjacent
to a facility, It is therefore always the ultimate
goal in the planning, design and operation of facilities
to move in the direction of automatic methcds of keeping
the service force in correct balance with demand require-
ments in order to achieve optimum conditions within the

limitations of the non-controllable variables in coperation.

The business of vehicular toll collection and the
attendant weekend traffic delays at the Lagos-Ibadan
expressway toll booth falls into the class of problems

2



discussed above and the arguments of the alove paragraphs
provide the wotivations for the study of this problem
which 1s afdressed in this resecarch, The congestion.
gets to disturbing levels as evidenced from the number
of vehicles in the queue while the problems of organi- "
zztion to meet the rising tide of this traffic congestion,
patron complaints and increased costs appear enormous,
}#;_ . A'complete solution of this‘congestion problem calls
for an analysis of the queueing system followed by the
optimization considerations +that would lcad to the:
development of a more precise method of controlling
expenses angd service while at the same time providing

well~spaced reliefs to the toll collectors,

It is, however, the central aim of this research
to analyze the queueing system and determine some system
effectiveness measures which provide indices to a better
understanding ol the factors contributing to unsatisfac-

tory toll. beoth service.

Standard operations research techniques of problem
definition, model construction, modei solution and
validation were employed in the analysis. Therefore,
in the analysis of +he operational problems of this
! rqueueing situation, the following steps were takent

3



() expressions were found for the short-time¢ [{luctuations
of arrivals and services in terms of probabilities,

(b) from these and the structure of the system, state
probabilities were computed and (c¢) expected values of

the various quantities of practical interest known as

effectiveness measures were calculated,

In summary, the thesis is concerned with the analysis
of the stochastic behaviour of a system of tandem queueing
stations iIn which capacity restrictions are imposed cn the
queue lengths except the first one. Specifically, a
'steady state'! truncated serial queue with two stages and
multiple-booth servers is formulated, The customers are
heterogeneons cnd the servers are also heterogeneous in

this gueueing system.

An approximate analytical model with the general
capability of predicting the 'steady state performance
of the toll booths under a wide range of physical and
operptiongl conditions was then sought in order to provide

ant b>perational solution to the problem.

An examination of existing quecueing literature and
methods was carried out and the model developed by
Makino (19€l.) was selected as the base model for this

research, The base model resembles the physical system

L



under investigation but being an idealized representa-

 tion of it, it had to be modified in order to reflect

~ the real life probfems_at the study site, et

Paph it e

B _!f? u;;_é@“ﬁﬁﬁfh " o
Explenatory and confirmatory statizstical techniques

- in form of graphs and Kolmogorov-Smirnov {K-3) test were

“Hﬂ,exploreq to fairly justify the use of Poisson inputs and

exponentisal service times at each of the two stsges of

" the queueing system, Similarly, statisticel tests to

: establish staticnarity of soluticns and ageregation of
data were carried out using particularly the one-way

enalysis of variance test,

Sterting from the 'steady state difference
equations and probabilities established in the base
. model, the mean number in queue and in system, the
ﬂmeah'wéiting time in queue and in system, the customer
loss ratio and other system measures of operational
'importance were calculated in a straight forward manner for
tﬁe"toil'bddths queucs. No attempt was pade to fully
determine the waiting-time distribution but a computer
programme was written te help in the evaluation of some
of these system performance measures,

Practical application of queueing theory, which
appearsto receive little or no attention from operations

5



researchers, is fully disoussed here and as it is one of o
the objectives of this researeh to see how the near
perfdct moiel idealization of real life problems can be made

to predict life situations, the analytic/predictive

. model established was usedto predict some system

- measures which were then compared with the cbserved values.

The basic model output is this prediction of toll
'_booth performance measures in terms of the decision

varisbles of +the system.

LS SR
e

Analytical results are tabulated and grarhieal
1llustrations are shown while recommendations for
improved operations and areas for further research

are pointed out.

1.2, A_SURVEY QE THE EXISTING SYSTEM AND
o QRGANIZATIONAL STRATEGIES )

1.2,7. Brief Descriptionh of System, Svstem

Constraints and all Factors &ffecting

qu_ﬁystem Performance

The study site. is the multi-million nairs Lagos -
Ttadan exprecsway thet houses twelve toll ccllection
booths, The expressway is a dual carriage-way with twol
lanes in each direction, The two lanes in each direction
empty into six booth stations (via six traffie lanes)

6



where motorists have to pay tolls, To attend tu the
motorists arc toll collectors who provide cervice by the
sale of tickets at prefixed toll charges and motorists
are normally required to carry the exact toll charges to
aveld change  npoblem, Service provided by the toll
collectors could slso be in the form of just collecting
tickets from motorists if the motorists have their
origin at the other end of the expressway. Three modes
of operation at the booths are therefore possible for
the whole expressway, depending on a vehicle's origin
and destination. The sketch cof Figure 1.2 shows these
nmedes in detail,

The Laros end of the expressway is selected for
study and in particular the Northbound traffic situation
is analyzed because much of the delay is expericnced in

this direction.

The following are some features of this system that
were useful in considering possible system variables:
y Two policemen at a time are imposed on the two lanes
of the expressway to carry out mandatory checks on all
vehicles,
2, A peolice station, a junk yard for accidented
vehicles and parking facilities both before snd after
the toll booths are provided for vehicles with problems.

i



" 3. A grade-separated clover=leaf intersection exists

a considerable distance behind the police point on the
ever=busy Ikorodu road and this has necessitated the
provision for U~turning wvehicles immediately after the
police point,

4. At peak periods, there is always a very long queue
béhind the police and motorists leave this queue for the
toll ylaze gqueve in front of the tell booths.

