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ABSTRACT

This thesis describes the use of heuristics and cost models based on the

queueing theory to determine effective crew size for maintenance operations. The

model was applied to mechanical maintenance workshop, Federal University of

Technology, Akure, due to the fact that it has characteristics of external maintenance

system. A computer software in "QBASIC"was.devel.9P~4 to solve the model. The

results obtained from this approach showed that, the use of heuristics generated

effective crew size of one (a seven-man crew), while that of maintenance cost model

was two, given a difference of 50%. Also by using deterministic cost model 1.5 sees.

was used to process the results, while the time used to process the results in

stochastic cost model depends on maximum simulation time MeT, but for heuristic

it was just 0.5 second. The results revealed the advantage of using heuristic over

complex equations of maintenance cost models. Therefore, to achieve higher

response rate, the jobshop should operate on two crews. Although, management

can decide to operate on one crew (as prescribed by heuristic) if other maintenance

strategic decisions are in her favour than any other jobshops in the environment.

Finally, the results generated by both deterministic and stochastic cost models

showed that both are equally likely to describe the maintenance jobshop under

study.
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NOMENCLATURE

C1 Cost of using a crew size per day

C2 Cost of waiting of job per day

A Rate of reporting maintenance job

J-t Rate of departure of job

Ls Number of jobs in the system

Lq Number of jobs in the queue

Ps Degree of utilization of service facilities (Utilization factor)

PZERO Probability of no customer Gob) in the system

S Number of maintenance crew size

TC Average total maintenance cost per day

Ws Waiting time of job in the system

Wq Waiting time of job in the queue

Wq>:- Acceptable response rate

T, Repair time for the nth failure

V(t) Maintenance backlog at time t

W(t) Repair backlog at time t

o Time between failure

e Threshold value

ST Service time

AT Arrival time

-"ST Mean service time

Ojl fn Observed frequency of service time and arrival time distributions

respecti vely.

n., T; Expected (theoretical) frequency of both service time and arrival

time distributions respectively.

X2 Chi - square
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CHAPTER ONE

1.0 INTRODUCTION

1.1 STRATEGIC DECISIONS IN MAINTENANCE JOBSHOPS

There are many definitions attributed to maintenance in literatures, but the

one from British Standard Institution (1974) defined maintenance generally as the

set of "actions" carried out to retain facilities in use, (preventive maintenance), or

restore them back to "acceptable" condition, (corrective maintenance) [5]. A

centre where these maintenance actions or activities are carried out on public

facilities is known as a "maintenance jobshop".

The maintenance jobshop is open to every customer in the environment

who wishes to repair or maintain their facilities without restriction. A

maintenance engineer who has established or has intention of establishing a

maintenance jobshop for public use must put into consideration other competitors.

Therefore, management must ensure that maintenance activities are monitored,

evaluated and reviewed from time to time, so that problem areas are identified and

appropriate solutions are applied so that the essence of establishing such a

maintenance jobshop will not be in jeopardy.

In view of this, a model can be developed to diagnose the problem areas in

order to improve the effectiveness of the system. There are myriad of problems

associated with maintenance jobshop. These problems depend on how effective

maintenance management is. Effective maintenance management requires a great

deal of data, a huge volume of paper work and records etc; if these are properly

1
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simulated, it can lead to the simplification and streamlining of maintenance

activities [10].

The strategic decisions of maintenance management which can generate

minor and major problems are given below [1].

1. Service demand forecast;

11. Crew size determination;

111. Tools and Equipment planning;

IV. Spare parts planning;

v. Maintenance operation planning;

VI Evaluation techniques adopted by the management.

These problem areas need to be diagnosed for effective operations of the

maintenance jobshop. Figure 1.1 shows the interrelationships between these

strategic decisions.

Problems of lack of effective maintenance are evidenced both in developed

and developing worlds. But concerted efforts put up in solving these problems in

the former is better than the latter. A United Kingdom Government Report

published in 1970 (Department ofIndustry's Report in Maintenance Engineering

HMSO, London, 1970) showed that British Manufacturing Industry wasted

colossal sums of money each year because of ineffective and badly organised

maintenance [17].

2
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Is
Performance No

Level Satisfactory

Service Demand
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Tools·&
Equipment
Planning

Crew Size
Determination

Produce

Operations
Planning

Fig. 1.1

Order14-----...-,

Inter-relationships Between Strategic Decisions

Source: Aderoba and LawaI [1].
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Also, in developing countries, slow pace of maintenance improvement has

caused a lot of havoc to industrial development which have direct adverse effect

on our economy. Everyday, new machinery are imported as a result oflack of

proper maintenance for old machinery. When such items are no longer available

abroad (due to technological development or otherwise), it signifies the end to

industries here still depending on such items.

What is an effective maintenance crew? An effective maintenance crew

consists of a team of technical personnel fully competent to inspect, diagnose,

maintain, test, and certify a maintenance requisition. Determination of crew size

in a maintenance system which will generate a higher response rate (that is, a

lower waiting time) is known as "effective crew size determination". For the

purpose of this study, "model for crew size determination in maintenance

operations" will be developed.

l.2 SIGNIFICANCE OF CREW SIZE DETERMINATION

Crew size for maintenance operations must be determined for effective

utilization of maintenance machinery and to achieve higher response rate. If

maintenance crew is underestimated the following problems may arise:

I. Waiting time for the repairs and maintenance will be higher. Customers

will be running away from the system (reneging).

II. Maintenance jobs will be higher - queue will be too long.

Ill. Loss in maintenance output.

IV. Excess overtime - Maintenance crew will be overworked/overused.

4
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v. Frequent emergency maintenance work in the jobshop.

Vi. Problem of inventory control of spare parts.

1.3 IMPORTANCE OF THE STUDY

The study shows that negligence on the part of management to install a

well organised maintenance system will affect the maintenance organisational

objective of increasing customer's patronage. It helps also to determine the

effective crew size that will cope with teaming customers reporting one repair job

or other.

In summary, effective crew size determination will enable the maintenance

management to monitor how well the maintenance jobshop is using resources

allocated to the system.

1.4 OBJECTIVE OF STUDY

The main aim of this study is to develop a model for determining the

effective crew size for a maintenance jobshop.

The study is carried out using Queueing model. Queueing model is a

versatile operations research tool for solving a myriad of maintenance problems.

The results obtained using heuristic and one obtained using the complex form of

queueing model are compared to determine how efficient the heuristic is. Time of

the computation (using computer) are also compared to show how easy the

practitioner can apply the heuristic to maintenance crew size determination.

5
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 REVIEW OF CURRENT WORKS IN MAINTENANCE PLANNING

Determination of organisational performance has been receiving

considerable attention of some researchers over the last couple of decades [22].

The maintenance workshop performance is a function of the following criteria

[15]:

1. Efficiency, a measure of "how right" things are working;

11. Effectiveness, a measure of actual output against planned output, i.e. are

you accomplishing the "right" things:

111. Productivity, the ratio of output to input;

IV. Profitability, the ratio of sales revenue to the cost incurred;

v. Quality, conformity to specification;

VI. Quality of work life, a measure of effective responsiveness of human

beings to work in and living in an orgauisational system;

VII. Innovation, defined as the development and use of method of technology.

Effectiveness of various strategic decisions (Section 1.1) in many

maintenanceorganisations is being viewed as an important factor that

deserves evaluation.

Effectiveness of crew size in maintenance operations had been receiving

attention in the past years. Raymond in Higgins and Marrow [1OJ developed an

approach that is particularly well adapted to the study and improvement of

6



maintenance performance. The objective of this approach is to mini mise the

operation time with a reasonable number of operators. The tool used for this

purpose was "themultiple-activity process chart". Raymond broke the operation

time into three:

(i) Make ready time;

(ii) Do time; and

(iii) Put away time.

The operation time in the system can be reduced by introduction of another

helper to the operator. This will increase machine utilization and operator

effectiveness. He gave the following definitions:

(i) Machine utilization Machine time
Total operation time

(ii) Operation effectiveness Man-time
Total operation time

The consequence of introducing another operator was the reduction in

waiting time of the customers.

Also in Lindley [14], Lester described behaviours of the maintenance

group (crew) which may have influence on the response rate of the customers.

These are:

Some members of the group may be too lazy, hence, longer repair time;

11 There will be influence of an individual in the group. This is known as

"group dynamics";

111 One of the members of the group may not be competent enough to perform

the job thus leading to delays in maintenance activities;

7



IV Group effectiveness takes precedence over an individual.

He also described the behaviours of the maintenance management that may

influence the effectiveness of the maintenance group. These are:

1. .Keeping in mind the relationship of individual to its work group;

11. Individuals should not be embarrassed or expected to perform

contrary to the group's norms;

111. Management should respect their collective power to be able to achieve

high response rate;

IV. Management should work with them to solve a problem instead of trying

to force them to change a direction that seems to satisfy their collective

needs;

v. They should acknowledge the presence of influential leaders in every

.group. This may be done by virtue of age, experience know-how etc. If

all the above points are achieved, the group will work effectively, hence

leading to reduction in waiting time of the customers.

However, queueing model which is a modern industrial engineering

quantitative tool could be used to diagnose the problems of the maintenance

operations.

Takacs [25] developed a queueing model on the busy period of single-

server queue with Poisson input and general service time. In his model, he

determined the following probabilities:

1. .The length of a busy period (:::::x)

The maximum queue size during the busy period in the maintenance11.

8



jobshop (:S;k).

Ill. The maximum virtual waiting time during the busy period (:S;y).

He gave the following mathematical methods for determining the

probabilities.

For initial conditions:

P(x, kli) P[8:S;x andL(t):s; k for O:s;k s8/L [0] = i]

for x ~ 0 and0 < i :s;k

and

.................... 2.1

G(x, y/c) P[8:s; x and y (t):s; y for O:s;t:s;80/y (0) = c]

for x ~ 0 and 0 :s;c :s;y ................... 2.2

P(x, kli)

A-I

Probability that the initial busy period has a length :s;x

and the maximum queue size during the initial busy

period is :s;k, given that the initial queue size is i; and

G(x, y/c), the probability that the initial busy period

has length :s;x and the maximum virtual waiting time

during the initial busy period is :s;y, given that the

initial occupation time of the server is c.

the queue size at time t, number of customer in the

system at time t.

the virtual waiting time at time t, that is, the time that

a customer has to wait if he arrives at time t,

arrival time

L(t)

yet)

9
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-1
Jl servicetime,

A and Jl are independent.

.I [0] = 0, y (0) = 0, then 80 == ° for initial conditions.

If80= 0, then I(o) = i, i2 °
y (0) = c, c 2 0

Then the probabilities for any other busy period:

P(x, k) = p(x, kli) ........................................... 2.3

i.e. the probability that the length of any busy period other than the initial one is ~ .

x and the maximum virtual waiting time during busy period is ~ y, is given by:

y

G(x,y) = fG (x, y/c) dH (c) .................................. 2.4
o

H (c) = distribution function of the service time and is independent of the

arrival time.

Also Shaw [21] developed a model on busy period control of queues

based on waiting times at arrivals. In his work, he assumed that manpower

can be shifted between repair and maintenance assignments in order to

reduce the waiting time of the customers in the queues which will result to

higher response rate. In the simplest case, he considered one repairman

and one maintenance man with the latter assignable to help the former

when the repair backlog (customer waiting time) becomes substantial. The

objective is to mini mise the mean time to complete all repairs, subject to a

penalty for the time the maintenance man is shifted away from his main

duties. He represented the results of his model by Figure 2.1 shown below .

. 10
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BACKLOG WITH DYNAMIC ASSIGNMENT
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Wet) -

Iv

time between failure

repair time for the nth failure

the repair backlog at time t

. rate at which failure occur (Poisson process)

rate at which repairs are carried out (independently and

identically distributed)

maintenance backlog that is due for repair work

threshold value

vet)

e

The maintenance man shift is made at the first failuretime, t, when the

backlog is sufficiently big, i.e. the first time that w(t.) = Wi > e (threshold value).

Ifw (t.) < e at some future failure time, the maintenance man is shifted back.

Several shifts in both directions are possible during one repair episode(repair

busy period). This model assumed that the necessary repair time can be

diagnosed immediately when a failure occurs.

The wet) curve falls with a steeper slope when both men are repairing. A

small e results, in a corresponding small repair duration T.Inversely, the

maintenance backlog vet) will be large. The idea is to choosee to minimise the

maintenance and repair time to reduce maintenance cost.Assumption made in the

model was that one man is as productive as two men and they cooperate in

serving a single remaining customer.

12
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Furthermore, Richard [19] developed a queue model on manpower

planning with uncertainty requirement. The demand for effective manpower is

determined by the state of a finite Markov chain. According to him there are

delays in training of effective manpower which is an input to the training process;

thus it.is not always available to meet demand. He presents an operational

method for calculating optimal accession policies. This calculation can in turn be

used to find the equilibrium operating rules for measuring the impact of alternate

assumptions, continuation rates, manpower utilization policies, demand levels,

and transition probabilities in the demand process. The model formulation of the

flow of manpower, demand and supply of effective manpower, control objective,

the optimal accession policy and cost performance trade-offs were given in the

works of Richard [19]

Moreover, Priel [17] has written authoritatively on maintenance

organisation particularly on maintenance ratios. The ratios are useful for effective

maintenance planning. Out of these ratios those associated with maintenance

manpower planning are given below:

1. Manpower efficiency = total man-hour allowed
Total man-hour worked on same job;

11. Incentive coverage Man-hour on bonus
Total direct hours available;

111. Craft utilization total craft hours clocked
total craft hours clocked;

VI. Work done turnover number of jobs completed
total number of Jobs handled;

v. .Cost maintenance hours= total maintenance cost
total direct maintenance hours.

13
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Olorunniwo [16] also gave the maintenance performance measure

concerning manpower similar to the one given above. The performance

concerning planning and scheduling is also given as:

1. Actual backlog (crew-week) = hours of maintenance on open order
weekly maintenance Crew hours;

11. Completion delays (job-weeks) job-weeks of delays
number of Jobs handled;

111. Overtime ratio total overtime hours
total maintenance hours;

IV. Maintenance productivity ratio total maintenance direct
total direct production hours

v. rnu~ber of equipment per]
lmamtenance man [

eqUiPment]
availability

.The model developed in literatures are either stochastic or deterministic.

