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(i) 

SYNOPSIS 

Some production shop models are developed and 

simulated for both stochastic and deterministic cases, using 

the SIMON simulation programme. 

By using different service time distributions, some 

models have been developed, and the results obtained from 

these models are compared with Palm's model, for their 

sensitivity. The investigation shows that the behaviour 

of the different service time distributions is not statistically 

sensitive and its effect on the general behaviour of machine 

interference problems is insignificant. 

A general distribution to be used for all practical 

purposes is tried. The result such as machine utilization 

factor obtained in this case is also not statistically signif-

icant, but the model can be used for any type of distribution, 

by changing the number of phases. The results agreed with 

the various arrival and service patterns. 

Deterministic cases (King's model - using semi-

automatic machines) have been analysed, using various 

combinations of service time. As the distribution pattern 

changes from constant to variable plus a constant (combined 

activity time), it is clear that the results such as cycle 

time factors obtained do vary from negative to positive 

percentage differences. Nevertheless, the results are not 

statistically significant. 



A general programme has been developed for 

different means of arrival and service time distributions. 

The results show a similarity to the theoretical results. 

A discussion on the production shop layout 

principles is carried out and the effect of walking time has 

also been analysed. The walking time is considerably 

reduced by changing the layout of the shop. Various layouts 

have been examined and the results indicate that the machines 

should be arranged in a square pattern, as far as possible. 

Finally, economic analyses have been carried 

out for the optimum allocation of machines to operator. 
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(vi) 

LIST OF SYMBOLS  

Only those symbols used consistently in several 

sections are listed here. 

A
o
(t) 	Arrival time or breakdown time distribution. 

A
n
(t) 	Probability that n more breakdowns will occur 

within a time t after the last breakdown. 

a(t) 	Probability density of breakdowns. 

a 	Combined activity time (loading and unloading). 

b 	Independent activity time (cleaning, inspection, 

walking to next machine, etc.) 

c 	Constant. 

C.V 	Coefficient of variation. 

C
o 	

Cost of output per unit time per machine. 

C 	Total cost of machine o.peration per time unit 

per machine. 

C
r 	

Cost per unit time of operator. 

C
m 	

Cost per unit time of working machine. 

C
w 	

Cost per unit time of an idle machine or machine 

waiting for service. 

C
s 	

Cost per unit time of service. 

e. 	Expected value. 

H 	Ratio between independent time and combined 

activity time. 

I 	Ratio between waiting time and service time. 



i
m 	

Idle time of the machine. 

i
o 	

Idle time of the operator. 

K Number of stages or phases in service distribution. 

k 	Service constant. 

L Mean number of units in the system. 

Lq 	Mean number of units in the queue. 

M 	Number of parallel channels or number of repairmen 

in a service installation. 

m 	Machine running time per time unit. 

N Number of units in a finite calling population. 

n Number of units of machines per time unit. 

o. 	Observed value. 
1 

P
n 	

Probability that the system is in state n after 

steady state conditions are reached. 

P
o 	

Probability that the system is idle after steady 

state conditions are reached. 

R 	Ratio between combined activity time -I- independent 

activity time and running time. 

✓ Number of operators. 

S
o
(t) 	Service time distribution. 

s(t) 	Probability density of service completion. 

Service time per time unit. 

T
a 	Mean arrival time of breakdown machines. 

T
s 	

Mean duration of service time. 

t Time. 

U
o
(t) 	Probability of zero arrivals occurring in an interval 

of time t chosen at random. 



n
(t) 
	

Probability of n breakdowns in interval t chosen 

at random. 

Mean time the unit will be in the system. 

q 
	Mean time the unit will be in the queue. 

w 	Waiting time per time unit. 

Mean variance of distribition of service time. (At
s
)2=a2

s  

At =a 	Standard deviation of service times. 
s s 

(At  )2=a2 	Mean variance of breakdown or arrival times. 
a 	a 

At
a
=a

a 	
Standard deviation of arrival or breakdown times. 

A = 1/T
a 	

Mean breakdown rate. 

4 = 1/Ts 	Mean service rate. 

Limiting value of the cost ratio(stochastic case). 

Limiting value of the cost ratio(determinist;.-ic case) 

T 	Cycle time. 

Sp 	Coefficient of Utilization. 

y 	Rate of production of a working machine. 

Ratio between combined activity time + running 

time and combined activity time + independent time. 

Summation. 

X 	Chi. 

a 	Operating efficiency. 



CHAP TER 	1 

INTRODUCTION 

In many industrial processes, an operator 

attends a number of machines, which stop from time to 

time. Each time a machine stops, the operator has to do a 

certain amount of work before it can be put into operation. 

If, at any time, two or more machines are stopped simulta-

neously, there will be a loss of production, due to the 

period the machines have to wait for the operator to 

rectify them. 	In deterministic situations, a single 

worker is assigned to operate a number of identical semi-

automatic machines, where the activities performed are 

repeated for each cycle. In this work, more attention is 

paid to the distribution pattern of the stopping of the 

machines and service for finite queue from finite population. 

Previous work on both stochastic and determi-

nistic cases have suggested that there is a possibility of 

using various distribution patterns for service time and 

comparing them statistically for their sensitiveness. 

Much of this work is reviewed in detail in chapters 2, 3 

and 4. The majority of previous researchers used negative 

exponential and constant distributions (finite population 

limited queue) with the aid of digital computers. 

This work uses the simulation technique to 

investigate the behaviour of the different distributions 

and the models are compared statistically for their 

sensitivity. 
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It is hoped that by first giving the reader an 

account of the other work done in this field and of the 

tools used in this research, the reader will be able to 

better appreciate the problems of production shop and the 

relevance of the work that is described in the subsequent 

chapters. Consequently, it would be impractical at this 

stage to give more than a brief account of the objectives 

of this work, leaving a fuller account of both objectives 

and methods until later (see chapters 5, 6 and 7). 

Many previous workers in this field have empha-

sised the particular importance of the arrival and service 

time distributions for finite calling population and also 

considered the economic assignment of men to machines. 

This exercise follows directly from the works 

of Palm (38), Fetter (16) and King (20,21). 	Various dis- 

tribution patterns like normal, Erlang and constant are 

used. This is apparently an entirely new line of develop-

ment and the results obtained indicate that distributions 

do not have any significant effect on the final results. 

A general programme is given for using different 

means for arrival and service time distributions. Com-

parative analyses have been made for machine shop layout. 

Finally, economic allocation of machines to men has been 

carried out. 

To expedite the large number of simulations 

required for this work, SIMON SIMULATION PROGRAMME is used. 

This programme, besides its usefulness for this work, is 

also capable of handling much of the possible future work. 
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CHAPTER 	2 

THEORY OF QUEUES  

2.1 	Introduction  

As societies get involved in 	a more complex 

structure, it seems to become more and more difficult for 

anyone to avoid involuntary participation in queuing 

processes. The thing common to all the systems that we 

shall consider is a flow of customers requiring service, 

there being some restriction that can be provided. For 

example, the customers may be patients arriving at an out-

patients' clinic to see a doctor. The restriction on 

service is again that one customer can be served at a time 

and it is a single server queue. 

Examples of a single server queue: 

a) Numerous problems connected with telephone 

exchanges: (if the customers' telephone calls are put into 

an exchange, the arrival pattern is completely random, so 

they will be given connection immediately, or they have to 

wait according to the availability of the line). 

b) The 	breakdown of 	machines is approxi- 

mated by a completely random series. The operator has to 

serve the machine (first come, first served), before going 

to another machine. 

c) The arrival of an aircraft at a busy aero-

drome. For example, if the landing strip is limited, the 

number of planes arriving at the airport have to be 
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scheduled or they have to circle around before they get 

the clearance to land. 

2.2 	The Aims of An Investigation of Waiting Time  

For all the examples in the previous section, 

congestion will occur from time to time, if there is a 

sufficient irregularity in the system. For example, in a 

single server queue, suppose that either the customer 

arrives irregularly, or that there is an appreciable vari-

ation in the time taken to serve a customer, or both. 

Then from time to time more than one customer will be at 

the service point at the same time and all but one of them 

must queue up awaiting their turn for service, and conges-

tion occurs. 

Our practical aim in investigating a system with 

interference is usually to improve the system by changing 

it in some way. For example, in many industries, several 

automatic or semi-automatic machines are serviced by one 

and the same worker. The necessary work required for each 

machine consists of feeding in new material and making 

possible adjustment, or servicing the machines due to 

breakdown. If the calls for service of each machine are 

too frequent, waiting time occurs, because of machine 

interference. So machine interference theory forms part 

of the general theory of queues. In some cases, the 

service facilities are unused for a large proportion of 

time, either because of many operators, or due to the low 

rate of arrival. In either case, a change in the system 
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may be economically profitable. Alternatively, it may be 

that some radical modification of the system, such as 

changing the layout or introducing two or more operators, 

is necessary. It is often very useful to predict the 

waiting time of the machines, which is likely to occur in 

the modified system. A rational decision about its intro-

duction must depend, in part, on assessing the annual 

profit from the additional production, obtained due to the 

reduction in waiting time, and comparing this with the 

capital cost of the machine and cost of engaging operators. 

2.3 	Specification of the System  

a) The arrival pattern  

This means both the average rate of arrival of 

customers and the statistical pattern of the arrival. 

The queue may be dynamic or static with first come first 

served. 

Dynamic queue: Customer moves to server (stationary) 

Static queue: 	Server moves to customer (stationary) 

b) The service mechanism  

This means, when service is available, how many 

customers can be served at a time, and how long the 

service takes. Usually, the latter is specified by a 

statistical distribution of service time. 

c) The queue discipline  

This means the method by which a customer is 

selected for service, out of all those waiting for 

service. The simplest queue discipline is first come 

first served, but there are also many other possibilities. 
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(d) Calling population  

The units to be served by the system may come 

from either a finite or an infinite population. 

(e) The queue state  

The queue state can be described at any given 

time by the number of units in it. This alone, however, 

may not be sufficient and other parameters are necessary 

for a detailed study of the system, whose objective may be 

the evaluation of customer waiting time, length of server 

periods, etc. 

One should, therefore, describe in detail the 

type of arrival pattern, the service mechanism, the queue 

descipline, the nature of the population and the state of 

the queue. 



CHAPTER 3 

SERVICE AND ARRIVAL DISTRIBUTIONS 

IN VARIOUS INTERFERENCE PROBLEMS 

3.1 	Introduction  

In many operational situations, it is impossible 

to predict beforehand, how long the service operation will 

take before completion. Various reasons for delay may 

arise, in a more or less random fashion, which could not 

have been foreseen. An aeroplane, wishing to land, may be 

delayed by momentary blocking of the landing strip, or by 

ground fog; the telephone operator seldom knows how long 

the customer is going to take to finish his telephone 

conversation; in automatic or semi-automatic machine 

servicing, or loading and unlaoding of the machine, the 

operator seldom knows how long it will take to put the 

machine in working order. 

It may be possible to estimate approximately the 

length of the service operation in other cases. For example, 

it is easier for a petrol station to use the same service 

procedure for filling up the petrol tank of a customer's car 

for three gallons of petrol or another customer who wants 

ten gallons and his tyres checked. So it may be operation-

ally possible to consider a variety of arriving units to 

be indistinguishable as far as the service operation is 

concerned. If the various units of this general class 

arrive in random order and join the queue (it may be an 
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infinite queue, or a finite queue, in which case if the 

queue LS full, the customer will not join the queue and will 

go away), there will again be random fluctuations in the 

length of service operation. In each of these situations, 

the service time will be described in terms of probabilities. 

3.2 	Service Time Distribiton (32) 

Supposing that we measure the time taken for the 

service operation to be completed on a series of a hundred 

or so units, which we have decided to treat as the same in 

regard to service; we could record the servicing time of a 

series of automatic machines, or we could record the loading 

and unloading of a series of semi-automatic machines, or 

we could record the duration of a sequence of telephone 

calls. By arranging this sequence of recorded times in 

order of decreasing length, the number of service opera-

tions that take longer than a given time can be plotted. 

Then, by dividing by the total number in the sample, we 

can obtain a curve for the probability So(t) that the 

service operation on this class of unit will take longer 

than a certain time 't'. If the situation remains the 

same, another sample of measured times will yield another 

experimentally determined curve of probability, which will 

be roughly equal to the Fig. 3.1a; also, presumably, the 

more samples that are taken will mean a smoother curve 

(see Fig. 3.1b). 

The probability function So(t) is all we need for 

probai,-distic analysis as long as there is no regular pattern 

in the occurence of long and short service times, as long 
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as the distribution of the sequence of service durations is 

random in time. 

20 
4-) 
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(t:.u)  15- 

aJ 
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44 10 
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Fig. 3.1a 

o 

o 

00 	1 	2 	4 	5 

service time t 

Fig. 3.1b  

service time t 

All curves (see Fig. 3.2) will start at unity at 

t = 0, for it is certain that a service operation takes 

longer than zero time. All of them will tend toward zero 

as t increases. For most cases of practical interest, 



- 10 - 

t 

Fig. 3.2 

probability S
o
(t) moves to zero exponentially as t goes 

to 03 	The smaller the variation between service times, 

the nearer the curve will approach a "step function" (the 

dashed curve), when all service operations take the same 

time. When the service operation on every arriving unit 

of the class takes exactly time Ts  for completion, it is 

certain (S
o 

= 1) that every service time takes longer than 

t, if t is less than T
s
, and it is certain that no service 

time (S
o 
= 0) is longer than t, if t is greater than T. 

Actual situations corresponding to this limiting example 

are very few. Most of them produce a curve for So(t) more 

like curves a or b (see Fig. 3.2) 

The probability density s(t) that a service 

operation is completed at time t is (32) 
CO 

s(t) = -(dS
o
/dt) or So  (t)= f s(t)dt 

t 
3.1 



(The quantity s(t) is the probability density that a 

service operation is completed at time t. It is a rate, 

since its dimensions are probability divided by time). 

Suppose a whole set of service operations all 

started at the same instant and ended at different times 

then s(t) would measure the mean rate at which these 

operations would be ending at time t. 

The average duration of the service operation is 

then 
CO 

T
s = f So

(t) dt 
0 

	 3.2 

from this it follows that the area under S
o 
equals T

s
. 

The mean square of the duration of time is 
CO 

(t
2
) av = 2f tS

o
(t)dt 
	

3.3 

The mean square deviation from Ts  is then 

f(t-T
s
)
2 
 s(t)dt = (t

2
)
av

- T
s
2  
 f(2t - Ts)  S 

o
(t)dt 

= (Ats) 2 
	

3.4 

Therefore, variance 	= (Ats) 2  and 

Standard deviation 	= Ats 

3.3 	Constant Service Time  

The service time may be assumed to be constant. 

This is always an idealization but, particularly in 

problems with very irregular arrival patterns, it often 

gives adequate answers. Standard deviation is zero for 

the constant service time case (S
o 

- a step function) and 

increases as the S
o curve departs more and more from the 

step-function shape. 