S. The queue lengths in front of the tcll booths are
always limited by the policemen who are always positioned
in front of their station at an approximate distance of -
250 metres away from the toll booths, _

B, Sometimes the capacity of the toll booth queue is
exceeded and this affects the rate of service at the
police point or the rate of arrival to the plaza queue,
7. Motorists make cash payments and receive receipts
which are tc be surrendered at the end of +he Jjourney.
8. Different vehicle classes use the expressway and
special booth stations are designated to different types
of vehicle classes, Thus there is one lane for heavy
trucks and trailers (designated Lane 1), two lanes for
piek-up trucks, huses and mini-buses (designated Lanes

2 and 3) and three lanes for cars {designated Lanes L,

5 and 6). .

S. The level of toil charged is currently two naira
for cars, four naira for buses and ten naira for tr cks.

8



10, Provision 1s made fer twa-wheecled vehicles on the
car lanes but observed propowtion of these vehicles wasi 
léég th=n two per cent throughout the period of study,
These were then ignored in subsequent analysis.,
117, Twoe gueucs in series are therefore identifiable
for this systoem conslisting of the police or register o
stage queue 2nd the toll Plaza or marker stage queue,
12, At both stages vehicles are served in the cider of
arrivel and at the booths one colleetor and an assistant
are always available,
13. There are four service possibilities ot the police
check point:

(a) a vehicle is riven a normal check ind discharged

into the ploza queues L

(b) & vehicle is delayed and removed from the

syatem for further serutiay after normal service;

(¢) = vehicle is held back for abnormelly long

che ks after which it is released inte the toll

hooth gqueue system. For tThe peried it is held back,

there are no arrivals to the plaza queue eond this

accounts for the incidence of zero back~up traffic

on the toll lanes often chserved inspite ¢f the

excessively long queue existing behind the police.
ifﬁﬁ-' (@) A vehicle can be allowed to pass unchecked at
i the police point due to the random sampling technique
often employed by the policemen in stopping and
_ _ .



checking veliicles,
1}y, Traffic is heaviest 2t weekends but more so towards
the month-ends and during special events or public
holidays.
15. Weather conditions such as rainfell ond extremely
hot dzily temperatures seem to affect performence
especially at the police points,
16, Currently, payment is supposed to be cn o cash-
only basis and although the authorities always insist
that metoristis pay in the exact toll charge, to avoid
chenge problem, most times the motorists do not do so
and considerable delays result from this behaviocur,
17. Froudulent drivers or motorists #1so exist whqg in
a bid to pay less money attempt to use toll lanes not
normally designated for them, This leads to arguments
and increased delays with motorists being . .. a@lly
required to park in the same limited parking facilities
available.
18, Motorists at times grow impatient and either balk,
renege or jockey from lane to lane which indicoates their
tendency to opt for queues of shorter length. For the
truck lanes there is no option but for the trucks to
stay put in their single lane; for other l2nes, these
phencmena are observed.
19. Operation and character of problems including input
and service ratcs appear to vary with time of the day,

10



day of the week and week of the month,

20. Exposure of environment and especially the' colltttor

to automobile exhaust and other environmental impacts

of such facilities.

21. Inadequate ticketing arrangements as tickets get

finished at times resulting in serious patron complaints.
Each of the above factors was considered in deciding

which system variables to include in the model selected

for this system,

1.2.2. The Business of Toll Collection, Traffic

Control, Optimization and Scheduling of

Staff
It is observed that currently the problems of

organization and management of the toll booth operations
are fairly enormous., The traffic manager and his toll ser=-
geants = are therefore called upon, from time to time,
to empleoy managerial principles in +he face of conflicting
objectives in arriving at an optimum level of operations.
It is such problems of organization to meet the rising
tide of traffic congestion, patron complaint and increased

costs that have made this kind of research a vital

necessity for sound future operations,

Currently, some of the strategies that have becn
tried or are still being tried together with operational
11



problems still being encountered are listed below;

1, When traffie is not very heavy (usually during wecke- .
days), some scrvice points are closed to motorists leaving
a few in operation. At weekends (Fridays and Saturdays)
for which this study i1s concerned, traffic is usually

very heavy. For such periods, all the second stage
service channels are always in operation baring any
unforeseen circumstances.

2, Precedence is generally given to the patrons at the
expense of the toll cgollectors whenever conflicts arose.
But it must be noted that toll cellection is a rather
nerve-wrecking job, so that extended working periocds
without a relief are very undesiranple,

3. Operational problems causing delays to users are
often caused by motorists negotiating for change with

the toll collectors when they do not have the correct

fare as stipulated by the cash-only payment rule, Con-
sequently, more delays ensue both in the gueue and right
in the parking facility after the toll booths from where
the motaorists come to negotiate, Officials normally
insist on correct fare and that motorists should not be
gerved unless they have correet fare while some ‘standby!
workers are normally required to attend to these motorists.
Additionally, officials and toll gergeants also have to do
with unserupulous motorists who, because of he change
problem, park their vehicles and come back to claim change
for an amount higher than what they gave out to collectors,
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This 18 a real problem Yut with the increased medi§ fT
campaign to make motorists ecarry correct fare and
pessibly by legislation, this problem might be eliminated
and this will obviously affect the service time distribu-
tion, The implication of this strategy of correct fare
is that with the motorists carrying the correct fare,

the organizers' objective may be to generate constant
service time just like automatic machines will do, and

by so doing, cut down on the waiting time of patrons

[Faver'(1953) and Saaty,(1961)] .

L. Ticketing arrangements appear to be inadequate as
tickets sometimes get finished and the presence of a -
large mumber of security men especially during change ©f
shift bheecause of money transfers, does not help matters
at all. The manager supervises these aspects himself in
order to minimize their effect.

5. In dealing with impatient drivers, fraudulent motorists
and having to direct traffic at times to less busy
channels, the toll booth assistants are very useful.