A deterministic model has the following defects:

1. It does not represent the system as a whole;

11. Cannot account for time change effect in the effective measurement;

111. All the "cause and effect' relationships among different components of the

model are not accounted for at all times [24]

While stochastic models discussed in literatures solved the problems

associated with deterministic model, the disadvantages of stochastic models are:

1. they have complex mathematical relationships which can be solved

effectively only by the use of computer system;

11. As a result of (i), they cannot be used easily by any layman for effective

maintenance evaluation of a jobshop.
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Most of the models developed in literatures are applicable only to internal

maintenance system in which maintenance department is part of the production

system. A model which can be applied to an external maintenance system is

discussed in this thesis. The model which can be used to solve the problem of

crew size in maintenance operations has the following advantages over those

discussed in literatures:

1. .The model is versatile and practical;

11. The computer software has been developed for the model to achieve rapid

solution;

111. It can be used to access the maintenance crew size effectiveness of any

maintenance jobshop;

IV. It can cope with down to earth problem of effective maintenance in the

developed and developing countries;

v. It imitates the behaviour of the real system as closely as possible;

VI. it has more applicability on external maintenance jobshop.

2.2 QUEQUEING MODEL FOR CREW SIZE DETERMINATION IN
MAINTENANCE JOBSHOPS

The queueing model is one of versatile operations research tools for

determining and measuring the level of effectiveness of maintenance jobshops.

Many studies on maintenance planning have modelled the maintenance problem

as a single queueing system [1]. For maintenancejobshops, the objectives of this

study is are to:

15



1. Know how long a customer waited before being served - that is, the cost of

.delaying service;

11. Know the effect of crew size on the maintenance jobshop performance;

111. Know the percentage oftime the service facility (crew size) is not used

(idle time) - thatis, the degree of utilization of maintenance crew;

IV. Minimise the cost of maintenance crew subject to a satisfactory response

rate. The response rate can be defined in terms of the average waiting time

for a maintenance job.

For a single queue with Poisson arrival of jobs and exponential service

times with a First-in First-out (FIFO) service discipline, the following expressions

and equations hold for aone-gang crew [1]

1. Mean arrival rate of jobs

Mean service rate of jobs =

'Aper unit time

!.1per unit time11.

111. Utilization factor = P ='AI !.1

IV. The probability ofnjobs being in the system Ptnj=P" (l-P)

v. The average number of jobs in queue Lq = 'A2/!.1 (!.1- 'A) = 'AWq

VI. The average waiting time for ajob in the queue Wq =P/( !.1-'A)

V11. The average number of jobs in the system (number in the queue+ number

being served)= L = 'AW = Lq + 'AI !.1

V11l. The average time in the system (job waiting time+ service time)

Ws = Wq + 1/!.1.

The queueing model can also take the form of multi-channel model

16
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leading to a complex equations which can be solved easily using appropriate

computer software[13]. Under the same conditions for the single-channel model

given above, the following equations can be written for multi-channel queueing

model in parallel [20].

probability that all channels are idle.

Appendix 5 [20] shows different values of Po corresponding to various

ratios ofA/kll:

Where,

.k = S = number of channels.

P, ~ ~! [~ l [S~~AJ
Where,

Po 2.5

Ps= Probability that all channels are simultaneously busy (utilisation

factor).

. 2.6

Ls = mean number of jobs in the system .

Lq = Ls -A III .............................. 2.7

Lq = mean number of jobs in the queue

Ws = Ls/A ............................. 2.8

Ws = mean time of waiting of jobs in the system

Wq = Lq/A ............................. 2.9

Wq = mean time of waiting of jobs in queue

11 = service rate per channel

..
17
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Wq= mean time of waiting of jobs in queue

J.! = service rate per channel

A = Arrival rate of jobs.

In summary, the following options are possible for effective layout of the

maintenance jobshop operations:

0) Single channel

(ii) Single channel in series

(iii) Multi-channel in parallel.

These options are shown in Figure2.2.

18
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Jobs in queue (Type 1)

Service facility -.
Departure of jobs

a. Single Channel

------_ ..._.-

o-cl
Jobs in
queue

Service facility
(Type 1)

Service facility
(type 2) I

! Departure
I of jobs

~--------------------------------------

b. . Single Channel, in Series

Service facility
(Type 1, No.1)

Jobs in Queue
Department of Jobs

Service facility
(Type 1, No.2)

c. . Double Channel, in parallel

Fig 2.2 Physical Layouts of the Maintenance Jobshop
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CHAPTER THREE

3.0 MODEL FORMULATION

3.1 QUEUEING MODEL FORMULATION

Model for crew size determination in maintenance jobshop is formulated

from queueing theory. The jobs reported for maintenance are on the waiting-line

(Queue), waiting for service while the maintenance crew(s) is/are to render

service(s).

If the number of maintenance crew is increased there will be increase in

labour cost. This in turn will result in achievement of a higher response rate (i.e. a

lower waiting time in the queue). The increase in crew size can lead to the use of

complex equations applicable for multi-channel queues which can not be solved

easily by maintenance practitioners [13]. It can be solved by resorting to

simulation or judgmental decision.

For a comprehensive solution, the single channel equation can be

effectively applied for crew size determination by the application of the heuristics

stated below.

3.2 MODEL DEVELOPMENT

3.2.1 DETERMINATION OF THE ARRIVAL RATE (A) AND SERVICE
RATE (u) FOR A SINGLE-CHANNEL QUEUE

In determining A and ~ the following should be noted:

1. Kendal M/M/lloo/FIFO queueing model notation should be used. This

20
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notation means infinitequeue, infinite source, single server(a maintenance

crew) model with first-in first-out queue discipline [8].

No room for LIFO (Last-in first-out), random selection(serving

randomly), priority selection(given some customers precedence over

others). Priority selection may be preemptive (interrupting the service of a

given customer by another customer of higher priority) and non preemptive

(service rendered to a customer cannot be interrupted unless the level of

priority of the next customers is considered).

11. A occurs completely at random at a certain average rate i.e. Poisson

distribution.

111. I...l also follows an exponential distribution but at a constant average rate.

lV. The chi-square goodness of fit test can also be used to test whether the

parameters are in random distribution.

v. .A < ~l to prevent the queue from building up, otherwise queueing model is

not valid. (Stochastic cost model developed in section 4.2.6 solves this

problem).

Note: A LAMBDA = Average Arrival rate of the jobs

MU Average service rate.

3.2.2. RESPONSE RATEWq* ACCEPTABLE

Response rate Wq* acceptable to the potential customers can be

established by calculating the average of the acceptable response rates for the

various maintenance activities. This can be achieved by conducting
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questionnaires and interviews among the maintenance jobshop customers.

Actually, for minor repairs, the customers would like to get their jobs within a day

but for major repairs not later than a week.

3.2.3 EXPECTED WAITING TIME FOR A JOB Wq

This can be known from the analysis of the data collected when studying a

maintenance system. It gives the actual waiting time in the queue before being

served .

.The average waiting time of a job Wq can be calculated from mathematical

relation.

Wq = P/(I--l- A,)

Where, P = degree of utilization of service facilities or utilization factor

The expected waiting time (Wq) should be reasonable enough to prevent:

1. reneging - leaving of the customers in the queue as a result of high waiting

time;

11. balking - unwillingness of customers to make their jobs join the queue

because of too many jobs on the queue waiting for maintenance;

lll. jockeying - jumping the queue in order to reduce waiting time of the jobs.

3.2.4 COMPARING Wq* AND Wq

Computed waiting time in queue Wq is compared with acceptable response

rate Wq* of the customers:

22
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1. if Wq :s;Wq*, operating with a single maintenance crew (gang) is

acceptable;

11. ifWq> Wq*, the number of the maintenance crew that would work

.effectively under such condition can be obtained by finding the value of

Wq/Wq* to the nearest higher integer.

Fig. 3.1 shows the flow pattern for maintenance crew size

determination using heuristics.
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Read LAB, MD, WQ*

No QUEUEING MODEL
NOT VALID

UTILIZATION FACTOR:
P = LAB/MD

EXPECTED WAITING
TIME WQ IN THE QUEUE:
WQ = P / (MU-LAB)

NUMBER OF UNIT
JOB IN THE SYSTEM:

. L = LAB. WQ + LABIMU

NUMBER OF MAINTENANCE
CREW REQUIRED:
S = INT. (WQ / WQ* + 1)

WRITE P, S, WQ,
WQ*,L

STOP

FIG. 3.1: FLOW CHART FOR MAINTENANCE CREW SIZE
DETERMINATION USING HEURISTICS
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3.2.5 MINIMISATION OF TOTAL COST OF MAINTENANCE (SINGLE
CHANNEL)

Total maintenance cost is the sum of the cost of using maintenance crew(s)

and the cost of waiting ofjob(s) in the queue [23].

Total maintenance cost is expressed as

................................. 3.1

at a given S= Number of maintenance crew

C I = Average cost of using a maintenance crew per unit time

C2 = Average cost of waiting ofajob in the system per unit time

L(S) = expected number of jobs in the system at a given S.

Since S is discrete, differentiation is not applicable in this case. To

minimise the total cost, computation based on the minimum value of the given

function can be used [23]. Once there will be only one job for service at any time,

single channel system can still be applied for additional crew(s) l20].

From the expected number of jobs in the system for a single channel queue

L = A/(/-l - A) ..................................... 3.2

If the number of the crew is increased by one then the service rate in the system is

doubled (under the assumption that both are working at the same rate).

Therefore, S = 1,/-ll = /-l

For single channel in series, similarly,
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L(I) (S = 1)

~-x

L(2) (S = 2)

L(3) = (S = 3)

L(n) .'A

nu - II:
(S = n)

Therefore, total cost of waiting of job in the system is given by:

(S = n) ................... 3.3

Total cost of using crew size is given by:

= (S = n) .................... 3.4

Total maintenance cost TC(S)

TC (S) SCI + C2 L(S) (S 1,2, ... n)

TC (S) SCI + C2 L(S) (S = 1, 2, ... )

and

L (S) 'A (S 1,2, .... n)

~

Therefore, combining equations 3.1 and 3.2

TC(S) = SCI + C2 (AlS~l - 'A) (S = 1,2, n) 3.5

The minimum total maintenance cost can be known graphically (see Fig.

3.3) by tracing the optimum number of crew size to the total cost curve [23]. This

gives the minimum cost that will generate higher response rate. Cost of using

maintenance crew(Cj) consists of crew salary/bonuses/allowances and cost of

26
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tools and building. Cost of waiting ofajob (C2) can be obtained from the cost of

hiring such an item or cost generated by using such an item in a unit time of

waiting [24]. Flow chart for the calculation of total maintenance cost is given in

Figure 3.2 while the maintenance costs curve is inFigure 3.3.
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CTAR'C)

---y---I Read LAB, MU, WQ*

No QUEUEING MODEL
NOT VALID

CALCULATE:
L = LAB / (MU - LAB)

INITIAL CONDITION
S = ~

Is
S = N?

Yes

No

L(S) LAB / (S*MU - LAB)

COST OF WAITING
YeS) = C2 L(S)

COST OF CREW SIZE
H(S) = SC,

TOTAL MTCE. COST
TCCS) = H(S) + YeS)

WRITE S, H(S), YeS), TCCS)

FIG. 3.2: FLOW CHART FOR MAINTENANCE CREW SIZE DETERMINATION
USING COST MODEL (IN SERIES) (DETERMINISTIC APPROACH)
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= Cost of using crew size.(s)

Cost of waiting at a given crew size

Total maintenance cost at a given crewsize

Minimum total maintenance cost

= Effective crew size corresponds to minimum cost.
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3.2.6 MULTI-CHANNEL COST MODEL

Multi-channel cost model can also be used for the basis of comparison to

be able to determine cost effective layout of the system if the optimum crew size

(from 3.2.5) is greater than one.

Minimum maintenance cost for the multi-channel system can be computed

by substituting the optimum crew size obtained from single-channel cost model to

the multi-channel cost model. The multi-channel cost model for minimum

maintenance cost is given as [23]:

TC(So)

So

TC(So)

SoCI

L(So) C2

............................. 3.6

optimum crew size from single-channel

minimum maintenance cost

total cost of using optimum crew size

total cost of waiting incurred when optimum crew size is

used.

The last paragraph of section 2.2 presents multi-channel equations relating the

above quantities.

3.3 POISSON DISTRIBUTION

The following statistical methods are applicable for assessing whether a

given distribution is Poisson or not [4,8,23].

1. If arrivals/departures appear to occur randomly there is a good chance

that the process may be Poisson distribution.

II. Gathering the data011 number of arrival of customers, by recording the
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.number of customers arriving during appropriate equal time intervals (e.g.

hourly, daily, weekly). Then, compute the mean and variance.If the

distribution is Poisson.

MEAN VARIANCE

Mathematically,
n n

n= 'L nf nIN ~ S n2~'L n2 fn- Nn2/ N - 1

n=o n =0
.............. 3.7

Where,

n mean of the distribution

variance of the distribution

n number of the chosen equal time interval=

number of arrival during the chosen equal time interval

N sum of the number of arrivals during the chosen equal time

interval

(iii) Kolmogorov smirnov test can also be used to test the hypothesis

that the sample follows some hypothesised distribution

The test technique is given below [ 8 ]

(a) Let S (x) be the empirical cumulative distribution function

constructed from the sample ofN observation(s).

(b) Let F (x) be the theoretical cumulative function assuming that

the null hypothesis is true.

(c) For each of the N sample point, compute F (xn) - S (x.),
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(d) LetD = Max, 1 F (Xn) - S (x,.) I·

Choosing some value ofa and if the calculated value ofD is

greater than the tabulated critical value at that level of

significant (a ),reject the hypothesis.

IV. Chi-square test of goodness of fit method can also be used to test

whether distribution is Poisson in nature. This test makes a

comparison between the actual and expected number of

observations for various values of the random variable [ 4, 8. ].

However, the first two methods ( i and ii ) may not achieve accurate

result because of its crudeness and unreliability.

The last two methods (iii and iv) are the best to analyse the system.

In this thesis, chi-square test of goodness of fit is used to

assess the distribution of arrivals of repair job in the maintenance

jobshop. The technique used in this test is described in Section

3.3.1 below:

3.3.1 THE CHI-SQUARE GOODNESS-OF-FIT TEST TECHNIQUE

(i) Construct a frequency table of the observation values ( fn ) of the

number variable. The intervals with fewer than three to five

observation tend to distort the test results.

(ii) Calculate the expected or theoretical frequencies (Tn) for each

interval under the assumption that the hypothesised distribution is

correct. The parameters of the hypothesised distribution are usually
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estimated from the sample data.

(iii) calculate the quantity(f, - T, i/Tnfor each interval n= 1,2, ... n,

where fnis the actual frequency of observation in this interval, and

T, is the frequency of observations expected under the hypothesised

distribution.

(iv) As a rule of thumb, each T; is contained to satisfy this condition.

Also, Tn for all n greater than 14 must be contained to yield a

theoretical frequency of 12 - 42.