- 12 - 

3.4 	Exponential Service Time  

The exponential distribution is a good approx-

imation of the distribution of the duration of telephone 

calls. It is likely to be a reasonable point to consider 

when there are a large number of customers requiring short 

service and a small number of customers requiring longer 

service. Servicing of the automatic machines also has the 

same pattern as telephone calls. From equation 3.2, the 

probability required is 

(1/T ) S (x) dx. 
s o 

The product of the two is the probability that the service 

observation began between x and x+xdx and the service 

finished between time y and y + dy later. The probability 

that an observer coming up to a service channel at some 

random time and finding the service man is busy then, would 

find him still engaged by the same unit at time t later is 

f . 	, 	
J
. 

V
o
(t) = (l/T

s
) j dxicc's(x + y)dy = S

o
(x)(dx/T

s
) 

o t 	t 
3.5 

Fig. 3.2, Fig, 3,3a and Fig. 3.3b show s, So 	o  and V for 

different service characteristics. Curves c correspond to 

a situation where nearly all service operations take the 

same time, the limiting case, when S
o is a step function, 

the density is a delta function and V
o is a segment of 

straight line (dashed curves). This is called the constant 

service time case. Curves a correspond to the other limit, 

where probabilities S
o 

and V
o are equal, since the probab-

ility of prolongation of service is independent of when 

the service started. From equation 3.5, when S = V 
0 	0 
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pt 

Probability density s(t)/u of completion of service at 
time t, (for service characteristics shown in Fig. 3.2) 

Fig. 3.3a 

rt 

Probability Volt) that no service completion occurs in 
an interval of length t chcsen at random, for service 
characteristics correspanding to those shown in Fig. 3.2. 

Fig. 3.3b  
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• 

5(t) = I s(t)dt 
t 

	

= rpe-Ptdt; 	s(t) = p e -pt 

t 

= e -pt 

(dS /dt) = -p S o 	 o' 

so that 
	

So(t) = Vo(t) = e-Pt 
	

3.6 

At = T = 1/P 

3.5 	Normal Service Time  

According to Naor (33), for a sufficiently large 

parameter, the exponential distribution may be approximated 

t 
by a normal distribution. Probability densidy function for 

normal service time is 

, t - Ts s(t) 	1 	
e 	( 

i2Tras 	as 

2 

Therefore, 

1 S (t) = f
cc. v2 
	

e-1/2 ( 
	s) dt 

t 	Tra 

t - T 
1 

	

	 2 
fie-1/2( s)dt = , A ts 27 

t
s t 

where 
	

Ats = as, Ts is the mean and Ats is the standard 

deviation. 

Figs. 3.4a and 3.4b show the normal density 

function and the normal cumulative distribution. 

Standard deviation is restricted in the case of normal 

service time to 3a limit, since service time cannot be 

negative. 

- T 2  

3.7 
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0.4 

-3 	-2 	-1 	0 	1 	2 
	

3 
Normal density function s(t) 

Fig. 3.4a  

The normal cumulative distribution is 1 - So(t). 

Fig. 3.4b 
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3.6 	Erlang Service Time  

Many operational situations correspond to service 

time distributions which are different from constant, 

exponential and normal. Erlang distributions provide a 

family of service time distribiton which range all the way 

from the pure random exponential type to the completly 

regular, constant service time and approximately normal sit-

uations. They will not fit all possible service time 

distributions, but they will fit many of the ones that come 

across in practice. 

The model can be built-up from exponential elements. 

The following rules are observed for a phase-type service 

with K phases. 

a) Only one machine is allowed at a time in 

the servicing facility (one operator - all other machines 

have to wait in the queue. 

b) The entering machine must pass through every 

phase of service beginning with the first phase. 

c) On completion of one phase, the machine goes 

on to the next phase. 

d) When the specified phases are finished, the 

machine is removed from the facility, and then only a 

breakdown machine is introduced to first phase. 

Even though this facility is compound, it can be 

considered as a single service facility, since it only 

allows one machine in it at a time ( it is not a service 

station with two operations). 

The Erlanq service time distribution function 

is K-1 
So(t) = 
	r 

L (KI_It)n/n!; 
n=0 

3.8 

standard deviation At = (1/111/K) 
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The expression standard deviation shows that the variability 

of service time diminishes as K increases. Curves b and c 

in Fig. 3.2 and Fig. 3.3 are for K = 2 and K = 8 respectively. 

Curve a is for K = 1, which is the exponential case. If 

K 	° a true step function So  is obtained, the case of 

constant service time. 

3.7 	Arrival Distribution  

a) Irregular arrivals may be described in terms of 

probabilities. The probability density of the next arrival 

coming between t and dt, after the previous one is a(t)dt. 

Therefore, probability of arrival time distrib-

ution is 

A
o
(t) = j a(t)dt 
	

3.9 
t 

The probability that no arrivals occur in an interval time 

t, chosen at random, if 
r  . 

Uo(t) = A j Ao(t)dt 

Therefore mean rate of arrival is 

Ta = (1/A) = rAo
(t)dt 

0 

3.10 

3.11 

b) Regular arrivals. The most common in application 

is the regular one, where the customers arrive at equally 

spaced intervals. In this case A
o
(t) is a step function 

A
o
(t) = 1 	when t< Ta 

A
o
(t) = 0 	when t> Ta 	

3.12 
U
o
(t) = 1-(t/T

a
) when t<Ta 

U
o
(t) = 0 	when t>Ta 

(Mean rate of arrival A = 1/T
a
, variance of arrival time 

A
2
ta=0). A practical example is where the stoppage of 

machines is nearly regular (in semi-automatic machines) 

after the job is over at regular times. 
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C) Random Arrivals. The simplest arrival pattern 

and the most commonly useful one in application is when the 

arrivals are completely random. For example, when the 

chance of occurrence of the next arrival is independent of 

time of the last arrival, then 

A o(t) = U o(t) = e
-at 

 

a (t) = Xe
-At 	

3.13 

Ata = T a  = (1/X) 

This arrival distribution is called the Poisson distribution 

or exponential arrival case (limit of the Binomial dis-

tribution) i.e. n is large and p is very small). 

In the case of arrivals, it is better to know the 

probability that n arrivals occur within an interval of 

time of duration t. If this interval commences just after 

an arrival, the probability will be called A
n
(t); if the 

interval is placed at random in time, it will be called 

Un(t). 

A
n
(t) = f

t
a(x)A

n-1
(t - x)dx from equation 3.8. 

U
n
(t) = Xrdx fta(x + y)An-1(t  - y)dy 

= rtA o(x) An-1  (t - x) dx 
0 

For exponential arrivals, 

Un(t) = An  (t)= {(Xt)
n
/n!}e

-Xt 

3.14 

3.15 

Curves for a, A0  and V 0  are similar to those for s, S o  and 

Vo (see Figs. 3.2, 3.3a and 3.3b). 
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d) Regular Arrivals with Unpunctuality (3)  

Suppose that customers have appointments to arrive at 

equally spaced intervals t, but are unpunctual. For 

example, assume that the nth customer scheduled to arrive 

at time nt , actually arrives at nt + e 	(where 6 	c 	
• a 	 a 	n 	1,  2' • 

variables). IftheE.'s have mean zero, there is no tend-

ency to be on the average late or early for the appointment. 

If the dispersion of c's is small, compared with t, the 

effect of unpunctuality is not important. If the dispersion 

of the e's is large, compared with t, the series is equivalent 

to a completly random one. 

e) Non-stationary Arrival Patterns. Assuming that 

customers are telephone calls put into an exchange, the 

arrival pattern is completly random at a rate that varies 

smoothly with the time of the day. In certain rush hour 

problems, reasonable approximation can be made to the 

arrival pattern by taking, say a completely random series 

in which the rate of arrival is to begin with t. Suddenly, 

t changes to t + dt, and after a certain time, returns 

either to t or to some other value. All these possibilities 

are covered by taking a stationary pattern and allowing 

the parameters in it, for example the arrival rates, to 

vary either smoothly or discontinuously. 

The discussion so far shows that there is a wide 

variety of arrival and service patterns that can arise in 

application. In fact, the completely random and regular 

patterns are the most commonly used in applied mathematical 

work; other patterns usually require special investigation. 
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CHAPTER 	4 

MACHINE INTERFERENCE PROBLEMS 

4.1 	Queue-discipline  

A queue discipline specifies the order in which 

customers are selected from the pool of customers, (machines 

or telephone calls or persons etc.), who join the queue at 

different points of time. The queue-disciplines investigated 

in this chapter are as follows. 

(a) Single capacity systems.  

When the service of a customer is completed, or 

when the service becomes available, one customer must be 

selected for service. This may be done on the basis of first 

come first served, or on some other basis, like selecting a 

customer at random with respect to order of arrival, or to 

take the last customer to arrive, rather than the first. 

In the second case, when the rule for selection does not depend 

entirely on order of arrival there are two main possibilities. 

The queue-discipline may depend on some prior numbering of the 

customers, for example, in terms of a normal appointment 

time the numbering would usually be closely related, but need 

not be the same as the order of arrival. The other possibility 

is that the customers are divided into types, either with 

different distributions of service time, or such that the 

loss due to delaying a customer unit-time is different for 

different types of customer. Customers are then selected for 

service, giving customers of the first case priority, and so on. 
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In some extreme cases, the server may stop the service of 

a customer of lower priority, in order to deal with a customer 

of higher priority, this is called pre-emptive priority. 

(b) Multi-capacity systems  

Case 1  

The customers are assigned to server in strict 

rotation. This is simple mathematically, but inefficent 

practically and not often realistic. 

Case 2  

Each customer decides on arrival which queue to 

join. This system is used most in Post Offices and Banks, 

etc. It is very effective, but difficult to analyse 

mathematically. 

Case 3  

The customers form into a single queue, a 

customer moving forward for service as soon as the server 

becomes free. Similar to case 2, this also is most effective, 

but mathematically difficult to deal with. 

(c) Cyclic servicing  

In this case, a number of machines are looked 

after by an operator, who walks around in one direction 

to inspect the machines one by one and service them and 

then, if a machine has stopped, take varying time to repair 

it. 
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4.2 	The Measurement of Congestion  

There are three main aspects, namely: 

(a) the mean and the distribution of the length 

of time for which a customer has to queue for service. 

(b) the mean and distribution of the number of 

customers in the system at any instant, 

(c) the mean and distribution of the length of 

the server's busy periods. 

These properties of the queueing system are 

related in a general way, in that all three mean values 

tend to increase as a system becomes more congested. But 

in any particular practical application, normally we need 

not be interested in all three quantities. Customer's 

queuing time or waiting time is of direct interest when 

there is an economic loss if the customer (in our case a 

machine) is kept queuing. 

	

4.3 	Population  

Customers may come from either an infinite or a 

finite population. If the population is finite but very 

large so that the arrival rate is not affected by the 

reduction in the population caused by the customers being 

served, then it is considered infinite. If the population 

of customers is relatively small, the reduction in population 

size should be taken into account. 

	

4.4 	Queue state (40) 

The present work investigates only queues involv-

ing finite population. For infinite queues, various results 
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relating to measures such as the mean waiting time of 

customers in the system mean queue length etc. can be found 

in any book on queuing theory. 

The following are some of the theoretical results 

available on various measures for finite population and finite 

queues (40), though the present study does not use any of 

these measures directly. These have been used by other 

researchers such as Palm (38) in obtaining values for such 

factors as machine utilization, waiting time and service 

time. The present work uses the various measures obtained 

by Palm (38), Fetter (16), and King (20,21) in evaluating 

the different approaches in machine interference problems. 

Case 1  

Finite population - Finite queue - Single channel  

For example, limited number of machines are main- 

tained by a single operator. The following assumptions are made. 

(i) The maximum number of units in the system (in 

breakdown or waiting time) is limited by the number of machines 

in the group N. 

(ii) Each serviced unit, joins the functioning 

population of machines immediately. 

(iii) The probability of breakdown of a machine is 

proportional to the number of machines functioning at a 

given instant. 

(iv) A is the mean arrival frequency per machine, 

so that if all N machines are funtioning the arrival rate for 

the group is NA. 

The probability distribution of the random variable 

n 	N! is 	Pn  = ( — ) 	. — 	. Po   (4. (N-n)! 	o 



down rate). E N: 
(N - 	

n 	. 13 
o 

, 	n = 0, 1, 2, 

N!c=' 	n  	I. Po  • 	n = M + 
M! Mn-M (N-n)! 

■•■•.. 
■••••-•" 
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where P
o 

= 

 

1 

NX 	N!  

 

 

E ( 
n  
) 

11 	(N-n!) 
n=o 

 

    

The mean number of units in the system 

N 
n. p 

L= E 
n=o 

n (4.2) 

Operating efficiency N a = 	-L  
N 

 

(4.3) 

  

(4.4) 

population - Multi  

channel  

For example, a machine group subject to periodic 

breakdowns is serviced by one of M servicemen. 

The following assumptions are made. 

(i) There are M servicemen working independently 

to serve N machines. 	

r (ii) Service time to repair a machine is an 	

y pt exponentially distributed random variable with mean frequency 

(iii) Each machine has an average running time of u 

so that A = I (A can be considered to be an arrival or break- 

The mean number in the queue 
N  

L => (n-1)P
n 

= L - 1 + P 
q

n=1 

Case 2  

Limited queue - Finite 

• IN 

(4.5) 
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P = 

 

1 

   

     

 

• n 
1,1:p  + 

n=o 	(N-n)!n! n=M+1 

n  Nco 

  

 

M
n - M

. (N - n)! (4.6) 

The mean number of units in the queue 

N 
L
q  = 
	E 	(n - M)P

n 
n=M + 1 

The mean number waiting for service 

M 
M. = 	E 	(M - n)P 
in 	n  

(4.7) 

(4.8) 

n=o 

  

(Min 
 
average number of empty service stations) 

The average number in the system , 

N 
L= E n Pn 

= M + L - M.q 	in 
n=o 

The mean waiting time in the queue 

L 
q 

(4.9) 

(4.10) 

q 	X(N - L) 

  

From the above discussion it is apparently clear that the 

calculations of state probabilities are quite involved 

numerically. 

4.5 	Machine Interference  

Most of the work is done on machine interference 

under various titles like, machine supervision, the 

assignment of workers in servicing automatic machines and the 

productivity of several machines under the care of one 

operator etc. Machine interference is a problem of 

delayed service. A set of machines are serviced by a 

repairman or by a number of repairmen. From time to time a 



- 26 - 

machine breaks down and a repairman is called for, to service 

it. This service is provided during a time interval and the 

machine is restored to normal work thereafter. However, 

it may happen that a number of machines are out of order at 

one and the same time. If the number exceeds the number of 

repairmen, the excess are not being served and have to wait 

for repairmen, subject to their availability. Thus, in 

addition the normal loss due to time spent in servicing 

machines, there is the interference loss, due to the fact that 

sometimes the broken down machine has to wait until service 

begins. Other machines, which have broken down before it, 

delay and interfere with service. It is desirable to know 

the fraction of time a machine spends working, being serviced, 

and waiting. A theoretical solution, based on a very reason-

able model, was given by Palm (38), the solution being 

applicable to any number of machines and repairmen. The 

basic assumptions of Palm's model are: 

(i) All machines are similar with regard to the 

average number of breakdowns which each experiences in its 

unit working time. 

