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ABSTRACT

This study evaluates the performance measures of the
queueing systens emanating from the Bayero Uni versity,
Kano, new canpus access area as a result of the demand for
transportation to its old canpus. Analysis of the gueuei ng
systens reveal that transient behaviour is nore appropriate
in describing the system than conventional steady-state
anal ysis. A conputer sinulation package using Runge-Kutta
nureri cal methods was used to solve the set of linear
differential equations developed for the three transport
nodes serving the accesss area. The sinulation nodels wer e
tested with field data collected from the access area on
all the trips nmade during the study period. The probabilities
of delay predicted by the simulation nodels agreed closely
with field observations. The chi-squared test indicated that
there were no significant differences between the nodels
and the field values at the 5% Ilevel of significance.

Passengers at the access area experienced an average del ay of

16. 4ni nut es, 12. 4minutes and 23.5minutes for the t axi
m ni bus and university transport respectively. The
net hodol ogy coul d be useful in analysing t he gueuei ng

systens in other universities or areas having simlar trip
denmand characteristics as Bayero wuniversity, Kano.
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CHAPTER ONE
INTRODUCTION

1.1 General

There are two campuses of Bayero University, Kano.
These are the old campus, situated at Kofar Kabuga, and the
the new campus at Rimin Gata village as shown in figurs 1.0.
The two campuses are about Skm apart. Every morning students
from both campuses arrive at an access area shown in (figure
1.1 ) to take buses to their destinations and choose one of
two options; free university bus service or commercial
transport. Of the commercial transport, two modes are
available. These are the taxi mode and the mini-bus mode.

Prospective passengers arriving at the new campus
access area either join the mode of their choice or wait for
service if service is not immediately available. Thus a
queueing situation arises. However, the only group of
customers studied are those whose prefered mode of access
to the old campus is a commercial mode (ie taxi or minibus )
Interestingly, even for this group if there are no
commercial modes available and a university bus departs
before the next commercial mode, them the quaued would-be
commercial mode riders is cleared at rapdom times which

depends upon the frequency of university bus service.
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The specific problem this thesis seeks to tackle is
that of generating policy options on effective solutien to
the problem of transporting students and staff between the

two campuses of Bayero University., Kano (BUK).

1.2 BACKGROUND TO TRANSPORTATION PROBLEMS

IN THE NEW CAMPUS

The need to provide transportation to ply between the
two campuses of Bayero University, arose when the first set
of students in the faculties of technology and Law, and
the department of mass communications began taking ;ectures
for the 1983/84 academic session. Due to their small
znumﬁer, they c#nstituted too small a market to attract
conventional public transport service ta the old cawspus.
Horeover, a bus ( mini-bus ) was made available by the
university authority to convey them to the old campus for
recreational activities. In addition, some of the.studentﬁ
had personzl tranmsport facilities for their movements.
This sitqation posed no problem to the transportation
demand at the new campus at that time,

Eventually, the number of faculties in the new campus
increased, students number soared and it became .apparent
ihét a deliberate effort was needed to curb the emerging
Eransportation problems characterised by 1long queuves and

unreliable service. During the 1989/90 academic session, the



university administration moved to the new campus and

a final reshuffling of faculties took place, resulting in

even larger student population in the new campus.

The university administrative sta¥ff-both senior and mostly

Junjor staff rely on university transportation to commute

between the two campuses. Visitors to the university

(non-vehicle OWNErs ) also depend on  university

transportation to commute between the campuses. In addition,

most students must commute between the itwo campuses daily
for lectures. This situation stretched the transportation
system much further.

Heasures taken to tackle the tranmsportation problems
were;

{1} Increase in the number of university buses commuting
between the two campuses.

(2) Collection of token Ffares to offset the cost of
maintenance, which was at first tuwenty kobo,but later
increased to fifty kobo and is now one naira per ride.

These two measures failed to improve the transport situation

because university buses scheduled for the operation were

often arbitrarily diverted and assigned to other
university business. The collection of the token fares did
not endure either. Oflen tickets were not available, and

it soon became known that the cost of producing the tickets



far outweighed the revenue generated from the buses
operation. Students unwillingness to pay, often with the
excuse that they had no coins, contributed to the poor
revenue generated.

While the demand to commute between the tun campuses
increased, the buses operation becawe unreliable as they did
not adhere to any schedule of operation. Finally, the
university authority invited private transport proprietors
to ply between the campuses. The taxi mode and the
mini-bus mode responded. Despite these, however, congestion
has not been eradicated and the long queues and delays
still persist.

1.3 OBJECTIVE AND SIGNIFICANCE OF STUDY

The objectives of the research are:

{1} To develpp a stochastic model suitable for predicting
the trends in transport demand and the interaction
between the various wmodes of transport between the
campuses.

{2) To use the model developed to investigate the
implications of wvarying the number of private taxis,
mini-buses and the university bus on the level of

service.



1.4 SCOPE

The scope of this research include:

(1) sStatistical analysis of data on passenger arrival,
vehicle arrival and service characteristics.

(2z) Development of a model to predict the demand of
customers departing the new campus and the number of
vehicle trips within each mode required to serve the
demand and

{3) A stochastic model ( queueing ) suitable for studying
the queueing systems arising at each transport mode at
the access area in the new campus.

(4) ODevelopment of a computer program to aid in the
analysis of the queueing model developed and bhence

computer simulation of the studied situation.

1.5 RESEARCH METHODOLOGY

Thie research involved basically field data collection
and mathematical modelling. Data relating to trips between
the campuses were collected to generate information on:

(i) Trip demand by time of day.

(ii) Number of customers carrisd daily.

(iii)Mumber of vehicle trips of each transport mode operating
daily.

(iv) Arrival pattern of customers to the access area for



each mode per some chosen unit of time.
(v) The service times of each transport mode operating at

the access area.

Statistical analysis was carried out on items (iv) and
(v) to determine which standard probability distributions fit
the data. This was with a view to properly defining the
arrival and service patterns of the queueing process. The
transient behaviour was also analysed to determine whether a
stationary process or transient character is more critical.
Appropriate mathematical models were then developed and a

computer program developed for the analysis.



CHAPTER TWO

LITERATURE REVIEW-

2.1 INTRODUCTION

Queueing is a phenomenon that is observed in everyday
life. Due to increasing congestion and urbanisation in towns
and cities as a result of large populations, there is hardly
a situation in life in which a queue does not arise. For
instance,we wait in line at traffic jams or toll booths, at
road Jjunctions to enter major traffic streams, at
transportation access points to enter buses or taxis to our
destinations, alt post offices, at banks, at supermarkets, at
petrol filling stations, to mention a few.

These waits or queues arise because there is more
demand for service tLhan there is facility for service
Gross and Harris,(1972). There may be several reasons why
Lhe demand for service exceeds the facility available;
first there may be a shoitaye of available servers, or it
may be infeasible economically to provide the level of
service necessary to prevent waiting or there may be a limit
to the amount of space that can be provided. The
proprietors or managers at the establishments at which we
wait (queue) might be interested in such questions as: How

much equipment or facilily must be provided so that the
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probortion of customers experiencing delays will be below
an acceptable level? The answer to such a question will be
based in part on such diverse considerations as politics,
economics and technical knowledge. But it possesses an
important characteristic; The times at which requests for
service will occur and the lengths of times that these
requests will occupy facilities cannot be predicted except
in a statistical sense, Cooper, (1978). The branch of
mathematics amenable to such prediction and analysis is
probability theory under which falls the theory of
stochastic processes.

The term stochastic implies that a probability function
is generating an ordered sequence of events. In the queueing
context it 1s common to relate that ordering to tine
Giffin.(l??a). For instance, a time series plot of the
ﬁunber of customers waiting at a bus stop at the time each
bus arrives for pick-up represents a stochastic process.

2.1.1 OESCRIPTION OF A QUEUEING SYSTEH

A queueing system can be described as customers
arriving for service; waiting for service if it 1is not
immediate, and if having waited for service, leaving the
system after being served. A& queueing process is therefore
basically described by:

(1) the arriving pattern of customers.

10



(2) service pattern of servers.
(2) queue discipline.

The arrival pattern or input to a queueing system is

often measured in terms of the average number of arrivals
per some unit of time (mean arrival rate) or by the average
time between successive arrivals (mean inter-arrival time).
Another factor of interest concerning the arrival pattern
is the possibility that arrivals come in batches instead
of one at a time. In this case, the batch size and the time
between successive arrivals of the batches are random.
A customer arriving at a queue may decide not to enter,
that is qggﬁlor may leave after a long time in the queue,
that is RENEGE. 1In the event that, there are two or more
parallel waiting lines, customers may switch from one to
another that is JOCKEY for position. Finally, the arrival
pattern may change with time or may be constant over time.
In the latter, it is said to be a stationary arrival pattern
whilst in the Jormer, it 1is a non-stationary arrival
pattern. Any or all of these characteristics may be best

described by random variables.

The service pattern, like the arrival pattern, is also

measured by the number of customers served per some unit of

time or as a time required to service a customer. However.

service rale or Lime are conditioned on the fact that the

11
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system is nol empty. If the system is empty, the service
facility is idle. Service may also be batch or single. The
service rate may depend on the number of customers waiting
for service, in which case, it is vreferred to as
state-dependent service. The service pattern, like the
arrival pattern may be also stationary or non-stationary.
All the characteristics of the service pattern can also be
best described by random variables.

The queue discipline defines the rules of behaviour

within the queue. The most common rule that can be observed
in everyday life is first come, first served or first in,
first out (FIFO). Some others in common usage are last in
,first out (LIFD), selection for service in random order
(SIRO), and a wvariety of priority schemes. Priorily
disciplines may be pre-emptive or non pre-emptive.
Pre-emptive queues may again be pre-emptive resume or
pre-emptive repeat.

2.1.2 QUEUEING NOTATION.

In describing a queueing process, a notation has
evolved due, for the most part, to Kendall (1951), which is
now rather standard throughout queueing literature. A
queueing process is described by a series of symbols and
slashes such as A/B/X/Y/Z, where A indicates the inter

arrival time distribution,B the service pattern as described

12



by the probability for service time, X the number of
parallel service chanmmels, Y the restriction on the
systewm capacity, and Z the gueue discipline. For example,
the notation N/D/2/ /FIFQ, indicates a queueing process with
exponential inter-arrival times, deterministic service
times, two parallel channels, no restriction on the maximum
number allouwed in the system, and first in, first out queue
discipline (Gross and Harris,1974).

2.1.3 APPLICATIONS OF QUEUEING THEORY

The first work of any great significance that dealt
with a real queueing situation was the work of A.K.Erlang,
{1909) in his paper "The theory of probability and telephone
conversations”. Erlang was an employee of the Danish
Telephone Company. Since then telephone remained the sole
recipient of the principal application of the theory till
about 1950. Numerous other applications have been found
since then. Galliter and Wheeler,{1958) applied the theory
to the landing of aircraft. Koopman,(1972) also studied
aircraft landing patterns in his paper "Air-terminal queues
under Time dependent conditions”.

Several olher applications have been reported in the
fields of operations research, management sciences,
statistics, inventory control, wanufacturing processes,

praoduction lines, computer sciemces etc.. Cooper, (1978) and

13
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Giffin (1978) gave an exlensive bibliography on the subject.
Similarly, papers to which this work is related have been
reported as well. The work of Curry et.al.,(1979) to which
this thesis draws heavily is worth citing. In their paper,
Curry et.al. studied a <queueing situation at an airport
terminal in which passengers disembarking from a flight
choose among alternative means of transportation to their
destipation in the Central Business District.

Uber, (1978) also used queueing model to study start-up
times and queue acceptance of large gaps at T-junctions,
while Egurube, A.3. (1990) studied priority intersections
under queueing situations. Feng-Bor and Donald C, (1986)
evolved a simulation model to study queue dissipation
;;aracteristics for the analysis of signal conirols. Eddie,
(1956) used queuweing theory to study queue lengths at
Toll-Booths and a similar work has been reported in the
literature for the Lagos-Ibadan expressuway.

2.2 BIRTH AND DEATH PROCESSES IN QUEUES.

& birth in queueing theory generally refers to the
arrival of a customer to be served, while a death refers to
the departure of a customer after service or for other
reasons. Birth and death models are a special type of
Harkovian models. That is, the conditional probability of

finding the system in state j at tieme t+At, given that It

14
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occupied state i at time t, depends only on the starting

state and the transition time At. It is independent of the

path used t¢ reach state i. In its most general form the

birth postulates can be formulated as follows;

(1) If the system is in state n at time t, the probability
of a single arrival in the interval (t,t+At) for small
At is An(t)At where

limit An(t)At
At =)o At

=an{t) _.__.... 2.1
(2) The probability of more than a single arrival during a

small interval of time At is D{At) where

limit O(At)

—— E 0 e ermemow N
At->o AL 2.2

The death postulates are:

3) If the system is in state n at time t, the probability
of a single service in the interval (t,t+At} for small

At is un{t)At. where

limit  un(t) At

At->o At = un{l) ...o... 2.3

(4) The probability of more than a single service during a
small interval of time At is 0{At) where

limit 0(At)

Atoso T =0 iiieaaean. 2.4

For stationary processes in which the arrival and service

rates do not change with time, the functional argument t in

15



ihe birth and death postulates is dropped such that

An{t) = An for all 1

........ 2.5

pn(t) = un for all 1

Let Pij(&t) be the probability of moving from state i

to state j during a time At. Beginning with state zero the

system can move only to a higher order state or stay in

state zero. It will remain in state zero if no customers

arrive or if a single customer arrives and is served in

{(t,t+At). The probability of these events is
POO(.&t) = (1.-7\0&0 + )\oﬁmom _____ Y

The system will move from state zero to state one if a

single customer arrives and none are served.

Hultiple arrivals would be necessary to move the system from
Zero to any state jri. But by the birth postulates the
probability of such events For swmall At is zero. That is
Poj(At)r-ﬂ i»1
From higher order initial states , transitions can occur in
either a pesitive or negative direction. The system can stay
in state i with no births or deaths, move from i to i-1 with
a death, or move from i to i+l when a birth occurs in the

interval (t,t+At). The postulates of these events are;

Pi’i_l(&t) = 4 ALO-A AL)
P_. (At) = N At At & (1-Z A1 At) ... 2.9
li L Y L L

16



t) = A At(1-u At
pi.iﬂ(A ) tﬁ ( i )
Since multiple arrivals or services are not adwissible in

our current system, Pij(At) =0 for |i-j|> 1. The

complete transition matrix can now be written as

2
0 | pu A%s(1-x _AU) A AU A L

2
T=1 [pAtC-A AU A p AN A1 AU A At(1-p At)

2
2 0 WAI-A A A p AU (1A AU (1-p At)

............ 2.10
In veclor notation,
P(L+AL) = P(U)T

and multiplication leads to the following set of equations.

- z - -
P(L4AL) = po(a)[xopom (1 ROAt)] ' P’(t)[y‘Al(l Alm)]
J L J

B _ 2

pn(t*bt) B pn-l(t)[?n—nbl(l Lﬂvtﬁt{]+ Pn(t)[;\npnAt

H1-A AU At ):I w0 [pmau 1-x At )]

n=21 sula il

17



8y transferring Pn(t) to the left side, dividing by At and
taking the limit as Al goes to zero, we are led to the set

of differential difference equations

dp (1)
o

. -Aopo(t)+utp‘(t)
dt 2.12
dpn(t) _
T = (A 4p ) (A p (Ou P (1) n 1

If we reintroduce time dependent arrival and service rates,

the birth-death equations then becomes the non-homogeneous

et P x (e (D4 (Vp (V)
dt
dp (1)
n . —{kn(l) + pn(t) ]Pn(t) + kn_l(l)Pn_l(t)
dt 1 -
bu (0P (1) nN21 ... 2.13
&3 STEADY-STATE SOLUTIONS.

In most queueing processes, the long-run behaviour of the
system is of great interest. In such analysis,the systems are
assumed to have reached steady state in the sense that their

probabilistic behaviour becomes independent of time. This

18



approach is often justified on the basis that most design
problems are more concerned with a long-term average
behaviour than they are with temporary perturbations caused
by start-up conditions o1 short interruptions in systen
operation. However, an even more important, if often
unarticulated, reason for emphasising steady-state solutions
is that the transient solutions are simply too difficult to
obtain (Giffin,1978),

To assume that the system has reached steady-state is
equivalent to stating that the probability distribution is
no longer changing with time. Hathematically,this means that
the derivative of Pn(t) with respect to time must be
zero. Rewriting the birth-death equations for steady-state

conditions we have

O=-AP + uP
o0 'uifl.