(v) Calculate the chi-square statistics using the formula

n

........................................ 3.8

n=o

Where,

fn = the observed frequency of observations in the nth interval

Tn = the frequency of observation if the assumed distribution is

correct.

The degrees of freedom (v) for this statistics is

v=C-k-l

Where,

C = number of class interval

k = number of parameter estimated for the hypothesised distribution

(vi) Compare theX2 - value with the critical value of theX2 -

distribution.

This is at a certain level of significant(a) and degree of freedom
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v = c - k- l.

(vii) For the distribution to be Poisson

X2 < X2 V,a.

X 2 = chi-square value

X2 v,c = the critical value of thechi-square distribution with a

significant level(a) and degree of freedom (v).

If X2 >X2 v,c the hypothesis can be rejected, that is, distribution

is not Poisson.
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CHAPTER FOUR

4.0 DATA COLLECTION, EVALUATION AND MODEL ANALYSIS

The model developed was tested using primary data collected from Federal

University of Technology, Akure, Mechanical Maintenance Workshop. Primary

data are obtained directly through personal interviews, telephone. interviews and

(mail)questionnaires from the system under study.

F.U.T.A. Mechanical Maintenance Workshop was used as a case study

because it satisfied the following requirements:

(i) It possesses all necessary information and data needed.

(ii) Its operations are similar to that of the jobshop for commercial purposes,

hence it has a characteristic of external maintenance centre.

(iii) It has maintenance crew that is capable of maintaining diagnosing, testing

and maintaining etc. the repair works (both major and minor repair).

(iv) Data/information can be easily collected, after analysis, showing correct

behaviour of the system.

F.U.T.A. Mechanical Maintenance Workshop was operating under seven-

man maintenance crew which is capable of inspecting, diagnosing, maintaining,

testing and certifying a maintenance requisition.

Their cadres are given below:

(i) Workshop attendant (1)

(ii) Craftsman (1)

(iii) Senior Craftsmen (2)

(iil) Senior Foreman (1)

To make tools available.

working on maintenance jobs.

Working on maintenance jobs.

Repairing/supervising and giving
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technical advice.

/IU),-..:v Assistant Technical officer (1) Repairing and giving technical

assistance in the process of

maintenance.

(vi) Technical Officer (1) Repairing, certifying, and giving

technical advice.

4.1 DATA COLLECTION

The maintenance operational procedure and management information

systems were thoroughly examined. These include maintenance crew size,

salary/allowances/bonuses of the crew, job cards, log books, work orders,

operation statistics, cost reports and hiring costs of the brands of the vehicles

repaired.

The effective maintenance works assumed to be carried out for6 hours III

a day while the balance of two hours is used for resting, eating, talking with

friends or co-staff, attending to the visitors etc.Also, it was assumed that there is

no arrival of the jobs at weekends and after working hours.

4.1.1 DATA CLASSIFICATION

The maintenance procedure during a period of one year, January to

December, 1996 was critically examined. Out of these months, the behaviour of

the system in the months ofJuly and August 1996 completely represented the
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system _ ";"This was due to the fact that arrival of jobs and maintenance activities

were continuously regular during the period.

Cost related data were obtained fromcustomers,Bursary department and

Maintenance jobshop. This includes cost of waiting and crew size cost. Data

related to service/maintenance time and arrival time were obtained from

Maintenance jobshop.

4. 1.1. 1Arrival and Service Process

"Data related to arrival and service process were obtained from Maintenance

jobshop management. The data collection from maintenance jobshop was on

hourly basis and classified into columns presentedin Table 4.1.

(i) ARRIVAL: the order and sequence of the arrival of the faulty vehicles for

repair/maintenance.

(ii) ARRIVAL TIME (hours): the time (hours) of arrival of individual faulty

vehicle.

(iii) INTER-ARRIVAL TIME (hours):The time (hours) between the successive

arrival to the maintenance jobshop.

(iv) "SERVICE TIME (hours): The time (hours) each reported vehicle was

taken to return it back to acceptable condition.

In Table 4.1 the first arrival time was assumed to be zero which served as a

reference point.
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TABLE 4.1: ARRIVAL AND SERVICE PROCESS

ARRIVAL OF ARRlV AL TIME INTER-ARRlV AL SERVICE TIME
VEHICLE (HOURS) TIME (HOURS) (HOURS)

1 0 0 4

2 7 7 3

3 10 3 2

4 15 5 7

5 22 7 5

6 26 4 1

7 35 9 2

8 50 15 3

9 62 12 7

10 69 7 8

11 75 6 3.

12 92 17 5

13 112 20 9

14 120 8 6

15 132 12 2

16 151 19 5

17 159 8 9
18 . 175 16 5

19 179 4 2

20 199 20 3

21 205 6 1

22 209 4 3

23 211 2 1

24 217 6 4

25 226 9 2

26 230 4 2

27 234 4 9

28 235 1 7

29 237 2 2

30 240 3 1

TOTAL = 30 L:AT=240 L:ST=123

DATA SOURCE: F.U.T.A MECHANICAL MAINTENANCE WORKSHOP
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4.1.1.2 Cost of Waiting for Service

Time spent in the queue before rendering service was converted to

monetary value by making use of the average cost of hiring such a vehicle in an

hour. The effective time or useful time in a day is 6 hours. The remaining hours

are used forfueling, eating, going to toilet, talking, police checking etc.Average

amount realised per hour in using the vehicle for commercial purpose can also be

used.

Waiting cost for different brands of vehicle were obtained from customers.

The average of which are given in Table4.2 below.

TABLE 4.2: COST OF WAITING FOR SERVICE

SIN TYPES BRANDS AMOUNT AVERAGE
REALISED PER AMOUNT
DAY IN NAIRA (IN NAIRA)
(AVERAGE) REALI SED

PER HOUR
1. Car Peugeot, Toyota, 2,000.00 333.33

Datsun
2. Buses Toyota, Faka, 1.5, 3,000.00 500.00

Liteace, Daihatsu
3. Truck Bedford, 911 etc. 5,000.00 833.33
4. Pick-up Peugeot, Daihatsu 2,000.00 333.33

Average 3,000.00 500.00
cost

DATA SOURCE: SURVEY

4.1.1.3 Cost of Using Maintenance Crew Size

Cost of using maintenance crew size was estimated from the

salary/allowances of the maintenance crew as well as depreciation cost on

building and equipment/tools which were used to carry out various maintenance

activities. The information concerning salary/allowances were obtained from
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Bursary department (Appendix 7). Table 4.3 shows the salary/allowances of the

crew. (Seven-man).

TABLE 4.3 MONTHLY MAINTENANCE CREW SALARY/ALLOWANCES

ONE CADRE BASIC ALLOWANCE TOTAL TAX NET
CREW SALARY (RENT, SALARY =N= SALARY
SIZE =N= TRANSPORT =N= =N=TOTAL

etc.) =N= -TAX

1. Technical 1562.91 2399.90 3962.81 40 3922.81
officer

2. Senior 1268.83 2042.59 3311.42 40 3271.42
Foreman

3. Senior 0878.66 1509.40 2388.06 3Q 2358.06
Craftsman
(1)

4. Senior 0829.00 1449.80 2278.80 30 2248.80
craftsman
(2)

5. Craftsman 0806.14 1422.40 2228.56 30 2198.56
6. Assistant 0704.50 1300.40 2004.80 20 1984.80

Craftsman
7. Workshop 0659.75 1246.70 1906.75 20 1886.45

Attendant

DATA SOURCE: FUTA BURSARY DEPARTMENT

The cost of using a maintenance crew size is the sum of the salary/

allowance and the depreciation costs on building and tools being used for

operation. Data and analysis of depreciation costs on building and equipment!

tools are discussed in section 4.2.4 (Analysis of cost of using maintenance crew

size).

4.2 ANALYSIS OF THE DATA COLLECTED

4.2.1 ANALYSIS OF RANDOMNESS OF ARRIVAL OF JOBS

Randomness of arrivals were tested using chi-square goodness of fit

method (Section 3.3). These arrivals (Table 4.1) mustfollow Poisson distribution
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pattern. The arrivals time pattern (Table 4.1) was tested to know whether it was

in conformity with Poisson distribution.

In carrying out the chi-squaretest, a day(interval of6 hours) was chosen,

so that number of arrivals per day are presented in Tables 4.4 and4.5. Histogram

describing the arrival pattern is given in Figure 4.1.

n = number of arrivals per day

f, = observed frequency result if Poisson distribution is assumed.
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TABLE 4.4 SCHEDULE OF ARRIVALS (HOURLY)

TIME ARRIVAL NUMBER TIME ARRIVAL NO. PER
SCALE TIME PER DAY SCALE TIME DAY
0 156 151 1
6 0 0 162 159 1

7 168 0 0
12 10 2 174 0 0
18 15 1 175
24 22 1 180 179 2
30 26 1 186 0 0
36 35 1 192 0 0
42 0 0 198 0 0
48 0 0 204 199 1
54 50 1 205
60 0 0 210 209 2
66 62 1 216 211 1
72 69 1 222 217 1
78 75 1 228 226 1
84 0 0 230
90 0 0 234 234 2
96 92 1 235
102 0 0 239
108 0 0 240 240 3
114 112 1
120 120 1
126 0 0
132 132 1
138 0 0
144 0 0
150 0 0

TABLE 4.5 SUMMARY OF THE DISTRIBUTION OF ARRIVALS PER DAY

I-::~:--n-----,---I---,~-=7---I---,~-::-8----+-14...,...2-----1I---,~---+I-::-~ __ ---11--:~:--5_

Once the observed frequency(~1) is known, the next is the expected /

theoretical frequency Tn. To calculate the expected/theoretical frequency (Tn), the

mean (rate of arrival, A) of the distribution (Table 4.5) must be known.
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A = mean =I nf, II fn .......................................................4.1

n=O n=O

(0 x 17 + 1 x 18 + 2 x 4 + 4 x 0) 140

(0 + 18 + 8 + 3 + 0) I 40

= 29/40

A = 0.725 Arrival/day

The next step is to compute the probability of the arrival at a given 'n'(P,

for a Poisson distribution with the mean (rate of report of repair job) 0.725

Arrival/day.

Recall the statistical formula for Poisson distribution:

P = "l n -AI"
n I'v E n. n = 0,1,2, .... 00 ................................... 4.2

A>O

0.725

(0.725t E- 0.725

n!

0.72511 (0.4843)/n!

Probability Pn for various values of n are tabulated below (Table 4.6).

TABLE 4.6: PROBABILITY Pn FOR POISSON DISTRIBUTION OF ARRIVALS

n 0 1 2 3 4 :::::5

PI1
0.4843 0.3511 0.21273 0.0308 0.0056 0

Next, is to calculate chi-square value for the arrival time distribution.

Total number of observations (Table 4.5) = 40



Therefore,

The expected/theoretical frequency (Tn)

from which

40 (Table 4.5)

Therefore, Tn

The chi-square value is given by

2
X -value

"

TABLE 4.7 THE CHI-SQUARE VALUE FOR THE ARRIVAL TIME
DISTRIBUTION OF JOBS

.N Pn fn Tn (f, - Tn)L

Tn
0 0.4843 17 19.37 0.2899

1 0.3511 18 14.04 1.1169

2 0.1273 4 6.54 0.3626

3 0.0308 1 5

4 0.0056 0

Total 1 40 40 l.7694

In the above table (i.e. Table 4.7) as a rule of thumb, eachT, must be ~ 5

and total observed frequency (fn) to yieldT, ~ 5 must be between 3 and 11 [23]

From the above table, chi-square value is given by

2
X -value l.7694
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This chi-square value must be compared with the critical value of the chi-

square distribution obtained from the standard statistical tables (Section3.3.1)

using degree of freedom (v) and level of significance(a).

Degree of freedom v is given by

.v C-k-l

where, C number of class interval

k number of parameters estimated.

Therefore, C 3

k = 1 since only mean was estimated from the data.

Therefore,

v 3-1-1=1

By using a significance level of 0.05 (i.e.a= 0.05) and degree of freedom (v =

1).

From the statistical table (Appendix6) [8]

2
X v,a = x2

1. (0.05) = 3.841

By comparing the results

2
X -value < X; a

i.e. l.7694 < 3.841

This led to the conclusion that the hypothesis that the distribution came

from a Poisson distribution with meanA = 0.725 arrival per day into the

maintenance jobshop for repair and maintenance can be accepted with a

significance level(a) =0.05
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Fig 4.1 (a, b) show the histogram of number of arrival per day based on the

observed frequency (fn) and the relative frequency curve of the distribution based

on the (0,1) probability distribution. The curve shows that the distribution

followed Poisson distribution [24]. Therefore, inter arrival time followed negative

exponential distribution [4]. The histogram of the arrivals distribution and

probability distribution function are shown in Figure 4.1.

Hence,

Associated cumulative probability distribution function (CDF) is given by

AT

F(ta) f 'A -"-AT
E oAT

0

F(ta) = 1 -"-AT- E

From which,

AT -l/'A LOG [F(ta)]

Where F(ta) is a random number in the range° and 1

i.e. 0< F(ta) < 1.

This concept is used in the stochastic cost model developed in section 4.2.6

for optimum crew size determination

Every computer system has a random number generator. For "QBASIC"

computer language used in this projcct.Hhe random numbers are generated by

using command code "RND[(I)]"

______.__ ~6



Where,I -; 0 for the calling of the same random number

I = 0 for the calling of last random number

I > 0 for the calling of next random number.
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4.2.2 SERVICE TIME DISTRIBUTION ANALYSIS

The service time of jobs(Table 4.1) can be put into frequency table using a

time interval of2 hours. The observed frequencyOJ obtained are shown in Table

4.8 below.

TABLE 4.8: OBSERVED FREQUENCY OF SERVICE TIME

CELL CELL CLASS OBSERVATIONS FREQUENCY (OJ)
NUMBER BOUNDARY MIDPOINT

1 0-2 1 1,2,1,2,2,2,2,1,2,2,1 11

2 2-4 3 4,3,3,3,3,3,4 7

3 4-6 5 5,5,5,5,6 5

4 6-8 7 7,7,7,8 4

5 8 - 10 9 9,9,9 3

6 10 - 00 - - -

Total OJ 30

.The histogram of the observed distribution and the probability density

function curve are shown in Figure 4.2a and 4.2b respectively. These figures will

be used to test whether the data observed follow certain hypothesised distribution

[24 ].

The probability density curve for the service time distribution followed an

exponential distribution as shown by the trend of the curve [24].