(ii) All repairmen are similar with regard to 

the skill needed to restore them to working condition. 

(iii) Uninterrupted working time of a machine is 

an exponentially distributed random variable. 

(iv) Repair time of a machine by repairmen is an 

exponentially distributed random variable. 

(v) All random variables are independently 

distributed. 
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(vi) The system of machines and repairmen is in 

a state of statistical equilibrium. 

He has given that, machining time + servicing time 

+ waiting time = 1. 

i.e. 

m + s + w = 1 	 (4.11) 

From this, he has defined the quotient 

k = 
s 
m 

whereas Fetter (16) has given the definition of servicing 
1 

constant k = 	= m 
	— 
s
-1 ( 4 - 12.) 

where 	A 	- the expected number of calls for service 

per unit time 

- the expected number of machines serviced 

per unit time 

	

m 	- machine running time per unit time 

- service time per time unit 

	

w 	- waiting time per time unit 

Fetter also has given four physical interpretations of the 

servicing constant k. 

(a) k may be determined, when a machine can be 

serviced under conditions when no waiting time occurs (one 

machine - one server), i.e. k = m 

(b) k can also be determined when s and m values 

are obtained after a long period of record. 

i.e. 	k = m 

s = km 



1 
P 
0 

( 4 .14) 
N 
E 	P

n 
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adding. m to both sides 

s + m = m(1 + k) 

therefore 	
1. 

m + 	1 + k 

(c) k = 
s 
m 

m  
k 

adding s to both sides 

m + s = s(1 + k)  

s + m 
	1 + k 

(d) m + s = m(1 + k) = 1 - w 

Palm's solutions are 

waiting time 

w = 1 - s(1 + k
-1  ) 

service time 

(4 .1.3)  

1  - Po s - N  

State probabilities are 

P 
 n=o 

N 
E P

n 
= 1 

n=o 
( 4 .157 ) 

/4!  
kn P P

n 
= 
(N - n)! ( 4 46) 
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He also gives a solution for r operators to 

service N machines 

w = 

N 
(n - r) P 

 n= r+1 
( 4 .17;  

N 

He has given tables for m, s and w for a single 

operator for various values of k from 0.01 to 0.4. But he 

has not given for r operators servicing N machines. 

Fry (18) has solved a problem in congestion of 

telephone lines, the conditions of which are more or less 

identical to the machine interference problem. Fry's 

assumptions are: 

(i) A group of telephone lines, having access to 

one common trunk line are handled in such a way that if a 

call requiring the use of this line originates while a call 

is already in use, then the second call will be delayed 

until the first one is finished. 

(ii) All telephone calls are of equal length of time. 

(iii) The telephone calls which are assigned to the 

group of lines are distributed individually and collectively 

at random. 

Wright (47) uses Fry's (18) formula and converts 

into terms of machine interference, as follows (in our symbols) 

where I = w 	 (4.ig) 

I = 0.5(Al+k-1 - N)2  + 2N - (1+k-1 -NJ 

Using equation (4./g) we can obtain solutions for m, s and w. 

Duvall (11) has given an empirical solution under 

the following assumptions. 

(i) The operation performed on each of the N 

machines is identical under one operator's care, but the service 
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may vary. All machines are the same. 

(ii) The operator is equally available to all 

machines. 

(iii) The operator is always attending one 

machine unit as long as there is at least one requiring attention. 

(iv) The machine has to wait for service if 

required when the operator is engaged. 

The general equation measuring interference 

factor is given by Duvall (11): 
- 0.946 	-1 

-1.4N 	.k I = (N - 1) e 
(4.t9) 

The development of equation 4.19 may be analysed 

in the following way. It may be observed that the amount of 

interference in a given machine assignment will vary 

inversely with the ratio of machine time to service time. 

It may also be noted that when k is constant the amount of 

interference will directly vary with N. Therefore I is 

controlled by the two factors N and k. He also gives a 

final satisfactory formula for interference. 

I = ce 
ak 
-1 

Where c and a are constants varying with N. 

c is developed as (N - 1) and a is developed as -1.4N
-0.946 

Freeman (17) analyses that Fry is interested in 

calculating the expected delay in service if telephone calls, 

all of the same length are passed through a single channel, 

whereas Duvall's approach seems primarily empirical. 
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Ashcroft (1) found out waiting times under the 

following rule. 

The probability of a particular machine calling 

for service, does not depend on the machines and also on the 

time which has passed since its last breakdown call for 

service. 

The following solutions are given by Ashcroft (1). 

Average number of machines running is: 

A
N 

= k + (N Y
N
)
-1  

Waiting time is: 

w = 1 - 
A
N 	(1 - k) 

N 

(4 .21)) 

(4.21.) 

Case 1 

Exponential service time: 

Y
N 

= 1 +(N-1)k + (N-1) (N-2)k2  + (N-1): kN-1  

Case 2 

Constant service time: 

y
N 

= 1 + (N-
1
1
)(e

k 
- 1) + (

N-1
)(e

k 
- 1)  2 

(e
2k 

- i) + . . (4.13) 

Fetter has analysed the results of Ashcroft (1), 

Duvall (11) , Khintchine (19) , Palm (38) and Wright (47) and 

given a table of comparison. 

King (20) has used Palm's model in his work to 

calculate machine utilization factor m (up to six collabor-

ating workers). His assumptions are the following. 

(i) Machine stoppages occur as independent 

random events and may be assumed to follow a Poisson process 
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(i.e. time between stoppages are negative exponentially 

distributed). 

(ii) Service time of a machine is an exponent-

ially distributed random variable. 

(iii) Servicing is done on a first come first 

served basis. 

(iv) All machines are similar for determining 

the optimum number of machines per worker. 

Kronig (22) has reported in his paper regarding 

economic optimum for the number of machines which are placed 

under supervision of one workman. He restricted the number 

of machines to three. Kronig and Mondria (23) in their 

paper, have given a general method for any number of machines 

per operator. 

Benson and Cox (3) have given a solution for the 

following problems. 

(a) One operator attending a number of machines 

which are liable to two types of breakdown randomly, each of 

which has an exponential distribution of service time. 

(b) A team of operators attending a number of 

machines which have one type of breakdown with an exponential 

distribution of servicing times. 

(c) A team of operators attending a number of 

machines which have M types of breakdown, each of which has 

an exponential distribution of service times. Each operator 

is specialised in servicing one type of breakdown. 
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Naor (33) has considered the machine interference 

problem when several repairmen are in charge of a set of 

machines. An explicit probability distribution function, 

describing the various states of this system, is derived 

and formulae evaluating diminished productivity and related 

quantities are given by Naor in terms of tabulated Poisson 

functions. Naor (33, 34) has also reviewed previous work 

on this problem. 

Mack (28), Mack, Murphy and Webb (29) have 

considered the problem of determining the efficiency of N 

machines looked after by a serviceman who walks around 

them in one direction, always taking the same time to walk 

to a given machine from the previous one, to inspect it, 

service it, and then if the machine has stopped, take a 

constant time to repair it. 

Conway, Maxwell and Sampson (6) have given a stoch-

astic model for cyclic servicing. In this model, a server 

is assigned to service N machines in rotation and the 

following assumptions are made: 

(i) A serviceman is assigned to service machines 

in rotation. 

(ii) These machines may or may not be of the 

same type, except that each is semi-automatic. 

(iii) The processing time of the machines may 

be a chance variable or a constant processing time. 

(iv) The servicing variable is either a chance 

variable or a negative exponential service time with a 

constant. 

(v) The serviceman is readily available all the 

time. 
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They have considered two semi-automatic machines 

and given a computer programme. They have also given the 

results for: 

1) A series of runs performed for different values 

of processing time with the distribution of unload-load times 

fixed. 

2) A series of runs performed for different values 

of mean unload-load time with the processing time fixed. 

3) A series of runs performed in which the form 

of the unload-load time distribution was changed, while the 

mean unload-load times and the processing times were fixed. 

In queuing theory, it is well known that such a 

multi-server system provides higher machine utilization that 

the corresponding multiple single server system using the 

same number of servicemen, whereby each serviceman is assigned 

to supervise only machines which are marked for him. The 

problem here is not simply to maximise machine utilization. 

King (18) has determined an economic balance between the 

losses due to machine breakdown time on the one hand, and the 

costs of providing a higher level of service on the other. 

He has found out the optimum size - of the servicing to be 

assigned to the machines. He has also derived equations for 

cost analysis (Appendix III). O'Connor (37) has discussed 

in his paper on establishing a method for obtaining the 

allocation of machines to operators, which is economically 

best. He has considered both automatic and semi-automatic 

machines in cotton and textile industries. 
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Eilon, Hall and King (12) have considered a 

practical case of optimum allocation of machines to operators. 

Fetter (16) considers economic assignment for a single 

serviceman and given an equation: 

Total cost of machine operation per time unit per 

machine, 

C = m C
m 

+ s C
s 	

w C
w 

+ C 	(4.24) r  
N 

Where the operator has no auxiliary duties which interfere 

with his servicing of the machines, he assumes that output 

occurs only during m (machine running time), - the cost of 

this output is: 

C  = c 
.o 	in 

(4 .2b) 

From equation 4.35, it can be shown that 

C = C + — C + — C + 1  C 
m w mn 

w C
w 

+ C
r
IN 

C
m 	

kC
s 
+ 

m 

Here the objective is to minimise Co  with respect to N, 

the machine assignment, and since only w and m vary in equation 

4.24, that N which minimises the third term in equation 4.2.6 

is the economic assignment. Since w and m depend on N, 

no explicit solution can be obtained for this minimum. 

O'Shaughnessy (36) analyses marginal cost for 

machine interference problems. He used Wright-Fry formulae 

for the cost analysis. King (20) has given a detailed account 

of cost analysis and an equation: 

m 
p - 

 

(4.27) 

 

N(m
p +1 

-m
Po
) 

(4.26) 
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p
o 	

- the optimum size of the servicing work force 

- is called the limiting value of the cost ratio 
CK 
C
m 

such that above this value po  + 1 and below it po, is the 

optimum number of servicemen for the N machines (see Appendix 

Eilon (14) has considered deterministic case using 

semi-automatic machines and constant time distribution for 

both arrival and servicing. King (21) also uses the 

deterministic case in a different fashion. The situation 

considered is that of a single worker assigned to operate 

a number of semi-automatic machines where the activities 

performed are repeated each -.cycle. There are two types of 

activities that need to be considered: one is combined 

activity 	like loading and unloading the machine and the 

other is independent activity 	like cleaning, inspecting and 

walking to the next machine to repeat the cycle. He has 

assumed constant time distribution for both the running time 

of the machine and the activities. He has given the cycle 

time T = a+ t+ i = (a+b)n + i
o 

machine 	operator 
(4. 

and also the limiting value of the cost ratio: 

0- n 
 (4.29) 

    

where 
n (n + 1 - 
0 0 

13 
a + t 

- a + b 

T = cycle time 

t = running time of the machine 

a = combined activity time (loading and unloading) 

b = independent activity time (cleaning, inspection 

and walking time) 
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i
o 

= idle time per cycle - operator 

i
m 

= idle time per cycle - machine 

= C IC 
w r 

C
w 

= cost per unit time of an idle machine 

C
r 

= cost per unit time of operator 

n
o 

= optimum number of machines 

Cox and Smith (9) have suggested a solution by 

different types of distribution for both arrival and service 

times of infinite population, where as Smith (44) is the first 

person to treat the problem of several finite populations 

with different service rates for each type of customer. 

He assumed that the number of servers equalled the total 

number of machines, such that no waiting time existed. 

In their recent conference paper, Carpenito and White (10) 

have considered the allocation of non-identical machines 

among non-identical servers (different service rates for 

servers). Furthermore, to facilitate the treatment of the 

problem, it is assumed that both service times and running 

times for the machines are exponentially distributed and the 

travel time between the machines is negligible. Separation 

of service is assumed, as opposed to the pooling of servers 

for server collaboration. Consequently each server will be 

assigned to specific machines and will be responsbile for 

maintaining them in running order. 

Very few researchers have considered the walking 

time of the serviceman between machines. Palm (38) has 

given a straightforward solution for a simple layout. He has 

considered one and two rows of machines, but if the layout 
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becomes complicated no mathematical solution is possible. 

So it can be solved only by simulation techniques. 
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CHAPTER 	5 

SIMULATION 

5.1 	Introduction 

Many business and operational research problems, 

in reality, are extremely complex in structure. From an 

analytical point of view, the important property is 

whether, or not, the analysis needs to deal with this 

complexity, in order to obtain useful results. In various 

situations, the focus is sufficient to give one useful in-

sight into the decision problem. However, there are many 

situations wherein a mathematical formulation may not be 

feasible or possible. Consider for example the complex 

stochastic queuing models in a production shop. Two kinds 

of difficulties exist in these models and they are: 

a) the - ember of variables and constraining 

relationships: 	se may be so large that technical and/or 

economic considerations make it computationally infeasible. 

b) that the given model may be, from one or more 

points of view, such a large departure from the reality of 

the situation. Hence no confidence can be placed in the 

results of the computations. 

According to Bowman and Fetter (4), the definition 

given to simulation is to duplicate the essence of a system 

or activity, without actually obtaining the reality. 

Simulation takes a real system - technological, human, 

economic - and in some sense duplicates it. However, the 
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duplication uses paper and pencil, computers, symbols and 

words, in place of the real phenomena. This is not the 

only departure from reality. Because the simulation 

focuses on certain characteristics of the system, by 

implication, it largely ignores others. Of course it is 

true of any model or theory and of the methods of technology 

in general. Monte Carlo originally referred to analysis 

in a situation in which a difficult non-probablistic 

problem was to be solved and for which a stochastic 

process could be invented whose parameters satisfied the 

requirements of the original problem. 

	

5.2 	The Simulation Model  

The simulation has been programmed to run on the 

Imperial College C.D.C. 6400 computer system. The program 

is written in FORTRAN and uses the queuing procedures of 

SIMON, developed by Mathewson (26) and Pace (39). The model 

has been designed to simulate a range of machine inter-

ference conditions, such as different distributions for 

breakdown and servicing times. Perhaps it is better to 

consider our first range of models. 

	

5.3 	General Description of the Programme  

The programme can simulate a machine shop having 

any number of machines and operators. The programme shown 

in Appendix IV is for one and two operators, but can be 

modified for any number of operators. Since our models 

are stochastic in nature, a random generator is provided 
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for breakdown of machines. Hypothetically, machines form 

a queue and they are labelled according to the breakdown 

times. If a single operator is engaged, the operator will 

move to the next machine, after completing the service on 

the previous one. When more operators are in use, the 

operators service the machines in rotation. 