L]
11

-{n + Pn+ A P + P ; n>
( 2} pn) n n-1 n-1 'uT"H'i. n+t l

The above set of equations is wost easily solved by
iteration. B8eginning with the first equation

P
1z O p
R N

My

using that result in the second equation wvields :

pz .____“]:__ (l +|u )p - ;\-O
pd 1717t ———p
2 I|L£2 o

19



=-i—(k‘+y1) kopo B kopo
2 “: yz
= AAP
010
“t“z
and in general
P ) n—;/ n
R | RV | Ko
L=0Q L=1

2.14

where the Pi notation represents the product of indicated
terms. Invoking the definition of a probability distribution

to determine Po and hence all Pn. We have

w
Lp. =1
n=0
it follows that
w
/ m.) | guegeneaa =
F’0 +h?o(ﬂ)\L l'I,ui.)P0 1 215

from which

=1
i ® n-1 n |
P =1+ (0 kt/ ﬂ,ut) ........... 2.16

n=1 =0 L=1
| =1

Equations 2.15 and 2.16 then constitute the general steady
state solutions for the birth-death process. These equations
can be used to model a great number of system configurations

including finite capacity, infinite capacity, single-channel,

20



multi-channel, infinite source,finite source,state-dependent
service rate and many other pure and mixed characteristics.
Aall that is necessary is to defime the proper set of arrival
rate An and service rate M coefficients for the configura-
tion being considered,then solve the resulting equations.
Detail derivations of the state probabilities and the
measures of performance for the different systea
configurations can be found in any standard queueing texi.

2.4 TRANSIENT SOLUTION OF QUEUEING SYSTEMS.

In the analysis and desian ol many service systems, 1t
may be vital to know how the system will respond to sudden
changes in input or service capabilities. for example, if
one seeks to study the fFlow of air traffic in a major
terminal area, it is the time wvaryving nature of arvivals and
service which are important in analysing system performance.
Similarly, in sludying the arrival and service patterns in
a transportation access area, the time varying dewmand for
transportation is important in analysing system performance.
The flow of arrivals at 10.00am could be much higher than
that at 2.00pm. Furthermore,service interruptions may occur
in the fora of wvehicle breakdowns, traffic Jjams, route
bottlenecks, etc, which may temporarily restrict the ability
of the access area to process traffic.

Steady-state analysis is inadequate for both surface

21



and air traffic control problems. Each requires a
consideration of the time-varying nature of the queue and
its associated delays. If these systems can be modeled as
~ finite Harkov chains it is a simple matter to extract the
desired time-varying performance by harnessing the
computational power of modern digital computer.

The reasons one does not often find transienl analysis
used in most queuing systems are that wery few transient
solutions exist and those solution which are awvailable are
extremely awkward to manipulate. It is therefore common
practice to resort to simulation studies in an attempt 1o
analyse time-varying behaviour. However, simulation is an
experimental tool with all of the statistical pitfalls of

decision making from experimental data. Ip addition, it 1is

very expensive to obtain sufficiently large samples of
simulation results to have confidence in the conclusions
draun.

The transient solutions of queueing systems are
therefore obtained by numerical solution to systems of
differential equations and by iterative caleulation of state
probabilities using basic Markov chain arguments. In these
cases, the output is not an equation but rather & table
of numbers which enumerates the numerical values of the

state distribution. But after all it is the set of numbers
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which is most impertant in the analysis and design of
queuneing systems.

2.5 BULK QUEUES.

In most queueing systems, it is assumed that custiomers
arrive singly and are served singly.Such assumptions may not
be reasonable for some special classes of queueing systems.
For example, at an airline terminal, each arriving {flight
delivers a batch of passengers who will require service at
the baggage pick-up area. In this case, one must account for
bulk arrivals coupled with single-chamnel service in order
to develop a reasonable queueing model.

Bulk or batch operations are also common on the service
gide of some systess. Consider, for example,passenger pickup
at a city bus stop. Passengers normglly arrive singly and
form a queue. However, when service occurs, dan entive group
of the waiting passengers, equal to the maximum of the
number present or the available passenger space on the bus,
is served. A single-service model would be a poor c¢hoice
for analysing such a bulk-service problem.

2.5.1 Poisson Bulk Service

This system can be analysed by the same techniques
employed for the birth-death process. The only difference is
that we pmust now admit Jumps to states other than

immediately adjacent states. Using the usual rate of change
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arguments we can write the appropriate set of differential
difference equations as

dPo(t)
dt

= up1(t) - APolt)

daPn(t)
dt

it

MPTHLI(t) ~ APR{t) - uPn(t) o{n<b

dPn(t) _ MPo+ea{t) - APn(t) - wPn(t) + APn-b(t)
dt n=b

Where b is the batch size. Due to the inherent complexity of
the transient solution, let us proclaim interest only 1in
the equilibrium condition which exists as long as bA<u.
Rewriting for the steady-state by setting the derivatives
equal to zero we have,

APo = uP1

{A+L2)Pn=1Pnte b

(A+u)Pn = uPnes + APn-b  n2b

The resulting set of difference equations is most easily
solved by using geometric transforms. This is beyond the
scope of this thesis. Giffin (1978) however gives the

probability distribution for the Poisson bulk arrival system

as
° th+1)
Pn = (u-bAh)Y, Cizi i
L=i
2.5.2 Random Bulk Arrival Size

Here the batch size b is distributed by the probability
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mass function

Pr (batch =b) = 9%
The arrival stream over time is a compound Poisson process.
We could view such an arrival process as a combinalion of
separate Poisson streams with the arrival rate for the ith
stream being kgi. This means that transitions into state
Jj due to arrivals can cccur from any state below it since an
arriving batch may be of any size including zero. A zero
batch size Implies that the system remains in its current
state. Transition into state j due to service occurs only
from state (j+l) as we still assume a single-channel system.
Transition out of j due to service goes only to (j-1).
Transition out of j due to arrivals may lead to any higher

order state. However, the total rate of departure flow from

state j is still A due to

41] w
T }\giz AY, 9 =N\
L=0 L=

Putting this information into the uswal rate of change
equations leads to

den(t)  wPa(t) ~ M’O(t) + ?\goPo(t)

dt
n
dPn(t) = pPnda(t) - APn(t) - uPn(t)+}Ag _1Pi(t) n=21
dt =

By setting the derivatives equal to zero we have the
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equilibrium equations.

APO = LP1 + lgofo
N
(A+)PR = P+t +D\gn—19i n=1
L=0

figain geomeliic transforms are used to solve the above
system of equations. The final form of the transform obtained

is p(z)e (HAEM))(1-2)
M(1-z)-Az(1-6(z))

The transform can be used directly to obtain the moments of
the state distribution or inverted to obtain any desired
probabilities. The performance measures are as follows.

xcazw(bmcbnz)
Z(-NE(D))

In terms of the utilisation factor, it is

L

p(1+i(b)4o:/E(b))
L-_\.:
2(1~p)
where e =AE(b)
7
L = L-AE(D)
q
v

Given an effective arrival rate of AezAE(b), the waiting

times are given by

W =L /he
1+E(b)+oi/£(b)
_ 2u(1-p)
W= w1/
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2.5.3 Exponential Bulk Service

In this system, customers arrive singly in Poisson
fashion but are served in bulk. When service takes place an
entire group of C may be served. The duration of service for
the group 1is assumed to be exponentially distributed.

Two wvariations in such service mechanisas may be
encountered. In the first version, the server will not act
until a group oi C customers has accumulated. He will then
serve the entire group.In the second version service takes
on groups which cannot be larger than €. If less than C
customers are present, all are served. IT more than C are
present a group of C will be served.

2_.8.4 Constant Size Service Batch

Flow into state n occurs with an arrival from state
{n-1) or bulk service from state (n+c). Flow out of state n
gaes to (n+l) with an arrival or Lo {(n-¢c} with a service
whenever n>c. The proper differential-difference equations
can  then be formulated as

dPo(t) = pPc(t)-APo{t)

i

dPn{t} = puPn+c(t)+Apn-2(t)-Apn(t) 1Sn{c
dt
dPnt)

dt

pPn+e(t )+Apn-1(t)-pPn{t)-APn{t} n2c

By setting the derivatives equal to zero we oblain the usual

steady-state balance equations.
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APo = LPc

APn = UPn+ct+ APn-1 1Sn{c

- {A+U)IPD = LPr+c +APn-g n=c
To solve these equations we again resort to transform

techniques. The final form of the stale distribution for the

fixed bulk size (c) exponential service, Poisson arrival

system is
t
~ 11 /z0)" oSnic
c
Pn =
—c+
(1-¢1/20) Y (1/20)" <" n2c

This is solved by Tirst locating the root of the equation.
pu°+1- (pﬂl)z°+ 1 =0

which lies ouiside the unit circle, say zo.This wvalue is

then used in the above equation to find the necessary

probabilities. The performance measures are given as

L = {ec-1)72 + 1/(x0-1)
L =1l-p
q c-1
where E(s) = C(1- }, Pi) = p
L=0

correspanding waiting times are

W = 174 ( (c-1)72 + 1/{z0-1))
N = N-1/
a M
2.5.5 Variable Service Batch Size.

In this system whenever the server 1Is free it will
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accept C customers for bulk service if they are awvailable.

If less than C are present when the server becomes free it
will serve in bulk all who present. We will assume Poisson
arrivals and an exponentially distributed time to serve a
batch, regardless of its size.Following the usual flow rate
arguments, one can gquickly construct the proper set of

differential-difference equations as

dPo(t) = u EPi(t)-—?\Po(t)
dt =1
dPn(t) = uPn+c(t )+APn-1(1)=uPn(t)-APn{t) n2l
dt
The equilibrium equations obtained by setting dPn(t)sdt = 0
are then APo = u CEPi
i=1
(A+u)PR = uPRHc $APR-1 n=1

Resorting to transform techniques, the final form of
transform is

P(z) = (1-20)}/{2-20)

il

(1-1/20)/(1-2/10)

The inverse of this transform gives the distribution for the
number of customers in this bulk service system and is

Pn = (1*1/20)(1/10)n
where zo is the root of the eyuation

o1t - ()t 1 = 0

which lies outside the unit circle.The performance measures



are

and

1/z0
1-1/20

1/(zo-1)

Azo-1)
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CHAPTER THREE.

DATA COLLECTION AND ANALYSES.

3.1 FIELD SURVLEYS.

In order to decide on the suitable locations to collect
data for this study, field surveys were carried out at both
the gld campus and the new campus of Bavero University, Kano.
Though this study concerns the analysis of departures from
the new campus, it is obvious that all trips to the new
campus originate from the old campus and data related 1o
trips between the two campuses can as well be taken at the
old campus. The layout of the old campus together wilh the
neW campu§ iz shown in figure 1.1.

The fransport route runs through an arterial highway
that comnects the two campuses. The arterial roadway is a
two-lane two-way highway with the traffic lanes each about
3.5m wide and a shoulder width of about 2m on either side.
The physical roadway (carriageway) conditions are good and

|
the road could!be rated as very good. Access to the highway
is not restricted.

University buses departing the new campus to the 0ld
campus have an altermative route through gate A, as shown in

figure 1.1. Novmally, buses,taxis and mini-buses all follow

the route through gate B. Thus an obuerver stationed al the
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universily bus access area inside the old campus will record
inconsisient arrival ltimes as a resull of differences in
route lengths. Also the access areas for the three modes are
not located at the same area and therefore it would be
impossible to observe passenger characteristics such as
Balking, Reneging, Jockeying, and Swilching.

Figure 1.1 shows an access area outside the main gate
8. This access area is used by the taxi and mini-bus wmodes
but occasionally the wuniversity bus stops for boarding
and alighting of passengers, so Lhat passengers wailing at
Lhe access area inside Lhe campus are delayed unduly. For
these redsons, il was found convenient to collect all data
from Lhe new campus access area since only one road leads to
L new campus access area and all arrivals and departures

take place there, during and after lectures.

3.2 LOCATION OF OBSERVATION POINTS AT THE NEW CAMPUS.

The location of the data collection points are shown in
iig.3.0. The criteria for selection of observation points
were such that Lhe site conditions reflected the study
vbjectives and factors  known to  influence passenger
behaviour at the access area were isolated. For instance, it
was important that the drivers did not notice Lhe
observers recoirding their arrival and departure times as

well as taking their plate numbers. This could give the
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feeling that the university authority was monitoring the

work -
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feeling that the university authority was monitoring the
work of the drivers and subsequently influence the arrival
paitern of the university buses to the access area.

Two sites were selected for observation. Site A was
monitored by two observers. One observed and recorded the
university buses”® arrival and departure times at the access
area. The other counted and recorded the number of
passengers arriving at the access area every five minules.
Site B was monitored by four observers. One observer each
was assigned to note the arrival and departure times of the
taxi and mini-bus wodes respectively. The remaining two
observers individually wmonitored the arrival pattern of
passengers for each of the two modes. The location of site B
was such that it was glaring to them if balking, reneging,
or Jjockeving took place.

in order to fine tune the designed data collection
process and enhance Lhe efficiency of data collection, two
days were first used for trial data collection. These were
the éth and 7th of January 1994. The full-scale data
collection commenced on Monday January 10 and stretched to
Saturday January 15. No data was collected on Sunday January
16. This is because no lectures take place en Sundays and,
as a result, the access area is normally deserted completely

on Sundays.However, the university bus service and the other
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modes offer a kind of door-step service to passengers.
Passengers arriving from the old campus are transported to
their resgpective hostels and Lhe buses taxis and mini-buses,
in turn pick their clients from the hostels te the old
campus. This form of service comstitutes a deviation from
the service under study, and as such no data was collected
on that day. All data collected spanned from 7.004m to
7.00p& each day for all the six days that were studied.Three
types of data collection sheels were used. These are namely,
(1)  Trip demand sheet.

(ii) Passenger arrival pattern and count sheet.

(iil}Elapsed trip time sheet.

On the trip demand sheet, records were made of the
arrival times, departure times and the capacities of the
different vehicles lhat served passengers. By this , it was
possible to estimate the number of passengers carried by
each mode on daily basis. The second sheet contalned the
number of passengers every five minutes. This also gave the
cummulative number of passengers arriving at the respective
loading poinis and facilitated an estimation of the total
trip demand for each mode on daily basis as obtaiped. The
observers used quartz timers and manual counters for
purposes of collecling data. Passengers arriving at the

respective points of access for the different modes were
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counted by depressing the knob on the manual counter which
reading increased by one with each depression. At the end of
every five minutes the number indicated gave the cumulative
arrivals up to that period and the difference in reading
between the most recent reading and the immediately
previous reading gave the number of passengers 1in that
particular period.

The elapsed irip time sheet was used to record the
origin and time of trip, emoute stoppages and their
durations as well as the trip destination and destination
time. From this the average trip time of each iransport mode

is Ealculated.

3.30 SOME CHARACTERISTICS OF THE ARRIVAL TIMES,

Throughout the observation period, the taxi mode was
the first 1o arrive at the new campus access area. This
was followed by the university bus mode , then the mini-bus
mode. There was a difference of about 41 minutes betueen the
times of the first taxi and university bus to reach the neuw
campus. The mini-bus mode does not start operation till much
later and this phenomenon was observed throughout the
period of study. Due to the relatively early arrival times
of the taxi wmode, students wishing to catch the first
lectures of the day tended to rely on the taxi mode to be on

time. Similarly, staff who must report early to work tended
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also Lo opt for the taxi mode. Whether the taxi mode is the
most reliable of the three wmodes iIs, houwever, open to
question. The arrival times abstracted from the raw data, for
the three modes, for a typical day are shown in Tables 3.1,
3.2, and 3.3.

another interesting observalion on the arrival times

was the headways bLetween the university buses. Due to the
high demand for uwniversity buses and the resulting long
queues, the university buses seemed to operate in  platoons
especially during peak hours. On most occassions, all the
university buses operating between the two campuses travel
with very small headways betuween them. Table 3.1, shous
Lhis clearly. This is presumably for two reasons. First,
university buses which arrived singly when passengers have
lost patience or when passengers arriving most recently
into the system attempt to shunt the queue ahead of the
earlier arrivals on the qu;ue. disrupts the FIFO discipline
commomly observed prior to bus arrivals . Consequently,
passengers board the buses 1hrough the windows, the drivers
seat and some hang on the buses to make the trip to the old
campus. The buses also get vandalised in the process.
Secondly, by arriving in platoons, a large number: of

passengers are carried to either clear the queue or reduce

it considerably. Yet apother reason 1is that passengers
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lé 954 16 12 40 18

58 9 54 20 12 4D 25

3 9 54 24 12 40 28

35 9 5559 12 40 32

50 10 1lé 38 12 40 37

15 10 16 42 13 05 13

57 10 le 46 13 05 17

20 10 20 34 13 05 25

56 10 42 55 13 05 28

06 1D 42 57 13 27 18

13 10 42 5% 13 27 21

50 11 53 22

TABLE 3.2
{Times cre in

15 11 58 05 13 00 25
05 12 16 30 13 13 13
05 1212 25 1319 721
16 12 18 35 13 24 28
08 12 18 40 13 35 05
25 12 25 35 13 35 41
35 12 35 40 13 3% 31
20 12 43 37 13 43 53
45 12 44 16 14 58 0S
00 12 47 21 15 00 03
00 12 51 18 15 44 40
06 12 54 20 16 44 35
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carried from the old campus to the new campus do not often
get the opportunity to alight when buses arrive singly and
on avevunt of sLampede by entering passengers,such
prassengers run the risk of being returned to the old campus.
Platoon arrivals on the other hand reduce the rush on a
particular bus and passengers can afford te alight. Thus
very small headways are observed betuween the universilty
buses when they arrive in platoons. Headways of two seconds
have been observed. These small headways are interspersed
with long headways normally not less than the round trip
time for the university buses. When the platoon behaviour
of the university buses breakdown, the headways become
erratic, following the pattern of the other modes of
transport.