The exponential function is given by:

f(x) = ~E-'lX, X > 0 4.5

and its associated cumulative density/distribution function is thus given as

x

F(X) = f f(x) Ox

o



F(X) = 1 - E-
IlX

, X> 0 4.6

Using chi-square goodness of fit test to test for null hypothesis (section

3.3), the mean value from the raw data is calculated using:

Sr = (LST )/n 4.7

Where,

n = number of job

L ST = summation of the service times

Therefore,

n = 30 jobs (Table 4.1)

L ST 123 hours (Table 4.1)

-
ST = 123/30 = 4.1 hours per unit job

= 4.l hours per unit job
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Using equation 4.5 and 4.6above, the hypothesised exponential density

function is written as(x = ST)

f (ST) =_1_ c-ST/ ST

ST
ST> 0

feST) = 1 E-
ST

/
4
.
1
, ST > 0

Lf.T
its associated CDF is given as (x= St)

F(S - 1 -St/4.1
t) - - E , S, > 0 4.8

The theoretical frequency (n.) is then computed for the cell (ai-I,a.) as:

n, = n P, = n[F(aD] - F (ai-I)] 4.9

n, = n P, = n [(I-E -ai/4.1 ) - (I-E -ai-I/4.1 )]

P (-ai-ll4. -ail4.l) 4 10ni = n i = n E - E . . . . . . . . . . . . . . . . . . . . . . . . . . .. .

Table 4.9 shows chi-square test for service time.

TABLE 4.9 CHI-SQUARE TEST FOR SERVICE TIME DISTRBUTION

Cell Cell Probability Observed Theoretical (Oi-nit
Number Boundaries PI frequency frequency nI

(Oi)
1 (0.2) 0.3860 11 11.58 0.02905

2 (2.4) 0.2370 7 7.11 0.00170

3 (4.6) 0.1455 5 4.36

4 (6.8) 0.0893 4 2.68

12 11.31 0.04210
r

5 (8,10) 0.0548 3 l.65

6 (I 0,00) 0.0872 0 2.62

Total 1 n = 30 n = 3'0 0.07285
X2 value =
0.07285
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As a rule of thumb, it.is recommended that the expected frequency n, in cell i

contain no less than five(5) points [24]. This compression of cell results in a total

of three (3) cells.

-
The mean Sr had been estimated from the observations.

Therefore, the degree of freedom (v) is given by the relation:

v = c- k - 1

C = number of cell (boundaries) = 3

k = number of estimated quantity = 1

Therefore, v = 3 - 1 - 1 = 1

v = 1, i.e. one degree of freedom

Using a significance levela = 0.05, the critical value of chi-square from

statistical tables (See Appendix6) is given as

X2
1, (0.05) 3.841

X2_value < X2
1. (0.05)

i.e.0.07285 < 3.841

Once X2.value .less than X2 v, (a) value the hypothesis that the distribution

comes from exponential distribution can be accepted with a significance level (a)

= (0.05) with a mean services time of 4.1 hours. Therefore, the mean service rate

(11), is given as

-
1/ ST = 1/4.1

0.2439 job/hour

0.2439 job x6 hours
1 Day
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1.463jobs/day

Therefore, negative exponential distribution as discussed.in Section 4.2.1

for arrival time also applies to the service time. Hence,

where ° < F(St) < 1

4.2.3 ANALYSIS OF COST OF WAITING OF JOBS

Cost of hiring or amount realised by making use of the job brought for

maintenance was considered as the waiting cost of the job.

The average cost of waiting for service (C2) can be obtained from Table

4.2. It contains the cost of hiring the facility per day.

The average cost of waiting per day (C2)

= Sum of hiring costs for all brands of job
Total brand

= 2,000 + 3,000+ 5,000+ 2,000
4

N12,000 per day
4

= N3,000.00 per day per job

4.2.4 ANALYSIS OF COST OF MAINTENANCE CREW

The cost of maintenance crew size was obtained from BursarylRegistry

departments. This is shown in Table 4.3. The maintenance jobshop consists of

seven-man maintenance crew size. Table 4.10 shows the analysis of maintenance

crew salary/allowance per month. Note that useful day in a month is 20 days.
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ABLE 4.10: MAINTENANCE CREW SALARY/ALLOWANCE PER
MONTH

No. Cadre Salary/Allowance per month
=N=

1 Technical Officer 3922.81

2 Senior Foreman 3271.42

3 Senior Craftsman (1) 2358.06

4 Senior Craftsman (2) 2248.80

5 Craftsman 2198.56

6 Assistant Craftsman 1984.80

7 Workshop Attendant 1886.45

Total 17870.90
,

DATA SOURCE: BURSARY DEPARTMENT (FUTA)

Cost of using a crew size consists of salaries/allowances, depreciation cost

on tools/equipment and building.

The initial cost of tools and building for F.U.T.A. Mechanical workshop

were estimated and the results are given in the Table 4.11 below.



TABLE 4.11: .FIXED COST QUANTITIES OF THE JOBSHOP

Cost Items Values Data Source
=N=

Tools and Equipment (tool box, tyre 150,000 Survey

extractor, air pump, blower, gearguage etc)

Building and Infrastructural facilities 200,000 Survey

The cost of operating a crew size in maintenance jobshop per year are

tabulated intableel.Iz below.

TABLE 4.12: COST OF OPERATING A CREW SIZE PER YEAR

Cost item Value Data Source
=N=

Cost of crew (manpower) 17870.90 x 12 (Tab. 4.10) FUTA Bursary

= 214450.80 Department

Depreciation on: 15,000.00 Aderoba [2]

(i) Tools and equipment at 10%

(Tab. 4.11)

(ii) Building and infrastructure 10,000.00 Aderoba [2]

at 5% (Tab. 4.11)

Total 239450.80

Cost of operating a maintenance crew size in a year eCI)

=N=239450.80 per year

239450.80 x

year
lyear

12 months
x month

20 days
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239450.80
12 x 20 days

=N=997.70 per day

4.2.5 ANALYSIS OF THE ACCEPTABLE RESPONSE RATE (Wq*)

The acceptable response rate (Wq*) gives the time limit the customers can

tolerate waiting in the queue before being served. The response rate acceptable

differs from job to job. It depends on the value of individual job. The higher the

value of job, the lower the time the customer can tolerate to wait in the queue.

Therefore, to achieve high response rate to the jobshop, waiting time of job should

be kept to a minimum.

For the analysis of response rate,W q*, average amount realised or cost of

hiring per day of the job was used. The higher the amount realised per day, the

lower the time the customer expected to wait. It follows the inverse law.

Mathematically,

Wq* ex 1
C wait .............................. 4.12

Wq* b
C wait

b = constant, which can be determined using the principle that the least

valuable job would not like to wait for more than two (2) days (survey).

The least waiting cost (Table 4.2) is =N=2000.00 per day. It gives

acceptable response rate of2 days. From equation (4.12) above, b = 2 x

2000.00 = =N=4000.00 in 2 days .
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Applying b = 4000.00 Naira-day for the other values in table 4.2. The new

table 4.13 can be constructed reflecting acceptable waiting time Wq* for different

brands of vehicle reported for repairing and maintenance... .

TABLE 4.13: ACCEPTABLE REspoNsE RATE (WAITING TIME)
FOR BRANDS OF VEHICLE

No. Types Brands Amount realised Acceptable
per day (average) waiting time
IIInaira Wq* for
=N= brands (day)

1 Car Peugeot, Toyota, 2,000.00 2.00

Datsun, Faka

2 Buses J-5, Liteace, Daihatsu 3,000.00 1.33

3 Trucks Bedford, 911 5,000.00 0.80

4 Pick-Up Peugeot, Daihatsu 2,000.00 2.00

Average =N=3,000.00/pay 1.53 days

DATA SOURCE: SURVEY

The average acceptable response rate (acceptable waiting time) Wq* =

l.53 days.

In summary, the following quantities have been established on average

level.

Arrival rate of jobs (LAMBDA = A) = 0.725 job/day.

Service rate of jobs (MU = u) 1.463 jobs/day.

Cost of waiting of jobs (C2 = H) = =N=3,000.00/job/day.

Maintenance crew size cost (C. = G) =N=997.70/crew/day.

Acceptable response rate (Wq* = WQA) = 1.53 days.



4.2.6 STOCHASTIC COST MODEL FORMULATION

A Stochastic model is needed to solve the problems resulting from

assumptions made in the development of deterministic model in Section 3.1. This

includes;

(i) Arrival rate less than service rate;

(ii) Inter-arrival and inter-departure times followed negative exponential

distribution;

The model was developed based on the following assumptions;

(i) The first job arrives at time zero;

(ii) FIFO queue discipline;

(iii) Infinite job requisition;

(iv) Infinite queue;

(v) Next-event-oriented model.

The symbols used in the model are;

AT

ST

CLOCK

MCT

NQ

TIDT

TNJEQ

TWT

TISF

time of next arrival of repair job;

time of next departure of finished job;

current clock time;

maximum time to run simulation;

current number of jobs in the queue;

total idle time of maintenance facility;

total number of jobs which enter the queue;

total waiting time of all jobs;

total time in service facility for all jobs;



TIS = total time for all the jobs in the system;

TNA· total number of jobs;

MQL· maximum queue length;

C1 average cost of using a maintenance crew;

C2 average cost of waiting per job;

L = total number of jobs per unit time;

TC total maintenance cost;

S crew SIze.

Steps to follow are given in the algorithm below:

4.2.6.1 ALGORITHM FOR THE STOCHASTIC MODEL
DEVELOPMENT (SINGLE CHANNEL IN SERIES)

(i) Input MCT, A /.1, C1, C2.

(ii) Set the initial condition

CLOCK = 0, AT = 0 NQ = 0, TNJEQ = 0

TWT=O, TIDT= 0, TNA= 1 MQL=O

(iii) Generate the time of the next departure (ST);

(iv) Generate the time of the next arrival (AT);

(v) If next event is an arrival (ST;:::AT) go to (iv) else go to (xiv);

(vi) Update the total waiting time of all arrivals.

TWT = TWT = NQ (AT - CLOCK);

(vii) Update the clock to the next event (arrival) CLOCK = AT.

(viii) If next event is both an arrival and a departure (ST = AT) go to (ix)

else (x).



(ix) If the current clock time greater than the maximum simulation time, go to

(xxii) else, return to (iii); .

(x) Increase the number in queue by 1:

(xi) If the current number in the queue (NQ) greater than the longest

queue length to date (MQL) set, MQL= NQ and go to (xii) else go directly

to (xii);

(xii) Increase the total number of jobs which enter the queue (TNJEQ) by 1;

(xiii) If the current clock time greater than maximum simulation time, go to

(xxiii); other wise return to (iv);

(xiv) If queue is empty (NQ= 0) go to (xv), else, go to (xix);

(xv) Update the clock to the time of next event (departure) CLOCK= ST;

(xvi) Update the total idle tim~ of the maintenance facility.

TIDT = TIDT + (AT - CLOCK);

(xvii) Update the clock to the time of next event (arrival). CLOCK = AT;

(xviii) Increase the number of arrivals by 1;

(xix) Update total waiting time of all arrivals TWT= TWT + NQ (ST -

CLOCK)

(xx) Update the clock to the time of the next event (departure) CLOCK= ST;

(xxi) Decrease the number in queue by 1 and generate the time of the next

departure;

(xxii) If the current clock greater than maximum simulation time, go to

(xxiii) else return to (v);

(xxiii) Calculate the statistics.
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TISF- CLOCK-TIDT

TIS TISF+ TWT

ATIS (Ws)

ATIQ (Wq)

ATJEQ

Average time in the system = TIS/TNA

Average time in queue =TWT/TNA

Average time for jobs that enter the queue

TWT/TNJEQ

POTB = P = Utilization factor of maintenance facility.

(xxiv) Calculate average number of jobs for a unit time in the system

L = POTB/(l-POTB).

(xxv) Varying the crew size from I to N.

(xxvi) Calculate average number of jobs in the system L(S)=POTB/(S-POTB)

(xxvii)Calculate the waiting cost of jobs, Cwait = C2L (S);

(xxviii)Calculate the cost of using maintenance crew, Ccrew = CIS.

(xxix) Calculate the total maintenance cost TC(S) = CIS + C2L(S)

(xxx) Calculate the utilization factors POTB(S) = P(S)= TISF/(S*CLOCK);

(xxxi) Calculate waiting time in the queue WQ(S) = POTB *ATSF/(S-POTB)

(xxxii)Print results.

Flow chart for the algorithm designed above to simulate single channel

queueing system with negative exponential input and service time distributions is

given in Figure 4.3
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4.3 FORMULATION OF OBJECTIVES

It was generally known that myriad of problems are associated with

maintenance jobshops. Some of these problems were discussed in Section1.1.

The problems of effective maintenance revolve around lack of effective crew size

to carry out maintenance activities. Therefore, a practical model is required to

determine effective crew size for maintenance jobshops. The heuristics developed

by Aderoba and Lawal (Section 3.2) and maintenance cost models (Section 3.2.5

and 4.2.6) based on queueing theory were used.

Below is the scope of the model used for this study:

determination of the effective crew size based on the acceptable response

rate using single channel;

11. determination of the effective crew size based on the minimum

maintenance cost usin~ single-channel in series;

111. determination of the maintenance cost for effective crew size obtained in

(ii) using multi channel model in parallel.

From the above results, effective layout can be developed for the jobshop

under study.

"QBASIC" computer software was used to develop the model

(Appendices 1 and 3). The computer programming was carried out at the School

of Engineering Data Processing Room and Computer Centre both in the Federal

University of Technology, Akure (Appendix 8).
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4.3.1 THE USE OF "QBASIC" SOFTWARE

"QBASIC" means Quick Beginners, All-purpose Symbolic Instruction

Code [12]. "QBASIC" is very easy to handle and can be easily understood by any

layman. Initially, "FORTRAN-77" (Formula Translator-77) computer software

was used. Due to the fact that it consists of too many complex mathematical and

scientific symbols, it was translated to "QBASIC" software which can be handled

easily. The "QBASIC" computer software developed for the model is presented

in (Appendices 1, and 3) of this thesis.

"4.4 MODEL TESTING

The Model developed (in Section 3.2 and 4.2.6) was testedwith the results

generated from the analysis of the data obtained from the Mechanical

maintenance jobshop under study.

4.4.1 THE INPUT VARIABLES FOR SINGLE CHANNEL MODEL

The following input variables were estimated from the analysis of the data

(Section 4.2) on average basis for single-channel model.

Arrival rate of jobs (LAMBDA ='A) = 0.725 JOBIDAY (Section 4.2.l).

Service rate of job (MU = u ) = 1.463JOBIDA Y (Section 4.2.2).

Cost of waiting (H = C2) = =N=3000.00 IJOBIDA Y (Section 4.2.3)

Cost of using maintenance crew(0 = C2) = =N= 997.70/crew/day (4.2.4).