The programme may use a variety of arrival time 

and service time distributions. In our simulation models, 

we have different combinations, such as the following: 

(i) Negative exponential breakdown and normal 

service time. 

(ii) Negative exponential breakdown and Erlangian 

service time. 

(iii) Constant breakdown and negative exponential 

service time with initial constant, plus independent time 

(constant). 

(iv) Negative exponential breakdown (different 

means for each group) and negative exponential service 

times, with an initial constant (different means for each 

group). 

(v) Negative exponential breakdown and service 

time distribution with walking time included. 

(vi) Negative exponential breakdown and service 

time distributions without walking time. The walking 

time is shown separately for individual operators and their 

total time. By using this model, we can have different 

types of time units. 

To keep the programme as general as possible, 
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time is measured in "time units" (t.u.), which may be 

related to any other time scale. 

Logic cycle  

In all the work on SIMON simulation models, the 

"three phase activity cycle" is adopted as shown in the 

figure 5.1. Sometimes it is not necessary to follow the 

same order. For example, when we have a number of semi-

automatic machines that are waiting to be loaded and un-

loaded before starting, they have to wait in a queue. So 

after initialisation, the "C" phase is followed, before 

going to the "A" phase. Afterwards, the regular phase 

sequence is followed. The objective of simulation is to 

investigate, under varying distribution conditions, vary-

ing ratios between calling rate and servicing rate and 

the coefficient of variation factors etc. 

5.4 	Programme Structure  

a) Input to the programme  

The programme is arranged in the following 

manner. Since we have to simulate between 1 and 20, or 2 

and 40 machines, the main programme is used as a sub-

routine. Instead of distribution data, real function is 

used for the respective distribution. Therefore, every-

time a random number is selected, it goes through the 

function and calculates the cumulative distribution for 

arrival time or service time. For selecting the random 

numbers, two routines, RANDO and RANDY, are used. 
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b) Machine breakdown pattern  

Only one breakdown pattern is built into the 

programme (i.e. random breakdown with mean rate X machines 

per time unit). The pattern is generated by a random numbers 

generator and takes the form of a negative exponential 

distribution. 

c) Constant arrival and service time 

Constant time is specified for the regular 

arrival of the machine or the service operation in "B" 

phase. 

d) Normal service time  

The mean servicing rate 	and coefficient of 

variation factor are specified. The factor, coefficient 

of variation, does not exceed 0.3p. The value of the 

coefficient of variation is changed in the following order 

0.1v, 0.2v and 0.3p. Calculation of normal service time is 

built into the programme as a real function. Actual service 

time is selected from the random numbers. 

e) Erlangian service time  

At first, Newton's method of finding out the 

root is used. But it works only when the number of phases 

is very small. At higher values, it failed, because 

tangents could not meet and always diverged. So the 

programme has been changed in such a way that the roots 

could be searched after fixing the boundaries. 
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The curve is divided into a hundred equal parts 

and the root is searched in each part. Once the approxi-

mate position of the root is established in one of the 

parts, which is further divided into a hundred equal parts, 

then the exact position of the root is searched and 

located. Even though the process is slow and longer 

computation time is involved, it is a reasonably accurate 

method. The programme is divided into four real functions, 

as shown in Appendix IV. 

f) Method of operation  

Having read the input data, the programme prints 

it out, so that the results are easily identifiable. 

After all the appropriate record keeping devices 

have been set up, the simulation proper can begin. The 

programme has a three phase structure, common to all SIMON 

simulation. The "A" phase controls the advancement of time 

in the programme. The entities that cause a change in time 

are: 

(i) the breakdown of the machines in the system; 

(ii) the completion of service on a machine; 

(iii) printing of operation details such as 'a 

machine breaks down', ' a service ends at', 

'queue and free service', etc. 

The "B" phase is essentially for record keeping 

and data generating, and can only be reached from the "A" 

phase. In entity (i), the data for the machine is gene-

rated and then the machine is placed in the service queue. 
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If the service has been completed, the records of the job 

are computed and added to the record keeping files. The 

programme continues to cycle through "A" and "B", until 

all have been processed. 

The actual simulation proper is done in the "C" 

phase (initially the programme can start from the "C" 

phase, then it will follow the regular sequence). This 

largely consists of a search for a breakdown machine, and 

a serviceman for the service to start, otherwise the 

sequence of operation goes again to the "A" phase. 

g) Output from the programme  

The printout of the results of the simulation is 

always of a standard form and is designed to be easily 

readable by anyone familiar with this field of work. 

The order of the output is as follows: 

(i) A machine breaks at, 

(ii) A service ends at, 

(iii) Queue, 

(iv) Free Serviceman. 

The above information or messages can be called 

from any time units. For example, if the simulation time 

is, say, 100,000 time units, and if we want the above 

messages from, say, 99,900 time units, then it will start 

printing from that time to simulated time. The reason for 

knowing this information is, if, for example, at the end 

of simulated time, say, three or ten machines are waiting 

in the queue to be serviced, we may know exactly at what 
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time the machines are broken and waiting for service. This 

factor can be taken into account in the final calculations. 

Of course, if we run the simulation for a longer time, the 

values will be very negligible and can be eliminated. 

Nevertheless, it is better to know the position. 

The following information is given by the histo-

grams of distribution of waiting times and distribution of 

service times: mean, standard deviation, frequency (ranges), 

and number of entries. 

h) Calculation of the output  

All the required data are obtained from the out-

put. The relevant calculations are done and are shown in 

the next chapter. 

i) Walking time  

Two separate programmes were run for walking time 

models. In the first model, walking time is not added to 

servicing time distribution, but it has been recorded 

separately. The reason for this is that different time 

units could be used. For example, if service time is in 

minutes and walking time is in seconds, then it is better 

to calculate separately and find out the percentage of time 

taken away from the total service time. In the second 

model, the walking time is added to the service time and 

then the distribution of the service time is calculated. 

Also, the programme prints out the walking time separately. 

The scale of the histograms can be changed, 
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according to the number of machines, and the ratio between 

calling rate and servicing rate. 

j) Programme performance  

The computer time required for any simulation 

is largely determined by the number of operations that have 

to be processed, and by the complexity of different types 

of the distribution. For example, if the number of 

machines is increased and the number of phases is also 

increased (Erlang distribution), the total time taken to 

run the programme for 1 to 20 machines, insteps of 1, is 

approximately 50 minutes in the C.D.C. 6400 computer. 

5.5 	Programme Testing and Experimental Design  

The testing of a simulation programme does not, 

in itself, contribute anything towards a great understand-

ing of machine interference behaviour. However, it is a 

vitally important and lengthy task, which must be completed 

successfully before the programme can be put into useful 

work. Consequently, it is not unreasonable as an experi-

ment in its own right. 

According to Conway (7), there are three phases, 

in an investigation by simulation, that take place after 

the problem has been identified and a model formulated. 

(i) Model implementation - description in a 

language acceptable to the appropriate computer. 

(ii) Strategic planning - design of an experiment 

that will yield the desired information. 
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(iii) Tactical planning - determination of how 

each of the test runs, specified in the experimental 

design, is to be executed. 

In the past, the process has been completely 

dominated by phase (i) and phase (ii). Phase (iii) is 

probably less important than (i) or (ii), but is still 

significant. In general, phase (iii) involves questions 

of efficiency of execution. 

The main programme of our models has been tested 

with the theoretical results achieved by Fetter (16), Palm (38) 

& King (20,21). King has given results up to six collaborating 

men - see Appendix 1. 	The results more or less agreed 

with the known theoretical results. Trial runs were also 

made for shorter times, providing a reasonable initial 

check. Initially, the mean breakdown value was kept very 

high. It was found that numerical results of simulations 

tended to be either slightly on the low side or high side, 

but this could be accounted for by the rounding of errors, 

due to integer programming. 

Where it was thought necessary, several simu-

lations were performed, using the various values for the 

mean. The best values were selected, so that the results 

more or less agreed with the theoretical results. 

At no stage in these tests were any serious 

difficulties encountered concerning the logic of the 

simulation programme. However, many weeks were lost in 

ironing out programming problems. More than 2,500 jobs 

were simulated. 
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CHAPTER 	6 

MODELS AND EXPERIMENTS 

	

6.1 	Introduction  

In many industrial processes, an operator 

attends to a number of machines which stop from time to 

time. Whenever a machine stops, the operator has to do a 

certain amount of repair service before it can be restart-

ed. If, at any time, two or more machines stop simulta-

neously, there will be a loss of production due to the 

period the machines have to wait for service by the 

operator. The problem of interference has been considered 

previously by a number of authors like Ashcroft (1), 

Benson and Cox (3), Fetter (16), Khintchine (19), Mack 

(28), Palm (38) , Naor (33,34), and others who have given 

solutions to the problem of a general distribution of the 

clearing time per stoppage on the assumption that the 

operator is always available. The problem has been solved 

for an exponential distribution of arrival and service 

times by Palm (38). King (21) has worked out machine 

utilisation factors from one to six operative men, using 

Palm's model. 

	

6.2 	The Reason For Experimentation and Testing  

According to Lloyd and Lipow (25), a test has 

been defined as "a subjection to conditions that show the 

real character- of the thing". However, testing is no 
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unique operation performed at a specific point in the 

development of a complex system, but is a continuing 

operation to provide information throughout the complete 

evolution of the system. 

The design and analysis of the model- as it is 

frequently referred to in statistical literature - utilises 

the philosophy of the scientific method with one major 

addition. It associates a degree of assurance with any 

statements or hypotheses that are established from sample 

observations. This assurance is measured in terms of 

numerical probability, so that objective comparisons can 

be made. 

Very often, instead of making a mathematical 

analysis of the behaviour of the queuing system under 

study, it is better to examine the process by reconstruct-

ing its behaviour using arrival times, service times, etc., 

derived from random numbers. This approach is particularly 

useful when the process is complicated, such that the 

mathematical solution is likely to be difficult or 

impossible and especially when the behaviour is required 

under very special and clearly defined conditions and no 

mathematical solution is immediately available. It is 

rather difficult to give a mathematical solution, 

particularly for most of the stochastic queuing models. 

6.3 	Significance of Machine Interference  

Machine interference theory forms part of the 

general 'theory of queues'. There are essentially two 
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main features. 

(i) It deals with assemblies which contain a 

finite number of potential customers, such as machines 

breaking down from time to time and demanding service. 

(ii) Attention is fixed on the average number of 

machines in the waiting line and on the average number of 

busy operators, as the determining factors in economic 

considerations of the assembly, fluctuations of queue size 

around the average are generally considered to be of no 

significance in these considerations and so waiting time 

distribution is ignored for the very same reason. All the 

simulation models of this work are run on the C.D.C. 6400 Computer. 

6.4 	Models (Normal Distribution) 

In our first model, we are interested to see how 

far the model is sensitive to the use of normal distri-

bution service times, instead of negative exponential 

service times, to the Palm (38) and Fetter (16) models. 

Model 1  

The following assumptions are made. 

(i) All the machines are similar. 

(ii) Uninterrupted working time of a machine is 

an exponentially distributed random variable. 

(iii) Repair time of a machine by a repairman is 

normally distributed. 

(iv) The coefficient of variation (C.V = as/u).  

is varied up to 3a limit, since service time is always 

positive. 
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(v) The whole system is in statistical, equilib-

rium. All random variables are independently distributed. 

come first served). 

service time per time unit 

machine running time per time unit 

waiting time per time unit 

calls for service per unit of machine 

time (expected value) 

= machines serviced per unit of service 

time 

k 	= s/m = A/p = servicing constant 

C.V = At
s
/p = s

/11 = the coefficient of 

variation factor 

The servicing constant, k, is subject to various 

equivalent defintions in physical terms. The basic machine 

property which it describes is the ratio of A to P(see 

chapter 4). 

The schematic diagram below shows the model with 

a single service man. 

(Single queue, first 

Let s = 

m = 

w = 

A = 

machine 

machine breaks, 
down generator 

Service 
activity 

Free 
Servic 
Man 

Fig. 6.1 
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A three phase logical cycle diagram is shown in 

Fig- 6.2. The programme for the above model is given in 

appendix IV. 

Model 1  

No. of machines: 1 to 20, increased in steps of 1. 

No. of servicemen: 1 

Distribution of breakdown times: Negative exponential 

times. 

Designed parameter values: k is varied from 0.01 to 0.1 in 

steps of 0.01, and from 0.1 to 

0.3 in steps of 0.1. 

C.V is varied from 0.1 to 0.3 

in steps of 0.1. 

Simulation time: 100,000 time units. 

Machine utilisation factor,waiting time and service 

utilisation are given in Aopendix I. Curves for m, w 

percentage differences and service time distribution 	are 

shown in Appendix  II. 

Model 2  

The following assumptions are made. 

(i) All the machines are similar as to the 

average number of breakdowns which each experiences in its 

unit working time. 

(ii) All repairmen are similar both in work and 

efficiency and they collaborate with each other. 

(iii) Uninterrupted working time of a machine is 

an exponentially distributed random variable. 
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(iv) Repair time of a machine by repairman is 

normally distributed time. 

(v) The system (both machines and repairmen) is 

in a state of equilibrium. 

(vi) All broken down machines form a single queue and 

are being dealt with by available repairmen in the same 

order in which they arrived (first come first served). 

The Entity-Activity Chart and Logic-Cycle are 

the same as shown in Figs. 6.1 and 6.2. 

Model 2  

No. of machines: 1 to 40 increased in steps of 2 from 2 

(minimum). 

No. of servicemen: 2 	(Collaborating servicemen) 

Distribution of breakdown times: Negative exponential 

times. 

Distribution of expected service times: Normal times. 

Duration of simulation time: 100,000 time units. 

Designed parameter values: k is varied from 0.01 to 0.1 in 

steps of 0.01 and from 0.1 to 

0.3 in steps of 0.1. 

C.V. is varied from 0.1 to 

0.3 in steps of 0.1 

Simulation time: 100,00 time units. 

Machine utilisation factor waiting time, service utilis-

ation and curves for m, w and percentage differences are 

given in Appendices I and II. 
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6.5 	Erlang Distribution Model  

Erlang distribution provides a family of service 

time distributions which range all the way from the,  pure 

random exponential type to completely regular constant 

service time situation. They will fit many of the ones 

encountered in practice. So they can be used as a general 

distribution function. 

An attempt to build a finite queuing model soon 

runs into difficulties. First breakdown of the machines 

is negative exponential and the service distribution is 

Erlangian. Considering the above factors, it appears that 

mathematical analysis of such a queuing model is not 

possible until considerable advances in queuing theory 

emerge. Even though .a mathematical solution of the multi-

machine mailt4nance model is not correctly feasible, it is 

quite possible to simulate this system. A simulation may 

serve two useful purposes: 1) it can be used as an 

operational tool to develop optimal maintenance periods 

and new sizes for specific cases, and 2) as a research 

vehicle. 