6. Normally a toll collector and one assistant are
provided per booth and shift duties are organized., It
is assured that collectors have no dAuties other than
attending to customers implying a complete server
availability. All other demands on the collectorst

time known as anciliary work are negligible.



2.3. Flowchart And Sketches

flowchart depicting events in the vicinity of
the toll booths is shown in the figure of Appendix la
and the general traffic disposition and layout is shown
on the sketches in Figures 1.1 and 1.2, The photographs
shown in Plates 1.1, 1.2 and 1.3 further portray these

events,

Essentially, vehicles get on to the expressway via
the clover-=leaf, get service in the form of checking
from any of the policemen in either Lanes A or B in the
order of their arrival and depending on whether they are
cars, trucks or buses, distribute intc the toll booth
lanes or make a U-turn back to Lagos. Finally, the
motorists get served by the toll collectors, in the form
of sale of tickets, in the order of their arrival into

the system; and then depart from the system.

1.2.4. Identification of System Variaples

A visual and preliminary survey of the study site
revealed the critical periods of delay. for Fridays
and Saturdays and it is for such periods that all the
factors previously mentioned as affecting the system
performance, were separately considered. This was to
determine the extent of significance of each variable

and it was only those veriables that were considered to
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have significant effeet on the system that were included
in the final solutiog. Such inputs to the model included
(1) the number of policemen and of toll booth servers;
the maximum length of highwey .r capacity imposed op the
toll booth 7queues, These are all subject to goverrmant
policies and orgrnizational stratepgies; (2) the rates

of ar~ival into the queues, the rates of service at both
stages and the probability of vehicles not making U-turns

which are complete system parameters.

The effeqts of other factors and why they are not
included in the model equation to be determined for this

system are discuyssed in another chapter of this thesis.

1.2.5., Discussion and Conelusjion

From this initial eppreilsglof the congestion problem
in the vicinity of the toll booths, it is appreciated
that the process of toll collection is 2 rather demanding
one, Overall, therefore, there seems to be a nced to
reorganize the operations of the toll booth Qqueueing
system so as to stem the tide of patron ecomplaints and
poor levels of service wvhich appear to characterize the
present day operations ns evidenced in the traffic delry

to users,
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The officials could be putting in their best but
they seem to be battling with too many external factors,
Solutions to this type of problems where many conflicting
objectives are to be balanced cannot be completely
achieved by the rule of thumb technique, A queueing
analysis is therefore necessary as intuition could be
a poor guide to solving such problems. At least, an
analysis using the tool of queueing theory could yield

some significant improvements in operation,

1.3. BRIEF REVIEW OF QUEUEING THEORY

%.3.1. Definitions, Background, Applications and
Limitations

Queueing theory is mostly a mathematically descriptive
theory which was developed to provide models which predict
the behaviour of systems that attempt to provide service
for randomly arising demands. Unlike most other techniques
of operations research, it does not yield the optimum
solution directly. Rather, it is a tool for analysis and
the ultimate goal is to use the resulting measures of
performance in some cost model so as to determine optimal

procedures for the operation of the system.

Eor it to be worthwhile, a queueing situation must
be studied over the period in which meaningful action is
required with regard to congestion and t+he typical
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-procedune for dealing with such guaueing problems are

as follows:

(2) define and relate the variables of the situation in
order to describe the problem;

(b) derive the associated distributions basced on
available data and using the appropriate statistical tests;
(¢) wuse the distributions to develop the cperating |
¢haragteristics which describe the system as 2 wholey

{(d) improve the performapce of he system through the

use of the appropriate decision models and based on the
opereting characteristics of the situation. However.
attempts, like this, to represent queueing processes hy
means of high fidelity mathematical models may not always
be pessible and even when they are, the medels might
become mathematically Intractible. Hence, it might be
necessary sometimes to use quite crude models that
approximate the true situztion in line with the morpholo-"
gical approach that is normally adopted in practicnl - T
applications of queueing theory. Soclutions from theée
queueing models, however, represent only a general
evaluation of the operation because of the probabilistic
apprdach normally adopted to cater for the irregularities

that are often cbserved in arrival and service patterns.

1.3.2. Asgociated Measures of Fffertiveness

The measures of effectiveness represent the indices
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of performance or measures of effectiveness for the
queueing system and since most queueing systems have
stochastic elements, these measures are often random
variaples and their probability distributions or at the
very least their expected values are normally expected

to be found.

Generally, there are threc system respcnses or
performance measures of interest, These are: (1) some
measure of the waiting time that a customer might be
forced to endure; (2) an indication of the manner in
which customers may accumulate; and (3) a measure of -
the idle time of the servers. These measures enable
comparison between alternative solutions tc be made and
the chcice of an appropriate measure of effectiveness
for a particular situation must always be Justified.

It is the task of the queueing analyst to cither deter-
mine the values of the appropriate measures of effective-
ness for a given process or to design zn optimal system.
To do the former, the analyst must relate waiting delays,
queue lengths,; and such other measures to the given
properties of the input stream and service procedures.

On the other hand, for the design of a system, the
analyst would probably want to balance customer waiting
time ageainst the idle time of fhe servers according to
some inherent cost structure,
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1.3.3. Imbalance Of Theory And Application

Queueing theory has been succzssfully applied to
problems of telephone conv.i'satiocns, many areas of th:
aircraft industry, machine repair and so many other a-eas.
However, it is rccognized by several authors notably
Lee (1966) and Szaty (1961), that & wide gap exists
between the theory and application of queues znd that
there seems to be a lot of what will pass for queueing
theory today in dozens of Journals and texts while very
little attention is paid to application in these same

volumes,

This appearance of inactivity in the application
of queueing theory is regrettable because quecueing tl.eory
originated as z very practical subject whereas recen—
literature has been of little direct practical value.
It is clear that the emphasis in the litercture on tl 2
exact sclution of queueing problems with clever mathe ia--
tical techniques must become complementary to an equa’.
emphasis on model building and the direct use of thes
technigues in management decision-making. Since most
of these theoretical models must be applied to real life
problems, it has become imperative that more research
should be devoted to approximate solutions 2lthough this
should not be taken to mean that the development of th»
practice of queueing theory should be restricted by a
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lack of closed~form seolutions that is presently the case.
A problem solver cannot become frustrated with transform
solutions #nd he must learn to put te work the developed

theory.