There was no definite pattern in {he observed taxi
arvival times. Smaller headways have equally been observed
in the range 2-5 seconds, longer headways of sizes generally
grealer than 1000 seconds were more compon. The wmini-bus
sode starts operation much later than the other two modes,
during the period of study. Though it starts late, it
captures a sizeable portion of the customers leaving the
new cdampus and competes favourably with the taxi wmode in
teras of convenience. See Tables 3.1 to 3.3. and Table 3.6

for comparison. It also enjoys greater patronage because of
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lower fares. They run the smallest number of trips between
the two campuses as compared to the other wmodes, and
observations reveal that headways less than 50 seconds were

uncommon. See(Table 3.2),

3.40 SERVICE TIME CHARACTERISTICS . .

Service time in the context of this work, is defined as
the difference between the arrival and departure 1iimes of
the three modes of transport. The service time distribution
for the three modes obtained [rom aggregated data is shown
in table 3.4. For ease of presentation, three categories
of service times are identified.They are short service times
{less than or equal lo 60 secs), medium service (60 secs to
110 secs), long service times (greater thanm 110 secs). The
service times of the university buses consists of 20% short,
36% medium, and 44% long. Short service times are those up
to but less than 40 secs and indicates a breakdown of queue
discipline.

Passengers arriving from the old campus have little or no
opporianity to alight Troe the buses. In such situations
only passengers who could hang on the buses or forece their
way into the buses are able to obtain service at the access
area. Medium service times are those greater than 60 secs but
less than or equal to 110 secs. These represent an orderly

gueneiny situation. Service times greater than 110 secs are

41



considered long and represent situations in which the queue

discipline is largely FIF0O wherein nearly

all passengers

patiently await their turn to board the university bus in an

TABLE 3.4

SERVICE TIME DISTRIBUTION FOR THE THREE HWOOES.

(AGGREGATED DATA)

furalion of

service time Mumber of observations.

{seconds) Uni.bus mude |Mini-bus mode Taxi mode.
{10 - - 7é
+

10 - 20 2 7 160
+

20 -~ 30 13 24 141
L

30 ~ 40 8 19 140
+ o

40 - 50 23 22 83
, BRI

50 - &0 21 25 yrd
+ : s : ’

&0 - 70 20 23 43

Sat oy

70 - 80 23 10 21
¥ e

RO - 90 30 7 25
+ ' .

90 - 100 31 7 10

. _

100 ~ 110 16 8 7

3110 145 46 40

orderly  manner. Service times much longer than 110 seconds

"

are indicative of the absence of queues at the access area

42




and tlhe drivers as a vesult, wait for passengers till the
bus gets filled to capacity.In some cases, the long service
times arise because passengers oulside the access area
flag the driver to wail or stop. During peak hour times,
long service times occured because arriving passengers are
unable tov alight in good time. Yet =till, in some instances,
the drivers motives for excessive waiting at the access
area cannot easily be speculated upon.

For all the cases considered, it was not possible to
distinguish between the alighting process and the boarding
process due mainly to the faci 1hat on most occasions 1he
passengers have lost patience by the arrival time of 1ihe
universiiy bus.

The taxi mode offered a much smaller service time than
both the university bus mode and the taxi mode. This is
ndinly 4 a result of the smaller number of passengers
carried by the taxi wmode. The percentage service times
offered for the three categories of service times are 82%,
13%, and 5% respectively. For service times in ithe first
categyory, il is commonly observed that an orderly queueing
situation obtains, and the number of passengers waiting is
ot up to taxi capacity or a simultapeous arrival of a taxi
with one or both of the other iwo modes occured. Situations

typical of wedium service times are non-arrival of a taxi
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with the other wmodes simultaneously. Service times in the
last category is as a result of a taxi waiting for passengers
and excessive waiting on the part of the driver for no
apparent reason.

The proportion of service times for the mini-bus mode
in the three categories are 49%, 28%, and 23% respectively.
It would be seen that for the three cateqories considered
and for the three modes of transport, the mini-bus mode
offers service times in between the university bus mode and
the taxi mode. In other words the service times are smaller
than tlie university bus mode but longer than the taxi mode.
When a4 mini bus arrival coincides with a university bus
arrival, often the mipi-bus is ignored till the departure of
the university bus. In situations like this , the mini-bus
either woved away iu which case smaller service times are
observed or waits till the departure of the wuniversity bus
in the hope of getting passengers left behind. In such
cases, longer service times occured. Thus reneging of
passengers {o the umniversity bus wode is frequently
observed when a university bus mode arrives before 1he
deparluie of the waiting mini-bus. Like the other two modes,
long service times are indicative of waiting for no good
reasons. Table 3.5 scummarises the service time

characteristics for the three modes for the duration of

44



TABLE 3.5 SERVICE TIME CHARACTERISTICS FOR THE THREE

HODES OF TRANSPORT

UATE HoBE SAMPLE | MEAN STANDARD COEFFICIENT
SIZE SERVICE | DEVIATION OF VARIATION
UNIV.BUS 62 120.05 66.10 0.55
1071794 | HINIBUS 50 80.%0 54.60 0.67
TAXI 165 48_15 43.18 0.%0
UNIV.BUS 53 111.00 52.67 0.47
11/1/7%4 | WINIBUS 39 79.26 51.79 0.65
TAXI 144 51.67 30.81 0.60
UNIV.BUS 52 92.30 48.85 0.53
1271794 | HINIBUS 34 107.26 78.80 0.73
TAXI 138 47 .40 48.16 1.02
UNIV.BUS 58 96.00 35.97 0.37
13/1/94 | HINIBUS 38 106.74 70.00 0.66
TAXI 153 31.51 20.83 0.66
UNIV.BUS 67 100.75 54.61 0.54
1471794 | NINIBUS 32 56.97 43.49 0.76
TAXI 134 32.63 22.16 0.68
UNIV.BUS 40 110.58 59.09 0.53
15/1/94 | HINIBUS 15 91.67 62.82 0.69
PAXI 86 38.73 33.84 0.87
Overall| UNIV.BUS| 332 105.02 54.07 0.51
Aggieg. | HINIBUS 208 87.10 61.85 0.71
Data TAXI 820 42.41 43.06 1.02

study. The results in table 3.5 reveal

the wide wvariation

in the service Limes of the three modes of transport. Of the
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three modes, the university bus exhibited the smallest
degree of uwnevenness in its service times. Even in global
terms, (bottom of table 3.5) the university bus mode offered
the least variation im its service times. The taxi mode had
a coelficienl of wvariation of 1.02 for aggregated data. This
indicates that randomness is a constant feature of the taxi
node.

3.50 PASSENGER CHARACTERISTICS.

Figure 3.1 shows the distribution over time of passenger
arrivals on the three modes. A clear indication from the
results is that the passenger arrival patterns for the three
modes show similar characteristics. For all the modes,the
arrival patterns at the access areas indicates time-varying

i i
arrivals, as shown in Figure 3.1. The universily bus mode
attracted the highest number of passengers throughout the
observation period. For much of the time, single arrivals
were observed but surges of arrivals often occured prior to
the arrivals of the university bus mode. This was observed
to be as a result of the practice of the wuniversity bus
drivers who regularly signal their arrivals to the access
areas by horniuwy. Passengers not immediately awvailable at
the access areas are alerted and rush out to the access

areas In a bid to catch the buses.

This sityation creates a problem. First the single
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arrival pattern characteristic of the passengers often
collapses and it thep becomes very difficult to count the
numbers of passengers as a result of the arrival surges. The
consequence of this is that departures far outnumber
arrivals and this gives a false impression that passengers
do not experience any delays. There may be several reasons
why passengers tend to delay their arrivals at the access
area to just when Lhe university buses arrive but two of
them are obvious.First, the access area lack shade where
intending passengers could protect themselves from the
sun, and secomdly passengers who are captive to the
university bus mode are apprehensive of a much longer delay
should they fail Lo catch the buses. They therefore come out
in their numbers and abandon whatever they are doing upon
hearing the signals from the buses. HMany do this al the
expense of their reading times and lectures.

The wuniversity bus passenger arrivals (figure 3.1)
are characterised by three peaks except for Fridays and
Saturdays whem only two peaks are prominent. No such peaks
are observed for the other two wodes as Figure 3.1 reveals.
The number of passengers carried by each mode and the number
of wehicles arriving for each mode for the aggregated data
are shown in Figures 3.72a and b to 2.4a and b.The cummulative

daily nunber of passengers carried by each mode and the
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number of vehicles arriving for each mode per day, together
with Lhe number of passengers carcied per trip for each mode,

for both the disaggregate, as well as , the agdregated dala
for the duration of study are given in Table 3.6. ine
table reveals that for the aggregated data, the university
bus mode carried an average of 27 passengers per {irip, the
mini-bus mode 12 per trip and the taxi mode 1 per trip. It

i noteworthy, that the taxi mode is the most under
utilised transport mode jJjudging from the number of trips

aade .
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TABLE 3.6 AVERAGE

NUHBER OF PASSENGERS CARRIED PER TRIP.

DATE Transport Cumulative | Cumulative fiverage
Hode no of Passengers no. ol
veh.observ | Carried Pass/Lrip
UNIV.BUS 62 1529 32.81
1071794 | HINIBUS 50 541 10.82
TAXI 165 <86 1.73
UNIV.BUS 53 1418 26.75
1171734 | HINIBUS 3% 463 11.87
TAXI 144 179 1.24
UNIV.BUS 52 1300 25.00
1271794 | HINIBUS 34 423 12.44
TAXI 138 155 ) I
UNIV.BUS 58 1501 26.36
1371794 | NINIBUS 38 463 12.18
TAKL 153 251 1.64
UNIV.BUS 67 2034 30.36
1471794 | hINIBUS 32 404 12.63
Thas 134 150 1.12
UNIV.BUS 40 1022 25.55
1571794 | MINIBUS 1% 164 10.93
IAXI 86 103 1.23
Overall | UNIV.BUS 332 8804 26.52
Agareqg. | MINIBUS 208 2477 11.91
Data TAXI 820 1124 1.37
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3.60 ANALYSIS

In the wmodelling of most queueing systems, the
important parameters to specify are the arrival rate A and
the service rate . However, two principal statistical
problems also need to be tackled. One problem area is the
dssumption that we know the general form of the underlying
service and demand distributions, but must estimate their
pavamelers. From the estimates, we then need Lo wmake
confidence interval statements concerning system performance
measures under aiternative design configurations.

The second major problem area, which really is the more
eritical of the two, concerns the initial selection of a
sodel to describe an observed system. The problem here 1is
to select probability demsity functions for the service and
inter arrival times on the basis of observed data. Both
piroblems are extremely important. 1In this work, systematic
evaluations of the two problems involved will be pursued.
In wany queueing situations,(Giffin,Gross and Harris,Cooper)
suggesi that the gamma family of denpsity functions is  the
candidale choice to describe the arrival and service
distributions of the system. The gamma is a two-parameter

distribution (a,b) of the form
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f(t) =——e t>q.

whose mean and wvariance are given by
i = (a+1}/b
o= (a+1)/b2
Since the exponential distribution is a member of this
family of curves in which a=0, we shall begin our exploits
with this member. To begin however, it is imporiant to
decide whether one can use a steady-state model or go to a
time~varying representation of a queueing sysiem. It may be
thus desirable to test whether the arrival rate and service
rate fluctuate over time. To do this , one could employ a
test for homogeneity of variance such as Bartletts iests.
To apply the test, consider kr ordered event times, such as
the arrival times of the first kr passengers of the day
which have been arranged in k groups each of size r. The
assumption is Lhat the wean arrival rate is constant wilhin

each group. The objecl is to test whether it fluctuates from

group to group. We must first calculate the total of all

inter arrival times (ti) within each group where:



ar

Tj = r(tjr- t (r-1)) = L ti -
: i=r(j-1)+1
k

T = T(t“) =¥ rj T
J=1

The variables 'j are mutually independent and ZATj is
for each group dislributed as Xz(Zr) while 2AT is
distributed as Hz(Zrt). fhe test statistic

k
¢ =2rk { In(1/k)- 1/KE ini ) /(1 +(k+1)/6rk) ...3.4
i=1
will be approximately distributed as Xz(k-l). The hypothesis
that A is the same over all groups is rejected at the
significant level a if C ) Xz(l—a)(k-l)uhere
priX?(k-1) » X2 (k-1)] = a
1-a

To illustrate the test, consider the  number of
passengers arriving as extracted from passenger arrival and
count sheet for the university bus mode in Table 3.8
Each row represents arrivals for one hour, thus

considering thiee groups each of twenly minutes, tLthe lolal

inter arvival number of passengers for each group are

2o

Ti= ¥ ni
L=1
40

2= Y ni
L=21
60

T3= T ni = 39
L=41

"
o

13

59



Therefore

T = Ti+T2+73

= 58

TABLE 3.8 HNUMBER OF ARRIVALS WITHIM TIHE SLOTS ON THE

UNAVERSITY BUS MODE

slot fot/

with Hr

Hr J05).10(.15).20).251.301.35|.40(_45| .50 | .55(1.0
0 0 Py 4 5 2 P4 4 |12 121 3 3 58
2 8 9 4 0 11 |44 S |19 |25 (20 |15 167
12 9 113 |16 | 7 | % (21 |23 | 6 {27 | & |[1B ! 167
41|23 9 5 7 5 7 5 V] 4 / 7 120
6 |14 {18 |16 | O |16 [19 |25 [11 | 5 [12 | &6 | 148
10(12 113 |16 [10 3 2 |19 s 2 |13 9 136
21| 8 {12 3 B 4 7 8 8 8 5 5 97
153117 |13 |14 8 8 9 5 5 6 3|21 124
2213 (15 |27 | 3 |0 [ 3 | 0 | 0 |3¢ | 5 |16 | 140
4 |13 & 5 7 8 7 |16 2 |12 3 |15 101
21| & 0 [ 7 0 1l |16 3 7 4 5 76
4 7 4 7 5 6 7 3 0 Z 0 0 45

From equation 3.4, k=3, r=4

c= 2.3.4 {1n(58/3)-

= 6.5

1
f

6

1/3 [Iné+1ni3+1n39]1}/ 14(341)/6.3.4

60

rl e, _
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From the Xz tables with two degrees of freedom we find the
critical point for the 5 percent significance level at
X*  (2)=5.99
D5

Since c=6.56 is greater than 5.99 we must reject the
hypothesis that the arrival rate is constant over these
groups. A stationary meodel would not be appropriate for
this system. Similar analysis for the passenger arrival
rate of the taxi and the mini-bus wodes indicate that a
stationary model would be inappropriate.

In queueing systems, in which a stationary model is
inappropriate only transient solutions bhave meaning. Even
if A{L) and p(t) are smooth well-behaved functions il may be
impossible to find a compact expression for Pn{t). W&hen
these vate functions are described by curves developed from
empirical data a complete formal solution is totally out of
reach. #4e will circumvent these problems by following the
approach suggested by Koopman.