Model 3  

The following assumptions are made: 

(i) All the machines are similar as to the 

average number of breakdowns which each experiences in its 
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unit working time. 

(ii) Machine stoppages occur as independent random 

events and may be assumed to follow a Poisson process (i.e. 

time between stoppages is negative exponentially distri-

buted). 

(iii) Repair time of machine by repairman is 

Erlang distribution. 

(iv) The value of K (phases) is changed. 

(v) The whole system is in statistical equili-

brium. All random variables independently distributed. 

Single queue, first come first served. 

The schematic diagram and logical cycle are shown 

in Figs. 6.3 and 6.4. The programme for the above model is 

given in Appendix IV. 
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Model 3 

No. of machines: 1 to 20 increased in steps of 1. 

No. of servicemen: 1 

Distribution of breakdown times: Negative exponential 

times. 

Distribution of expected service times: Erlangian times. 

Duration of simulation time: 100,000 time units. 

Designed parameter values: The ratio between calling rate 

and servicing rate is changed 

from 0.01 to 0.1 in steps of 

0.01 and from 0.1 to 0.3 in 

steps of 0.1. 

Stages (phases): No. of stages are taken into account 

1, 2, 4, 8, 16. 

Machine utilisation factor, waiting time factor and 

service utilisation are shown in Appendix I. Curves for 

m, w percentage differences and service time distribution 

are shown in Appendix II. 

6.6 	Semi-Automatic Machines  

Many machine tools are classed as semi-automatic, 

in that although they are capable of performing a program-

med process without supervision, they require manual 

assistance in loading and unloading of materials. Since 

the operator does not have to be constantly in attendance, 

the possibility of servicing more than one machine arises.  

immediately. Man-machine arrangements have been handled 

by means of a "man-machine" chart, as shown in Fig. 6.5. 
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Fig. 6.5 

Realistically speaking, neither the unload-load 

time, nor the running time is a constant, and particularly 

the variability of the unload-load time can render a deter-

ministically planned man-machine arrangement completely 

unfeasible. 

The activities considered here are: 

(i) Combined activity, 

and 	(ii) Independent activity. 

The combined activity (unload-load time) is split into a 

,chance variable, plus a constant. 

Model 4 

The following assumptions are made for the 

simulation model. 
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(i) Initially all machines are waiting in a 

queue to be loaded and unloaded. 

(ii) All machines are semi-automatic with 

constant running time. 

(iii) Combined activity time (loading and unload-

ing) is constant. 

(iv) Independent activity time-operator (cleaning, 

inspection and walking to next machine) is constant. 

(v) All the time the serviceman is available if 

he is not engaged. 

(vi) Service is done on cyclic queue basis. 

A three phase diagram is shown in Fig. 6.6. The 

computer programme for a single serviceman is given in 

Appendix IV. 

Model 4  

No. of machines: 1 to 20 increased in steps of 1. 

No. of servicemen: 1 

Distribution of running time: Constant. 

Loading and unloading time: Constant. 

Independent activity time: Constant. 

Let a be the combined activity time. 

Let b be the independent activity time. 

Let t be the running time of the machine. 

Let R be the ratio between (a+b) and t. 

i.e. 	
R - a + b 

and 
	

H = —
a 

Since the model is insensitive to changing the 
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ratio b/a, so the value is kept as 0.5, whereas R is 

increased from 0.1 to 1, in steps of 0.1. 

Simulation time: 100,000 time units. 

The cycle factor, machine idle factor, operator 

idle factor and service factor are calculated in the 

following way. 

Cycle time T = a + t + im  = (a + b)n + io  (6.1) 

. . dividing the equation by the running time t 

i
m 	

i
o T a — = 	

(a+b) n 
— + 1 + — = 	+ -- 

t t 	t t 	t 

cycle factor = T/t 	 (6.2) 
im 
t7 Machine idle factor = — 	(6.3) 

l 
Operator idle factor = 

a (6.4) 

and 

Service factor = (a+b)n 
	 (6.5) 

The above factors are given in Appendix I. The 

curves for cycle factor are shown in Figs. 33 and 34 

(Appendix II). 

Model 5  

The assumptions are the same as for model 4, 

except that the combined activity time is negative 

exponential distribution. Results are shown in ppendix I. 

Model 6  

The following assumptions are made. 

(i) Initially all machines are waiting in a 
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queue to be loaded and unloaded. 

(ii) All machines are semi-automatic with cons-

tant running time. 

(iii) Combined activity time (loading and unload-

ing) is a chance variable plus a constant. 

(iv) Independent activity time-operator (cleaning, 

inspection and walking to next machine) is constant. 

(v) Service is done on cyclic queue basis. 

Model 6  

No. of machines: 1 to 20, increased in steps of 1. 

No. of servicemen: 1 

Distribution of running time: Constant. 

Loading and unloading time: A chance variable plus a 

constant. 

Independent activity time: Constant. 

Let a be the combined activity time. 

Let p be the chance variable mean. 

Let c be the constant. 

Let b be the independent activity time. 

Let t be the running time of the machine. 

a = p + c 

p and c are varied in proportion as shown below. 

80%a 	 20%a 

60%a 	 40%a 

40%a 	 60%a 

20%a 	 80%a 
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R is increased from 0.1 to 1 in steps of 0.1 and 

the value of H is kept as 0.5. 

Simulation running time for each model: 100,000 time units. 

Cycle factor, machine idle factor, operator idle 

factor, service factor and percentage differences are 

given in Appendix 1. 	Service time distribution and percent- 

age difference curves are shown in Appendix II. 

Model 7  

In certain cases, there may be a group of 

machines each differing from the other in respect of mean 

arrival time or mean servicing time. A simulation model 

has been developed which may be useful for practical 

purposes to evaluate the job shop conditions. The prog-

ramme can work for any mean values of the same distribution. 

The following assumptions are made: 

(i) The machines are grouped according to their 

characteristics like mean breakdown and mean arrival. 

(ii) Initially all machines are waiting to be 

loaded and unloaded. 

(iii) All machines are semi-automatic with 

constant running time. Of course constant running time 

may vary according to the group. 

(iv) Negative exponential service time with 

initial constant c. 

(v) All the time the serviceman is available if 

he is not engaged. 

(vi) A group may contain 1, 2 or 3 machines. 

There may be two or three groups. 
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The three phase diagram is shown in Fig. 6.7. 

Model 7 

No. of machines: 6 

No. of groups: 3 - Each group consists of 2 machines. 

No. of servicemen: 1 

Distribution of arrival time: Constant arrival time. It 

is different for each group. 

Distribution of expected loading time and unloading time: 

Negative exponential times with initial constant 

c. Each group mean is different even though the 

distributions-are negative exponential. The value of the 

initial constant is 25% of mean service time. 

Simulation running time: 100,000 time units. 

The ratio between calling rate and servicing rate for each 

group is given below: 

Group 1 	k = 0.01 

Group 2 	k = 0.02 

Group 3 	k = 0.03 

The computer programme is shown in Appendix IV. 

Two Servicemen Model  

Model 8  

No. of machines: 6 

No. of groups: 3 

No. of servicemen: 2 

Distribution of arrival time: Constant arrival time. It 

is different for each group. 
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Distribution of expected loading time and unloading time: 

Negative exponential times with initial constant 

c. Each group mean is different even though the 

distributions are negative exponential . The value of the 

initial constant is 25% of mean service time. 

Simulation running time: 100,000 time units. 

Computer programme of the above model is given in Appendix 

IV. 

The ratio between calling rate and servicing rate for each 

group is given below: 

k = 0.01 

k = 0.02 

k = 0.03 

6.7 	Walking Time and Plant Layout  

The immediate availability of the serviceman has 

been considered hitherto. The transit time has not been 

taken into account. The transit time is defined as the 

time it takes for a worker to move from one machine to 

another machine which requires servicing. Palm (38) has 

considered the transit time for a simple case. According 

to him the transit time can be considered as being of the 

form c + ed, where d is the distance the worker has to go. 

The constant c, which is independent of d, is the time the 

worker needs to finish the old jobs and start the new. 

Even the constant e must be determined by time studies, as 

it is dependent on which tools have to be moved between 

the machines and also, perhaps, on the practicability of 

Group 1 

Group 2 

Group 3 
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moving the tools. In our case we assume that the service-

man always carries necessary tools to repair the machines. 

So we eliminate the constant "e" for simulation purposes. 

This elimination will not affect the layout performance. 

Not only are we interested in the total walking time of 

the existing layout but also of the layout of the machines 

which gives the minimum walking time. For more 

complicated layout, it is rather difficult to give 

mathematical proof. Instead, the simulation techniques 

will be useful. According to Barnes (2) and Maynard, 

Stegemerten and Schwab (27) , the average man takes 1.75 to 

2.5 seconds to walk ten feet. The average time for walk-

ing ten feet has been taken as 2 seconds for our models. 

The following assumptions are made for the 

models 9, 10, 11 and 12. 

(i) All the machines are similar as to the 

average number of breakdowns which each experiences in its 

unit working time. 

(ii) Uninterrupted working time of a machine is 

an exponentially distributed random variable. 

(iii) Repair time of a machine by repairmen is 

negative exponentially distributed. 

(iv) The distance between each machine is 

constant. 

(v) The worker moves only at right angles to the 

rows of machines. 

(vi) If a machine breaks down while the service-

man is attending another machine, he will go to that 
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machine straight away without going to the rest place. 

(vii) After servicing a machine, he returns back 

to his resting place, if there is no machine waiting in 

the queue for service. But, while walking towards his 

resting place, if a machine breaks down then he will not 

go to that machine directly, but will go to the resting 

place instead, and from there he will go to the respective 

machine. 

A three phase diagram is shown in Fig. 6.8. 

Models 9, 10, 11 and 12  

No. of machines: 20 

No. of servicemen: 1 

Distribution of arrival time: Negative exponential times. 

Distribution of service time: Negative exponential times. 

Walking time: 2 seconds per 10 feet. Programmes are 

included in the main programmes for generating 

walking time matrices. 

k is varied from 0.01 to 0.1 in steps of 0.01 and from 0.1 

to 0.3 in steps of 0.1. 

Simulation running time: 100,000 time units. 

Four different layouts are tried and they are shown in 

Figs. 6.9-6.12. 

The results are given in Table 92. 

The computer programmes are shown in Appendix IV. 

Models 13, 14, 15 and 16  

The assumptions are the same as the models 9, 10 
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11 and 12. Only the parameters are changed. 

Models 13, 14, 15 and 16  

No. of machines: 40 

No. of servicemen: 2 

Distribution of arrival time: Negative exponential times. 

Distribution of service time: Negative exponential times 

for both the operators. 

Walking time: 2 seconds per 10 feet. Programmes are 

included in the main programmes for 

generating walking time matrices. 

k is varied from 0.01 to 0.1 in steps of 0.01 and from 0.1 

to 0.3 in steps of 0.1. 

Simulation running time: 100,000 time units. 

Four different layouts are tried. They are the same as in 

models 9, IO, 11 and 12,except that the number of machines 

is 40. 

The results are shown in Table 93, Appendix 1. 

The computer programmes are shown in Appendix IV. 
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Layout Model 9 

20 Machines. 

No. of rows- .1 

Movement, 

1 Resting place to machine. 
Goes straight and turns 900  to machine. 

2 Machine to machine. 
Case i. If machine is opposite the operator goes straight. 

Case ii. If machine is not opposite then the operator comes 
to central line and turns right angle and walks and turns 
right angle to the respective machine as shown in the figure. 

Fig. No. 6.9 
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Layout Model NO. 10 

20 Machines. 

The position of the operator is changed. 

No. of rows- I 

Movement: 
1 Resting place to machine. 0  
Goes straight and turns go to Machine. 

2 Machine to Machine. 
Case i. If machine is opposite the operator goes straight. 

Case ii. If machine is not opposite then the operator comes 

to central line and turns 90°and walks and turns 900  to the 
respective machine as shown in the figure. 

Fig. No. 6.10 
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Layout Model No. 11 

20 Machines. 
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20 	19 	i8 	17 	16 

No. of rows- 2 

Movement. 

1 Resting place to machine. 0  
Goes straight and turns 90 to Machine. 

2 Machine to M2chine. 
Case i. If machine is opposite,the operator goes straight. 

Case U. If machine is not opposite then the operator comes 

to central line and turns 90
o and walks and turns 90 to the 

respective machine as shown in the figure. 

Fig. No. 6.11 



Layout Model No. 12 

20 Machines. 

- No. of rows- 4 

Movement. 
/ Resting place to machine. 

900  Goes straight and turns 90 to machine. 

2 Machine to Machine. 
Casa i. If machine is opposite, the operator goes straight. 
Case ii. If machine is not opposite then the operator comes 
to the central line and turns 90 and walks and turns 900  to the 
respective machine as shown in the figure. 

Fig. No. 6.12 
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CHAPTER 7 

ANALYSIS 

	

7.1 	Introduction 

So far this report has concerned itself with the 

various distribution combinations that were used in the 

course of this work, and with some explanation of the 

nature and problems of the production shop, especially 

machine interference problems. It is now possible to 

explain in some detail the particular objective of this 

work, focusing our attention on the ideas that led up 

to each experiment. The major objective of the project 

is to obtain a more general understanding of machine 

interference behaviour using different types of distributions 

and compare results such as machine utilization factor 

or cycle time factor statistically. 

	

7.2 	General Analysis  

Tests 

In order to examine whether the use of service 

patterns different from those in Palm's and King's 

models has any statistically significant effect on the 

machine utilization factor or cycle time factor, a good-

ness of fit (non-parametric) test is used. This is a 

test of the agreement between a theoretical and sample 

distributions. In our case we have taken theoretical 
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results obtained by King's (20, 21) and Palm's (36) 

models and compared them with the results obtained from 

the simulation experiments of our models. The formula 

for goodness of fit test is 

(0
1  
. 	e . ) 2  

X2 
	E 

where 	o. is the observed value 

e. is the expected value. 

The non-parametric test is used in two ways 

as described below: 

Test 1  

To keep the service constant k in the case of 

automatic machines or cycle time factor R in the case 

of semi-automatic machines constant and increase the 

number of machines. 

Test 2  

To keep the number of machines constant and 

increase the service constant k in the case of automatic 

machines or the cycle time factor R in the case of semi- 

automatic machines. 

The null hypothesis for the above tests is 

that by changing the service time distribution in the 

case of automatic machines, the machine utilization factor 

does not change at 5% significance level, and in the case 

of semi-automatic machines the cycle time factor does 

not change at 5% significance level. 

e. 1 
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Apart from the goodness of fit test, comparative 

percentage differences between the following are 

calculated: 

(i) Machine utilization factors of Palm's 

model and our models (in the case of automatic machines). 

(ii) Cycle time factors of King's model and 

our models (in the case of semi-automatic machines). 

This is in order to establish the actual 

variation between the models even though the above factors 

are not statistically different. 