Acceptable response rate (WQA= WQ*) = 1. 53 day/job (4.2.5).

When these variables above were input into the "QBASIC" computer

software developed for the model, the output/results for the single channel model
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in (Appendices 2 and 4) were generated. By using heuristic, So= I while So = 2

for both deterministic and stochastic cost models.

4.4.2 THE INPUT VARIABLES FOR MULTI-CHANNEL MODEL

In case of multi-channel model, all the input variables for the single-

channel were used with the addition of variablesPZERO (Section 2.2), and So

(optimum or effective' crew size). Multi-channel model equations depend on

probability PZERO' PZEROmeans probability that no job in the system.

PZEROas obtained in Appendix 5[20] corresponds to the factor A/k/-l

From the above,

A 0.725

/-l 1. 463

k So optimum crew size = 2

O. 725/2x1.463PZEROat . A/SO/-l

0.2477

0.25

From tables for PZERO(Appendix 5)

0.24 corresponds to PZERO= 0.61290

0.26 corresponds to PZERO= O. 58730

By interpolation

O. 2 => O. 0256

0.1 => 0.01280

0.24 + 0.1 => 0.61290 - 0.01280

At A/k~l = 0.25, PZERO= 0.60010
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PZERO 0.60010, So = 2

Table 4.14 below shows the values OfPZEROby varying S from 1 to 10.

!ABLE 4.14: THE VALUE OF PZEROBY VARYING CREW SIZE (S)

S 1 2 3 4 5 6 7 8 9 10

A/kfl 0.50 0.25 0.17 0.12 0.10 0.08 0.07 0.06 0.05 0.05

PZERO 0.5000 0.6001 0.6003 0.6188 0.6065 0.6188 0.6142 0.6188 0.6402 0.6096

SOURCE: APPENDIX 5.

After inputting these values into the software, the result at the last part of

Appendix 2 were generated. The results obtained were compared and suggestions

were proffered on the choice of effective crew size for continuous existence of the

maintenance jobshop under. study.
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DISCUSSION OF RESULTS

Tables 5.1, 5.2,5.3 and 5.4 show the results obtained for both deterministic

and stochastic approaches under single channel in series by varying crew size (S).

The results are plotted and are shown in Figures 5.1, 5.2, 5.3 and 5.4. In Figure

5.1, total maintenance cost ofN3936.54, N2983.59 and N1 0133.42 are obtained

when operating on crew size of one, two and ten respectively. Theseshow that

crew size of two corresponds to a minimum cost ofN2983.59.

In Figure 5.2 number of job in the system for both approaches are 0.982,

0.329 and 0.052 for one, two and ten crew(s) respectively. It shows that at a

minimum total maintenance cost ofN2983.59, 0.329 job/day is noticed while the. .

lowest number of jobs is witnessed when operating on ten crews. In Figures 5.3

70

and 5.4, lowest waiting time (0.036 day) and lowest utilization factor (5%) are

achieved respectively by operating on ten crews, leading to high total maintenance

cost (Figure 5.1)
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TARLE 5.1: TOTAL--M.AlNT-ENANCE-COSl-'S { TC~S}).
OBTAINED FOR DETERMINISTIC AND
STOCHASTIC APPROACHES BY VARYING
CREW SIZE (S) (SINGLE-CHANNEL IN SERIES)

TOTAL MAINTENANCE COST TC(S)
CREW DETERMIMSTIC STOCHASTIC APPROACH
SIZE' APPROACH MCT = [MAXIMUM SIMULATION TIME]

MCT = 200,000 DAYS MCT = 400,000 DAYS

1 3944.85 3936.54 3951.14
2 2983.59 298l.72 2985.00
3 3586.71 3585.70 3587.48
4 4415.02 4414.33 4415.54
5 5318.55 5318.02 5318.94
6 6256.29 6255.87 6256.60
7 7212.46 7212.11 7212.73
8 8179.71 8179.40 8179.93
9 9154.11 9153.85 9154.93
10 10133.42 10133.18 10133.60

SOURCE: APPENDICES 2 AND 4

TABLE 5.2 NUMBER OF JOBS IN THE SYSTEM L(S) OBTAINED FOR
DETERMINISTIC AND STOCHASTIC APPROACHES BY
V ARYING CREW SIZE (S) (SINGLE - CHANNEL IN
SERIES)

NUMBER OF JOBS IN THE SYSTEM L(S) PER DAY
CREW DETERMINISTIC STOCHASTIC APPROACH
SIZE APPROACH [MCT= MAXIMUM SIMULATION TIME]
(S)

MCT = 200,000 DAYS MCT = 400,000
DAYS

1 0.982 0.980 0.984
2 0.329 0.329 0.330
3 0.198 0.198 0.198
4 0.141 0.141 0.142
5 0.110 0.110 0.l10

6 0.090 0.090 0.090
7 0.076 0.076 0.076
8 0.066 0.066 0.066
9 0.058 0.058 0.058
10 0.052 0.052 0.052

SOURCE: APPENDICES 2 AND 4
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TABLE 5.3: WAITING TIME OF JOBS IN QUEUE {Wq(S)} OBTAINED
FOR DETERMINISTIC AND STOCHASTIC APPROACHES BY
VARYING CREW SIZE (S) (SINGLE - CHANNEL IN SERIES)

WAITING TIME OF JOBS IN QUEUE {Wq(S)}
CREW DETERMINISTIC STOCHASTIC APPROACH
SIZE APPROACH {MCT= MAXIMUM SIMULATION TIME}
(S)

MCT = 200,000 DAYS MCT = 400,000 DAYS

1 0.671 0.669 0.673
2 0.225 0.224 0.225
3 0.135 0.135 0.135
4 0.097 0.096 0.097
5 0.075 0.075 0.075
6 0.062 . 0.061 0.062 "
7 0.052 0.052 0.052
8 0.045 0.045 0.042
9 0.040 0.040 0.040
10 0.036 0.036 0,036

SOURCE: APPENDICES 2 AND 4

TABLE 5.4: FACILITY UTILIZATION FACTORP(S) OBTAINED FOR
DETERMINISTIC AND STOCHASTIC APPROACH BY
VARYING CREW SIZE (S) (SINGLE - CHANNEL IN SERIES)

FACILITY UTILIZATION FACTOR peS)
CREW DETERMINISTIC STOCHASTIC APPROACH
SIZE APPROACH {MCT = MAXIMUM SIMULATION TIME}
(S)

MCT = 200,000 DAYS MCT = 400,000 DAYS
1 0.496 0.495 0.496

2 0.248 0.247 0.248
3 0.165 0.165 0.165
4 0.124 0.124 0.124
5 0.099 0.099 0,099
6 0.083 0.082 0.083
7 0.071 0.071 0.71
8 0.062 0.062 0.062
9 0.055 0.055 0.055
10 0.050 0.049 0.050

SOURCE: APPENDICES 2 AND 4
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Also, Tables 5.5, 5.6, 5.7, and 5.8 show the results obtained for total'

maintenance costs, number of jobs in the system, facility utilization factor and

waiting time of jobs in queue (for deterministic model) under single channel.in

series and multi-channel in parallel respectively. The results are transformed into

graphs which are Shown in Figures5.5~5.6~5.7.•and5.8for total niaintenance .

cost, number of jobs in the system, facility utilization factor and waiting time of

jobs in queue respectively.
. .

From Figure 5.5 one can see that the optimum maintenance cost for single-

channel in series is =N=2983.59 while for multi-channel in parallel it is

=N=3578.87 with both corresponding to optimum crew size (So) of two. This

shows that.it is costly to operate on multi-channel system .

. A1~)Q,in Figure 5.6, under single-channel in series, the number of jobs in

the system decreases as the crew size increases, while in multi-channelin parallel,

the number of jobs in the system decreases as the crew size increases up to four,

and it remains constant (that is 0.496 job/day) for any other addition of

maintenance crew. It can be seen that number of crews needed to reach the

constant point in single channel system is higher than that of multi-channel in .

parallel. Number of jobs in the system can be better reduced using single channel

in series by increasing the number of crew(s).

In the case of facility utilization factor curve in Figure 5.7, it is shown that

for single channel in series, increase in crew size results into decrease in

utilization factor, but for multi-channel in parallel increase in crew size, leads to

decrease in utilization factor and finally reduced to zero at a crew size of four. At

this point addition of more crew(s) has no effect on the system. Figure 5.8

follows the same trend as Figure 5.7, but the only difference is that, for multi-

channel in parallel, addition of more crew(s) after three has no effect on the

waiting time of job.
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TABLE 505: TOTAL MAINTENANCE COST {TC(S)}

OBTAINED BY VARYING CREW SIZE (S) FOR
SINGLE - CHANNEL IN SERIES AND MULTI-
CHANNEL IN PARALLEL (DETERMINISTIC
APPROACH)

TOTAL MAINTENANCE COST TC (S) (=N=)
CREW SINGLE - CHANNEL MULTI-CHANNEL
SIZE (S) IN SERIES IN PARALLEL
1 3944.85 393l.99
2 2983.59 3578.87
3 3586.71 4488.43

4 4415.02 5478.22
5 5318.55 6475.23
6 6256.29 7472.88
7 7212.46 8470.57
8 8179.71 9468.27
9 9154.11 10465.97
10 10133.42 11463.67

SOURCE: APPENDIX 2

TABLE 5.6: NUMBER OF JOBS IN THE SYSTEM {L(S)} OBTAINED BY
VARYING CREW SIZE (S) FOR SINGLE - CHANNEL IN
SERIES AND MULTI - CHANNEL IN PARALLEL
(DETERMINISTIC APPROACH)

NUMBER OF JOBS IN THE SYSTEM L(S) PER DAY
CREW SINGLE - CHANNEL MUL TI - CHANNEL IN
SIZE (S) IN SERIES PARALLEL
1 0.982 0.978
2 0.329 0.528
3 0.198 0.498

4 0.141 0.496

5 0.110 0.496

6 0.090 0.496

7 0.076 0.496

8 0.066 0.496

9 0.058 0.496

10 0.052 0.496

SOURCE: APPENDIX 2
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TABLE 5.7: FACILITY UTILIZA
VARYING CREW SI
SERIES AND MULTI
(DETERMINISTIC

FACILITY UTI
CREW SINGLE - CHANN
SIZE (S) IN SERIES
1 0.496

2 0.248
3 0.165
4 0.124
5 0.099
6 0.083
7 0.071
8 0.062
9 0.055
10 0.050

- SOURCE: APPENDIX 2

TABLE 5.8: WAITING TIME OF J
BY VARYING CREW
IN SERIES AND MUL
(DETERMINISTIC A

WAITING TIME OF JO
CREW SINGLE - CHANNEL
SIZE (S) IN SERIES
1 0.671
2 0.225
3 0.135
4 0.097
5 0.075
6 0.062
7 0.052
8 0.045
9 0.040
10 0.036

SOURCE: APPENDIX 2

TION FACTOR {peS)} OBTAINED BY
ZE (S) FOR SINGLE - CHANNEL IN
-CHANNEL IN PARALLEL

APPROACH)

LIZATION FACTOR P(S).
EL MULTI - CHANNEL IN

PARALLEL
0.491

0.098
0.015
0.002

o
o
o
o
o
o

OBS IN QUEUE {Wq(S)} OBTAINED
SIZE (S) FOR SINGLE - CHANNEL
TI - CHANNEL IN PARALLEL

PPROACH)

BS IN QUEUE Wq(S), DAYS PER JOB.
MULTI - CHANNEL IN PARALLEL

0.666
0.045
0.004

o
o
o
o
o
o
o
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Finally, in Table 5.9, the jobs in the system (LSo) under single channel is

the highest (that is0.982 job/day) followed by double channel in parallel, while

single channel in series has the least number of jobs. In case of waiting time of

jobs in queue, single channel has highest waiting time (WQSo) followed by single

channel in series and double channel in parallel has the least waiting time of0.045

day/job. The facility' utilization factor at the optimum crew level is lowest for

double channel in parallel and highest for single channel (that is0.496), For case

of total maintenance cost, it is highest for single channel, followed by double

channel in parallel and least for single channel in series.

TABLE 5.9: SUMMARY OF THE RESULTS FOR EFFECTIVE CREW
SIZE DETERMINATION MODELS FOR MAINTENANCE
JOBSHOP (DETERMINISTIC APPROACH)

EFFECTIVE So Lso WQSo PSo see, LsoC2 TCSo
SYSTEM (=N=)
LAYOUT

1. Single
channel 1 0.982 0.671 *0.496 997.70 2947.15 3944.85

2. Single
channel in
senes 2 *0.329 0.225 0.248 1995.40 988.19 *2983.59

3. Double-
channel in
parallel 2 0.528 *0.045 0.098 1995.40 1583.47 3578.87

SOURCE: APPENDIX 2

So

LSo

WQSo

PSo

SoCl

LSoC2

TCSo

= Optimum or Effective crew size

= Number of jobs in the system per day at So

= Waiting time in queue per job in days at So

= Utilization factor (Facilities) at So

= Cost of using maintenance crew at So per day

= Cost of waiting of job at So per day

= Total cost of maintenance at So per day.



The outputs obtained from the models (single channel in series and multi-

channel in parallel) are succinctly described in Table 5.9 (Appendix 2), and the

result obtained using simulation time of 50000, 100000, 200000 and 400000 days

are presented in Table 5.10 at the optimum crew size level (So) (Appendix 4).

From these results, one can deduce that on the long run the output of both

deterministic and stochastic cost models are the same. Therefore, minimum

maintenance cost of=N=2,983.59 per day (Figures 5.10 and 5.11) is acceptable.

The higher the simulation time (MCT), the higher the time (ts) used to process the

results in the computer (Table 5.10). The deterministic model used a constant

time (ts) of 1.5 seconds for results processing. The model of computer used for

the experiments is "IBM NCR System 3200".

TABLE 5.10: SUMMARY OF STOCHASTIC COST MODEL RESULTS
AT OPTIMUM CREW SIZE LEVEL (SINGLE CHANNEL
IN SERIES)

OPTIMUM CREW SIZE So = 2
STOCHASTIC COST MODEL DETERMI

QUANTITY NSTIC
COST
MODEL

MAXIMUM SIMULATION TIME IN DAYS
50,000 100,000 200,000 400,000

TCSo 2,980.32 2,983.10 2,981.72 2,985.00 2,983.59
PSo 0.247 0.248 0.247 0.248 0.248
WQSo 0.224 0.225 0.224 0.225 0.225
LSo 0.328 0.329 0.329 0.330 0.329
ts 13.5mins. 27.1mins. 54.2mins. 108.2mins 1.5secs.