(Koopman, 1972) suggests that one approximates the
time-varying arrival and service rate functions by a series
of step Functions. The width of the step being selected on
the basis of the rate of change of A(t) and u(t). If these
functions are changing very slowly one can tolerate a fairly
long step size. If they are changing rapidly, shorter steps

are necessary to achieve a reasonable approximation.
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Mithin the fime period covered by a single step, the arrival
and service rates are assumed to be constant. The finite
set of differential equations with constant ceoefficients are
then developed and solved step-wise.

A second alternative is to find the solution within
each time interval wusing numerical melhods for solving
systems of linear differential equations with constant
coefficients, There are a number of standard numerical
methods available for solving simultaneous ordinary imitial
valwe differential equations. Jwe of such are the
peredictor-corrector method and the Runge-Kutta method. The
. former provides Lthe user with estimates of the error bound
of the solution while the Runge-Kutta method does not. In
camparing the output from the tuo routines over several
prototype time-varying queueing problems (Hartman,1971)
found that the accuracy of the two methods for the problems
tested was identical. Furthermore, the predictor-corrector
routine required approximately 50 percent longer execution
time than the Runge-Kutta routine for the same problea.
Consequently he recommended that ilhe Runge-Kutta method he
used to solve the equations for the time-varying queueing
model. The Runve-Kutta method will therefore be used in
this thesis.

It has often been argued that neither the constant
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service time nor the exponential service time assumptions
are very realistic. More probably, a real-world service
distribution will fall somewhere between these two extremes.
There is further reason to argue that the exponential and
constant service time assumptions bound most  other
reasonable service distributions {Reza, 1961) for inslance.
(Koopman, 1972) and (Hartman, 1971) have alsc compared
results for real-world systeam time-varying demand data run
dgainst both constant and exponential service distributions.
The result was that the envelope formed for wost performance
measures Dy these two models is extremely tight. Since the
per formance measure bounds are so narrow and since it bhas
been argued thai most real time service distributions should
fall between the two extremes of copstant and exponential
service, it seems reasonable to use the model which is most
easily manipulated with little regard to the actual form of
the service distribution. (Koopmam, 1972) and (Hartman,
1971) then =suggested that the exponential service
distribution model, which is a wvery robust teool and is
easily solved by numerical methods, is the proper choice for
analysis and design of most time-varying queueing systems.
Thus we are in a position {o specify the parameters of
our queueiny model to be developed in the next chapter. e

have a time-varying demand A(1), exponential service wu(t)

63



and a first-in first-out queue discipline

TRIP TIMES OF THE TRANSPORT NODES

The trip times for the Lthree transport modes were
observed for three periods of the day. These were the
morning, afternoon, and evening periods. For each period,
three random samples of the trip times were observed, and
averaged to obtain the daily trip times for the six day
study period. Also the values For the six days were averaged
to obtain a global average for the three modes. Table 3.7
shows Lhat, mean global trip times for the University bus,
Hini-bus, and Taxi modes are 22.07, 18.93 and 12.98 mninutes
respectively. The standard deviations obtained though not
included in the table are 0.50, 0.3%5 and 0.47 rvespectively
for the Uﬁiversitr bus, HMini-bus and Taxi modes. This gives
a coefficient of variation of 0.022, 0.018 and 0.036 for the

N :
three modes respectively.The fares for the three are one

naira for the university bus, five naira for the Hini-bus

mode and ten naira for Lhe Taxi mode.
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TABLE 3.7 AVERAGE TRIP TIHES FOR THE THREE TRANSPORY MODES.

DATE HODE HORNING AF TERNOON EVENING DaILY
TRIP TIHE, TRIP TIHE TRIP TIME} AVERAGE

{Mins) (Hins) (Mins) (Hins)

UNIV.BUS| 23_15 22.49 22.19%9 2Z2.48

1071794 | HINIBUS 18.27 12.02 20.14 19.14
TAXI 13.55 13,12 12.29 12.99
UNIV.BUS| 21.28 Z2.16 24_06 22.37

1171794 |HINIBUS 19.13 192.06 18.33 ip.84
TAXI 14.18 13.56 14.11 13.95
UNIV._BUs| 23.37 21 .44 27 .58 22 .46

1271794 | HINIBUS i9.12 19.24 18.44 18.93
TAXI 12.44 13.33 13.38 13.05
UNIV.BUS| 21.01 21.14 21.18 21.11

1371794 |[MINIBUS 18.53 18.22 18.527 18.44
TAXY 12.19 13.27 12.48 12.65
UNIV.BUS | 20.37 22_.43 2Z2.32 21.70

14/1/94 [ MINIBUS 19.07 18.59 18.41 18.69
TARXI 12.51 12.15 13.09 12.58
UNIV.BUS| 20.18 23.11 23.52 22.27

15)1/94 MHINIBUS 20.13 19.22 19.26 19.54
TAX1 13.11 12.47 12.43 12.67
UNIV._BUS| 21.56 22.13 22.64 22_07

GLOBAL (HINIBUS 19.04 18.89 18.85 18.93
AVERAGE | TAX1 12_99 12.98 12.96 12.98
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CHAPTER FOUR

MODELLING

4.1 MODEL DEVELOPMENT AND VALIDATION

The description of the modelling process has been
explained in chapter one. Also the parameters for the
queueing model have been shown to be, a time-varying arrival
rate A(t) with exponential service distribution p(t) and a
queue discipline of FIFD in chapier three. The taxi and
mini-bus elements of the transportation system is described
by the traditional exponential bulk service systea
encountered in section 2.5.3 of chapter two.

In this system, service takes place on groups which
cannot be larger than C. If less than C customers are
present, all are served but if more than C are present a
group of C will be served. The state of the system is
defined by the number of customers in the queue and the
number of taxis and mini-buses available for service.
Incorporating the university buses into the system requires
that the H/ H'/ K system be extended to a model with random
clearing of all the queued taxi and mini-bus customers.
Random clearing is a form of mechanical reneging which
clears the entire queue as distinguished from the single

customer reneging characteristic of customers.
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The assumptions and notations of the model are as

follows.
kr(t)z mean taxi customer arrival rate, at time t.
k“.(t)= mean mini-bus customer arrival rate, at time t.
AuB(t)= mean university bus arrival rate, at time t
1/Yu‘=-ean time between university buses.
1/pt=nean round trip time per taxi.

- R R .
1/p7=one way mean taxi trip time.
1/yu.=uean round trip time per mini-bus.

*
1/pun=one way mean mini-bus trip time.

*
1/Yun=one way mean university bus trip time.
"7= number of taxis operating daily (daily average).
N"‘=nunber of mini-buses operating daily (daily average).
W =taxi fare.

T
W =mini-bus fare.

MB
W =university bus fare.

uB
Ursvalue of time of taxi customers.

Vua-value of time of mini-bus customers.
ngzvalue of time of university bus customers.

It is assumed that customers plan their mode of travel on
the basis of the expected full Il price which is defined as
follows.

MNn=u+ i
=L VTE[TT] taxi mode 4.1

N =uWw + ini-
™ B uunE[Tun] mini-bus mode 4.2
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NI =w +v E[T 1] univ.bus mode 4.3
Ul UB UB  UB _

where E[Ti], i=t, MB, uB is the expected transit time
including waiting for taxi, wmini-bus and university bus
respectively, assuming no modal switch. This is because
traditionally different components of transit time are
valued differently. From field observation it is assumed that

E[TT] { E[TMB] { E[Ttm] and “'I‘ b Hnn > HUB'
as it is evidenced in chapter three.Customers who value time

will give preference to the taxi and wmini-bus wmodes

respectively since

n<h P Y

» "uwp " Y '

Vz B e 4.5
E[Tun]_ E[TMB]
W -

»

v - T MB a6

E[TMB}— E[TT]

Now to see if a4 queued taxi and wmini-bus customer will
sWwitch to a university bus if one arrives before a taxi or
mini-bus, we consider the conditional expected full price

. . t . .
given that the customer is the n h customer in either of the
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taxi and mini-bus queues, that is:

*
N =w +vELT /n) taxi mode
T T T T
UT T[1 R cTyTJ .4 8
. ;
n =W +Vv E[T /n] mini-bus mode
ME MB MB  MB
= - /! + n/s .
uun uun[l' “ua n cun“un] 4.9

AAlso it is possible for a queued taxi customer to switch to
a2 mini-bus if one arrives before a taxi, when a university
bus is not available. Where ¢ 4 and ¢ are the expected
T T MB MB _
taxi and w=ini-bus =ervice rates respectively. If a
university bus is ready to depart, then the conditional fuil

prices are

*
] = W +V [1/Y 1] for taxi customers 4.10
up B T Us
» .
I =w +v [I/Y ] : for taxi when a mini bus
MB MB T MB . .
is departing q.11
. .
n =+ [1/Y 1 for mini-bus customers 4.12
uB un ME UB

»
The largest nuaber nTof customers who would remain in the
taxi <queue, given that a university bus is departing

immediately is

»

= - + - -
My uun “'r \"'r/Y UB vr/ ‘u'r.I cT#T/ U'r 4.13
L -

N L P TR YA UT/h;];THT/ Ur 4-14

. -

Similarly for the wmini- bus mode

. .
Tup * I-"un- Vyn' Uun/r up vun/ “un_lcunpun/u wp -1°
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We can therefore define nT and nun' the maximum number of
taxi and mini-bus customers who will remain in the queue

given that a university bus is leaving as

» - o e
n]+I[n for + 2
| t T] § T ] | nT nT 0
n = ' 4.16
T *
0 - for n <0
T
e
n {0
T
IV * *
=
[n“B] for s > 0
L C ' 4.17
W
0 for n + nT <0

” ke " S
swhere [n T], [nT 1, and tnun] denotes the largest integer
* R * X
less than or equal to nT, nT and nMBrespectlvely. In the
subsequent analysis it is assumed that nT= 0, which is

inplied whensver

V-2 UT[l/Yun-l/pT] 4.18
N-w 2V DY -1 /) 4.19
and
- w -
Hun 'UB_ Uun[l/Yua 1/#“31 4.20

whenever all the three modes immediately available, nT and
nu’ will be zero when the fare premium on the taxi exceeds
the value of the time saved by taking the taxi instead of

the university bug, and the mini-bus. Similarly for the
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aini-bus mode. This limiting case is interesting because it
focuses attention on the convenience of taxis and mini-buses
versus the university buses rather than on their enroute

speed.

4.2 . BULK SERVICE SOLUTION

The equations for the Bulk service problem encountered
in section 2.5.3 of chapier two becomes:
dP (t)
o - h(t)Po(t) + pi{t)Pt(t)
d(t)
der (t)
“ -l

J\w_l(t)Pn_l(t) - E\n(t)wh(t)]Ph(t) f
d(t) :

u (P (1) -~ 0Nk

dp (1) eamn.d21
AR NI L LA COERTH O LRSS

d(t)

when the system is truncated at n=k.
Equation (1) of 4.21 arises when an é-pty system is
considered. Equation (2) of 4.21 represents the system when
there are n of the possible k customers requiring service at
the access area. Finally equation (3) of 4.21 represents
the system when all k customers are present.

The equations are too complex for analytical
manipulations and, hence, the resort to computer simulations.
The simulation process of the queueing model as well as the

decision criteria for each transport mode is shown in the
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flow chart of figure 4.1. On arrival at the access area,
customers join the mode of their choice on the basis of the
expected full price shown by equations 4.1 to 4.3.

The queues arising from the three modes are analysed
using the system of equations 4.21. The set of equations
4.21 are ordinary differential equations with wvariable
coefficients. The fourth order Runge-Kutta method is used
to solve the finite set of differential equations 4.21. The
classical fourth order method requires four evaluations of
the first derivative to obtain a Taylor series approximation
through terms of order h‘. Let ;n’ ;(to+nh) and tn= (to+nh),
then for the single variable problem, the fourth order
Runge-Kutta method calculates

yn+l =yn+1/%[}1 + 2k2 + 2k3 + k{]

h.f(tn,yn)

where k1
k2= h.f(tn+h/2, yn+k1/2)

k3= h.f(tn+h/2, yn+k2/2)

ka= h.f(tn+h/2, yn+k3)

In the programs presented in appendix B, the set of
equations 4.21 is solved by Runge-Kutta within each
interval. An interval is defined by the width of the step
used to approximate the arrival and service rates. Starting

at the beginning of an interval Tj the equations are solved

in increments h until the end of the interval is reached.
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The values at the end of the interval becomes the initial
conditions for the next interval. Operating statistice are
calculated and printed at the end of each interval of time
Tj. The resulting conputer.éfoﬁrau is listed in Appendix A
after its full development.

421 PERFORMANCE MEASURES

The nmeasures of performance for the truncated
time-varying queue offered in the program in appendix B
are all related to the state probability distribution. The
probability distribution Pn{t) is printad at fﬁ; end.af eaﬁh
time interval Tj. From that_ distributiqn the program
calculates the expectéd number in the queue, the standard
deviation for nuaber in the queue, and the expected total
customer minutes delay time in that interval. The program
also calculates an approximation to the expected number of
rejects, ie. customers who cannot gain access to the system
because of saturation. |

The expected total delay time within a computation
interval is calculated as the product of the average number
of customers in the queue during that interval and the
length of the interval. If one assumes that the expected
nusber in the queue wvaries in linear fashion over the

interval, the average number present can be approximated

4



from E(0) _ E(@j-1)+E(Qj)
2

where E(Qj) is the expected number in queue at the end of
interval j as calculated from Pn(t). The total expected
delay time within an interval of length T is then

E(WAIT) = E(Q).T

_ E(@j-1)+E(Qj) . snigikl)
> :
These waiting times are summed over the entire execution
period for the convenience of the analyst and calculated
from

n
E(TWALT)=F E(WAITj)  ..... (2)

j=1

where E(WAITj) is the expected value of customer-minutes
delay in period j. The cumulative number of rejects, ie
customers denied service, is approximated by multiplying
Pk(t), the probability of saturation, by A(t), the arrival
rate and the time during which the system is saturated.
This calculation takes place at each step in the Runge-Kutta
approximation rather than just at the end a major
subdivision.

4.2.2 DATA INPUT.

The data required for successful running of the
computer programs in Appendix B are the 48 values each for
the arrival rate and service rate of the queueing systems.

These values represent 48 fifteen-minute time periods in a
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12-hour period. If a different number of periods is desired
then it is necessary to change the corresponding dimension
statements. Also data for the batch size KI, maximum number
of customers permitted in the system MM, and the total
length of the time period being divided into 48 subperiods
TIMPER is desired. All the data can be found at the end of
the computer package in Appendix B for the three modes.

The program solves the finite set of linear
differential equations for each subperiod using Runge-Kutta
numerical methods. It assumes that the system is initially
eapty, ie Po(0)=1 though this is in conformity with field
observations. The time-varying solution over the first
subperiod, usually taken to be fifteen minutes, is obtained
from the constant coefficient differential equations where
the arrival rate and service rate are the step values read
in for that subperiod. At the end of the first period
various operating statistics are calculated and printed
along with the entire state probability distribution at that
point in time. The distribution at the end of the first
subperiod becomes the initial wvalue wvector for the next
subperiod. These values are then used together with new
constant arrival and service rates to find the time-varying
solution for the next subperiod. the solution proceeds in

this manner untill the entire 48 subperiods in TIMPER have
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been evaluated.