Automatic Machines  

By using different service time distributions 

some models have been developed. In our first two models, 

the negative exponential for inter arrival between 

breakdown times and normal service time distributions 

0 
are used. For the above models it is necessary to use 

the service constant as well as coefficient of variation 

factor. The coefficient variation factor is the ratio 

between standard deviation and the mean. 

i.e. 	C.V = At
s 

= o 
 

At
s 

= a
s 

= Standard deviation 

p = mean 

If the values of C.V and p are given a
s 
can 

be fixed. If the value C.V exceeds 0.3, the distribution 

curve is not normal and since the service time cannot 

be negative, the distribution curve is truncated. So the 
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parameter C.V is always kept „<. 0.3. Standard deviation 

is varied over 0.1p, 0.2p and 0.3p. The differences 

between machine utilization factors for different 

coefficients of variation are not significant statis-

tically. The main difference is only in the shape of 

service time distribution curve as shown in the summarised 

Table 	7.1. At 0.1 the curve narrows (high peak). 

At 0.2 the curve expands. At 0.3 the curve expands 

further. The limits are stretched out and the peak is 

reduced as the standard deviation increases. This means 

that we can vary the service time by increasing the standard 

deviation. The following curves are drawn for different 

values of C.V = 0.1, 0.2 and 0.3: 

(i) Machine utilization Vs Service constant 

(ii) Waiting time Vs Service constant. 

Generally the pattern of curves for all the three values 

of C.V are more or less the same. 

Comparing the machine utilization factors of 

model 1 with Palm's model, there is no statistically 

significant difference. The percentage differences 

between them show that most of the values are on the 

positive side. The values lie on an average between -1 

and +2 and the mean percentage difference is 1. The results 

are shown in the Table 7.1. Curves are drawn between 

percentage difference and service constant. These curves 

show that the percentage differences fluctuate in a random 

manner. 
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Model 2 uses forty machines and two collaborating 

servicemen. The non-parametric tests show that machine 

utilization factors of model 2 when compared to Palm's 

model, are not statistically significant. The percentage 

differences between them vary on an average -2 to +5. 

In general most of the values are on the positive side. 

The following curves are drawn for different 

values of coefficient of variation: 

(i) Machine utilization Vs Service constant 

(ii) Waiting time Vs Service constant. 

There is no appreciable change in the pattern of the 

above curves by changing the coefficient of variation 

(samples curves are given in the Fig.7.l). 

By the above inference it appears that if a 

general distribution is used to represent all possible 

distributions in reality, then a comparison of results 

such as machine utilization factor etc. is possible for 

different service time distributions. In our model 3, 

negative exponential distribution of time between break-

downs and Erlang service times are used. Since the Erlang 

distribution is used it is possible to change the dis-

tribution curve by changing the number of phases. The 

service time distribution curves are shown in Table 7.1. 

The mean and the number of phases have been specified, 

since the standard deviation is the integral part (chapter 3) 

of the cumulative distribution, and hence it is not 

specified. For a constant mean and varying number of 
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phases, the standard deviation changes as shown below: 

If mean 

When K 

When K 

When K 

When K 

At 	= s 

is 	1/12 

At
s 
 = 

= 2 

Ats = 

= 4 

At 
	
= 

= 8 

Ats 
= 

= 	16 

At 
	
= 

1 

K = 

12 

8.48 

6 

4.24 

3 

1 

(i)  

(ii)  

(iii)  

(iv)  

(v)  

-7.— vK p 

when 

112 
= 

12 
-7— = 
v2 

12 
— = 
2 

12 
-7— = v8 

12 
— = 4 

Erlang distribution provide a family of service 

time distributions (by changing the number of phases) 

which range all the way from negative exponential type 

to completely regular and constant service time situation. 

They will fit many of the ones encountered in practice.. 

Goodness of fit tests show that machine utilization 

factors for different phases are not statistically signifi-

cant. 

When K = 1, the percentage differences show that 

the most of them are in the negative range. The values 

lie between -4% and 0%. 
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When K = 2, most of the values show that they 

are on the positive side. On an average the values lie 

between -3% and 4%. 

When K = 4, most of the values tend to be on 

the positive side,lie between -4% and 3%. 

When K = 8, few values lie on negative side. 

On an average the values vary between -3% and 3%. 

When K = 16, most of the values lie on the 

positive side. On an average the values lie between -2% 

and 3%. 

Utilization of machines and men  

It is also useful to calculate for any specific 

assignment, optimal or otherwise, the machine and service 

utilization and also expected waiting time the machines 

will have to wait for service. For this purpose curves 

of m and w, against service constant k are drawn for the 

models described previously. Service utilization s 

has not been plotted, because it is easily calculated using 

the equation: 

m + s + w = 1 

For example, consider a case in which the number of 

automatic machines is 10 and they are being serviced by 

one operator where breakdown between machines is negative 

exponential, service time is normal distribution, 

coefficient of variation is 0.1, and service constant is 

0.3, then what will be the expected utilizations? 
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From Table 1 	(Appendix 

curve Fig. 	2 	(Appendix II) 

I) or from the utilization 

Machine utilization, m = 33.78% 

Waiting time, w = 56.22% 

Therefore, 

Service utilization, s = 1-m-w 

= 1-56.22-33.78 

= 10.00% 

Since the difference between machine utilization 

and waiting time factors of automatic machines of our 

models and theoretical models (20, 21, 36) are not 

statistically significant, there is no appreciable change 

in the pattern of the curves of m and w. So any theoretical 

curve of this nature can be used in determining m and w. 

If the service constant lies between for example 0.1 

and 0.2, then either the tables can be interpolated or 

the results are obtained directly from the utilization 

curves. 

Semi-automatic machines  

So far we have used automatic machines for 

studying machine interference behaviour and the results 

show that the change of service time distribution does not 

have statistical significance on machine utilization. 

Therefore, in our fourth, fifth and sixth models, semi-

automatic machines are used, with the following distrib-

utions: 
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(i) Constant running time and constant service 

time plus independent time. 

(ii) Constant running time and variable service 

time plus independent time. 

(iii) Constant running time and variable service 

time plus constant plus independent time (as shown below). 
Combined Activity 	Time 	Independent Activity Time  
Variable + Constant = a 	b (Constant)  

	

100%a 	0%a 

	

80%a 	20%a 

	

60%a 	40%a 

	

40%a 	60%a 

	

20%a 	80%a 

The models are not sensitive to changing the 

ratio between independent time and combined activity time 

(H = -.V, so the value of H is kept as 0.5. The goodness 

of fit tests show that by changing the combined activity 

distribution, there is no significant change statistically 

in the cycle time factors for the models 4, 5 and 6. The 

service time distribution curves for the above models show 

that curve changes from negative exponential to step 

function (Table 7.2). The percentage difference curves 

show that there is wide fluctuation when the combined 

activity distribution is varied gradually this fluctuation 

localises when the variable decreases and constant increases. 
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Most of the percentage difference values lie on the negative 

side. Summarised results for the above models are shown 

in Table 7.2. Sample curves are shown in Fig. 7.2 for 

cycle time factor against R for constant running time 

and service time (combined activity + independent activity). 

For example, consider a case where five semi-automatic 

machines are being looked after by a service man with 

the following activity times: 

Combined activity time (loading and unloading), 

a = 10 time units. 

Independent activity time (cleaning, inspection 

and walking), 

b = 5 time units. 

Running time of the machine, 

t = 150 time units. 

Then what will be the expected cycle time,idle time of the 

machine 	and the operator and service utilization? 

The ratio between service time (combined activity time + 

independent activity time) to the running time, 

a 
R = +b  

t 

__10+5 
150 

= 0.1. 

From the Tables 38, 60 and 61 (Appendix I) the following 

values are obtained when R = 0.1 and the number of 

machines is 5. 

Cycle time factor = 1.10230 

Service 'factor 	= 0.500 

Operator idle factor = 0.60230 
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Multiply these factors by the given running time, t = 150, 

to obtain the following 

Cycle time, T = 1.1023 x 150 

= 165.34 time units 

Machine idle 

time, im 	= T-a-t 

= 16.34-10-150 

= 5.34 time units 

Service utilization, 

(a+n)n 	= 0.5 x 150 

= 75 time units 

Operator idle 

time, i
o 	

= 0.6023 x 150 

= 90.34 time units 

Non-identical machines  

In the seventh and eighth models different 

means for breakdown and different means for service time 

are used. A working computer model is given so that the 

programme could be used to study the combined behaviour 

of the non-identical machines with different characteris-

tics. 

For example, if the service time distribution 

is negative exponential and means are different for each 

group of machines as follows: 

1st mean 12 

2nd mean 24 

3rd mean 36 

then the resulting overall mean for service distribution 

comes to 32. Computed value also comes to 31.2. 
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We can also use the programme to calculate 

machine utilization and waiting time for each group. 

Walking time  

Until now, we have not included walking time 

between machines and servicing centre. From models 9 to 

16, walking times are calculated. The main objectives 

of calculating the walking time are as follows: 

(i) To know the percentage time for walking by 

the operator during (servicing the machines) working time 

of the production. 

(ii) To know how the percentage of walking time 

varies when service constant k changes, and also when the 

layout changes. 

Consider the results given in Table 7.3. It 

can be seen that for a given layout the percentage of 

walking time decreases, as the service constant k increases, 

because the total number of machines serviced by the 

operator is reduced. For a constant number of machines 

the percentage of walking time changes for different 

layouts, being least in the layout which is likely to give 

the operator the shortest distance to walk between break-

downs, as one would expect. For a given problem; if 

walking time is considered then the machine utilization 

factor will be reduced. As the machine utilization factor 

is reduced the service constant must be increased, the 

new service constant can be calculated by interpolating 

from the machine utilization factor tables (Appendix I), 
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using the reduced machine utilization factor. 

For example, consider a case where breakdown 

between machines and service times 	are negative 

exponential and 

No. of machines = 20 

Service constant k = 0.04 

No. of operators = 1 

Percentage of walking time = 3% 

what will be the new service constant? 

From Table 57 (Appendix I) for 20 machines and 

service constant k = 0.04 then the machine utilization 

factor is 0.90013. Therefore, reduced machine utilization 

factor 

= 0.90013 x 0.97 

= 0.873 

then the new service constant is 0.045 (by interpolation). 

A general programme which is given in Appendix IV, 

can-be used for any type of layouts for calculating the 

percentage of walking time. 

Our models show that when the ratio between 

length and breadth of the layout approaches 1, the walking 

time is minimal. But it is not always possible to have a 

square layout. It is rather difficult to analyse layout 

generally because of various constraints such as distance 

between machines, walking space, restriction in the floor 

space and safety regulations, etc. This is an entirely 

different research project which belongs to the category 

of location problems. 
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7.3 	Economic Analysis  

If the ratio of machine running time to operative 

attention time per unit of production requires an allo-

cation of more than one machine to an operative, then 

machine interference arises when there are random inter-

ruptions in the machine running time. If the interruptions 

are random, there is a possibility of one or more machines 

being broken down at the same time. As the operator can 

deal only with one machine at a time, the other machines 

whose cycles have been interrupted must wait for service. 

Economic significance of interference will be 

appreciated as a machine allocation increases to full 

operative capacity, the more are machines likely to be 

waiting for service and the lower is the machine running 

efficiency. On the other hand, if the number of machines 

is reduced, then the machines will more often be found all 

running at one time and the lower will be operative 

efficiency owing to enforced operative idleness. Thus, 

within limits, machine interference gives rise to an 

inverse relationship between operator and machine efficiency. 

	

7.4 	Optimum Work Force Charts  

Because of the high capital costs involved, the 

efficiency of machine supervision is a matter of importance 

economically. So the number of machines being looked after 

by an operator should be optimal. Since the results of 

our models such as machine utilization factor (in the case 

of automatic machines) and cycle time factor (in the case 

of semi-automatic machines) are not statistically significant 



- 92 - 

when compared to Palm's and King's models and also when 

optimum work force charts are prepared they approximate 

very closely to th'e theoretical charts given by King. 

So optimum work force charts those given by King (20, 

21) are used (Appendix II). Sample charts are given in 

Figs. 7.3 and 7.4. As an illustration of the practical 

use of these charts, consider the example of the following 

cases: 

Case 1 (automatic machines) 

Consider a machine shop where breakdown between 

machines and service time is negative exponential. The 

ratio between calling rate of machines for service to 

service rate is 0.05. The number of operator is 1. The 

ratio between cost of waiting of the machine to cost of 

operator is 5, then, how many machines can be allotted to 

the operator? 

Service constant k = 0.05 

Number of operator = 1 

Cc.st ratio C
w
/C

r 	
= 5 

From the optimum work force chart, Fig. 25 (Appendix II) 

the intersection point lies between 8 and 9. So the number 

of machines allotted to an operator is 8. 

Case 2 (semi-automatic machines) 

Consider a case where, 

Running time of the machine, t = 150 time units 

Combined activity time, a = 10 time units 

Independent activity time, b = 5 time units 

Cost of waiting, C
w 

= 40 cost units 

Cost of operator, C = 20 cost units 
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then, how many machines should be allotted to the operator? 

Cost ratio C w/C = 40 = 2 
20 

a+t 10+150 160 
R 	 - 10.60 

a+b 	10+5. 	15 

From chart Fig. 35, with C /C-L2and R = 10.60, 
w r 

the optimum number of machines allotted to the operator 

is 10. The chart given in Appendix II is up to 20 machines. 

It may not always be possible in practice to 

change an existing assignment of machines. The degree of 

deviation from the optimum solution will give some idea 

about the under utilization of machines or under utilization 

of work force. 
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Table 7.1 Summary of the Results for automatic machines 
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Models 

Particulars 

Model 4 Model 5 Model 6 

Machine Character. 
Semi- . 
automatic 

Semi- 
automatic 

Semi-
automatic 

ro. of Machines. 20 20 20 

No. of Servicemen. • 1 1 1 

Runninr; time 	. 
distribution. 

Constant Constant Constant 

Service time 
distribution. 
Combined 
activity(a) 

(Variable+ 
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+Indenendent 
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60a+ 40a -2,1q 
40a4 GOa -2.7]. 
20a+ 80a -2.23 
Oa+100a 

Std. deviation': 

100a+ 	Oa 4.98 
60a+ 20a 4.11 
60a+ 40a 3.15 

2.27 ArA 
qUa+ Oa 

20a+ dCa 1.76 
Oa+100a 

Sample curves of service 
time distribution. 

• 

0 
2 
W 
2 
0" 
LI 
a 

RAIJG. 

Table 7.2 Summary of the results for semi-automatic machines 
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Percentage of Walking Time. 