SOURCE: APPENDIX 4

Computer type used for the experiments is IBM NCR System 3200.

t, = time for processing the results in computer.
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The layouts of the optimum/effective crew size from the results in Table

5.9 are shown below (Fig. 5.9a, b, and c).

The choice of a particular layout for effective crew size not only depends

on the management policy but also on environmental factors such as size of

competitors, size of customers, culture, government policy etc.
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Fig. 5.9: Physical Layouts of the Maintenance Jobshop



12000.00

10000.00

8000.00

l-
V)

0
o
UJ
U
2

6000.00<l:
2
UJ
I-
2
<i
~

4000.00

2000.00

0.00

11II- -- Crew

Costs
(S ·C1)

--["1- - Waiting

Costs
L(S)' C2

o
o

o
o
~

o
or...:

["I-[]----{]
j----j--I

000
000
ro CJ) 0

• - -- Total 11,

Costs

S·C1 + \

-----~~

___ ~- J

o
o
L!)

o
o
N

o
o
01

o
o
CD

CREW SIZE (S)

"."

1 -

flG510 MAINTENANCE COSTS GR,API-t SI-I()WING OPTIMUM CREW SIZE {So~

SINGLE CHANNEL IN SERIES- DETERMINIST'IC APPROACH

88



12000.00 I

10000.00

8000.00

....
I../}

o
U
LU

U
2
<!
2
LU
I-
2
<!
~

6000.00

fiGS." MAINTENANCE COSTS GRAPH SI-Ir)WING OPTIMUM CReW size (SO~

SINGLE CHANNEL IN SERIES (STOCHASTIC .APPROACH)

4000.00

2000.00

0.00 1 I-~ ---C}--.o___ __ -
Ll -D---- O---CJ--o

'--1 ..-t----·I I 1---1--'-1--1---1

o 0 0 0 0 000 0 0
o 0 0 0 0 ~ ~ ~ ~ 0

N M V ~ ~ ~ ro m 0

CREW SIZE (S)
--------------.-... -·------jl

---[J-~ Waiting

Costs
L(S)*C2

•••. -- Crew

Costs
(S -c n

.- Total
Costs
S·Cl +
L(S)*C2

---- ..-------- --_·-------41

I_~~-_-: _



The possible management policies for choice of a particular layout are

discussed below:

5.1 CHOICE OF EFFECTIVE CREW SIZE BASED ON THE NUMBER
OF JOBS IN THE SYSTEM (LSo)

If the choice of crew size for effective maintenance operation is based on

the number of jobs iri the system (i.e number of jobs in queue plus number of jobs

in service facility), then:

For single channel, the number of jobs in the system per day is 0.982

which is 0.982 x 5 per week = 4.910. Therefore, for single channel, number of

jobs in the system per week is approximately five.

Similarly for single channel in series number of jobs in the system per

week is 0.329 x 5 = 1.645 == 2 jobs.

Also, for multi-channel, in parallel, number of jobs in the system per week

is 0.528 x 5 = 2.640 == 3 jobs.

If the management decision in choosing an optimum crew size is based on

the minimum jobs in the system, the layout (b) which has 2 units of job per week

in the system waiting for service is preferred. Hence, single channel in series is

chosen (Fig. 5.9b)

5.2 CHOICE OF EFFECTIVE CREW SIZE BASED ON WAITING
TIME OF JOB IN QUEUE (WQSd

If the management decision on choice of crew size for effective operation

of maintenance jobshop is based on minimum waiting time in the queue, then;

For single channel, waiting time (Table 5.9) is 0.671 days
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0.671 x 6hours

4.026 hours

For single channel, ajob is waiting in queue for 4.026 hours in a day

before entering service facility. Similarly, for single channel in series waiting

time in queue is 0.225 day.

0.225 x 6 hours

= 1.350 hours

Therefore, it shows that, ajob will wait for 1.350 hours in a day before

entering service facility.

Also, in multichannel (in parallel) waiting time in queue is 0.045 day.

0.045 x 6 hours

= 0.270 hours

0.270 x 60 minutes

16.2 minutes

Hence, ajob will wait in queue for 16.2 minutes before entering the service

facility. When these results are critically observed, the layout in Fig. 5.9c for

multi channel in parallel is the most appropriate for having least waiting time of

16.2 minutes.

5.3 CHOICE OF EFFECTIVE CREW SIZE BASED ON
UTILIZATION OF SERVICE FACILITY (PSo)

If the selection of effective crew size is based on the maximum utilization

of service facility, single channel, should be chosen because it has highest

percentage of utilization of service facility which is 49.6% (Table 5.9).
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single channel layout will be selected based on maximum utilization of service

Single channel in series has percentage utilization of 22.5%; while

Multi-channel, in parallel has the least percentage utilization of 4.5%. Therefore,

facility. (Fig. 5.9a)

channel, maintenance cost amounts to =N=3944.85 incurred for seven-man crew.

5.4 CHOICE OF EFFECTIVE CREW SIZE BASED ON
.MAINTENANCE COSTS (TCSo)

As cost is very important in engineering, management will like to find

ways of reducing the maintenance cost in order to maximise profit. Therefore,

management ultimate decision is always based on how to operate within

minimum possible maintenance cost. Hence, there is a need for the determination

of effective crew that corresponds to such minimum cost target.

The minimum cost of maintenance is obtained by balancing the cost of

using crew size (s) with the waiting cost of maintenance job(s). This is shown in

Appendix 2 for single channel model by varying the number of crew from one to

ten. The results obtained are transformed into graph (Fig 5.10). It gives optimum

crew size of two (2) (seven men per crew). This results to operation on single

channel in series, with a minimum maintenance cost of =N=2983 .59 per day

(Table 5.9). With this effective crew size of two, the higher cost of=N=3578.87

per day is incurred when operating on double channel in parallel, while for single

Observing these results, if management decision is based on minimum

maintenance cost, single channel in series layout (Fig. 5.9b) is the best option

which gives a maintenance cost of=N=2983.59 per day.
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5.5. CHOICE OF EFFECTIVE CREW SIZE BASED ON IDGHEST
RATINGS

The maintenance management possible decisions are summarised in Table

5.9 by the use of asterisk. It can be observed that single channel in series has the

highest ratings of two (2), while both single channel and double channel in

parallel have one (1). Therefore, if management decision is based on the highest

ratings, the layout in Fig. 5.9b will be chosen

5.6 OTHER CONSIDERATIONS

.If maintenance management, after considering the level of maintenance

activities in rival jobshops in the environment sees that they are still ahead of

them, operating on single channel will be economical to the management despite

high waiting time. The resources to be used for the procurement of equipment

and tools for the additional crew may be diverted to other important needs.

On the other hand, if the level of competition is very high that it can affect

adversely the jobshop operational effectiveness on the long run, strategic

implementation of the multi-channel in parallel layout (Fig. 5.9c) must be carried

out. This will make the job to stay for not more than 16.2 minutes before entering

the service facilities.



CHAPTER SIX

6.0 CONCLUSION AND RECOMMENDATIONS

6.1 CONCLUSION

The survival of any maintenance jobshop depends greatly on how best the

maintenance management can implement the results obtained from the models

developed for effectiveness of various strategic decisions. By well

implementation of the results obtained from the model (model for effective crew

size determination in maintenance operations), analytical and judgmental solution

can be proffered for other problem areas such as service demand forecasting,

spare parts planning, operation planning and tools/equipment planning. By

properly addressing all these problem areas, it will result to high response rate to

the maintenance jobshop. Hence, the goal of establishing such a jobshop will

come into reality.

Also, the following conclusions can be drawn from the results obtained by

using the model developed for maintenance crew size determination in F.U.T.A.

mechanical maintenance workshop.

(i) The use of existing crew size can cope with present response rate of jobs to

the workshop. That is, operating on single channel, is effective for the

system.

(ii) When the cost of maintenance is considered, for the jobshop, the crew size

that will generate minimum maintenance cost is two. At this optimum

crew size of two based on single channel, in series, the response rate of



jobs will be higher to the jobshop. This may be used when there is a lot of

competition among rival jobshops.

(iii) During festivals, many customers usually report their vehicles for repair

works. This will lead to a long queue of jobs. During this period, the

maintenance operation can be changed to double channel in parallel, so

.that the waiting time of jobs will reduce drastically as indicated in the

results of the models.

(iv) Spare parts, tools and equipment must be adequate to cater for additional

maintenance crew size.

6.2 RECOMMENDATIONS

The following recommendations are suggested based on the results

obtained from the study.

(i) The mechanical jobshop under study should intensify efforts towards

training of their maintenance personnel so that a single crew will be able

to cope with jobs reported under various conditions. Thus, the effective

use of resources will be enhanced.

(ii) If the jobshop is interested in operating on single channel in series spare

parts should be adequate and tools and equipment well taken care of to

guard against "tandem" queue in the system. Tandem means blocking of

jobs access to second facility due to facility failure [23].

Management can operate on two shifts in order that only one facility (tools

and equipment) could be used by both crews.

" - ..--. -. -- . 95
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(iv) It is suggested that the jobshop should not operate on two channels in

parallel, because it is costly. It may be done after a thorough service

demand forecasting has been carried out.

(v) For effective operation of the system, reliable spare parts inventory model

should be developed for economic replenishment. Wom out parts can be

maintained or repaired. Tools and equipment must be in good condition

always.
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APPENDIX 1 .CREW SIZE DETERMINATION USING DETERHINISTIC APPROACH
, QBASIC

CLS 'This clears the Screen

EFFECTIVE CREW SIZE DETERMINATION IN MAINTENANCE

OPERATIONS USING DETERMINISTIC APPROACH
*****************************************************

20 DIM L(20), VI (20), V2(20), V3(20), P(20)

30 INPUT "WHAT IS THE VALUE OF LAMBDA AND MU = "; LAB, MU

40 INPUT "WHAT IS THE VALUE OF ACCEPTABLE RESPONSE RATE = "; WQA

50 INPUT "WHAT IS THE AVERAGE COST PER CREW SIZE="; G

60 INPUT "WHAT IS THE AVERAGE COST OF WAITING PER JOB=": I-I

65 INPUT "Enter Filename For Results:"; n$

'= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = = = = OPEN n$ FOR OUTPUT

AS Ul
70 IF (LAB > = MU) GOTO 240

75 REM ----------------------------------------------------

80 REM CALCULATE UTILIZATION FACTOR (P)
85 REM----------------------------------

90 P=LAB/MU

95 REM ---~-------------------------------

\00 REM CALCULATE EXPECTED WAITING TIME (WQ)

105 REM ---------------------------------------------------

110 WQ = P I (MU - LAB)
115 REM--------------------------------------

120 REM CALCULATE NO OF JOBS IN THE MAINTENANCE JOBS HOP (L)

125 REM -------------------------------------------------
130 L = LAB .• WQ + P

135 REM -----------------------------------------------------

140 REM CALCULATE NO OF MAINTENANCE CREW SIZE REQUIRED (S)
145 REM ----------------------------------------------

150 S = INT(WQ I WQA) + \
155 REM--------------------------

156 PRINT" APPENDIX 2"

157 PRINT

240 PRINT "QUEUEING MODEL NOT VALID ,IF LAMBDA> =MU"

250 FOR K = 1 TO 10

260 L(K) = LAB I (K .• MU - LAB)

261 WQ(K) = PI (K .• MU - LAB)

265 REM -------------------------------------

270 REM CALCULATE COSTS OF CREW SIZE (K)

275 REM -------------------------------------
280 VI(K) = G .• K

285 REM -------------------------------------
290 REM CALCULATE COSTS OF WAITING

295 REM ------------------------------------
300 V2(K) = L(K) .• If
305 REM -------------------------------------

310 REM CALCULATE TOTAL MAINTENANCE COST

315 REM -------------------------------------

320 V3(K) = V\(K) + V2(K)
325 P(K) = LAB I (K .• MU)

330 NEXTK

335 PRINT ,,------------------------------------------------------------- "

CLS

338 PRINT "************************************************************* >['**"

339 PRINT"

PRINT"

CREW SIZE DETERMINATION IN MAINTENANCEJOBSI-IOP RESULTS"

SINGLE CI-IANNEL---DETERlv[[NISTIC APPROACH

340 PHJNT II*********************>1<******* ********************************* '"~,*11

341 PRINT" ARRIVAL RATE OF JOB (LAMBDA)

342 PRINT USING "U.UUU"; TAB(15); LAB

343 PRINT" ----------------------------------------------"
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344 PRINT" SERVICE RATE OF JOB eMU)
345 PRINT USING "#.###"; TAB(15); MU
346 PRINT "------------------------------------------,,
347 PRINT" ACCEPTANCE RESPONSE RATE (yVQA)
348 PRINT USING "#.###"; TAB(15); WQA
350 PRINT "----------------------------0-----------"
351 PRINT" UTILIZATION (FACTOR) OF MTCE. CREW (P) "
352 PRINT USING "#.###"; TAB(15); P
353 PRINT "----------------------------------,,
354 PRINT" EFFECTIVE CREW SIZE (S)
355 PRINT USING "#"; TAB(15); S
356 PRINT "-----------------------------------------------"
357 PRINT" EXPECTED WAITING TIME(yVQ)

358 PRINT USING "#.###"; TAB(15); WQ
359 PRINT "---------------------------------"
360 PRINT" NO OF JOBS IN THE SYSTEM (L)
361 PRINT USING "#.##"; TAB(15); L
362 PRINT "----------------------------------------------,,
363 PRINT

SHELL "PAUSE"
364 PRINT "QUEUEING MODEL NOT VALID IF LAMBDA> =MU: CONTD."
384 CLS

385 P~T " *++++*********************************************************"
390 PRINT" MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE"
392 PRINT" SINGLE CHANNEL IN SERIES ---DETERMINISTIC APPROACH
395 PRINT " *******************+**********>1'>1<*****************************11
396 PRINT" CREW SIZE CREW SIZE COSTS WAlTING COSTS TOTAL COSTS"
397 PRINT" S S"CI L(S)*C2 S*Cl +L(S)*C2"
398 PRIN"T " *********************************************+****++**+*+****"
399 FORK = 1 TO 10
400 PRINT USING "#####.##"; TAB(4); K; TAB(21); Vl(K); TAB(38); V2(K); TAB(54); V3(K)
401 NEXTK

SHELL "PAUSE"
405 CLS
407 PRINT" EFFECT OF VARYING S ON L, P AND WQ (SINGLE CHANNEL IN SERIES)"
408 PRINT" DETERMINISTIC APPROACH"
440 PRINT " ****++**********+++******************+***++++*****************+11
450 PRINT" CREW SIZE NO JOB WAITING UTILIZATION FACTOR WAITING TIME"
460 PRINT" S L(S) peS) WQ(S) "
470 PRINT " ***********************************++*+***************** >I< ******"
480 FOR K = 1 TO 10
490 PRINT USING "###.###"; TAB(8); K; TAB(22); L(K); TAB(42); P(K); TAB(61): WQ(K)
500 NEXTK