1., DESCRIPTION OF QUEULING PROBLEMG

A dqueueing system can be (described as customers
afriving for service, waiting for service if it 1s not
immediate and eventually leaving the system after being
served, These systems have some features that are
common to all and from a consideration of these common
features of queueing processes, the following primary
factors could he seid to pertain fo any queueing nreblem:
1,  the probability distribution of customer arrivals;
2. the probability distribution of scrvice times;

3. the order in which customers receive service;

L, the number of servers or chunnels.

Generally, onhe is always interested in the effects of
changes in any of these factors on some mefsures of

e¢ffectiveness such as the waiting tiwe distributione.

1.5. CHARACTERIZTICS OF QUEUEING FROCEISES

A discussion of the nagic characieristics of
queuweing processes and the issue of classification of
queues follows IiIn this section.
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1.5.1. Arrival Pattern Of Customers

The moments in timc at which individual customers
or groups enter a queueing system are called arrival
instants and the intervals betwcen consecutive arrival
instants are the inter-arrival times, The arrival pattern
or input to a queueing system is often measured in terms
of the 2verapge number of arriv-.ls per some unit of time
(mean arrival rate) or by the average time between
successive arrivals (mean inter-arrival tipe). These
quantities are cleerly related and in some situations
either one of these measures suffices in describing thc
system input., When arrivals occur in batches, instead
of singly, both the time between successive arrivels and
the number of customers in the bateh are given

probabilistic treatment.

In arrival processes, it is al ‘0 necessary to know
the reaction of a customer upon entering the system as
he may decide to balk, renege or Jockey in situations
where therc are two or more waiting lines. These three

events characterize queues with impatient customers.

The manner in which arrival pattern changes with
time is also important and a stationary arrivel pattern
is described =zs one that does not change with time (i.e.

the form and the values of the parameters of the
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pfdbability distribution dese¢ribing the inpuf-ﬁrocess
are time-independent). When the pattern is not time-

independent, it is said to be non=-staticnary.

1.5.2. Service Pattern Of Servers .
:&-'  T%e interval between the instaht at which é cﬁstomef“!
begins to receive service and that at which this service
ends, is know as his service time. Much of the discus-
sion about arrival patterns is also appropriate in
discussing service patterms. Service may be state-
dependent as in the case of impaticent customers in the

arrival process while service and arrival processes are

generally assumed to be mutually independent., .

1.5.3. Queve Discipline

This refers to the manmer by which customers are
selected for service when a queue is formed., Most
common of this is the first in ., first out (FIFO)
discipline, Others in common use are (1) the last in,
first out (LIFQ), (2) selection of service in random
order independent of the time of arrival to the gqueue
(SIRO}; and (3) a variety of priority schemes where
customers are given priorities upon entering the system.
There are two general situations in priority schemes
called the preemptive service priority order (PSPO) and
the nonpreemptive priority service (NPPS). o
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The gueue discipline 1s known to affect some aspects

of system performance measurec,

1.5.4. System Capacity

This refers to the physical limitation to the amount
of waiting room in a queueing system, such that when the
line reaches a certain length, no further customers are
allowed to enter until space becomes available by a service
completion, Such queues with limited wajiting room can be
viewed as ones with forced balking as customers are
forced to balk if they arrive at a time when the queue
size is8 at its limit The limited waiting space may
also be of an excessively long dimension when it iIs then

referred to as infinite.

1.5.5. Number of Service Channels and Stages

The number of service channels refers to the number
of parallel service stations which can serve customers
simultaneously and it is generally assumed that the
service mechanism of parallel channels operate independent”™
ly of one ancther, . . When customers may, in fact,
select or be directed tc any of the channels, the channels are
normally referred to as providing full availability while
the case of restricted availability occurs when the
channels are fully available with respeect to some
customers but not ¥o others.
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Another form of multi-channel arrangement is the
serial type where a customer passes through many channels
in turn and may have to wait to be served at each stage
of the process. For some of this type of system,
recycling or feedback may occur as in manufacturing
processes where quality control inspections are performed

after certain stages.

1.5.6. Classification of Queues

Based on the characteristics mentioned above for
queues, they can be divided into different classes and
this classification is now rather standard throughout
the queueing literature. A queueing process is normally
described by a series of symbols and slashes such as
A/B/X:(Y/Z) where A indicates,in some way, the inter-
arrival distribution, B the service pattern as described
by the probability distribution for service time, X the
number of parallel service channels, Y the restriction
on service capacity, and Z the queue discipline, This
classification was due, for the most part, to Kendal
(1953) and Lee (1966), Other researchers have alsoc made
some modifications to this system of classification.