4.3 MODEL VALIDATION

One method which may be useful in establishing the
worth of numerical methods such as those advocated in this
thesis is to compare the results of the time-varying
queueing model to those obtained by other researchers when
both are driven by the same input data. Koopman, (1972)
carried out a similar analysis from data generated from an
FAA study in the U.S.of landings and departures at La Guardia
airport during a one-month period in 1968 . His model was a
single channel, time-varying queueing model with a
constant service rate. The program in Appendix B was fed
with the data as reported by Koopman. The results obtained
replicated what Koopman reported and is shown in Appendix C.
Also the simulation model developed was tested with field
observations on all the trips made during the study period.
The probaﬁilities of delay as obtained from field
observations for the three modes were compared with the model
results and are shown in figures 4.2 to 4.4. 1In
addition, some of the parameters for both field and model
results are compared in table 4.1 Using the validated model,
the performance measures of the queueing systems generated
by the three modes of transport was analysed and are

presented in Figures 4.5 to 4.7.
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The number of trips and the demand for each mode as
generated from the data collection sheets were

TABLE 4.1 :VALIDATION OF SIMULATION MODEL

PARAMETER HODE FIELD HODEL DIFFERENCES
VALUE VALUE (%)
PROBABILITY | TAXI 0.069 0.112 +4.3
OF DELAY MINIBUS [0.073 0.069 -0.4
UNIV.BUS [0.064 0.088 -2.4
AVERAGE TAXI 12.514 |12.439 7.5
DELAY HINIBUS |16.337 [16.401 +6.4
(mins) UNIV.BUS [23.518 |23.462 -5.6
CUMULATIVE | TAXI 660.278 |662.345 +6.7
DELAY HINIBUS [443.371 |444.432 -6.1
(mins) UNIV.BUS | 1132.569 | 1231.628 +5.9

analysed statistically and shown in Table 3.6. When the
number of trips is regressed on the demand, it is possible
to predict the number of trips needed for a given demand.
This is shown in Figure 4.8, for the three modes. It shous
that for each mode some trips will be generated even though
there is no demand. This is in agreement with what is
observed on site. Because trips to the new campus originate
from the old campus some trips will be observed even though
there is no demand for transportation at the new campus

access area. Hence for a typical day 72 taxi trips will
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be observed for which there is no demand at the new campus
access area. Similarly, 17 university bus trips will be
observed for which there is no demand. However, the
aituatibn.is.different for the mini-bus mode and a negative
mini-bus trip of 1 will occur. Physically, this .leans fhat
no trips are observed for which a demand does not exist.

Detail results for the regression output is in Appendix B.
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CHAPTER FIVE

5.1 CONCLUSIONS AND RECOMMENDATIONS

A queueing model describing the queueing situation at
BUK new campus access area has been developed and shown 1to
effectively model the interplay between the commercial modes
and university transport.

Several conclusions emerge from the analysis made with
the model. First, for each level of demand of each wmode,
there is a corresponding number of trips of each transport
mode required to capture all the would-be customers at the
access area. Secondly, from the measures of performance of
the queueing systems it is easy to see which times of the
day will see the most traffic congestion and at what times
arriving customers are most likely to be delayed. Figures
4.2 to 4.4 shows the probabilities of delay for the taxi,
minibus and the university bus modes. It reveals that delays
are most likely to occur from 11.00am to 2.00pm for the taxi
mode. MHinibus passengers suffer longer delays in the
period 10.30am to 12.30pm, whilst university bus passengers
experience more delays at three distinct periods. These are
10.30am to 11.30am, 1.00pm and 3.00pm. Delays are longer from
11.00am for all the modes because university buses have
cleared the queues at the old campus as a result of which

they wait for longer times to fill the buses. At the new
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campus on the other hand, queues build up to peak levels and
therefore passengers get apprehensive and would make the trip
by any available wmode. The conclusion that can be drawn is
that the university transportation system could be relied
upon to effectively transport its customers between the two

campuses.This is based on observations during the study period.

5.2 RECOMMENDATIONS

These results carry a number of implications for the
new campus access policy. To maintain a steady level of
servvice, it is necessary to register all operators of
private commercial transport that commute between the two
campuses. This category of transport should be made to
carry identification marks on them for easy identification
by security personnel at the main gate. This will give on
the spot knowledge of the number of private taxis and
mini-buses registered and operating daily and hence a ready
assessment of the level of service offered.

The present situation whereby taxis and wmini-buses go
to the new campus only on demand at the old campus adds to
the anxiety in looking for transportation at the new campus.
In addition, the proprietors of taxis and mini-buses could
withdraw their services without notice. This could
aggravate the situation. When the wuniversity authority

registers them, it is possible to replace the ones who



withdraw their services and hence maintain the level of
service.

Another policy implication concerns the arrival pattern
of passengers to the access area. It has been observed in
previous chapters that surges of arrivals is a common
feature of the university bus passengers especially when the
buses horn to signal their arrivals. The chaotic situation
created as a result defies any attempt to promote
orderliness. This leads to vandalisation of the buses. It
is therefore recommended that the  university should
regularly inform its customers of its dailly operating
schedule to and from the new campus and should also announce
cancelled trips promptly to prevent unnecessary waiting.
A weekly or monthly schedule of the university buses could
be displayed in advance and anticipated cancellations could
then be announced before scheduled times. When sudden
cancellation of trips become inevitable it should be
announced at the access area during the preceding trips
since not all of the buses are withdrawn at any given time.
This would go a long way in shaping the arrival pattern of
its passengers to coincide with the arrival times of the
university buses. 1In addition to this, it is recommended
that the access area be provided with a structure with

sitting arrangement for customers to wait. This will
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encourage customers to wait at the access area and thus
prevent rushing upon the arrival of the buses.

A third policy implication concerns the number of trips
required to capture all the passengers for a given level of
demand. For the present level of demand, of 1467, 413,
and 187 passengers respectively for the university bus mode,
mini-bus mode and the taxi mode an average of 55, 35, and
137 trips respectively are needed for the three wmodes 1o
capture all the would be customers at the access area. This
is adequate for the taxi and mini-bus modes, even for the
peak hour demand. This is because each mode carried less
customers than they would normally have carried. For
instance, the taxi mode made an average of 137 (trips
corresponding to about 685 passengers but it carried only
187 of them. What is required is a policy to shift
customers from the university bus mode to the other modes.
This can be achieved by an upward review of the university
bus fare from the current one naira to two naira. The taxi
and mini-bus modes charges ten and five naira respectively.

It must be added that the number of trips have been
specified rather than the number of taxis or mini-buses or
university buses for good reasons. For the taxi mode and
the mini-bus mode it is observed that 90 percent of taxis

and mini-buses did not make a second trip. Thus specifying
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the number of taxis or mini-buses would mean that a large
number of the various modes would be needed to transport
passengers from the new campus. Specifying .the number of
trips has an advantage in that knowing the round _trip time
could help in deférnining an optimum number of taxis or
mini-buses.to be assigned to the new campus corridor.
Despite that the University bus service seems capable of
neeting the demand for transportation, the other two no&es
are still very relevant to the efficient transportat;on of
passengers between the two campuses. During occassional
breakdown of the University buses, students holidays, hint
of students riots, the University huses are withdrawn
leaving customers to rely heavily on the other wmodes to
commuie between the two campuses. Also the findings in this
thesis may assume a transient charactef s0 thét the system
wight not be consistent in its performance. In addition,
sowe customers are now captive to both the Taxi and the
Hini-bus modes. For these reasons, it is recommended that
the present policy of inviting modes other than the
thiversity bus should be maintaiped so that when situations
like those mentioned above occur, passengers could depend on
those modes te commute betueeﬁ the two campuses.

To ensure continuity, reliability and effective servige,

it is recommended that the university transport service be
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made autonomous. This will  winimise the frequent
interruptions in its operations, make it revenue generating
and thus enable it to maintain its fleet.

The results of this study still requires fine tuning,
for confidence to be built into them most probably in the
following ways.

(a) It is necessary to repeat the analysis periodically
to capture structural changes that may affect the arrival
pattern of passengers. For example, annual time-table
changes for students lectures might give rise to different
arrival patterns.

(b) Develop a prototype computer package for planning
applications. This would make it easier to test the
performance of the models in tracking the effects of actual
transportation system changes and would be of use to
planners.

(c) Estimate the same (or similar) models on data for other
areas or campuses and time periods. This would provide
evidence on the generalisability of the findings reported

here.
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APPENDTX A
OPROGRAM TAXT
THIS PROGRAM CALCULATFS TRANSTENT STATF PRORARILITIFS AND THF RFLATFI
REHAVIDIRAL CHARACTERTISTICS FOR A KT BATCH TRUNCATED OUFUF TNG
SYSTFM WITH VARTARLF POTSSON ARRTVAL AND EXPONENTTIAL SERVICE RATFS .
A TABULAR STEP-FUNCTION IS USED TO APPROXTMATE THF MEAN ARRTVAL AND
SERVICE RATES.

SURROUTINF RKQC TS USFEFD TOo SOLVE THE STMULTANFOUS DIFFFRENTTAI
FOQUATTONS WHTCH DESCRIRE THE SYSTEFM.THIS SUBROUTINE USFS THFE RUNGF-KI
METHOD FOR THE SOLUTTION GF TNITTAL VAl UF PROBLEMS JUTTH aDAPTTIVE STFP
CONTROL. .

THE QUFUE STATISTICS CALCULATED ARE:

EXPECTED NUMRER TN THE QUFLIF = FO

STD.DEV. OF NUMBFR TN THFE QUFUFE = SDO.

EXPECTED TOTAL WATTING TIME FOR A SUR-DIVISION = FUATT.
LSUMMATTON OF WATTING TTHMES = TWATT.

5 _APPROXTMATE NUMBFR OF CIUMMINLATIVE REJFCTS = RIFCTS.

6 . FEXPECTED NUMBER TN SYSTEM = FS.

7.5TD .DEV.OF NUMRER TN SYSTFM = SDS.

8 _PROBARILTITY OF DELAY = PW.

BWN =

THE VARTABLES USED ARF:
TIMPER = THF TOTAlL LFENGTH OF TIME FOR WHICH THFE FOUATIONS ARF TO £l

SOLVFED
KI = BATCH ST7E.
MM = MAXTMUM NUMBFR ALI OWFD TN THFE SYSTFM.
M = MM+1 = NUMRFR OF POSSTRIF STATEFS OF THFE SYSTEM.
NST = THE NUMRER OF SUR-DTVISIONS OF TIMPER FOR ROTH DATA TNPUT

AND OUTPUT OF RESULTS.
DT = THF LENGTH OF THF TTME-PFRTOD SUR-DIVISTON.
PSCalL = aN FRROR WFIGHT USEFD RY RKQC ,
R(T) = INPUT VFCTOR OF MFAN ARRTVAI. RATES FOR THF TIMF-PFRTOD

UNDER CONSIDFRATION. T =1,2,3,....NST.
L(T) = INPUT VECTOR OF MFAN SFRVTICE PFR CHANNFL FOR PEFRTOD LINDFR
CONSTDERATTION, T =1,2,3,....NST.

P(T) = PRORABTILITY OF T-1 IN THE SYSTEM AT A GIVEN TIME;: J
ODFRY( 1) = DFRY IS THF VFCTOR OF DERIVATIVES OF P AT 4 POINT T,
Tl = LOWER RBROUND OF THE SOLUTTION INTERVAL FOR ONE TTERATTON .
12 = UPPER BOUND OF THE SOLUTION INTERVAL FOR ONE TTERATTON,
H1 = INITIAL STEP-SI7FE OF TNTFGRATION.

FPS = UPPER FRROR RBROUND ACCEPTABLE ON VALUES OF P,

DA = EXPECTED NUMBFER TN THE QUFUE AT THE END OF CURRENT SUR-DIVISTO!

DOL = EXPECTED NUMBRER TN THF GUFUF AT THE END OF |LAST SUR-DIVISTON .

MX = STATE WITH LARGEST PROBARTLITY .MAY RBE ADTUSTED TO ACCOMMODATE
NUMERTICAL ERRORS .

NOTE: THE PROGRAM TS COMPLETFI Y GFNFRAL WITH THE FOLLOWING FXCEPTION
L.IF NST TS CHANGED ,THE DIMENSTONS ON R AND I MUST RF CHANGED .
2.THE CAlLCULATION OF EXPECTED WATTING TIME FINDS THE AVFRAGFE

EXPECTED NUMBER TN THE OQUFUE FOR A SUR-DIVISTON AND MUL TTPL 1§
THTIS RY THE NUMBFR OF MINUTES TN A SUR-DIVISTON TO ORTATN THi
TOTAL FXPECTED WATTING TIME FOR THAT SUBR-DIVISTON.

= 1,2

—_

DIMENSTON P(&0 ) ,DFRY( &0 ) ,PSCAL{AD)

REAL 1 (48)

COMMON T,R(48),1 .M. MM, TIML.TM,DT ,RIFCTS ,TSAV KT
COMMON DQ,DAL , TWATT

PARAMETFR (N=60)

\ASMpa.



>

50

1

NST=48
na=0 .

Dol =0,

TWATT=0,

OPEN( S, FTILF="TaXT .DAT ' ,STATUS="0LD")
OPEN( &,FTLF="TAXTOUT ' ,STATUS="NFW")
READ( S ,100 ) R(T),T=1,NST )
READ( 5,100 )L {T),T=1,NST)

READ(S .50 ) KT ,MM,TIMPFR

FORMAT( 215,F4.0)

TSAV=0 .
M=MM+1

RIECTS=0.
DT=TIMPER/FLOAT(NST )
7=1./FLOAT(M)
WRITE(A,101) MM, KT
INITTIALTZE P(T) AT TIME=0

DO 1 J=1,40

P(7)=0.0
P(1)=1.

ESTARLTISH STEP-STIZ7F FOR TINTFGRATTON AND FRROR ROUND

4

H1=0.03

EPS=1.0E-3

PO 4 JTIK=1,60
PSCAL( TTK )=7

CONT TNUF

SOLVE THF SYSTEM OF FOUATIONS FOR THE NST TIMF PERTIODS TN TIMPFR

100
101

THTS

DO 3 T=1,NST

TIMLIM=DT4FLOAT( 1)

T1=TIM TM-DT

T2=TTIML M

DO 2 K=1,M

DERY( K )=7

CONT TNUF

CALL RKQC(P ,DERY ,N,T1,H1,EPS ,PSCAL ,HOTD ,HNFXT )

call ouTe(T,P)

CONT TNUE

FORMAT( 10F% .0 )

FORMAT( "= ,58X, "RESUL TS FOR THE TRUNCATED KT RATCH GUFLIFTNG SYS *
,/,10%, *"TIME VARYTNG POTSSON ARRTVAL S AND EXPONENTTIAL SFRVTICE*
./ 316X, "MAXTMUM QUIEUE ST7F=',T4,5X, "NUMBER OF SFRVERS="',Td)
CLOSE (5)

CLOSE (&)

sTOP

FND

SUBROUTINE DERTIVS(P ,DERY )

SUBROUTINF FVaAlLUATFEFS THF RTIGHT HAND STDE OF THF DIFFFRFNTTAI
FOUATTIONS UWHICH DESCRIBE THF SYSTEM

T= TIME, THF INDEPENDENT VARTARLF

NETTHER T NOR P SHOULD RE CHANGED RY THIS SURROITINF

DIMENSTION P(60),DERY(60)
REAL L(4aR)
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COMMON T ,R(48),1 ,M,MM,TTMLIM,OT ,RIFCTS , TSAV ,KT
COMMON DQ,DOL ,TWATT

PRINT#, ‘enter dearivs'®
KK=KT+1
DERY( 1 )=L( 1)*P( 2 )-R( T )*P( 1)
DERY(M)=R( T )xP(M~1 )-FLOAT(KT )&l (T YsP(M)
DO 1 I=2,KT
Q=F1L 0AT( )
1 DERY(.1)=Q#L( T)#P( I+1 )+R( T )4P( T-1 )=((Q-1.0 )%l ( T)+R( T ))*P( 1)
DO 2 J=KK,MM
QQ=FL OAT(KT)
2 DERY( I )=004L( T )*4P( T+1 J+R(T I 3-1 )-(QQxL (T )+R( T ) )4P( 1)
PRINT%, 'exit derivs’
RE TURN
FND

SURROUTTNE OUTP(T1,P)

THTS SURROUTINF CAlI CULATES QUFUF STATISTTICS AND OUTPUTS THF RESHUIL TS
AT THE END OF FACH OF THE NST TIMFE PERTODS .

THE VARTABLFS USFD INCI UDF :
1. SUM=THF SUM FROM 1 TO M OF THF STATE PRORARTI TTIFS,P,

(sHOU D Foual 1.0)

FO=F(# TN THF QUFUF ) AT TIMF = T

SDO=STD . DFV. OF #§ TN THF QUFUF

. FWATT=FE(WATITING TIMF ), NOT INCLUDTING SFRVICE TTMFE

. TUATIT = CUMUL ATTVF TOTAL FXPECTED WATTING TTIMF

. RIECTS= APPROXTIMATE # OF CUMUIL ATIVE REJECTS

. ES=E(# IN THE SYSTEM) AT T

. SDS=STD DEV OF # TN THFE SYSTEM

9. PW= PRORARTLTITY THAT A CUSTOMFR WTLL BF DFLAYFD

DIMENSTON P{&0)

REAL L{aR)

COMMON T ,R(4R8),1 ,M , MM, TTMI TH ,DT ,RIFCTS,TSAV,KT

COMMON DQ,DOL , TWATT

DNITOEON

OUTP TS CALLED RY MATN AT FACH INCRFMFNT OF TINTFGRATION. TO AVOTD
UNNECESSARY OUTPUT, CONTROIL. TS RETURNFD TO MATN, UNI FSS THF FND
OF ONF OF THF NST SUBR-DTIVISTONS OF TIMPFR TS RFACHFD. TF annDITTi
OUTPUT TS DFSIRFD, THIS "IF' STATEMENT MAY RF CHANGFD ACCORDTING
PRINT+, 'enter outp’

PM=P( M)
TF(PM.LT.O. )PM=0.
RIFCTS=RIECTS+R( T J4PM&( TTML TM-T1 )
TSAV=T1
TF(T1+.001 . GT.TTM TM )RF TURN
SUM=0 .0
PMAX=0 .
MX=0
DO 4 1=1,M
IF(P(J).LT.0.)P(J)=0.
IF(P(T).LT . PMAX )GO TO 4
PHMAX=P( 1)
Mx=.