Service Constant Single row Single row New Position Two rows Four rows 

0.01 0.570 0.351 0.514 0.215 

0.02 0.529 0.365 0.298 0.204 

0.03 0.494 0.368 0.273 0.192 

0.04 0.459 0.370 0.250 0.177 

0.05 0.414 0.364 0.225 0.160 

0.06 0.372 0.342 0.202 0.150 

0.07. 0.322 0010 0.179 0.129 

0.08 0.283 0.275 0.162 0.115 

0.09 0.258 0.254 0.141 0.204 

0.10 0.239 0.237 0.128 0.096 

0.20 0.122 0.111 0.064 0.046 

0.30 0.074 0.074 0.040 0.03o 

No. of servicemen. 1 

No. of Machines. 	20 

Table 7.3 Summary of the results for  

percentage of walking time.  
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Fig. 7.1 Sample Curves for m and w 

Fig 7.2 Sample curves for cycle time factor T 



Fig. 7.3 
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Sample chart for determining the 
optimum number of machines to a 
single operator (Stochastic case) 

Fig. 7.4 Sample chart for determining the 
optimum number of machines to a 
single operator ( determonistic case) 
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CHAPTER 8 

CONCLUSIONS 

The results from the previous chapter lead 

to the following conclusions. The general behaviour of 

machine interference (identical machines and identical 

servers) is not statistically sensitive to the changes 

in the service time distribution. 

In the .case of automatic machines there is no 

statistical difference between the machine utilization 

factors of different models using negative exponential, 

normal and Erlang service time distributions. The only 

difference is in the shape of the service time distribution 

curves. For example: 

(a) in the case of a normal service time distri-

bution, when the coefficient of variation increases, the 

distribution curve flattens, 

(b) in the case of an Erlang service time 

distribution the curve moves from left to centre as the 

number of phases increases. 

The Erlang distribution can be used to represent 

a wide variety of distributions. That is, by choosing 

the number of phases we can fit negative exponential, 

normal, constant or most of the distributions that may 

arise in practice. In this case the amount of computer 

time used is high and statistically the difference 
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between the resulting machine utilization factors of the 

models is not significant, it is better to use a 

distribution such as negative exponential which takes 

lesser computation time. But there is a definite advant-

age in using the Erlanq distribution for certain cases. 

For example, if the mean and standard deviation are 

different for different machines, (i.e. different in 

breakdown and service time distribution), the Erlang 

distribution can be used by choosing the number of phases 

to a given mean so that the required standard deviation 

is obtained. 

Hitherto, we have discussed the machine inter-

ference behaviour of automatic machines. Let us now turn 

our attention to the semi-automatic machines which use 

constant running time and different service time as 

described in Chapter 7. 

The variationsin cycle time factor between 

different models are not statistically significant. The 

percentage differences between cycle time factors become 

negative by changing the service time distribution to 

negative exponential. This means that the service time 

decreases. But when the variable decreases and constant 

increases (i.e. combined activity time = variable + 

constant), the percentage differences between cycle time 

factors of different models change from negative to 

positive and approach the value of constant service time. 

From the above analysis it appears that for all practical 
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purposes the deterministic case situations can be used 

to calculate the following: cycle time, idle time of 

the machine and the operator and service utilization. 

The economic assignment of machines to men can 

be calculated by using the optimum work force charts. 

Since in our models the variations in machine utilization 

and cycle time factors for automatic and semi-automatic 

machines respectively are not statistically significant, 

any theoretical work force charts for example those given 

by King (20, 21) can be used, to provide good approximate 

solutions. 

The effect of walking time has been analysed for 

different layouts. An optimum solution is obtained when 

the ratio between length and breadth of the layout approaches 

1. As far as possible, the machines should be arranged in 

rows so that the number of machines in each row equals 

the number of rows. But this is not always possible. 

Layout problems are generally not easy to solve. They are 

a particular case of the quadratic assignment problem. 

Up to the present time, however, the layout problem has 

not yet been completely solved. A general programme, 

given in Appendix IV, can be used for any type of layout. 

for calculating the percentage of walking time. For a 

given problem; if walking time is considered, then the 

machine utilization factor is reduced. As the machine 

utilization factor is reduced the service constant must be 

increased, the new service constant can be calculated 
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from machine utilization factor tables (Appendix I) 

or directly from the utilization curves (Appendix II), 

using the reduced machine utilization factor. 

In the case of non-identical machines which 

have different breakdown and service rates as described 

in the previous Chapter 7, the computed results show 

that the service mean produced by our simulation is 

similar to the theoretical mean. A general programme 

is given which will accommodate various time distributions 

with specified means, since it is practically impossible 

to give values for all combinations. 

The results of this work provide an account of the 

effect of•izarious service patterns on the operation of 

automatic and semi-automatic machine shops. A large 

number of service time distributions, that are - Vepres- 

entative of the practical situations, has been used in 

the models simulated in this work. Computer production 

control systems that are available to industry are mainly 

concerned with the monitoring of production. Computers 

have not yet gained wide acceptances in industry as a tool 

for decision making, i.e. efficient allocation of machines 

to operators. 

After completion of this work, a research paper 

(10) dealing with the problem of non-identical machines 

to non-identical servers (servers having different 

servicing rates) has come to our attention. This is an 

interesting area of research for future investigation. 
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APPENDIX 	I 

MODEL NO. 	TABLE NO. 	DESCRIPTION  

1 	1 - 15 	Negative exponential break- 

down and normal service 

times. Single operator. 

No. of machines: 20. 

C.V = 0.1, 0.2 and 0.3. 

2 	16 - 30 	Negative exponential break- 

down and normal service 

times. Two operators. 

No. of machines: 40. 

C.V = 0.1, 0.2 and 0.3. 

3 	31 - 55 	Negative exponential break- 

down and Erlang service 

times. Single operator. 

No. of machines: 20. 

No. of phases K = 1, 2, 4, 

8 and 16. 

	

56 - 57 	Negative exponential break- 

down and service times. 

Single operator and two 

operators. 	(King's work). 

4 - 6 	58 - 91 

9 - 16 	92 - 93 

Constant running time and 

service time (variable 

constant 	independent time). 

Single operator. 

No. of machines: 20. 

Percentage of walking time 

tables. 



Table No. / 

	

M4CHINE UTILIZ4T/ON M FOR A SINGLL SERVICLMAN(NCAMAL 	SERVICE TIME, 	C MODEL) 

UOLFFIC1LNT OF 	VARIATION FAC1OR 	0.1 

SERVICING CONSTANT K 

N/C N 0.01000 04402000 0,03000 0.0400D 0.05000 0406000 0.07000 0.06000 0.09000 0410000 0.20000 0.30000 

1 1 0.99037 0.98155 007232 0.95834 0.94780 0.93734 0a92678 0.91712 0.90771 0.89566 0.81011 0.7574'' 

• 2 2 0,99015 0.98020 0.97097 0.95856 0.94898 0093917 0.92906 0.91893 0.90828 0.89833 0.80714 0.74220 

3 3 0.99010 0.97954 007050 0.95065 0.94813 0.93764 0.92625 0.91616 0.90444 0.89286 0.78682 0.69954 

4 4 0.98538 0.971128 0•353g0 0.35763 0.94648 0.93508 0.92417 0.91470 0.90454 0..89263 0.77412 0.66539 

5 5 0.98956 0.97917 0.95320 0,95697 0,94538 0.93270 0.92056 0.90015 0.89626 0.00219 0.73959 0.50422 

6 6 0.98982 0.97900 005870 0.95571 04.94355 0.93011 0.91769 0.90306 0.88917 0.57154 0.68332 0.54173 
1 

7 7 0.98930 0.97374 006720 0.95582 0.94243 092796 0.91441 0.59812 0.58005 0.86175 0.63239 0(47700 
0 

8 8 0.98936 0097825 0,35500 0.95410 0.93993 0.92419 0.90949 0.89116 0.u7249 0.55142 0.55334 0.42113 u) 

9 9 0.98954 0,91789 005552 0.95446 0094005 0.92299 0.90461 0.80207 0.85963 0.83354 0.52774 0.38762 I  

10 10 04198955 0497771 0035466 0.95256 0.93734 0.91963 0.09904 0.87217 0.84505 0.8140/ 0.47595 0.33708 

11 11 0.98945 0.97739 0,35368 0.94997 0.93116 0.91140 0.80794 0.85545 0.82506 0.79117 0.43989 0.30752 

12 12 0.98.5 0,97693 0,656 0.4706 0 4,2602 0,90615 0.87875 0.84263 0.80540 0.76421 0.40521 0.25253 

13 13 0.98928 0,97658 0036272 0.94424 0.92308 0.89533 0.86052 041 52160 0.77953 0.73474 0.37565 0.26147 

14 14 0.v829 0.97628 0,35106 0.94340 0.92009 0.89050 0.84962 0.79018 0.74712 0.69325 0.34(329 0.24300 

15 15 0.98925 0.97599 0135046 0.94112 0.91369 0.88130 0.83311 0.77155 0.71129 0.65283 0.32675 0,22705 

16 16 0.90917 0.97554 0, 35390 0.93691 0.90546 0.86018 0081110 0.74306 0.67344 0.61520 0.30500 0.21359 

17 17 0.98912 0097552 0,35020 0.93294 0.89802 0.84775 0.7382 0.71119 0.63674 0.58074 0,20684 0.20110 

18 18 7.94:921 0.97551 0,35767 0.93009 0.88597 ,82910 0.75906 0.67704 0.60201 0.54914 0.27103 0.18999 

19 19 0.38314 0.97461 0.35518 0.92446 0.87766 0081293 0.72:410 0,64405 0.57224 0.52220 0.25810 0.18064 

20 20 0035911 0.97431 0,15201 0.92018 0.86651 0.75980 0.69529 0.61295 0.54508 0.49751 0.24601 0.17228 



Table No. 2 
MACHINE 	WAITING TIMF 	FOR P 	SINGLE . FERVICEVAN(NORJ'IAL. SERVICE TTMF, 	C MOOFL) 

COEFFICIENT OF VAF;IATION FACTOP 	0.1 

SERVICING CONSTAMT K 

N/1; N 0,01000 0,02000 0.03000 0,04000 0.05000 1.06000 0.07000 0.08000 ofcgoon 0,10000 0.20000 0.30000 

1 1 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00)01 0.00001 0.00001 

2 2 0.00021 0.00038 0.00081 0.00116 0.00111 0.00086 0.00173 0-00202 0.00420 0,00506 0.01870 0.03320  

3 3 0.00014 0000096 0.0004E 0.00204 0.00323 0.00508 0.00719 0.00855 0.00114 0.0144=',  0.04735 0.0E205 

4 4 0.00072 0.00168 0.00185 0.00202 0.00326 0.00469 0.00700 0.00838 0.00967 0.01352 0.06783 0.13297 

5 5 0.00062 0,00172 0.00229 0,01744 0.00550 0.00,113 06L0127 0.01646 0c02035 0,025°2 0.,1141q 0.21518 

6 6 0.00056 0.00167 0.00260 1.0055.0 0.00P.13 0.01254 0.01619 0.02273 0.02872'0.03067 0.17076 0.29737 

7 7 0.0003G 0.00136 0.00349 0.00571'0.61010e0.01595 0.02074 0.02931 0.03980 0.051329 0.23564 0.30125 

8 8 0.00076 0.00169 0.00449. 0 	00703 0.0131° 0.02009 0.02692 0.03722 0.04866 0.'06299 0.29572 0.45404 

9 9 0.00031 0.00179 0.00465 0.0064 0.01234 0.02113 0.07182 0.14703 0.06284 0.08277 0.36210 0.5011.2 

10 10 0.00046 0.00205 0.00556 0.00864 .0.01507 0.02426 0.03723 0.05693 0.07771.  0.10411 0.42144 0.56225 

11 11 0.00059 0-.00152 0.00665 0 	01111 0.02079 0.03253 0.04836 0.07161 0.09855 0.129F.6 0.46965 0.60173 

12 12 0.00066 0.00276 0.00749 0.01317 0.02312 0.03755 0.65801 0.08815 0.1106? 0.15517 0.51178 0.63420 
13 13 0.00067 0.00215 0.00800 0.01722 0,029e1 0.04927 0.07716 0,11060 0.14857 0.18071 0.54773 0,66171 

14 14 .0.00069 0.00351 0.00859 0,01833 0.03223 0.04480 0.0892? 0.13592 0.11364.0.21619 0.57056 0.68567 
15 15 0.00078 0.00396 0.01010 0.02072 0.03033 0.06487 0.10717 0.16477 0.22290 0.28083 0.60694 0.70677 

16 16 0.00080 0.00449 0.01176 0.02457 0.04E07 0.086E5 0.11106 0. 19604 0.26443 0.32245 0.62974 0.72400 

17 17 0.00094 0,00457 0.01228 0.02846 0.05511 0.10000 0.15487 0.23062 9.30457 0.36053 0.65442 .0.74016 

18 18 0.00091 0.00462 0.01211 0.03154 0.06809 0.11969 0.18640  0.26754 0.34257 0.19544 0.67349 0.75451 

19 19 0.00095 0.00548 0.01571 0,03761 0.07724 0.13695 0.21966 0.30240 0.37525 0.42510 0.6E934 0.76680 

20 20 0.00106 0.00587 0.01882 0.04223 0.08935 0.16153 0.25487 0.33702 0.40404 0.45261 0.70406 0.77779 



1 

N/C N 

Table No. 3 
SERVICE UTILIZATION 	FOR A 	SINGLE SERVICEMAN(NOT;.NAL SERVICE 	TIME, 	r 	MODEL) 

COEFFIrIEN 	°F 	VAkTATION 	FACTOP 	0.1 

S79VICING CONSTANT K 

0.01000 	0.02000 	0.03000 	0.04000 	0.05000 	0.06000 	0.07000 	0.08000 	0.09009 	0.10000 	0.20000 0.30001 

1 1 0.°002 0 	C1'43 0.02767 0,04165 0.05219 0.06265 0.07321 0,08267 0.09228 0.17173 0.13189 0.24259 

2 2 0.00964 0.01942 0.02i22 0.04028 0.04991 0.05997 0.06921 0.07815 0.03792 0.09661 0.17407 0.22451 

• 3 3 0.00976 0.01950 0.02894 0.03931 0.04964 5.05728 0.06656 007929 0.09414 0.°9266 0,169E7 0.21841 

4 4 0,00941 0.01904 0/0253F 0,04035 0.05026 0.06023 D.06883 0.07692 0.08979 0.09395 0.15505 0.2016 

. 	5 5 0.00952 0.01911 0.02952 0.0.3959 0.04912 0.05817 0.06674 0.07939 0.08339 0.09109 0.15577 0.18069 

6 6 0.00°62 0.01933 5.02071 0, 03679 0,04102.0.05775 0,06612 00:27421 0,08211 0.05979 0,,14592 0,16090 

7 7 0.00990 0.010190 0.02932 0.03847 0.04747 0.05609 0.064F5 0.07257 0.010.15 0.08796 0.13197 0.14175 

8 5 0.0C(J90 6.02003 0.02951 0.03797 0.04688 0.05972 0.06359 0.07162 0.07859 3.99559 0.12094 0.124P' 