In many situations, however, only the first three symbols
are in use., The letters are nomally replaced with their

standard symbols shown in the notation Table 1.1,
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TABLE 1,1: TAELE OF QUEUEING NOTATIONS

CHARACTERISTICS SYMBOLS EXPLANATIONS
Inter-Arrival Time M Exponential
Distribution (A)
D Deterministic
EK Erlang Type K.
GI General Independent
Service-Time
Distribution (B) M Exponential
D Deterministic
EK Erlang Type K
G General
Number of Parallel e OO
Servers (X) 1,2
Restriction on
System Capacity (Y) Inees=00
Queue Discipline(Z); FIFO First in, First out
LIFO Last in, First out
SIRO Service in Random Order
i PRI Priority
GD General Discipline

1.6, AN OVERVIEW OF PROBABILITY THEORY, MAI!KOV

PROCESSES AND STATISTICAL DISTRIBUTION MODELS

Statistics and probability theory have a wide
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applicetion in the area of queueing theory and the
involvement of these concepts in gueucing problems
become much more appreciated when one remembers that
the very nature and pattern of inputs and scrvice, as
used in the theory, are normally specified ag probabi-
1ity distributicns. The distribution of queue length,
on which the derivation of most ¢f the other parameters ix.»
of the queucing system is based, is slso probablistic (
in nature. The mathematics of +the gqucueing thzory is
thus heavily weighted towards probability theory and a
good knowledge of probability and statistical methnds

is therefore necessary for the theory and application

of the queueing models, In queueing applications, a
number of statistical distribution models have been
widely used and the types that are most frequently
encountered ayre as follows:

1. The nepgutive exponential distribution, «hi-h has
Markovian properties, is mathematically a most convenient
form for the service time distribution to take. The
reasen for this is that the time remaining until the
completion of a service is independent of the time for
which service has already been in progress and this

makes for much simplification in analysis. . S
2. The Pearson Type III distribution is used in many
situations where the negative exponential .s not sdeguat .
and the observed distribution does not differ mark dly
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from the negative exponential, In many of such cases,
although the logarithmic normal digtribution can also
be fitted to such data, it is always much more convenient

mathematically to use the Pearscn Type III distribution.

The third fairly important type of service time
distribution is the constant serviee distribution., This
has a coefficient of variation equal to zero while the
negative exponential distribution has a coefficient of
variation of 100 per cent and the Pearson Type 111

distribution has values lying between these two extremes,

Normally, the above distributions can each be
adopted to the inter-arrival intervals with similar
reasoning and the Markovian property then makes it
pessible for the steady state probabilities to be

written down easily.

The checice of an appropriate distribution model
represents another issue of major consideration in
applications, Normally, a statistical test is carried
out on samples of data and if this goodness of fit
test gives evidence that the Poisson-exponential assump-
tion is mere suspect, three alternative lines of action
can be pursued:

(2) Use Poisson-exponential model regardless,as an
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approximation, provided the margin of failure is not wide.
(b) Sesrch for other theoretical disiributicns and models
that better accommodate the data; and

(c) Use the actual empirical distributions,

The alternative (b) might prove most undesirable for
practical applications because of the mathen~tical

complications that may result,

1.7« MATHEM:TICAL METHODS APPLIED TO QUEUEING THECRY

The analysis of queueing problems cften takes
one into differential equations, difference eauations,
transform methods and complex variable theory. The
transform technique is widely used and it employs tre
Laplace transform technique for functions of contin ous
variables and the geometric transform technicue for

functicns of a discrete variable,

Normally, three procedures exist for solving th:
systen of stendy state equations in order to obtain “he
state probabilities., Tpe first and probably the mos™—
straight-forwerd is an iterative procedure, the secord
involves generating functions and the third involves the
concent of linear operators [?ross and Harris, (197&3 5
Any of the methods may be more successful than the others

depending on the particular model at hand.
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1.8, COMPUTER METHODS

Dizitel computer methods are cmployed in
queueing system analysis in the specific area of simu-
lation 2s an ~2lternative technique to the anazlytical
method, Similarly, standard computer prozrammes exist
an? such programmes can also be developed to yicld
solution to queueing analytical models which would other-
wise be very tedious or time consuming to solve manually.
Most of t+hese programmes arce written in Fortrsn IV
language except in the area of simulation where a choice
is normally made from a number of specific computer
languages 2pplicable only to simulation. Computer
programmes are thus ready tools in solving queueing
problems and they are normally designed to yield all the

system effectiveness measures as may be desired.

1.9. MODELS O QUEUEING PROCESSES

1.9.1. The Nature Of Queueing Models

There is no science of queueing processes but a
theory of queues exists which is concerned with the
study of symbolic, mathematical models of quecueing
processes and which appears to be founded c¢n &

surprisingly slight body of empirical knowledge.

Normally, the mathematicaj] model of = queueing
process will consist of several symbolic relationships
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between some primary factors that form the decision
variables of the system and which include (a) the rate
and pattern of arrival of customers, (b) the probability
distribution of service times, (c¢) the order in which
customers receive service, and (d) the number of servers
or channels., It is the recognized characteristics of
the queueing models as specified by the primary factors
that are brought together in the model eqguation, It is
therefore clezr that the theory of queues is a pgeneral
theory that is about the behaviour not of queucing
processes themselves, but of generalized symbolic mcrdels

of them.

1.9.2. sassumptions, Approximations and the Nature

Of Operational Solutions

In the study of gueueing situations, a great number
of fecatures call for a good sense of judgement in
approximating to reality some of the observed events of
the system which affect the mathematical modelling of

the system.

Scme of such features for which consideration is
normally given are as follows: (a) stationarity 2nd non-
stationarity of inputs and cutputs, (b) arrivals
correlated with other aspects of the system, (c¢) arrivals
in a continuous flow, (d) steady state solutions,

33



(e) transient solutions, (f) decomposition or splitting
and combining of a Poisson stream, (g) full and partial

availability, and (h) model validation.

This research has looked into some of these features
that affect the particular system under study and gt
each stage of the study, it was necessary to make
assumptions and approximations that would cater fer
observed features, | Lo

The précti?iogers of operations research maint&in
that theéé.aégﬁmptions and apﬂfbximations should be
made in dealing with real life problems provided that
they will reascnably simplify the system and lead to
operational solutions that are discriminating éﬂoﬁgh to
lead to a right decision. This simplification and
approximation,; implied in the operatiomal solutioris, be-
comes more necessary when one remembers that everyday
queueing processes seem to be much more complicated
than most of the existing gueueing models._ Thus, it
is recognized that it 1s not always necesééfy"to obtain
solutions in the "mathematiclan'g sensg using very
refined and rather complex models,when with a little
bit of assumptions and approximations, closed form |
solutions of an approximate nature can be obtained for

the same practical problem.
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Once one accepts the necessity for approximations using
fairly oversimplified models, then very much of the existing
quenairg models mey become very useful for practical

applications.