4 SUM=SUM+P( T)
IF(SUM.FQ.1.)G0 TO &
OFL T=SUM-1 .



10

14

15

101

111

102
1073

PMX )=P(MX )-DEL T
CONT TNUF

PPW=0 .

DO 10 T = 1,KI

PPW = PPW + P(T)

PW =1.- PPUW

KI2=KI+2

FQ=0,

VQ=0 .

SDQ=0 .

DO 12 JI=KI?Z2,

FO=FQ+FLOAT( 1-1-KT )ap( 1)

Va=Va+( (FLOAT(J-1-KT) )&x2)4p(T)
TF(VQ.LT.FO*#2)GO TO 13
SDO=S0RT(VO-FQ# %2 )

DO=EOQ

FWATT=30 _xDTx( DA+DAL )

nal =040

TWATT=TWATT+FUWATT

FS=0.

VS=0.

SDS=0

PO 14 JI=2,M

FS=FS+FLOAT(I-1)4pP( 1)

VS=VS+( (FLOAT(.T=1) )*&2 )*P(.7)
IF(VS.LT . ES*%2)G0 1O 15
SDS=SART(VS=FS#%2 )

WRITE(A&,101 ) TIMLTM,SUM FO,SDOLFS,SOS RO T )1 (T ), Mx
WRITF(A,111) PWU,FUATT ,TWATIT ,RIFCTS
WRITF(&,102) (1,1=1,14),(P(T1),7=1,15%)
WRITF(A,103) (T1,7=15,29),(P(1),1=16,30)
WRITFE(&,103) (1,1=30,44 ) ,(FP{(T1),1=71,45)
WRITF(6&,103) (71,7=45,69),(P(1),1=46,60)
FORMAT( *=" ,1X,"TIME=",F& .3 ,3X, 'SlIM=" ,F6.3,3X, "EQ=",F7 .4 ,3%,
1°'SDQ=",F7.4,3X, 'FS=" ,F7 .4 ,3X,'SDS=",F7 .4 ,3X,
2'ARR="',F3.0,3X, 'SER=",F3.0,3X, "MX=",13,/)

FORMAT( *=*,158X, *PW=",F8.6,3X, "EWATT=",F&.2, "MIN* ,3X, "TWATT=",

1F8.2,3X, 'CUM RIECTS="' ,F&.2,///)

FORMAT( * *,1X, 'STATE # :°,3X,16T7,/,1%X, 'P(N) : ' .7X,15F7.2)
PRINT#*, 'exit outp®

RFEFTURN

END

SUBROUTINE RKQC(P ,DFRY ,N,T1 ,H,EPS ,PSCAL ,HDTD ,HNEXT )
PARAMETER ( NMAX=A0 ,FCOR=  OAGARAALEAT
* ONE=1.,SAFFTY=0.9 ,FRRCON=#/ .F~4 )
DIMENSTON P({60),DFERY(60),PSCAL(A0),PTEMP( NMAX ) ,PSAV( NMAX ),
* DPSaV(NMAX )
PRINT#, ‘enter rkgo®
PGROW=-0 .20
PSHRNK==-0 .25
TSAV=T1
DO 11 3=1,60
PSAV( I )=P(1)
DPSAV( 1 )=DFRY( 1)
CONT TNUE
HH=0 .54%H

- %

FORMAT( * ',1X,'STATE # :*,9%,'0",1417,/,1X,"P(N) : *,6X,15F7 .7

’




CALL RKA(PSAV ,DPSAV N ,HH ,PTEMP )
Ti=TSAV+HH

CALL DERIVS(PTEMP ,DFRY )

CALL RK4(PTEMP ,DERY ,N,HH,.P)

T1=TSAV+H

TF( T1.FQ.TSAV )PAUSFE ‘Stepsize not significant in wKaC.®

CAlLL RK4(PSAV,DPSAV ,N,H,PTEFMP)

FRRMAX=0 .

DO 12 T1=1,60
PTEMP( 1)=P( 1 )-PTEMR( 1)
FRRMAX=MAX( FRRMAX ,ARS(PTFMP( T )/PScal (T)))

CONT INUF

FRRMAX=FRRMAX/FPS

IF(FRRHAX.GT.GNF) THFEN
H=SAFE TY#HA( FRRMAX & #PSHRNK )

GOTO 1

FLSE
HDTID=H
TF( FRRMAX .GT .FRRCON )THFN

HNFXT=S&FFTY#H*(FRRM&K*#PGRGU)
FILSE

HNEXT=4 .%H
ENDTF

ENDTF

DO 13 JI=1,60
P )= 1)+PTEMP( 1 )4FCOR

CONT TNUE

PRINT*, ‘exit vkgc®

RETURN

FND

SURROUTINF RKA[ P ,DERY ,N,H ,POUT )
PARAME TFR ( NMAX=60 )
DIMFNSTON P{AO ), DFRY{ A0 ) ,POUT A0 ) ,PT{NMAX ) ,DPT({NMAX ), DPM{ NM&X )
PRINT#*, "enter vka*
HH=H+A0 _5
HA=H/6 |
DO 11 JI=1,N
PT(I)=P( T )+HHADFRY( .T)
CONT TNUF
Call DFRIVS(PT,DPT)
DO 12 J=1,N
PT(I)=P( I )+HH&DPT( .T)
CONTTNUF
CAlLL DFERIVS(PT ,DPM)
DO 13 I=1,N
PTCT )=P{ T )+H+DPM( T)
DEMC T )=0PT( T )+0PM( 1)
CONT INUF
CAlLl DERIVS(PT,DPT)
DO 14 T=1,N
POUT( T )=P( 1 )+HAL(DFRY( I )+DPT( 1 )+2 . 4DPM( 1))
CONT TNUF
PRINT#, *exit rka®
RETURN
FND



STATE # : 15 16
z4 25 26 27
P(N) - .00 .00
.00 .00 .00 .00
STATE % 30 31
39 40 a1 4z
o P{NY} : .00 .00
.00 .00 .00 .00
STATE # - 45 A6
54 55 56 57
P(ND) .00 .00
els! .00 .00 .00
- TIME= .750  SUM= 1.000
ARR= 4. SER= 3. MX= 1
- PW= .02900
o0
STATE # o) 1
9 10 11 12
P(N) : .94 03
.00 .00 .00 .00
STATE & : i5 16
24 25 26 27
P{N) : .00 .00
.00 .00 .00 .00
STATE # 30 3i
2% 40 ai 42
PN} = .00 .00
.00 .00 .00 Role
STATE # : 45 46
54 55 56 57
P{N) = .00 .00
.00 .00 .00 .00
~ TIME= 1.000 SUM= 1.000
ARR= ©. SER= 0. Mx= 1
- PW= 02300

17 18
28 29
.00 .00
.00 .00
32 33
43 44
00 .00
.00 .00
47 48
&g 59
.00 .00
.00 .00
£Q= .327  SpGa=
EWAIT=  3.6MIN
2 3
13 14
.02 .01
.00 00
17 i8
28 29
.00 .00
.00 .00
32 33
43 44 _
.00 .00 i
.00 .00
47 48
53 59
.00 .00
00 .00
FQ= .328  SDho=
EWAIT=  3.45MIN

15 20
.60 G0
34 35
.00 .00
43 50
.00 .00
9848 ES=
TWAIT=
4 &
.00 .00
19 20
.00 .00
34 35
.00 .00
45 50
.00 .00
.0180  ES=
TWAIT= 7

A
[y

o
L]

ele

51

.00

.423

4,10

1.424

.55

CUM

22 23
.00 .00
37 38
.00 Rely
52 63
.00 Q0
SDS= 1.1%05
RIJECTS=
7 8
elv) .00
22 23
. G0 .00
37 38
.00 .00
52 53
.00 Nele

S0S= 0.1%20

CUM RJECTS=



00

STATE # - 0 1 2 3 4 5 & 7 8
3 10 it 12 13 14
P(N) : .89 .09 .02 .00 .00 .00 .00 .00 .00
.00 .00 Q0 .00 .00 .00
STATE # : 15 i6 17 18 13 20 21 22 23
24 25 26 27 28 29
PIN) .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE # : 30 31 32 33 34 35 36 37 38
39 40 a1 42 43 44
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE # : a5 46 47 48 49 50 51 52 53
54 55 56 57 58 59
P(N) : .00 .00 .0C .00 .00 .00 ole 06 0 L00
.00 .00 .CO ReTs) .00 .00

~ TIME= 1,250 SUM= 1 .000 EQ= .329 SDO= L2872 ES= 2.427 sDS= 0.7353
ARR= 3. SER= 1. MxX= 1

- PuW= 05100 «EWAIT= 6 . 89MIN TWAIT= i4.44 CuUM RJIECTS=

Relv
STATE & @ O 1 2 3 4 5 6 7 -8

g 10 11 12 13 i4d :

P(N) = .87 .05 .02 .05 .01 Nole) .00 .00 .00
LO0 .00 .00 .00 .00 .00 )
STATE # : i5 ig 17 ig e 20 21 22 23
24 25 2% 27 28 29

PUND .00 .00 Nele .00 .00 .00 .00 .00 .00
00 .00 .00 .00 Hely .C0
STATE # ¢ 30 31 32 33 34 35 36 37 38
39 40 - . 41 42 43 44 .

PN s . .00 ele .00 .00 .00 00 ele .00 .00

Hely) .00 -00 .00 Nely Q0



STATE 4 48 46 47 48 49 50 51 52 53
54 55 56 57 58 59 _ .

P{N) .00 .00 .00 .00 Q0 .00 ey .00 .Q0
.00 .00 .00 .00 .00 .00

- TIME= 1.500 SUM= 1 .000 EG= .330 sS0Q=  .0083 ES= .429 S0S= 0.0149
ARR= 3. SER= 6. MX= 1

- Pi= .01800 EWAIT= .04MIN TWALT= 14 .48 CUM RIECTS= .0

o
STATE # = O 1 2 3 4 5 é 7 8

= t 1 * Mv 12 ] .w. . L e Cor
il P{UN) .90 .03 .02 LOi .02 .00 .01 .01 00

Relv .Q0 ety Hvly) Relv .00
STATE ¥ : 15 16 17 1B 19 20 21 22 23
24 2% 26 27 28 29 .

P{N) : .00 .00 els) .00 .00 ole! 00 .00 .00
.00 00 .00 .00 .00 .00
STATE # : 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44

PN .00 els) els) .00 Nele) .00 .00 R ole .00
.00 el .00 .00 Nely .00
STATE # : 45 a6 47 48 49 50 51 52 53
54 55 56 57 58 59

P{N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
00 Nele) .00 .00 .00 .00

~ TIME= 1.750 SUM= 1,000 EQ= .337 s$Do= L0089 ES=  1.432 Spg= §.0537 .
ARR= 8. SER= 8. Mx= 1

I vEH.OHHOO.mibwﬂu w.@wsz qtbmqu HmN.HH nczmumﬁﬁmn
.00 : -

STATE # : _ o 1 2 3 4 5 & 7 8
9 10 11 12 13 14
PIN) * .00 .04 .05 .01 .03 .02 01 .23 .11



.00 .00 .00
STATE #& @ 15
~ A -~ 26
P(N) = .00
.00 .00 .00
STATE # : 30
39 40 41
P(N) : .00
.00 .Q0 .00
STATE # : 45
54 5% 56
P(N) : .00
.00 .00 .00
- TIME= 2.000 SUM=
ARR= 9. SER= &.
- PlW=
.Q0
STATE 4 @ o)
9 10 11
P(N) : .43
.00 .00 .00
STATE # = 15
24 25 26
P(N) : .00
.00 .00 .00
STATE & @ 30
it L. A~ F R
P(N) : .00
.00 .00 .00
STATE # @ 45
54 88 56
P(N) : .00
.00 .00 .00
- TIME= 2.250 SUM=
ARR= 5. SER= 4.

.00
16
27
.00
.00
31
42
.00
.00
46
57
.00
.00
1.000
MX =
.07300
1
12
.07
.00
16
27
.00
.00
31
42
.00
.00
a6
57
.00
.00
1.000

MX= 1

.00 .00
i7 i8 19 20 21 22 23
28 29
.00 .00 .00 .00 .00 .00 .00
.00 .00
32 33 34 35 36 37 38
43 44
.00 .00 .00 .00 .00 .00 .00
.00 .00
a7 48 49 50 51 52 53
58 59
.00 .00 .00 .00 .00 .00 .00
.00 .00
EQ@= 1.330 SDQ= .989%4 ES= 4.434 SDS= 1.1964
1
EWATT= 4 .20MIN TWAIT= 22.31 CUM RJECTS=
2 3 B 5 & 7 8
13 14
.02 .09 XX e .01 .03 .03
.00 .00
17 18 19 20 21 22 23
28 29
.Q0 .00 .00 .00 .00 .00 .00
.00 .00
32 33 34 35 36 37 38
43 44
.00 .00 .00 .00 .00 .00 .00
.00 .00
47 48 49 50 51 52 53
58 59
.00 .00 .00 .00 .00 .00 .00
.00 .00
EQ= .831 sDQ= .9899 ES= 2.436 SDS= 1.0131



" oo P= 007800 EWALT= S.31MIN TWAIT= 27 .62 CUM RJIECTS=
STATE # : 0 1 2 3 4 5 & 7 8
= 10 11 12 13 14
P{N) 79 .13 .02 .02 .01 .02 .01 .00 .00
.00 .00 .00 .00 .00 Nele)
STATE # 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29
P{NY .00 ole) .00 .00 Nole) .00 .00 LO0 .00
.00 .00 Role! LO0 ole .00
STATE # 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44
P{N) : .00 Kele) .00 .00 .00 .00 .00 .00 .GO
.00 .00 .00 .00 .00 .00
STATE # 45 48 a7 45 49 50 51 52 53
L] (S =g o SR = £9 —
P(N) s .00 L 00 .00 .00 o0 L00 .00 .00 .00
.0C .00 .00 .00 .00 .00
- TIME= 2.500 SUM= 1.000 EQ= .451 SDQ= 0904 ES 1.437 SDS= ©0.1977
ARR= 3. SER= 4, M= 1
- PW= .10200 EWAIT= 6 .20MIN TWALT= 33.82 CUM RJIECTS=
ole
STATE # O 1 2 3 4 5 & 7 8
9 10 1i 12 13 14
FINDY .49 J16 .10 .17 .03 .04 .01 .00 .00
.00 .00 .00 .00 .00 .00
STATE # 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 N
P{N) : .00 .00 .00 .00 ol4) ele} GO .00 .00
Rels .00 .00 .00 .00 .00
STATE #4 30 3i 32 33 34 35 36 37 38
39 40 41 42 43 44
P(N) = .00 .00 .00 .00 .00 .00 .00 .00 .00



.00 .00 Nely) .00 Wby Nele)
STATE 4 - 35 46 47 48 439 50 51 52 53
54 55 56 57 58 59 ,
P{N) : .00 Noly .00 .00 .00 .00 .00 00 .00
.00 .00 .00 .00 .00 .00 _
- TIME= 2.750 3sUM= 1,000 EQ= .331 SDO= .2210 ES= 1.384 3DS= 0.8814
S A cEm= L M- 1 - =2
r_ - PW= .06300 EWAIT=  6.10MIN TWAIT= 39.92 CUM RIECTS=
.O0
STATE # : 0 1 2 3 .4 5 6 7 8
S 10 11 12 13 14
P(N) : .36 .20 .13 .19 .12 .00 .00 .00 .00
.00 .00 .00 .00 .00 Rely
STATE # - i5 16 17 18 19 20 21 22 23
24 25 26 27 28 29
PIN) _ .00 .00 .00 Nelv) .00 .00 .00 GG .00
.00 oLl Rele .00 .00 .00
STATE # 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44
PON) .00 .00 Nele .00 .00 .00 .00 .00 00
.00 .00 .00 .00 ols .00
STATE # 45 46 47 48 49 50 51 g2 53
54 55 56 57 58 59 oy
P(N) .00 .00 .00 .00 .00 .00 ele) .00 .00 R
.00 .00 .00 B ole .00 .00 _