SHELL "PAUSE"
CLS

510 RESTORE
520 INPUT" WHAT IS THE VALUE OF PZERO AND S= "; A, S
525 'CALCULATE THE UTILISATION FACTOR (PS)
530 SFACT = 362880
535 NFACT = 40320
540 .PS = (((LAB / MU) ~ S) .• S '" MU .• A) / (SFACT .• (S .• MU - LAB»
545 LS = ((LAB .• MU .• (LAB / MU) ~ S) .• A) / (NFACT .• (S .• MU - LAB) ~ 2) + LAB / MU
550 LQS = LS - LAB / MU
560 WS = LS / LAB
565 WQS = LQS / LAB
570 'CALCULATE TOTAL COSTS AT OPTIMUM CREW (SO)
575 TCS = S .• G+ LS .• H

CLS
576 PRINT #1, "
577 PRINT #1, "
578 PRINT #1, "

**++****++++**+++******************+**+***** •• *.***+ ••• **.+ •• ',
RESULTS FOR MULTI-CHANNELIN PARALLEL BY VAIZYINGCREW SIZE S"

DETERMINISTIC APPROACH"
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579 PRINT 61, " ***********************************************************.*"
580 PRINT#l, " THE VALUE OF PROBABILITYOF NO JOB IN THE SYSTEM (PZERO)= "; A
582 PRINT #1, " [CREW SIZE] [JOB WAITING] [UTlL.FACTOR] [WAITINGTIME] [TOT. MTCE.COSTl"
583 PRINT #1, "S L(S) peS) WQ(S) TCCS)"
627 PRINT #1, USING "####.###"; TAB(3); S; TAB(17); LS; TAB(33); PS; TAB(49); WQS; TAB(65); TCS

CLS .
628 CLOSE

SHELL "PAUSE"
PRINT; TAB(25); "YOUR RESULTS ARE IN THE FILE NAMED ";n$

630 END
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APPENDIX 2 -RESULTS GENERATED USING DETERMINISTIC APPROACH

QUEUEING MODEL NOT VALID IF LAMBDA> =MU

*******************++++++++++++++*****++++**+++++++++*++.+.+.+ ••

CREW SIZE DETERMINATION IN MAINTENANCE JOBSHOP RESULTS
SINGLE CHANNEL-DETERMINISTIC APPROACH

••• + ••••• ++ ••••• + •• + •••••••••••••••••••••••••••••••••• +++++++++++

ARRIVAL RATE OF JOB (LAMBDA)
0.725

SERVICE RATE OF JOB (MU)
1.463

ACCEPTANCE RESPONSE RATE 0¥QA)
1.530

UTILIZATION (FACTOR) OF MTCE. CREW (P)
0.496

EFFECTIVE CREW SIZE (S)
1

EXPECTED WAITING TIME 0¥Q)
0.671

NO OF JOBS IN TIIE SYSTEM (L)
0.98

QUEUEING MODEL NOT VALID IF LAMBDA> =MU: CONTD.
+++++++****++++***++***+++++++*********+++*+++++++++++ ••••••••

MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE
SINGLE CHANNEL IN SERIES ---DETERMINISTIC APPROACH
•••••••••••••••••••••••••••••••••••••••••••••••••••••• ++++++*

CREW SIZE
S

CREW SIZE COSTS
S"CI L(S)*C2

WAITING COSTS TOTAL COSTS
S"CI +L(S)*C2

++++****+++****+*++++*+++++++++++*+++++++***+++++++++++++++++

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00
9.00

10.00

997.70
1995.40

2993.10

3990.80

4988.50

5986.20

6983.90
7981.60

8979.30
9977.00

2947.15

988.19

593.61

424.22

330.05

270.09

228.56

198.11
174.81
156.42

3944.85

2983.59

3586.7l

4415.02

5318.55

6256.29
7212.46

8179.71
9154.11

10133.42
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EFFECT OF VARYING S ON L, P AND WQ (SINGLE CHANNEL IN SERIES)
DETERMINISTIC APPROACH

*.** ••• *.*.********~*•• ******************************* *********

CREW SIZE NO JOB WAITING
S L(S) .peS)

UTILIZATION FACTOR WAITING TIME
WQ(S)

***************************************************************

1.000 0.982 0.496 0.671

2.000 0.329 0.248 0.225
3.000 0.198 0.165 0.135

4.000 0.141 0.124 0.097
5.000 0.110 0.099 0.075

6.000 0.090 0.083 0.062
7.000 0.076 0.071 0.052

8.000 0.066 0.062 0.045
9.000 0.058 0.055 0.040

10.000 0.052 0.050 0.036

*************************************************************

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

*************************************************************

THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)= .5
[CREW SIZE] [JOB WAlTING] [UTIL.FACTOR] [WAITING TIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) rcrs:
1.000 0.978 0.491 0.666 3931.991

*************************************************************

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

*************************************************************

THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)=.6001

[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITING TIME] [TOT. MTCE.COST]
S L(S) peS) WQ(S) rcrs,

2.000 0.528 0.098 0.045 3578.871

*************************************************************

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

*************************************************************

THE VALUE OF PROBABlLITY OF NO JOB IN THE SYSTEM (PZERO)=.6003

[CREW SIZE] [JOB WAlTlNG] [UTIL.FACTOR] [WAITING TIME] [TOT. MTCE.COST]
S L(S) peS) WQ(S) TeeS)

3.000 0.498 0.015 0.004 4488.429

*************************************************************

RESULTS FOR MULTl-CHANNELIN PARALLEL BY VARYING CREW SIZE S
DETERMlNISTIC APPROACH

*************************************************************

THE VALUE OF PROBABlLITY OF NO JOB IN THE SYSTEM (PZERO)=.6188

[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITING TIME] [TOT. MTCE.COST]
S L(S) peS) WQ(S) TeeS)

4.000 0.496 (J002 0.000 5478.224
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*************************************************************

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

++++++++++++++++++++++++++++++++***+*+++*****++++++++++++**+*

THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)= .6065
[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITINGTIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) TeeS)
5.000 0.496 0.000 0.000 6475.227

*+*+++++*+*+*+*** •• ********++*******************++++++ •••••••

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

+++*++++*+++++++**********+*+****************++++++++*+++++++

THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)= .6188
[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITINGTIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) TC(S)
6.000 0.496 0.000 0.000 7472.875

++++*++++*++++++++++*++++++++++*+*++++*++*++++++++++++ •••••••

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)= .6142

[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITINGTIME] [TOT. MTCE.COST]
S L(S) peS) WQ(S) TeeS)

7.000 0.496 0.000 0.000 8470.571

•••••••• * ••••••••••••••••••••••••••••••••••••••••••••••••••••

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

++++++++++++++++++++++*+++++++++*****++++*++++++++++*+ ••••• **

THE VALUE OF PROBADrLITY OF NO JOB IN THE SYSTEM (PZERO)= .6188
[CREW SIZE] [.JOBWAITING] [UTIL.fACTOR] [WAITINGTIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) TeeS)
8.000 0.496 0.000 -0.000 9468.271

********************* •• *.*****************************.******

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

*************************************************************

THE VALUE OF PROBABILITY OF NO JOB IN THE SYSTEM (PZERO)= .6402
[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITINGTIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) rcrs:
9.000 0.496 0.000 -0.000 % 10465.972

*************************************************************

RESULTS FOR MULTI-CHANNEL IN PARALLEL BY VARYING CREW SIZE S
DETERMINISTIC APPROACH

*************************************************************

THE VALUE OF PROBADrLITY OF NO JOB IN THE SYSTEM (PZERO)= .6096
[CREW SIZE] [JOB WAITING] [UTIL.FACTOR] [WAITING TIME] [TOT. MTCE.COST]

S L(S) peS) WQ(S) TeeS)
10.000 0.496 0.000 -0.000 % 11463.671
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APPENDIX 3 ~i SIZE DETERMINATION USING STOCHASTIC
APPROACH

QBASIC: CLS 'this clear tfiescreen

CREW SIZE DETERMINATION USING STOCHASTIC APPROACH
(NEXT- EVENT- ORIENTED MODEL)

,*********************************************************

'THESE ARE THE PARAMETERS USED IN THE MODEL

,********************************************************

'AT
'Cl
,C2
'CLOCK
'MCT
'NQ
'TIDT
'TNJEO
'TWT
'TISF
'TIS
'TNA
'MQL
'L =
'TC =
, S

'ST
'WQ
'POTB
, P

time of next arrival of repair job
average cost of using a maintenance per unit time
average cost of waiting of job per unit time
current clock ,time
maximum time to run simulation
current number of job in the queue
total idle time of maintenance facilities
total number of jobs which enter the queue
total waiting time of all jobs
total time in service facility for all jobs
total time for all jobs in the system
total number of jobs
maximum queue length
total number of jobs in the system per unit time
total maintenance costs
crew size
time of next depature of finished job
number of jobs in queue
utilization factor of service facility
utilization factor of service facility

,***************.********.******************************************* ••• ***

INPUT "WHAT IS THE ARRIVAL RATE (LAMBDA) II i LAM

INPUT "WHAT IS THE SERVICE RATE (MU ) " . MU,

INPUT "WHAT IS THE MAXIMUM SIMULATION TIME (MCT) II i MCT

INPUT "WHAT IS THE COST OFUSING A CREW SIZE (C1)" ; C1

INPUT "WHAT IS THE WAITING COST PER JOB(C2) " . C2I

INPUT "Enter Filename for Results: " . n$,

OPEN n$ FOR OUTPUT AS#1

set initial condition
CLOCK = 01
AT = 01
NQ = 01
TNJEQ = 01
TWT = 01
TIDT = 01
TNA = 1
MQL = 0
generate time of next departure

3 IX = RND ((1))
ST = CLOCK + (-1 / MU) • LOG (IX)

generate time of next arrival
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IX = RNO ((I))
AT = CLOCK + (-I / LAM) * LOG (IX)

if next event is an arrival qoto statement 6
goto statement 16

otherwise goto

IF (ST >= AT) THEN 6 ELSE 16

update total waiting time,clock,and number of arrivals

TWT = TWT + NQ * (AT - CLOCK)
PRINT "CLOCK="; CLOCK

CLOCK =' AT
TNA = TNA + 1

'if next event is both an arrival and a departure goto statement 9
'otherwise goto statement 10 .

IF (ST AT) THEN 9 ELSE 10

'if queue is empty goto 17 o'wise 22

16 IF (NQ = 0) THEN 17 ELSE 22
'update clock time ,total waiting time, number of arrival

17 CLOCK = ST
18 TIDT = TIOT + (AT - CLOCK)
19 CLOCK = AT
20 TNA = TNA + 1

'if maximum clock time is exceeded, goto 15 ,else return to 3
'to generate the time of the next departure

IF (CLOCK > MCT) THEN 15 ELSE 3

'update clock, total waiting time, number in queue

22 TWT = TWT + NQ * (ST - CLOCK)
23 CLOCK = ST
24 NQ ~ NQ - 1

generate time of next departure

25 IX
ST

RNO«I)}

CLOCK + (-1 / MU) * LOG (IX)

'if maximum c10cktime is exceeded goto 15 elsa return to 5

26 IF (CLOCK > MCT) THEN 15 ELSE 5

'upda te number in queue , maxmum queue length, and total numb e i. in queue
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10 NQ = NQ + 1

'if the maximum num. in the queue exceeds the longest queue
'length to date (MQL)set MQL=NQ and goto 13,else go directly to 13

11 IF (NQ > MQL) THEN 12 ELSE 13
12 MQL = NQ
13 TNJEQ = TNJEQ + 1

'if maximum clock time is exceeded ,goto 15 else return to 4 togenerate
'next arrival

..------------~--------------------- ----- -



14 IF (CLOCK > MCT) THEN 15 ELSE 4

, calculate and print statistics

15 TISF = CLOCK - TIDT
TIS = TISF + TWT
ATIS = TIS / TNA
ATISF = TISF / TNA
ATIQ TWT / TNA
ATEQ = TWT / TNJEQ
POTB = TISF / CLOCK

PRINT #1, APPENDIX 4"
PRINT #1,

PRINT #1, "********************************"
PRINT #1, "THE VALUE OF LAB IS"i LAM
PRINT #1, "THE VALUE OF MU IS "; MU
PRINT #1, "THE VALUE OF MCT "i MCT
PRINT #1, "THE VALUE OF TISF "i TISF
PRINT #1, "THE VALUE OF TIS "i TIS
PRINT #1, "THE VALUE OF ATIS (Ws) "i ATIS
PRINT #1, "THE VALUE OF ATISF (l/MU)"; ATISF
PRINT #1, "THE VALUE OF ATEQ (WW)"i ATEQ
PRINT #1, "THE VALUE OF TIDT "i TIDT
PRINT #1, "THE VALUE OF POTB (P) "i POTB
PRINT #1, "THE VALUE OF MQL"i MQL
PRINT #1, "THE VALUE OF ATIQ (Wq) "i ATIQ
PRINT #1, "THE VALUE OF TWT IS"i TWT
PRINT #1, "THE VALUE OF TNJEQ IS "; TNJEQ
PRINT #1, "THE VALUE OF CLOCK "i CLOCK

PRINT #1, "*******************************************"

PRINT #1, : PRINT #1,
SHELL "PAUSE"

'to calculate the optimum crew size by varing the crew size (S) from 1-10
'to calculate the optimum crew size by varing the crew size (S) from 1-l0FOR

K = 1 TO 10

FOR S = 1 TO 10

calculate average number of jobs in the system

L(S) = POTB / (S - POTB)

'calculate the waiting costs of jobs (Cwait)

G(S) = C2 * L(S)

'calculate the costs of using a maintenace crew (Ccrew)

H(S) = Cl * S

'calculate total maintenace costs <TC(S»

TC (S) = H (S) + G (S)

'calculate utilization factor <PiS»~

PiS) = TISF / (S * CLOCK)

'calculate expected waiting time(WQ(S))
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WQ(S) POTB * ATISF / (S - POTB)

PRINT #1,
PRINT #1,

"MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE (S)-
" USING STOCHASTIC MODEL APROACH (SINGLE CHANNEL)

II

PRINT #1,
PRINT #1,

.***************************************************** **************"
PRINT #1,
PRINT #1,
PRINT #1,

"*******************************************************************"