The three basic types of approximations that are
suitable for queueing theory applications are:
o |5 the first type of approximation which is used to
obtain operational sclutions by applying models which
are, a2 priori, the wrong cnes but which are simple to deal
with, Here it may be necessary to resort to simulation
when the risk of making a wrong decision because of
over simplification is unknown, or when the penalty for
a wrong decision is very great;
(2) the second type of approximation becomes necessary
when the cost of simulation becomes prohibitive. The
principle here is that a process is simulated under
veriousz corditions, so that points are obtained on the res-
ronse surfaces which are of interest. These are then
subjected to statistical analysis with the aim of finding
empirical relations between cthe wvarious factors which can
then be treated as a second order model of the precess;
(3) this type is the classical one used in mathematics
and physical sciences and is exemplified by two technigues:
(a) the expansion of the unmane~eable functions in a
formula in terms of power series, the higher terms of
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which are 4pnorable in certain ranges =f valucs of the
variables (b) the substitution of initial values in the

formula followed by iteration.

Thus in the application of queueing models either
for planning the extent and character of new facilities
or evolving strategles for manpower development in
existing facilities or for comparing alternative forms
of organization of servicing facilities, approximations,
to a reascnable level, should be considered a legitimate

tool,

1.9.3, The Steady State Assumption

The steady state assumption is most often made for
queueing systems as a further aid towards o simplified
so’ution, Normally, obtrining time-dependent or transient
solutions of a queueing system is mathematically tedious
for ~imple systems that one is compelled to suspect
that for the very complicated real life problems,this
approach may break down. The first working rule is
therefore to assume a steady state. This could be
justified for some types of queue as follows: (a) the
number of occasions on which analysts are required to
look at queuveing process which are Just starting up is
quite small; (%) it is equajly rare to be asked to study
a process at the time of a change in the arrival or
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. s@rvife pahémeherg} Y€} usually one is not required to

look into a queueing process until it has got into diffi-
culties, and therefore by definition has been running
for some time, (d) most practical questions about queueing

processes have little to do with trapsient behaviour and

- always refer to normal working conditions which, by

implication, is steady state condition; (e) the time-

dependent solution is more mathematically involved.

However, there are quite gemuine cases of practical
importance concerning transient behaviour and for such
solutions, it would be absurd to attempt to apply a precise
time-independent solution, Decidedly, when the inputs
are inhomogeneous in time or when the system is operating'
under a saturated state because of system parameters, a
steady state solution cannot be possible, Also when

either the servers or the customers or both are human-

. beings, starting-up periods are marked by such instability

in the service~time distributions that accurate mathema-~
tical analysis almost becomes impossible, The arguments
aside, it appears that the unarticulated, main reason
for emphasizing the steady state solutions is the mathe-
matical difficulty associated with transient solutions.
It is, however, the view of most authors that transients
should not be ignored in time-varying systems such as
those encountered in ¢he design of air traffic control
procedures or mass transit systems., Besides, it is the
premise of most authors that the transient behaviour of

many systems is the most important characteristic of those

systems, | ' | 37



CHAPTER 2
DATA COLLECTION AND ANALYSIS

2.1, INTRODUCTION

| Having got an insight into the system performance
level, characteristi¢ interactions and possible variables
of essence in the formulation of the system equations,
this chapter sets out to quantify some of these variables
and make decisions as to some of the staistical pfopér-

ties of the system.

The study carried out under this chapter can be
élassified as follows:
(2) Preliminary survey and analysis;
(b) detailed data collection and analysis:

(c) selecting &nd justifying a-model.

2.2, TECHNIQUE AND ORGANIZATION FOR DATA COLLECTTON

For the purpose of data collection, the study
site was divided into four zoneg namely: (a) area before
the poliee station, (b) just at the police point, (c)
at the toll plaza (i.e. area covering the six toll booth
lanes), and {d) at the toll booths. The ohservation |
stations are as marked on the layout sketch of Figure
1.7 and the data collected from each station is supposed
to give the gueue characteristics of the particular zone,

The flow pattern of vehicleg is in accordance with the
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flowchort of Appendix 4a and the layout sketches of
Chaptcr 1 while normally, the data collectors were
positicned so as not to interrupt the traffic in any
way, In particulor, this was to puarantee that the

motorists nre not conscious of the fact that they were

beinr  gbserved,

Data was collected in twe phases: (1) the preliminary
survey and stmple data gathering which is to indicate
how to orranize for detajled data collection, the
saturction and under-saturation of facility, an under-
standing of the system and a peneral ideo of the inter-
arrival and service time distributions that would cenable
the modéling aspect of the research tc commence and
(2) the detailed data collection which is to surjly
detailed information about the system so 2s to confirm the
~'distributions . earlier assumed., Both involved the
use of human toll collectors and are subjected to the
same set of orranization except that the preliminary

data stage hns a scantier outline,

The full outline of the methods, techniqucs and
orgemization employed for this data collection is as
follows:

1. the data wes collected through the months of July,

fMurust, October =nd NMovember, 1981 and the last set of

data was collected in January, 1982. The collecters
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were norm2lly required to collect data for normel traffic
flows »nd not for such occasions as queue Dbreakdowns

and the like, This non-collection of data for all
conditions coupled with unpredictable. weather and such
other factors resulted in missing data in some ;f the
cases,