- TIME= 3.000 SumM= 1.000 EQ= 332 sba= .7915 ES= 1.934 SDE= 1.0990
ARR= 2. SER= 3. MX= 1

- | PW= .09215 EWAIT= 6.60MIN TWAIT= 46.52 CUM RJIECTS=
.00

STATE # Q 1 2 3 4 5 & 7 B



Wmﬂv " .00

STATE # :
24 25
P(N) :
.00 .00
STATE # @
39 40
P(N) :
.00 .00
STATE # :
54 55
P{N) :

.29
.00
15

26
.00

.00
30

a1
.00

.00
45

56
.00

.00

27

.00

42

.00

57

.09
16

.00
31
.00
46

.00

18
.00

17
28

.00

43

.00
47

58
.00

.13

.00
i8

29
.00

.00
33

44
.00

.00
a8

59
.00

09
19

.00
34
.00
45

.00

% 5 |
20

.00

35

50

.00

21
.00
36
.00
51

.00

22
.00
37
.00
52

.00

.00
23

38
.00
o

.00



MINIBUS MODE
RESULTS FOR THE TRUNCATED KI SERVER QUEUEING SYS

TIME VARYING POISSON ARRIVALS AND EXPONENTIAL SERVICE
MAXIMUM QUEUE SIZE= 5O NUMBER OF SERVERS= 12
TIME= .250 SUM= 1 .000 Eg= .0122 SDU=  .B5E99 ESs= .Q210 SDS= 8410
ARR= 0, SER= (. MX= 1 :

1

i

-~ _ Pl= .00000 EWAIT=  .O9MIN  TWAIT= .09  CUM RIECTS= .0

G

STATE # : O i 2 3 4 5 6 7 g
= 10 11 12 13 i4

P{N) : i1.00 00 el Nele] .00 .00 00 .00 .00
Nele) ele] .00 Nele] Rely ele]
STATE # : it i& 17 18 is 20 21 22 23
24 25 26 27 28 29

P(MN) = 00 .00 SO0 .00 GO .00 o0 wle) .00
el LOG LO0 .00 .00 .00
STARTE # : 30 31 32 33 34 35 36 37 38
39 4C 41 Ae 43 44

PIN) .00 Q0 .00 Q0 .00 .00 Nale] .00 .00
.00 Nelel .00 00 Rele] .00
STATE # = 45 46 47 48 49 50 51 5Z =-—-. 53
54 55 56 57 58 59

P(N) : .00 Nely Kels! o Ta TR s Yot 00 O L

00 - . _ -l

- TIME= =500 SUM= 1.00 EQ= 0244 SDQ= 7916 ES= - .0420 sSDS= 1.1890

ARR= O, SER= . MX= i
Pli= 00641 EWAaIT= w2 7MIN TW&EIT= W37 CUM RJIECTS= -QQ
STATE # : [ 1 2 3 4 5 & 7 8
9 10 ii iz 13 14

P(N) : ” .99 .01 .00 G0 .00 .00 .GO .00 .00
.00 .00 GO .00 Nely] o0
STATE # 15 is 17 18 19 20 21 22 23

24 z25 Z26 27 Z28 29



PINY

.00 .00 .00
STATE #

39 40 41
P(N) !

.00 ele) .00
STATE # :

54 55 56
P(N)

.00 .00 .00

TIME= .750 suU

ARR= 0. SER=
PW=
STATE # :

g 10 11
.00 .00 .00
STATE # :

24 25 26
PNy

.00 .Q0 .00
STATE #

39 40 41
P{N} :

.00 .00 .00
STATE #

B4 58 56
PIND)

.00 .00 .00
TIME= 1.000 sy
ARR= 4. SER=

Pl=
STATE #

.00 .00
.00
30 3i
4z
.Q0 .00
00
45 46
57
ely .00
~00
M= 1.000
0. MX=
00527
o 1
12
.00
i5 is
27
00 Q0
00
30 31
42
006 GO
.00
45 44
57
Bele .00
.00
M= 1.000
3. MX=

el 00 00
.00

33 34 35
44

.C0 00 vl
.00

48 49 5Q
5%

.00 .00 .00
.00

Ed= ,0367 SDU= .9692 ES=

4EMIN TUWAIT= B2
3 = 4 S
14
] .\...J
.00
18 19 20
23
.00 .00 .00
.00
33 34 35
44
.00 .QQ L0
.00
48 4G 50
59 o
Nele .00 .00

-00

Ed= .036&7 SOQ= 9700 £5=

L0
.00
32
43
.00
oo
47
53
.00
.00
1
EWALIT=
2
13
.00
i7
28
.00
.00
22
43
.00
.00
47
58
.00
SO0
1

o081l EWAIT=

_ESMIN  TWAIT= . 1.37

ey
-
wn

O

.00 .00 .00
36 37 38
.00 .00 .00
51 52 53
.00 .00 .00
(0631 SDS= 1.4558
CUM RJECTS= .00
(3 7 3
e R TR o ¥ R VR
21 22 23 .
.00 .00 00
36 37 38
.00 .00 .00
51 52 53
.00 .00 .00
0634  3SDS= 1.4570
CUM RJECTS= = .00



P(N) : .75 .13 .05 03 .03 .01 .00 .00 .00
o0 .00 1y .00 .00 .00

STATE # : 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29

P{ND) = .00 .00 .00 .00 .00 ,00 .00 .00 .00
.00 .00 .00 .00 .00 .00

STATE # : 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44
P(N) : _ .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 Nvle) .00 .00 .00 ole!

STATE # : 45 a6 47 a8 49 50 51 52 53
54 55 Sé 57 58 59
P(N) : ole .00 .00 .00 .00 00 .00 .00 ole)
.00 .00 .00 .00 .00 .00

TIME= 1.250 SUM= 1.000 EQ= .03463 sDA= ,9707 ES= 0636 SDS= 1.,4582
ARR= 3. SER= 1. Mx= 1

PW= .01936 EWAIT= LSBEMIN TWAIT= 1.93 CUM RJECTS= .00
STATE # : o i 2 3 4 5 & 7 8
3 10 11 12 13 14

P{N) : .57 .15 .12 .13 .02 .01 .00 .00 .00

.00 .00 .00 .00 .Q0 Rele)

STATE # 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29

P(N) : .0 ole! o]y .O0 Eole .OG .00 .00 Nele

.00 .00 .00 Nele) .00 .00

STATE # 30 31 32 33 34 3% 36 37 38
39 40 41 42 43 44 :

PN} : .00 .00 .00 .00 .00 .00 .00 00 .00

.00 .00 .00 .00 .00 .00 _ _

STATE # : 45 46 47 48 49 50 51 52 53

P(N) : . .00 .00 .00 .00 ) 00 |00 .00 .00

.00 .00 .00 .00 .00 .00

TIME= 1.500 SUM= 1.000 £Q
ARR= 3. SER= 5. MxX= 1

I

0368 SDa= L9714 ES=  ,0&39 508= 1.4593



STATE

POND

.00
STATE

24
T PUNY -

T .00
STATE

39
P{N) :

.00
STaATE

54
P{NJ) :

Rele]
- TIME=
ARR=

.00

1.750

3.

Pu= .0

11
41

.00
1%

26
Q0

.00
30

41
Nele

.00
45

54
Rely

Nele
SUM=

SER= 3.,

Pl= .0
)

11
.21

.00
15

26
.00

.00
30

41i
ele

.00
45

1938
1

i2
17

el
16

27
.00

.00
31

42
.00

o0
46

57
ely

.00

1.000
MX=

i941
1

iz
.17

.00
156

27
Hely)

.00
3i

42
ale)

00
46

EWAIT=
2
13
A0
.00
17
Z8
00
.00
32
43
.00
.00
47
58
.00
.00
EQ=
1
EWALT=
2
13
.13
.00
17
28
Nelv
.00
32
43
-Q0
.00
47

* . ESMIN
3
14
21
.00
18
29
.00
.00
33
44
.00
.00
48
59
.00
.00
.0369  SDa=
.S5MIN
3
14
.20
.00
18
29
.00
.00
33
44
.00
.00
48

TWAIT="

.11

i

-00

34

.00

49

.00

LFF22

Fhta T T=

12

19

-Q0

2.48

.00

20

35

.00

50

.00

ES=

3.03

.09

24

el

35

CUM RJECTS=

[e28

.00

21

.00

.00

L0641

.00

22

.00

.00

SDS=

CUM RJIECTS

.05

21

Q0

36

- .00

51

00

23
.00
38
.00
53
GO

1.45604

.00

@O

Q0

23

.00

38

.C0

53



55 56 &7 58 59

: .00 .00 .00 .00 .00 .00 .00 .00 .00
) .00 .0 .00 .00
2.000 SUM= 1.000 EQ= .0369 $DQ= .9729 ES= .0643 SDS= 1.4616
3. SER= 2. MX= i )

PW= .01945%5 EWAIT= -B5MIN TWAIT= 3.58 CUM RJIECTS= .00
# G 1 2 3 4 5 5 7 8
10 it 12 i3 14
- .11 .19 12 07 .23 .08 .13 .05 Relv
.00 00 .00 .00 .00
o o o TR T 200 - 2zl 22 23
25 26 27 Z8 29
00 OO .00 .00 .0¢ Hely) 00 .00 .00
.00 .00 LOC Nl 00
# 30 31 32 33 34 35 36 37 38
40 41 42 43 44
.00 LG Hele) Rely] .00 .00 .00 00 .00
.Q0 Q0 LO0 .00 Nely;
B i 45 46 47 48 49 50 51 52 53
B - Bs 57 58 59 .
Relv .00 .00 .00 .00 .00 qely) .00 .00
.00 .00 .00 .00 .00

2.250 SUM= 1.000 EQ= 0370 sDQ= .9736 ES= 0646 20%8= 1.4827
4. SER= 5. MX= &

PW= 01947 EWAIT= - .BEBMIN TWAIT= - 4.14 CUM RJIECTS= .00

B o ¢) 1 Z 3 4 5 & 7 8
iG 11 iz 13 14 . :

LO0 .00 Rele 12 .11 17 26 .32 .02
.00 .00 .00 .00 .00
# 15 i6 i7 18 13 20 21 22 23
25 26 27 Z8 29

OO .00 Nele .00 .00 Nele 00 .00 .00

.00 .00 .00 .00 .00



STATE
39

.00
STATE
54

P(N) :

.00

- TIME=
ARR=

STATE

P(N) :
.00
STATE
24
P(N) :
.00
STATE
39
P(N)
.00
STATE
54
P{(N) :
.00

ARR=

STATE

-

P(N)

.00

2.500

6.

.00
40
.00
55

.00
Z .

B =
10

30 31
41 42
.00 .00
45 46
56 57
.00 .00
.00 .00
SUM= 1.000
SER= 4. MX=
PW= .01950
V] 1
11 i2
.07 .23
.00 .00
15 16
26 27
.00 .00
.00 .00
30 i 4
41 42
.00 .00
.00 .00
45 46
5é 57
.00 .00
.00 .00
SER= 4. MX=
PU= ,01952
Q 1
> | 12
.00 .02

43

.00

58

.00

EQ=

i3
.00
28
.00
43
.00
58

.00

32

47

.00

EWAIT=

.14
17
.00
32
.00
47

.oo

EWAIT=

33

G4

.00
48

59
.00

.00

.0370

.S56MIN

3

i4
.10

.00
18

29
.00

.00
33

4
.00

.00
48

59
.00

.00

.56MIN

3

14
.05

34

43

.00

.9741

TWAIT=

.19

19

34

.00

49

.00

TWAIT=

% 3

35

50
.00

ES=

4.69

.20
20
.00
35
.00
50

.00

5.25

36 37 38
sln [aly] [aTa
51 52 53
.00 .00 .00
0649  SDS= 1.4636
CUM RJECTS= .00
6 7 8
.04 .05 .00
21 22 23
.00 .00 .00
36 37 38
.00 .00 .00
51 52 53
.00 .00 .00
: SNS= 1.4644
CUM RJECTS= .00
6 7 8
.08 .01 .19



.21 .00 .00 .00 .00 .00 . :
STATE # : i5 16 17 18 19 20 z1 22 .23 .
24 25 26 27 28 2% . _ .

B{NY : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 Q0 .00 .
STATE # 30 31 32 33 34 35 36 37 3 7
39 40 41 42 43 a4

PIN) : .00 .00 ele) Wols .00 .00 .00 .00 .00
.00 00 .00 .00 00 .00
STATE # 45 A6 47 48 49 50 51 52 53
54 55 56 57 58 59

PINY ¢ .00 .00 .00 .00 .00 .00 Rele) .00 .00
.00 ats! 00 .00 Rolv) Rele
TIME= 3.000 SUM= i.000 EQ= .0371 SDQ= 9780 ES= 0653 SPS= 1.4651

ARR= 8. SER= 5. MX= &

PW= .01954 EWAIT=  .56MIN  TWAIT= 5.81 CUM RIECTS= .00
STATE # : o 1 2 3 4 5 é 7 8
S 10 =11 12 13 14

e T .00 .00 .00 .00 .00 .00 .00 03 .07

.05 .05 33 .21 .22 .04

STATE # : 15 ié i7 18 19 20 21 22 23
24 25 26 27 28 29

P(N) = .00 .00 .00 .00 .00 .00 .00 .00 .00

.00 .00 .00 .00 .00 .00

STATE # = 30 31 32 33 34 35 36 37 38
39 40 a1 42 43 44

POND - el .00 .00 .00 .00 .00 00 - L00 .00

.00 .00 .00 .00 .00 .00 _

STATE # : 45 46 47 a8 49 50 51 52 53
84 55 56 57 58 59

P(N) = . .00 .00 .00 .00 .00 00 .00 .00 .00

.00 .00 - 00 .C0 GO el



i

UNIVERSITY BUS MODE

.- RESULTS FOR THE TRUNCATED KI SERVER QUEUEING SYS v
TIME VARTYING POISSON ARRIVALS AND EXPONENTIAL SERVICE . ;
MAXIMUM QUEUE SIZE= 50 NUMBER OF SERVERS= 25
. — TIME= 250 SUM= 1.000 EQ= .154 SDQ=  .3018 ES=  .210 shs=  _B410
_ ARR= 0. SER= O. HMX= 1 . :
o PUW= .00000 EWAIT= LOMIN TWaIT=  ~ .0  CUM RJECTS= .00
STATE # : o) 1 2 3 4 5 & = 7 8
.“ 9 10 11 12 13 14 : :
RSN P(N) = 1.00 .00 .00 Rele) .00 .00 00 .00 .00
- .00 .00 .00 .00 .00 .00 _ y
STATE # 1% 16 17 i8 1% 20 21 7 22 23
Z24 25 26 27 28 29
PIN) : Nelv) .00 .00 .00 .Q0 .00 .00 .00 .G0
.00 .00 .00 .00 .00 .00
STATE # 30 31 32 33 34 35 36 37 38
39 40 4t 42 43 44
P(NJ : .00 .00 ety o0 olv .00 .00 Rele) .50
.00 .00 .00 .00 .00 .00
STATE # 45 46 47 48 49 50 51, 52 53
54 55 56 57 58 59
P{N) \ .Q0 GO .C0O .00 .00 Kele .00 .00 .00
.00 .00 .00 .00 .00 .00
- TIME= .500 SUM= 1.000 EQ= .254 SD@Q= .3022 ESs= 2.612  $DS= .8424
ARR= 6, SER= 6. MX= 1
- PW= .00000 EWALT= — .4MIN TWal’= .4 CUM RIECTS= .00
STATE # @ O 1 2 ! 4 5 - I3 7 8
9 10 14 12 13 14 -
. PN 3 .99 .00 .01 .06 .00 00 00 GO .00
.00 .00 .00 .00 .00 .00
T - " ‘s i7 i8 1% 20 21 22 23
24 25 26 27 28 29

P .00 Nelel .00 .00 .00 .00 ole .00 .00



.00 .00 00 LOG
STATE & : 30 31
39 40 a1 42
B{M) : .00 .00
Nole) .00 .00 .00
STATE # : 45 46
54 55 56 57
P(NY .00 .00
.00 .G0 ole) .00
- TIME= 750  SUM= 1.000
ARR= 9. SER= 7. MX= 1
- PW= , 00000
STATE # ¢ 0 1
9 i0 i1 12
P(N) : .00 .00
* .00 .00 .00 Nele)
STATE # ° 185 16
24 25 26 27
Py .00 .00
.06 .00 .00 .00
STATE % : 30 31
39 40 41 Az
¥ .00 .00 .00 .CO
STATE # 45 46
54 55 56 57
P(N} : .00 00
.00 .00 .00 Nele
~ TIME= 1.000 SUM= 1.000
ARR=38 . SER=38. MX= &
- Ph= 00000
STATE # = 0 1

.00 .00
32 23
43 44
.00 00
.00 .00
47 48
58 59
.00 oty
.00 .00
EQ= 1.654 shQ=
EWAIT= LBMIN
2 3
13 14
Rele Ot
.00 .00
17 i8
28 29
.00 .0
.00 .00
32 33
43 44
.00 .00
47 48
E8 59
.00 .00
.0C Rels)
EQ= 1.054
EWAIT= LBMIiN
2 3

Bele

432

.00

L3025

TWAIT=

.17

13

34

49

.00

sDa=  .3027

TWAIT=

E

20

.00

35

50

Q0

S=

1.2

ES=

2.0

3.2

[+ 1%

.11

21

.00

51

ely)

3.8

g

37 38
.00 G0
52 &3
.00 -00
15 So%=  1.574
CUM RJIECTS= .00
7 8
LAO .00
22 23
.00 Li7
37 38
0o GO
52 53
.00 Q0
21 505= 1.993
CUM RIECTS= .00
7 8



9 10
P(N)
11 .03
STATE # @
24 25
_ P(N) :
- .00 .Q0
STATE &
P : 39 40
i P{NJ =
H .00 .00
STATE #
54 55
. P{N) =
.00 .00
- TIME= 1.250
- ARR= 8.
STATE # -+
9 i0
=T
.00 .00
STATE #
24 25
P(N) -
.00 .00
STATE # &
39 40
PIN) =
.00 .00
STATE # :
54 55
P{N) =
00 00
- TIME= 1 .500
ARR=26 .