" CREW SIZE
S

CREW SIZE COSTS
Ccrew

WAITING COSTS
CWait

TOTAL COSTS"
TC(S)""

FOR S = 1 TO 10
PRINT #1, USING "#####.##"; TAB(4); S; TAB (21); H(S); TAB(38); G(S)i

TAB (54) ; TC(S)
NEXT S

PRINT #1, : PRINT #1,
SHELL "PAUSE"

PRINT #1, "THE EFFECT OF VARING S ON L, P AND WQ USING STOCHASTIC MODEL"
PRINT #1,

11**************************************************************************M

PRINT #1," CREW SIZE NUM. JOB WAITING UTILIZATION FACTOR
WAITING TIME"

PRINT #1, "S L(S) peS) WQ
(S) "

PRINT #1,
"**************************************************************************"

FOR S = 1
PRINT #1, USING

TAB(61); WQ(S)
NEXT S
CLOSE
SHELL "PAUSE"
CLS
PRINT

M E D
END

TO 10
"###.###"; TAB(8) i S; TAB(22); L(S) i TAB(42); pes) i

TAB(20) ;
"; n$

IIy 0 U R RES U L T S ARE I NTH E F I L E N A
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APPEND'IX 4 RESULTS GENERATED USING SIDCHASTIC APPROACH

*******.*******i****************
THE VALUE OF LAB IS .725
THE VALUE OF MU IS 1.463
THE VALUE OF MCT 50000
THE VALUE OF TISF 24716.52
THE VALUE OF TIS 49180.66
THE VALUE OF ATIS (Ws) 1.360386
THE VALUE OF ATISF (l/MU) .6836832
THE VALUE OF ATEQ (Ww) 1.370233
THE VALUE OF TIDT 25284.17
THE VALUE OF POTB (P) .4943236
THE VALUE OF MQL 15
THE VALUE OF ATIQ (Wq) .6767024
THE VALUE OF TWT IS 24464.-14
THE VALUE OF TNJEQ IS 17854
THE VALUE OF CLOCK 50000.68
*******************************************

MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE (S)
USING STOCHASTIC MODEL. APROACH (SINGLE CHANNELIN SERIES)

Maximum Simulation Time (MeT) =50.000days "
****************************************************** *************

CREW SIZE
S

CREW SIZE COSTS
Ccrew

TOTAL COSTS
TC (S)

WAITING COSTS
Cwait

****************************************************** *************
1.00 997.70 2932.65 3930.35
2.00 1995.40 984.92 2980.32
3.00 2993.10 591.84 3584.94
4.00 3990.80 423.02' 4413.82
5.00 4988.50 329.13 5317.63
6.00 598'6.20 269.35 6255.55
7.00 6983.90 227.95 7211.85
8.00 7981.60 197.58 8179.18
9.00 8979.30 174.35 9153.65

10.00 9977.00 156.01 10133.01

THE EFFECT OF VARING S ONL, P AND WQ USING STOCHASTIC MODEL
**************************************************************************

UTILIZATION FACTOR
pes)

WAITING TIME
WQ (S)

CREW SIZE
S

NUM. JOB WAITING
L(S)

************************************************************** •• **********

1.000 0.978 0.494 0.668
2.000 0.328 0.247 0.224
3.000 0.197 0.165 0.135
4.000 0.141 0.124 0.096
5.000 0.110 0.099 0.075
6.000 0.090 0.082 0.061
7.000 0.076 0.071 0.052
8.000 0.066 0.062 0.045
9.000 0.058 0.055 0.040

10.000 0.052 0.049 0.036
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APPENDIX 4

********************************

THE VALUE OF LAB IS .725
THE VALUE OF MU IS 1.463
THE VALUE OF MCT 100000
THE VALUE OF TISF 49537.43
THE VALUE OF TIS 98696.54
THE VALUE OF ATIS (Ws) 1.361144
THE VALUE OF ATISF (1/MU) .6831807
THE VALUE OF ATEQ (Ww) 1.372278
THE VALUE OF TIDT 50462.93
THE VALUE OF POTB (P) .4953725
THE VALUE OF MQL 15
THE VALUE OF ATIQ (Wq) .6779632
THE VALUE OF TWT IS 49159.11
THE VALUE OF TNJEQ IS 35823
THE VALUE OF CLOCK 100000.4
*******************************************

MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE (S)
USING STOCHASTIC MODEL APROACH (SINGLE CHANNELIN SERIES)

Maximum Simulation Time (MeT) = 100OOOdavs
**********************************************~*****'**************

CREW SIZE
S

CREW SIZE COSTS
Ccrew

WAITING COSTS
Cwait

TOTAL COSTS
TC(S)

.***---**-------*--------------_ ..... _.- .... _---_._._-*************
1.00 997.70 2944.98 3942.68
2.00 1995.40. 987.70 2983.10
3.00 2993.10 593.35 3586.45
4.00 3990.80 424.04 4414.84
5.00 4988.50 329.91 5318.41
6.00 598'6.20 269.98 6256.18
7.00 6983.90 228.47 7212.37
8.00 7981.60 198.03 8179.63
9.00 8979.30 174.74 9154.04

10.00 9977.00 156.36 10133.36

THE EFFECT OF VARING S ON L,P AND WQ USING STOCHASTIC MODEL

----***-***-*-----------------*_._._-------*--------_.********************
CREW SIZE

S
NUM. JOB WAITING

L(S)
UTILIZATION FACTOR

,'P (S)
WAITING TIME
WQ (S)

--**----*-*._---*-*------_ ... _------------*-_._----------**_ ... _-_._------
1.000 0.982 0.495 0.671
2.000 0.329 0.248 0.225
3.000 0.198 0.165 0.135
4.000 0.141 0.124 0.097
5.000 0.110 0.099 0.075
6.000 0.090 0.083 0.061
7.000 0.076 0.071 0.052
8.000 0.066 0.062 0.045
9.000 0.058 0.055 0.040

10.000 0.052 0.050 0.036
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********************************
THE VALUE OF LAB IS .725
THE VALUE OF MU IS 1.463
THE VALUE OF MCT 200000
THE VALUE OF TISF 98970.56
THE VALUE OF TIS 196589.8
THE VALUE OF ATIS (Ws) 1.356222
THE VALUE OF ATISF (l/MU) .6827722
THE VALUE OF ATEQ (Ww) 1.373661
THE VALUE OF TIDT 101030.1
THE VALUE OF POTB (P) .4948511
THE VALUE OF MQL 15
THE VALUE OF ATIQ (Wq) .6734496
THE VALUE OF TWT IS 97619.22
THE VALUE OF TNJEQ IS 71065
THE VALUE OF CLOCK 200000.7
*******************************************

MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE (S)
USING STOCHASTIC MODEL APROACH (SINGLE CHANNEL·1NSERIE.S)

Mcxrrnum Simulation Time (MeT) = 20o.000davs .
****************************************************~* *************

CREW SIZE
S

CREW SIZE COSTS
Ccrew

WAITING COSTS
Cwait

TOTAL COSTS
TC(S)

*********************************************~*********************
1.00 997.70 2938.84 3936.54
2.00 1995.40 986.32 2981.72
3.00 2993.10 592.60 3585.70
4.00 3990.80 423.54 4414.33
5.00 4988.50 329.52 5318.02
6.00 598"6.20 269.67 6255.87
7.00 6983.90 228.21 7212.11
8.00 7981. 60 197.80 8179.40
9.00 8979.30 174.55 9153.85

10.00 9977.00 156.18 10133.18

THE EFFECT OF VARING S ON L, P AND WQ USING STOCHASTIC MODEL
**************************************************************************

CREW SIZE
S

NUM. JOB WAITING
L(S)

UTILIZATION FACTOR
P (8)

WAITING TIME
WQ (S)

********************************************* •• **************************.

1.000 0.980 0.495 0.669
2.000 0.329 0.247 0.224
3.000 0.198 0.165 0.135
4.000 0.141 0.124 0.096
5.000 0.110 0.099 0.075
6.000 0.090 0.082 0.061
7.000 0.076 0.071 0.052
8.000 0.066 0.062 0.045
9.000 0.058 0.055 0.040

10.000 0.052 0·049 0.036
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APPENDIX 4

********************************

THE VALUE OF LAB IS .725
THE VALUE OF MU IS 1.463
THE VALUE OF MCT 400000
THE VALUE OF TISF 198435.9
THE VALUE OF TIS 393744.6
THE VALUE OF ATIS (Ws) 1.356253
THE VALUE OF ATISF (liMO) .6835122
THE VALUE OF ATEQ (Ww) 1.381738
THE VALUE OF TIDT 201564.3
THE VALUE OF POTB (P) .4960895
THE VALUE OF MQL 19
THE VALUE OF ATIQ (Wq) .6727405
THE VALUE OF TWT IS 195308.7
THE VALUE OF TNJEQ IS 141350
THE VALUE OF CLOCK 400000 ..2
*******************************************

MAINTENANCE COSTS OBTAINED BY VARING MAINTENANCE CREW SIZE (S)
USING STOCHASTIC MODEL APROACH (SINGLE CHANNEI,(.IN SERIES)

Muxirnum Simulation Time (MeT) = 400 OOOdavs
*******************************************************************

CREW SIZE
S

CREW SIZE COSTS
Ccrew

WAITING COSTS
Cwait

TOTAL COSTS
TC(S)

******************************************************.***********.
1.00 997.70 2953.44 3951.14
2.00 1995.40 989.60 2985.00
3.00 2993.10 594.38 3587.48
4.00 3990.80 424.74 4415.54
5.00 4988.50 330.44 5318.94
6.00 59'66.20 270.40 6256.60
7.00 6983.90 228.83 7212.73
8.00 7981. 60 198.33 8179.93
9.00 8979.30 175.01 9154.31

10.00 9977.00 156.60 10133.60

THE EFFECT OF VARING S ON L, P AND WQ USING STOCHASTIC MODEL
**********-***************************************************************

CREW SIZE
S

NUM. JOB WAITING
L(S)

UTILIZATION FACTOR
p (S)

WAITING TIME
WQ (S)

**********-*******************************************---_._._*--***------

1.000 0.984 0.496 0.673
2.000 0.330 0.248 0.225
3.000 0.198 0.165 0.135
4.000 0.142 0.124 0.097
5.000 0.110 0.099 0.075
6.000 0.090 0.083 0.062
7.000 0.076 0.071 0.052
8.000 0.066 0.062 0.045
9.000 0.058 0.055 0.040

10.000 0.052 0.050 0.036

.'
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APPENDIX 6
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istribution of XJ
:\ '

0 XZ

(urees ;i "
uf Probability of a deulatlonorealer than Xl \;.;.
«dam Ii

v 0.99 0.95 0.90 0.80 0.70 0.50 0.30 0.10 0.10 ~~O!..·. 0.01

.00393 .0642 .148 .455 1.074 1.642 2.706
\1 \'-- \ .

1 .000157 .0158 ;'.. 3
1
841 ;. 6.635 F

2 .0201 .10) .211 .446 .713 1.386 2.408 3.219 4.6(15 . 51?9~ .j.. 9.210
3 " .115 .352 .584 1.005 1.424 2.366 3.665 4.642 6.2~1 _1~lIlS•.. 1l,34~
4 .297 .711 1.0~ 1.649 2.195. 3.357 4.878 5.989 7,7,i~

~'l~I*~~:':U:gl5 .554 1.145 1.610 2.343· 3.000 ,4.351 6.064 7,289 ~,~l6 <

-1~~~IUI2

..

6 .872 1.6~ 2.204 3.070 3.828 5.348 7.231 a.SS8 10.\>45 .
7 l.239 2.167 2.833 3.822 4.671 6.346 8.383 9.803 12.017 14. 71.,' 18.47.1
8 1.646· 2.733 . 3.490' 4.594 5.527 7.3.J.1 9.524 11.030 13.362 15.~Ol'~';'"20.090
9 2.0~H 3.325 4.168 5.380 6.393 8.343 10.656 12.242 J4.684 16.~·19:1'.'\21.666

10 2.558 3.940 4.865 6.J79 7.267 9.3·12 11.781 J3.442 15.987 18.~'·l· 23.209·'1'..,',:' ,.
II 3.053 4.575 05.578 6.989 8.148 10.341 12.899 14.631 17.275 19.61~:!"14.72S

3.m S.226 6.30-1 7.1107 9.034 11.340 1·1.011 15.812 llL)49 21.0f6: ~.'26.217

J 4.107 5.892 7.042 B.634 9.926 12.340 15.119 J6.985 19.812 22.36l.~ \ 27.688

4 4.660 6.571 7.790 9.467 10.821 13.339 16.222 J 8.151 21.064 23.685 . ~29.141 3
8.547 10.307 11.721 14.339 17.322 19.311 22.307 24.9$16

,
3M7115 5.229 7.261

6 5.812 7.962 9.312 11.152 12.624 15.JJti 18.41 II 20.465 23.542 26.2l:. 31.000 ...
\

...........
\ ~:)
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\
j •.
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APPENDIX 7

FEDERAL UNIVERSITY OF TECHNOLOGY, AKU1;
OEPAUTM ENT OF MECJ(ANICAL!I'I~OnUCTION ENGINEERIN(;

ME~~O)
".0' I.

F rom: Coor di.na tor t M1'..:.l'~ To: The Bursar

YUTA!ME1¥'BURS/034 Dale: 4/12/97.'

-LETTER OF IN'rRODUC'T'ION
__ ~'.j r;CTl • i-~:'RI';E"1J B. (t-'.AT!HC NO. HE~/BIj!1118~)

This is to certify that Mr. Kareem, B. i6 a postgraduate

s tudent of this depar tment , He needs your assistance in

obta i.n i.ng information for his H.Eng. Tnes i.s from your

department. The title of the Thesis is "Model for crew

size de Lerminat ion in mai,n t enan cc jobshop".
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APPENDIX 8

-----_ ..- --_.. -

FEDERAL UNIVERSITY OF TECI-INOLOGY, AKUR:
DEPARTMENT OF MECHANICAL/PRODUCTION ENGINEERING

MEMO)

To: Ag. Director,
Computer Centre

From: Coordinator, M.r.:l!.:

lZl'\ F UTJ\/~iJ:E/D-SP/011 Date: 1+ - 12 - 970

r,-s'rTER OF INTRODUC1'ION
KA IlliHI, B. (MATR IC NO. MI~F/~/)/ 148($)

The above numed student iti presently engaged in
1-1.Mg. Thesis titled "Hanelfor crew size
determination in maintenance jobshop~'. This project
requires the tLSeof Computer for running queueing
pr-ogr-anune ,

I shall be [;Tnteful if Computer facilities are
ext.ended to Mr. Kar-e ern for the said purpose.

Thank you.