2. a duration of 20 or 30 minutes was selccted for most
of the dat2 but 5 minutes intervals for 20 or 30 minutes
period was selected for the vehicle accumul~tion studies.
For the countin: distribution, a 30 scconds intervcl for
a2 period of 20 or 30 minutes was also selected, However,
the periods of ubservation in the field were a little

bit more or less than the selected vealues cccasicnnlly,
depending cn the experience of the collector &nd scome=-
times on wecataer or police interruption,

3. all the data were collected manually, usin: human
data collectors vho were speedily trained up for the

job. The collection for a particular day wns done in

two stares known as th? police queue stage and the toll
booth queue starse and the collectors were allocated in
such 2 way ihat all datn necessary for each zone cf the
study site wherc the collector is situated were collected.
A1l relevant dota about a stage is normally collected
before they all move together to the next stage with 2
period of 30 minutes break being allcwed between the
stares to make for co-ordination and cross=checking of

results.
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change problem were collected by noting the number of

such cases thut occurred during the study period 2t the
toll booth stations; (i) the vehicle distribution study
was carried out to show the pattern of distribution of
vehicles into the toll booth lones as the vehicles left
the police peint. This was accomplished by two collectors
each to one of the police leanes who counted the vehicles
as they arrived into the lanes for normal periods of
study. A note was alse made of all the U-turning

vehicles after the police point.

Together, these constitute the full range of data
sets that were used at one stage or the other in this
research,

6. The result of preliminary surveys together with the
recommendations by Pignataro (1973) suggested a study
period of 12 hours or as close to it 2s possible, The
period of study wes therefore scheduled to be from 7.00
a,m, to 7.00 p.m. subject to several constraints. Four
rounds of data, each of about 3 hours duration were
expected to be collected at 7.30 a.m,.,, 10,30 a.m., 1,30
p.m. and 4,30 p.m, but this was very difficult to achieve
almost for 21l time during this exercise beccuse of
several factors. All through, the exact periods at which
data were collected were selected so as to avoid special
event conditions such as holidays, unusual wezther, queue
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breankdowns and such other adverse system cornstroints
because this study is not for the specific purpose of
studying the efiects of these special event conditions.
This is very important as it is the aim here to investi-
gate the system only under situations that could be
cflled normal. Data collection was therefore suspended
wherever there was a lot of interference between the
system and (he process of data collection. For example,
the periods of induced idleness of either the police or
the toll collectors - although not frequent - was not

included in the study.

This elimination of wholly abnormal veiriods from
the study period;as has been pointed out, results in a
lot of missing date but it at least puarantees that
some factors are fixed through the months covered by

this exercise,

Only weekends, especially Pridays and Saturdays,
are considered important for this study, since there
is scanty trnffic on Sundays and weekdays nnd there is
then no rerson to suggest any troublesome situations,
esnecially for the Lagos-=Ibadan traffic which is the

focal peint in this research.

2.3. DIFFICULITES AND LIMITATIONS

The difficulties and limitations encountered
L3



in the executicn cf this stage of the study wre so
varied 2nd numerous thet they could mar the results if

not properly controlled.

Some of the major difficulties and limitotions are
es follows:
( I the process of data ceocllection is a rather tedious
one for this system characterized by so many varying
conditions or apparent instability. A lot of hazerd is
imposed on the collectors and it is considered that the
technique of using human collectors and timing devices
is not =2dequate for this study. Rather, other techniques
such a2s the use of mechanical counters or the analysis
in 2 traffic laboratory of films taken 2t the study site
ghould have been explored but for lacl: of necessary resourccs;
2 the interruption of counts by policemen and
ministry officials was very frequent;
3. there was the issue of financial constraint to
contend with;
k. adverse weather conditions such as rainfall and
extremely hot daily temperatures did affect the exercise
as either the policemen 2nd or the data collectors had
to abandon their post for this period;
5. the individual skill 2nd experience of the data
collectors many times lead to rejection of whele data

sets oand results.
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2.4, PRELIMINARY SURVEY AND ANALYSIS

The purpose of this section is to identify
periods of near constant passenger flow for the system
and to try and specify the peak period of cperation
within the possible 12 hours period that is suggested
for this study. Furthermore, by observing actual traffic
flows and analyzing a few sets of data apnroximately,
it was possible to suggest c-rndidate models for the
service and arrival patterns which stimuleted the
gueueing model selection for the system, This =lso
gave an insight into the facility saturaticn or under-
saturation and the types of data necessary for detejled

analysis.

The first step involved a visit to the study site
to collect sample data relating to the variation of
traffic on hourly basis for the system, A visual
appreciation of the arrival and service mechanisms was
also made and & few field notes taken, From this,
graphs similar to Figures 2,1 =nd 2.2 were roughly drawn
to show periods of high traffic intensity and thus
identify the pea2k period., From the observations also
it appears that an exponential assumption for both
arrival and service mechanisms could be appropriate,
Hence, since there are many queueing models available
if one can justify the use of Ppisson arrivals and

expenential service precess, the study will concentrate

L5



on testing the validity of the exponentisl distribution

as a model for sérﬁieefinfer-atrival times, Testing for the
exponential has been chosen‘instead of poisson not only
because of convenience, but because of the arbitrariness
involved in selectihg the.time interval for the Ppigson

counts,

The second stage of the preliminary survey invdi;ed
collecting a few sets of data on inter-arrival time and
service time for both the police and the toll booth
gueues in the mannér already discussed and within the
peak period which can be taken from the discussion
above to be from 11,00 to 16,00 hours of the 4ay. Four
collectors were used for this exercise which covered |
Fridays, Saturdays and Sundays and the everit -flow<chart L
of Appendix La resulted from this preliminary -

stage study.