11
.00
.04
15
26
.00
.00
30
a1
.00
.00
45
56
.00
.00
SUp -
SER= 8.
Pld=
o
11
.00
el
15
26
olv
.00
30
41
.00
.00
45
56
.00
.00
SUM=

SER=21.

12
00
.02
is
27
.00
ely)
31
42
00
Q0
46
57
.00
.00
1.000
MX =
. 00000
1
iz
.54
el
15
27
.00
.00
31
A2
.00
.20
46
57
00
.00
1.000
Mx=

.00

.01
17

28
.00

.00
32

43
.00

.00
47

58
.00

.00
EQ= 2
EWALIT=
2

13
.01

.00
17

28
.G0

.00
32

43
.60

GO
a7

58
.00

.00
EQ= 1

ig4
.00
.00
is
29
gely)
Relv)
33
44
.00
Helv)
A8
53
.00
.00
054 SDO=
BHIN
3
i4
03
.00
18
29
. Q0
Rele
33
44
Nole
.00
48
5%
elv)
.00
.054 30Q=

ESx=

3.6

.09

21

.C0

36

.00

51

.00

4,

Q0

21

.00

36

.00

.00 .00
19 20
.00 .00
34 35
.00 .00
45 50
.00 .00
1.3025
TWAIT=
2! 5
.01 .01
19 20
.00 .00
34 35
.60 .00
49 50
.00 .00
.3026

ES=

51

Q0

418

CUM

4,920

.07 .03

22 23
.oo_ .00

37 28
.00 .00

52 53
.00 .00 7

SDs=  2.i24
RIECTS= .00

7 B
.00 .00

22 23
.00 elv;

37 38
.00 Wty

52 53
.00 .00

sDS= 2.524



7

.

1.750

STATE # :
G 10
.00 .00
STATE #
24 25
P(N) :
.00 Q0
STATE # «
39 40
P{N) :
.00 .00
STATE # -
54 55
P{N)
.00 .00
- TIME=
ARR=5E .
STATE #
S i0
P(N)
.00 00
STATE # =
24 25
P{N) :
.00 .00
g
3% 40
PONDY ¢
.00 .00
STATE # :
54 55

Pl= .07700 EWalT=
& 1 2

il iz i3
0 .04 02

.00 .00 .00
15 16 i7

26 27 28
.00 .00 00

.GC .00 ele
30 31 32

41 42 43
.00 .00 .00

.00 .00 .00
a5 46 47

58 57 55
00 .00 .00

.00 .00 Q0
SUM= 1.000 EGQ= 1

SER=52. MX= 4

Pll= .0%800 EWalIT=
o 1 2

i1 12 i3
el .01 .11

.00 .00 .00
15 16 i7

26 27 28
.00 .00 .00

.00 Nely .00
o 22

41 4z A3
.00 .00 .00

.00 .00 .00
45 46 47

=) 57 58

& .OMIN
3
14
.34
.00
18
29
.00
.00
33
44
Nelel
.00
48
59
.00
.00
.0B4  SDG=
8.0MIN
3
i4
.00
.00
18
29
Nelel
.00
33
44
qelv)
.00
48
59

TWARIT=

el

19

el

OO0

L4325

TWALT=

.88

19

34

.00

49

9.6

.00

20

.00

35

.00

50

.00

ES=

i7.6

.00

20

Q0

35

.CO

50

CUM RJIECTS=
& 7
.00 T .00
21 22
.00 .06
36 37
.00 .00
51 52
.00 .00
5.722  SDS=
CUM RJIECTS=
S 7
.00 .00
21 22
.00 elo)
36 37
.00 .00
51 52

.00

38

.00

53

.00

2.684

.00

23

.00

38

00

53



P(N) : .00 00 .00 .00 .00 Q0 .o0 .00 .00

.00 .00 .00 .00 .00 .00 | -
- TIME= 2.000 SUM= 1.000 EQ= 2.214 8DQ= 6£.325 ESE 8.824 SDS=  3.018 4
4 ARR=49 . SER=42. MX= 5 .

. - .
- N PW= .08100 EWAIT= 13.0MIN TWAIT= . 30.5 . CUM RIECTS= . s
00 | P ’
STATE # : 0 1 2 3 4 [ & 7 8
9 10 i1 12 13 14
P{N) : .00 .10 .00 .18 .00 .10 .55 Nelo) .00
.07 .00 .00 oty .00 Nele
STATE # ¢ is 16 17 18 19 20 21 22 23
24 2% 26 27 28 29
F(N) : 00 OO .00 .00 .00 .G .00 .00 .00
.00 .GO .OG .00 .00 .00
STATE # - 30 21 32 33 34 35 36 37 38
39 40 41 42 43 44
PN = .00 Nels) .00 .00 .00 .00 .00 .00 .GO
.00 .0G .GO .GO Nole) .00
STATE # a5 46 47 48 45 50 51 52 53
o BN .00 LO0 .00 iele) .00 .00 .00 .00 L00
.00 .Q0 .00 .00 .00 .00
- TIME= 2.250 SUM= 1.000 EQ= 1,053 SDO= .7025 ES= 2.215 sDS=  1.236
ARR=47 . SER=50. MX= 7
- PlW= 09700 EWAIT= 7.OMIN TWAIT= 37.6 CUM RIECTS= .0
. 1
STATE # o) 1 2 3 4 5 6 7 8
3 10 11 12 13 i4 _ :
P(N) : .0C .08 .06 .02 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE ¥ : 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00

- - " - .. - F






e 10 % | 12 13 14
P(N) : .00 .00 .00 .01 .00 .00 .00 .00 .00
_ o _ o
STATE # 15 16 17 i8 19 20 21 22 23
24 25 26 27 28 29
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .47 .00 .00 .00 .00
STATE # = 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44
P(N) : .00 .00 .00 .00 .00 .00 .33 .00 .00
.00 .00 .00 .00 .00 .00
STATE # : 45 46 47 48 49 50 51 52 53
54 55 56 57 58 53
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
- TIME= 3.000 SUM= 1.000 EQ= 2.054 SDQ= .6225 7.230 SDS= 1.885
ARR=56 . SER=52. MX= 26
- PW= .04800 EWAIT= 17.5MIN  TWAIT= 67 .1 CUM RJECTS=
.01
STATE # : o) 1 2 3 4 5 é 7 -
5 10 11 12 13 14
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE # : 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29
P(N) : .00 .00 .00 .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE # : 30 31 32 33 34 35 36 37 38
39 40 41 42 43 44
P(N) = .18 .14 .08 .10 .00 .00 .00 .00 .00
.00 .00 .00 .00 . .00 .00
STATE # 45 46 a7 48 49 50 51 52 53
54 55 S 57 58 £
P(N) : .05 .09 .10 .12 .14 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00



APPENDIX B

UNIVERSITY BUS MODE

Regression Output

Constant 16.6843
Std Err of Y Est 3.6886
R squared 0.87612
No of Observations é
Degree of Freedom 4
X Coefficients(s) 0.02634
Std Err of Coef. 0.00495
HINIBUS MODE .

Regression Output

Constant -0.6521
Std Err of Y Est 2.79073
R Square 0.95275
No.of Observations 6
Degree of Freedom 4
X Coefficients 0.08555
Std Err of Coef. 0.00953

TAXI HODE

Regression Output

Constant 71.817
Std Err of Y Est 14.9505

R Squared ) 0.75832
No.of Observations 3
Degree of Freedom 4
X Coefficient(s) 0.34617

Std Err of Coef. 0.09771



~2PENDIX C-- SAMPLE QUTPUT
o RESULTS FOR T-Z TRUNCATED KI BATCH QUEUEING SYS

TIME VARYIN“: POISSON ARRIVALS AND EXPONENTI~. SERVICE
MAXIv.™ QUEUE SIZE= 50 NUMBER OF SzZRVERS= 1
- TIME= .250 SUM= 1.000 EQ= 0.0138 sS0Q= 0.1307 ES= 0.1249 sDS= 0.37
47 ARR= 5 SER= &% MX= 1

- PW=2.111058 EWAIT=  .10MIN  TWAIT= -1¢ CUM RJIECTS= .0

0
STATE # : 3 1 2 3 4 5 & 7 8

9 10 % | 12 13 14

PO(N) 23 .10 .01 .00 .00 .C0 .00 .00 .00
.00 .00 .00 .00 .00 .00
STHTE # : 3 16 17 18 19 20 21 22 23
24 25 26 27 28 29

P(N) = JEY .00 .00 .00 .00 C0 .00 .00 L00
.00 .00 =~ .00 .00 .00 .00
STATE 4 : 33 31 32 33 54 S <3 37 38
39 40 41 42 43 44

P(N) = JES .00 .00 .00 .00 58 .00 .00 .00
.00 .00 .00 .00 .00 .00
STATE # =2 46 47 48 49 £% &3 52 £3
54 55 56 57 58 59

P(N) : - .00 .00 .00 .00 O 60 .00 .00
.00 .00 .00 .00 .00 .00

- TIME= .500 . SUM= %.000 EQ= 0.0139 SDQ= 0.131° ES= 0.1250 sDS= 0.
wmo Dmmnmmmnuuuzxuw

L)

= PiW= ,121110 EWAIT= -21MIN TWAILT= Ad CUM RJECTS= .
co

STATE # :
g 10 11 12 13 14

o
-
N
W
o
i
m
~N
[s4)



O
~
z
s

P(N) :
.00
STATE
24
P(N) :
.00
STATE
39
P(N) :
.00
STATE
£4
P(N) :
.00

- TIME=

"

-
[d

-
O

"

LIy 4

)]
om
w e

L0

1.000

.89 .10
.00 elo)
15 16
z26 27
.00 .00
.00 .00
30 21
43 4.
o0 00
.00 .00
45 46
56 57
.Q0 .00
.00 .00
SUM= 1.0Q0
SER= 45 MX=
PW= ,111111
0] |
13 12
.89 .10
.00 ,00
15 16
26 27
.00 .00
.00 .00
30 31
41 42
.00 +00
.00 .00
45 46
856 57
.00 .00
.00 .00
SUM= 1.000

.01 .00 .00 .00

.00 .00
17 18 19 20

28 29
.00 .00 .00 .00

.00 .00
32 33 34 35

43 44
Q0 .00 .00 .CO

.00 .00
47 48 49 50

58 9
.00 .00 .00 .00

.00 .00
EQ= ©0.0139 SDRe= 0.13210
EWAIT= 0.21MIN TWATIT=
2 3 “ 5

13 14
.01 elel .00 .00

.00 .00
17 ig 19 20

28 29
.00 .00 .00 .00

.00 .00
32 33 34 35

43 44
.00 .00 .00 .00

.00 .00
47 48 49 50

&8 59
.00 .00 .00 .00

.00 .00
EQ= 0.0139 sDQ= 0.01310

”ﬁ Ak, ; ] . 5

.00 .00
21 22
.00 .00
36 37
00 .00
51 52
.00 .00
$= 0.1250
G B cunM
& 7
.00 .00
21 22
.00 .00
36 37
.20 .00
o1 652
.00 .00
ES= 0.12850

83
.00

SDS=

RJECTS=

0.3



) —

R &

m

APPENDIX C-~- KOCFMA'is> RESULTS

L FOR THE TRUNCZATED KI BaTCH QUEUEING SYys
TIME VARYING POISSCOMN ARRIVALS aND EXOOMNZNTIAL SERVICE
MAXIMUM QUEUE $IZE= &9 MUMBER ©OF SERVEXS= i
.250 SUM= 1,000 EQ= 0.0133 SPDR= 00,1307 ES= (O, ,12¢% SDs3= 0.77
HE SER= 45 MA= 1
2L=0.111088 EWAIT= JIOMIN TWALT = a3 s RIECTS= .
$ 0 1 2 3 4 5 ) J &
10 11 12 13 4
B89 .10 .01 Rlale; 00 .00 .00 ) .00
Q0 .CO .00 .00 LC0
I 15 16 17 18 i 20 21 22 23
25 26 27 28 a7
.00 .00 .00 00 Q¢ .00 .00 .00 .00
# 20 31 32 33 34 a5 36 37 38
40 41 42 43 -
.00 .00 .00 .C0O .00 .00 LoD .00 .Q0
Q0 00 .00 .00 L0
5 &g 46 a7 48 4% 50 T &2 §3
55 56 57 58 £9
.CO .00 .00 Rale) .00 .00 .00 .00 .00
.00 .00 .00 .00 el
L8500 SUM= 1.000 EQ= 0.0.3% sDQ= 0.,1310 ES= 0.1250 SDs= 0.3

= 5 SER= 45 MX= 1

.

10

PUW= .111110 EWAIT= L2IMIN TUAIT=

11 12 13 14
¢ = e - Y



P(N)Y
.00 Kele)
STHTE &
24 25
P(N)
mele 00
STaTE §
39 40
GO Q0
STATE # :
54 55
PN
GO ele
- TIME= 750
750 aRRE= 5
LG
STATE #§ :
2 10
pOHY o
OO .00
STAHTE 8
24 zZ5
PN
00 O3
STHTE #
) 40
P(NY :
el 1)
STATE &
54 55
POM)
QO 0

.89 .10
.00 .00
15 16
26 27
.00 .00
.00 .00
30 31
41 42
.00 .00
45 46
56 57
.00 .00
G0 .00
SUM= 1.000
SER= 45 MX=
FlU= 111111
0 1
il 12
.89 .10
00 .00
15 16
26 27
.00 GO
.00 .00
20 31
at 42
.00 .00
o .00
45 46
58 57
.00 _CO
.60

I

.01 Q0
) .00

17 18
== 2%

.00 ele)
T .00

32 33
Lz 44

T ot
L .00

47 43
s 59

Q0 Rele
i .00
==  Q.0L133
ZAALT=

Z 3

Iz 14

.01 .CO
. ele;

17 18
P 2%

o0 .00
2l Rale)

32 32
<z 44

.00 .QO
Te GO

47 48
Ny 59

L) elel
T malel

O.2IMIN

.00
19

.00

34

49

GO

SDQ=

.00

1%

.00

34

.00

49

.00

.00
20

el

35

L0

S5C

.00

0.1310

THAIT=

(n

.00

20

L0

Es=

o
en

00

21

.00

L1250

CuUM

.C0O

22

.CO

37

53
.00

SDE=

RIECTS=

0.3

———