In the data analysis stage, the method of moment#

procedure (Giffin, 1978) was adopted and the estimates

of the parameters of the preépesed theoretical curve

(the exponential) were obtained by mgtching the moments

of the curve against corresponding sample moments. In
brief, higtograms of the observed inter-arrival and
service t;mes were ploatted in the manner of Figures 2,3 to
2,10 gnd these ﬁe}g= compared to the stapdard shapes of
knowr distributions to see how reasonable the exponential -
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assunption is fer the system. This is then followed by
moment matching and a visual comparison of the observed
and theoretical distributions. The graphical tool (as
applied here) is very useful in the tedious chore of
identifying patterns and medels in large d-ota sets and

it will he fully explored in all aspects of this research.

Another guantity of importance at ihis stage of the
study is the coefficient of veriation (C.V.)which is
the ratio of the standard deviation to the sample mean
of the distribution. This velue is known to be equal to
unity for the =xponential, much less than one or tend to
zers for constont time distribution and lic between_
zero and unity for the gemma distribution. The coeffi-
cient of variation was thus determined for the inter-
arrival time nnd service time at both stages of queueing
in the system by first estimating the mean #nd the
standard deviation from observed data., These values
were tabulated in the manner of Tables 2.1 to 2.8 and
together with the pletted histograms, they showed how
much the exponentizl assumption ceuld be taken to be
valid., From these results therefore, it was decided to
go 2head with assumptions for the negative exponential
distribution for both inter-arrival time and service
time, since the results were not toc poor for t+he prac-
tical and operational solution that are of interest in

this research, The validity of the exponential assumption
49
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was left to the confirmatory statistical analysis in

the detajled data collection and analysis stage. = = F{f

The utilization factors (ratic of service time to
inter-crrival time) =2t both stages of the gqueueing system
were also calculated for a few sets of the data so as to

give an indication of how saturated the system is.

2.5. DETAILED DiLTA COLLECTION AND ANALYSIS

2.5.1. Introduction

.This sébtion invol#es the final and more detajled
collection =2nd analysis of data for the estimation of
the statistical properties of the input and service
times in sufficient detajls. This analysis enables
the choice of an appropriate model to be made. Graphical
methods and statistical techniques are eXtensively
employed and such issues as curve fitting, stationafify
of inter-arrival time and service time distributions,
variations of arrival between lanes and variations of
service hetween channels are addressed., Finally, a
probability distribution model is selected for both
arrival and service patterns while an attempt is made

to Justify the selection.

2.5.2. Orpanization And Strategy For Detaiied '

Data Collection

Here, more accurate and varied data than was used

in the preliminary study is collected and days and times
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(of the day) ore varied as much as possible to enable
any chenges of verformance during the selected period
oL ztudy to be noticed. The full range of data as
ear'ier enumerated were collected through the months
mentinned and samples of the ne# data for some cf these
razec are shown in Appendix 1. The techniques and
orgonization for this stage of the study is ulso as
earlier outlined with more stop-watches and digital

watches being acquired,

Briefly, more data were collected to establish the
pattern oxr traffic flows and periods of congestion for
Fridavs, faturdays and Sundays, having concluded that
other days .- Monday through Thursdayv - are of no trouble.-
sone cons*quence for this queueing problem, The data
cnlleclar were plotted for some of these doys as in
Fipures 2.1 2and 2,2 which show a similaritv in pa tern
for "r:days and Saturdays. However, after this s*“age,
it was decided, bersed alser on observation, to Arop off
Sunday: and concentrate on Fridays and Saturdays, The
period nf interest for the study was also identified to
vary froa somewhere around 10,00 hours to 16,00 hours.
Based on ralculations and ebservations, the proportion
of two-vwheelad vehicles was found te be negligible for
consideration in this study. Data on them was therefore

not extensively collected.
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Following the above discussicn, therefore, deta
were collected wherewver it wazs necessary for the
different parts of the system yhile the collectors were
forced to suspend collection when conditions were not

conducive

2.5,3, Data Analysis

The analysis involved the use of bothh the approximate
techniques and +he mor~ rigorous statistical tests, 1In
particular., the potentials of the One-way analysis of
variance (ANOVA) in establishing the stationarity of
distributions. the homo;;eneous nature of inputs and
outputs, and the significant or non-significant variations
betw2en operating conditions on any cnosen set of lanes
or channels in the system were explored. Also a compuZer
aided 2pproach is extensively used for (1) execution of

the ANOVA; (2) frequency Aistribution analysis that is

vital to the plotting of he histograms and to the cure
fitting procedure; (3) thr curve fitting technique. A
smeall computer programme vas written for use with the
curve fitting technique o..’v because of the loarge se*

cf data involved in the analysis,

The various stages in the analysis are a2s folliows:

2.5.3.1. The Approximate Techniques :nd Parcmeter

Fstimation
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ngé graphical methods and the method of coefficient
.of variation earlier mentioned were employed in a much
more extensive way in order to show the merits of the
exponential assumptions for the arrival and service

mechanisms,

N For the graphical procedure, a selected number of tﬁé.
dét&’SEts were  analyzed using the frequency optien

Iof the Standard Statistical Package for Sccial Scilences
(3PS83, 1976) and then histograms plotted as shown in
FPigures 2.3 to 2.70. When compared, visually, with
existing distributions, it can be seen that the histograms
suggest that an exponential distribution could approximate
all the sets of data. This jmplies that the graphical
method supports the expbnential assumptiocn for both
inter-arrival and service time distributions for Friday

and Saturday data,

The coefficient of variation technique involved
determining the coefficient of varigtion for the distri-
" butions of service and inter-arrival times, This was

achieved by estimating the mean inter-arrival times, the

" mean service times and the standard deviations for servicge

- times and inter-arrival times from the data sets. The

- procedure and steps invélved in determining these values

- are outlined in the sample calculation contained in

Appendix 2.
3 53
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