S 	9 0.01008 0 	02032 01-02963 0,03660 0.04761 0.055E2 0.1.6357 0.07090 9,07753 0,0936° 0.11016 0.11096 

10 10.  6.00999 0.92024 0.02970 0.030.P0 0.64759 0.05611 0.06373 0.n709n 0.07724 0.05/PF; 0.09961 0.09997 

11 11 0.00996 0.02009 0.02967 0.03692 0.04P05 0.05607 0.06370 0.06994 0.07539 0.09217 0.09056 0.0507.4 

12 12 0'01007 0-52030 0.02965 0.03E95 0.04806 0.05636 0.06724 0.06922 0,07798 0.07762 0.0°301 0,08322 

13 13 0.01605 0.02927 0.02928 0.03:94 0.04711 0.05940 0.06232 0.06772 0.07194 0.07453 0.07662 0.07682 

14 14 0.01075 0.02014 0.02935 0.03927 0.:04688 0.05470 0.03116 0.(765cA 0.05924 0.9709E 0.07115 0.0717" 

15 15 0.00(:.97 0.02005 0.92944 0,03955 C.04698 0.05383 0.05972 0.06368 9,06981 0.06674 0.06641 0.06658 

16 16 0.00C;93 0.019°8 0.02934 0.03652 0.04647 0.65297 0.05784 0.06090 0.06217 0.06235 0.06226 0.06241 

17 17 0.00994 0.01991 0.02952 0.03060 0.04617 0.05225 0.95621 0.05619 0,0586° 0.0586 a 0.09874 0.05874 

18 18 O..00991 0-01987 0.02922 0. 03837 0.04594 0.05121 0.05445 0.05542 0.09942 0.05542 0.05545 0.0554- 

19 19 0.00991 0.01991 0.02911 0.03793 0.04510 0.05012 0.05224 0.05255 0.05251 0.05250 0.05256 0.05256 

20 20 0.00983 0.01982 0.02917 0.03759 0.04414 0,04667 0.04984 0,04993 0.04986 1 04988 0.04993 0p 04903 
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Table No. 4 

The Goodness of fit test. 
Negative Exponential Breakdown. 
Normal Service Time. 
Single Serviceman. 
Coefficient of Variation = 0.1 
Test 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 20. 	2 	2 

No. Service Constant. .. 	1 
1 0.01 0.00082 
2 0.02 0.01020 
3 0.03 0.06717 
4 0.04 0.24470 
5 0.05 0.50477 
6 0.06 0.75828 
7 0.07 0.87923 
8 0.08 0.70768 
9 0.09 0.78009 
10 0.10 0.80885 
11 0.20 0.39183 
12 0.30 0.86080 
For 19 degrees of freedom, the 5% level of significance is 
P(30.144 <7(-2- 00  ) =0.05 and the rejection region is760.144. 
Hence, for the 55 level of significance,2(1=1,2,..12 are not 
significant. 
Test No. 2 
Keeping machines constant and increasing the service constant. 

No. 
1 

No. of Machines. 
1 

 ei 
0.09056 

2 2 0.02443 
3 3 0.03641 
4 4 0.27321'  
5 5 0.27886 
6 6 0.20633 
7 '  7 0.17847 
8 8 0.23271 
9 9 0.39988 
10 10 0.43407 
11 11 0.46345 
12 12 0.55700 
13 13 0.52044 
14 14 0.'49070 
15 15 0.43418 
16 16 0.31522 
17 17 0.32238 
18 18 0.26038 
19 19 0.25709 
20 20  0.23914 
For 11 degrees of freedom,the 5% level of significance is 
P(19,675<2e<loq =0.05 and the rejection region is'7419.675. 
Hence, for the 5% level of significance,7e=1,2,...20 are not 
significant. 

(o.-e.)2  



0.10 0.20 0.30 

-1.15 -1.83 -1.53 - 
-0.37 -1.45 1.63 
-0.03 0.37 2.26 

1.05 2.93 5.42 
1.16 3.46 5.29 

1.44 1.46 5.05 

2.n8 1.67 3.59 
2•C4 0.36 2.46 1 
3.22 -1.71 5.19 	' 1- 
3.64 -2.41 	.. .1.54 '-'-'. w ...  
4..01 -2.41 1,54 1  
4616 -2.41' =:6 1..75 	. 

4.71 -2.20 1.96 
2.90 -2.15 2.06 
1.C:3 -1.96 2.17 
0.68 -1.43 2.52 
0.02 -2.47 2.57 

-0.44 -2.41 2.60 

-0.41  -1.92 2.97 

-0.31 -1.59 3.37 

Table No. 5 

THE PEPEENTACE OTFFc'FTNEFS 
SERVICING CONSTANT K 

69.F 

N/C N 3.11 0.02 	0. 0 .1 	1•14 ft, r5 0.06 0.07 0.09 0.09 

1 1 0.07 1.1? 	0.15 	-0.73 -0.64 -0.83 -0.95 -1.06 
2 2 9.12 0.02 	0.10 	-0.16 -0.13 -0.13 -0.16 -0.21 -0.32 
/ 3 0.02 -Q.. r1 	n.15 	0..01 0.n7 C• 06 0.01 0.11 0.03 
4 14 0.11 0.11 	0.1€ 	0.07 0.12 0./0 0.72 0.65 0.94 
5 .r. 0.02 .7.04 	1.20 	0.11  0.?0 0.36 1.93 0477 1.04 
6 6 r.;.. 	CP r- , 07 	9..25 	0.25 0.4E 1456 0.90 1.09 1.44.  
7 7 1.13 0.00 	0.21 	0.49 0.87 1.77 1.59 1.7q 
a e n.I3 c.on 	0.21 	0.57 0.7P 1.07 1.66 2.55 
9 9 4.03 0.10 	0.78 	0.92 1.24 1.63 2.13 2.111. • 2.93 	. 

10 10 0.014 0.11 	0.31 	0.89 1.44 ,2.04 2.67.  7.90 3.40 	. 

11 1.1 1.04 0.16 	41., /7 	0.92 1 ,71 2.01 2.74 77.58 .' 
12 12 0403 0.1? 	0.44 	1.01 1.65 2.42 3.21 :7 .46 7.S6 
13 13 0.15 C.19 	3.59 	1.00 1.70 2.34 2. R2 7 .33 7.94 
14 14 ;1..16 n42? 	0.6C 	1..31 2.22 3.01 Z. 5? 3,74 3.2° 
t5 15 1.07 0.2F. 	0.73 	1.50 2.2P 3.51 3.76 2.97 2.33 
1E if. 1.0.8 0.2a 	0.77 	1.53 2.32 2.67 3.5P 2.5R 1.12 
17 17 0.09 1.35 	0,.‘•2 	1.64 2.56 3.06 1..90 0.03 
17 18 .0.11 P.14? 	1.11 	1.n2 2.7° 2.P9. 2.75 0.93 -0.90 
iy 19 n. 1? 0.4? 	1.11 	1.96 2.9 0 3.22 1. fui norlq -1.24 
20 20 0.113 0.-47 	i, ne 	2.23 3407 2.85 0.79 • -0.58 ••1.3R. 

T.fr cfl‘j 	CF"-;!-Wrilf■F 	nIFFERFnrP 	IS J.06765 
THr 11[1. 	OfVJA7IIW 	TS 1.57233-  
NEGATIVE EXPONENTIAL BREAKDOWN 

NORMAL SERVICE TIME 

SINGLE SERVICEMAN 

CUTFICIENT OF VARIATION 0.1 



Table Na. 6 
M4CHINE UTILInTION M FOR A SINGLL SERVICLMAN-(NORMAL SLRVICE TIMt, C MOLL) 

COEFFICIENT OF 	VARIATIUN FA:JOR 	0,2 

SLRVICING CONSTANT 	K 

N/C N 0.01030 0002000 0'03000 0.04000 0005000 0,06000 0.07000 0.08000 0.09000 0.10000 0.20000 0.30000 

i 1 0.96958 00 96161 0,37238 0,95653 0694801 0.93/52 0.92704 0.91726 0.90769 0.b9u06 0.61826 0.75663 

2 2 0.99032 0,96036 0,37098 0.95848 0.94884 0.93882 0.92634 0.91858 0.90795 0.89712 0.80609 0.73964 

3 3 0.99032 0097343 0,37057 0.95657 0.94787 0,93744 0.92617 0.91509 0.90342 089142 0.76420 0.69945 

4 4 0.38975 06 97921 0,37057 0.95731 0.94640 0.93437 0.92347 0.9/466 0.90363 0,49196 0.77194 0.66387 

5 5 0.98931 0.97914.0.35940 0.95653 0.94465 0.93260 0.92025 0.90700 0.89525 0.60036 0.73721 0.60149 

6 6 0,98904 0.97894 0,35369 0.95575 0.94361 0.92936 0.91739 0.90261 0.88816.0.87136 0.66060 0.53974 

7 7 0.99015 0.97872 0,35791 0.95562 0.94200 0.92765 0.91272 0.89662 0.87b53 0.86065 0.63180 0.47799 

8 b 0090/5 0.97824 0,35637 0.95401 0.93976 0.92354 0,90936 0.88993 0.87191 0.65002 0.56164 0.42164 

9 9 0.98932 0097798 0,36552 0.95420 0093964 0,92243 0.90274 0.68076 0.86003 0...03464 0652914 0.37461 

10 10 0.36973 0.97773 0.36469 0.95231 0.93723 0.91782 00 89877 0.67057 0.84274 0.81254 0.47424 0.33776 

11 11 0.98957 0.97746 0,35370 0.94949 0.92982 0.90979 0.86647 0,85604 0.82440 0,79047 0.43927 0.30744 

12 12 0.36940 0.97667 0.35287 0.94755 0.92792 0,90457 0.67631 0.64033 0.60404 0.76357 0.40561 0.28252 

13 13 0.98945 0 6 97683 0,35271 0.94354 0.92215 0.49292 0.05691 0.62015 0.771.26 0.73427 0.37755 0.26136 

14 14 0.98932 0.97635 0.36106 0.94284 0.91965 0.88960 0.84631 0.79806 0.74526 0.69395 0.35259 0.24294 

15 15.0.96935 0.97577 0,3056 0.94040 0.91116 0,.87987 0063146 0.76977 0.71031 0,65285 0.33126 0.22700 

16 16 0.969/7 0.97571 0,35315 .0.93613 0.90404 0.85866 0.80883 0.74093 0.67270 0,61555 0.31363 0.21410 

17 17 0098916 0097551 0,95324 0.93251 0069613 0.64650 0076773 0,70902 0.63561 0.58078 0.29726 0.20103 

16 lb 0098922 0.'97550 0;95777 0.92972 0.88484 0.82823 0.75810 0.67575 0.60085 0..54916 0028255 0610993 

19 19 0,98919 0.97479 0,35518 0.92361 0.87600 0.61174 0.72650 0.64374 0.57107 0.52221 0.24776 0.18052 

20 20 0,98908 0097440 0/35393 0.91902 0086529 0.78641 0069546 0.61262 0.54391 0.49750 0.23471 0.17211 



Table No. 7 

MICNTNE 	TIME 	FOR A SINGLE SERVICEMAN-(NORMAL SERVICE TIME, 	C MOOFL) 

COEFFICIENT OF 	VAi“ATION FACTOR 	0.2 

SERVICING CONS? ANT K 

N/C 	N 	0.01000 	0.02000 	0.03000 	0.040PC 	0.05000 	0.06000 	0.07000 	0.08000 	0.0.9000 	0.10000 	0.20000 	0.30000 

1 	1 	o. norm •3 	110101 	0.•00001 	0.00061 	0. 00001 	x..00001 	0.00001 	of 00001 	0.00001 	0.00001 	0.00001 	0.00001 
2 	2 	0.00002 	0.00927 	0.00082 	0.00122 	0.00133 	0.00092 	0.00209 	0.00291 	0.00414 	0.00583 	0.01839 	0.03584 
3 	3 	0.00016 	0.00069 	0.00045 	0.00202 	0.00346 	0400518 	06 90719 	0,00944 	1.01264 	0.01603 	0.04938 	000;0303 

4 	4 	000013 	9 	00041 	0.00101 	0.00001 	0.00322 	0.00522 	0.00765 	0.0.0814 	0.01030 	0.0130 	0.07014 	0.13465 
5 	5 	0.00025 	0.00088 	0.00207 	0.00001 	0.00593 	0.00899 	0.01287 	0.01668 	0.02080 	0.02601 	0.11643 	0.21820 
6 	6 	0.00041 	0.00130 	0.00254 	0.30541 	0.00834 	0-61325 	0,01661 	0, 02313. 0.02870 	0.03165 	0.17364 	0.29976 
7 	7 	0.00029 	0.00191 	0.00275 	0.00602 	0.01057.0.01604 	0.02300 	0.03101 	0.04141 	0.05131 	0.23603 	0.36055 

8 	8 	0.00029 	0.00246 	1.03412 	0.00803 	0.01340 	0.02089 	0.02711 	0.03856 0.04959 	0.0646.4 	0.29757 0.45367. 
9 	9 	0.00050 	0.00253 	0000464 	0.00722 	0.01280 	0.021F-5 	0(.03374 	0.04659 	0.06243 	0.08173 	0-36111 	0.51423 

10 	10 	0.60051 	0.30246 	0.00552 	0.00568 	0.01526 	0.02613 	0.03755 	0.05810 	0.05035 	0.10581 	0.42618 	0.56235 
11 	11 	0.00359 	0.00252 	0.006E2 	0.01154 	0.02225 	0.03416 	0.04906 	0.07424 	0.10037 	0.12145 	0.47996 	0.60177 

12 	12 	0.00062 	0,00329 	0000748 	0.01349 	0.02410 	0.03960 	0005843 	0.08960 	0.12204 	0.16887 	0,51095 	0.63426 
13 	13 	0.00061 	0.00344 	0.00601 	0.0179t4, 	0.03073 	0.05173 	0.07891 	0.11217 	0.14980 	0.19132 	0.54564 	0.66180 

14 	14 	0..00081- 0.00380 	0.00959 	0.01891 	0.03336 	0.05570 	0.09061 	0.14604 	0.18556 	0.23550 	0.57609 	0.68573 

15 	15 	0.10071 	0,00444 	0.00990 	0.02111 	0604185 	0.06634 	0.10896 	0.16657 	0.22393 	.0.28082 	0.60219 	0.70642 

..16 	16 	0.00101 	0.00451 	0.01150 	0.02538 	0.04960 	0.08839 	0.13342 	0.19824 	0.26516 	0.32220 	0.62397 	0.72123 

17 	17 	0.00100 	0.00466 	0.01223 	0.02b94 	0.06790 	0.10135 	0.15621 	0.23261 	0.30570 	0.36j53 	0,64401 	0.74123 

18 	1P 	0.00106 	0!00473 	0.01301 	1,03220 	0.06932 	0, 12U62 	0.15754 	0.26895 	0.34366 	0.39541 	0.66198 	0.75459 

19 	19 	0.00099 	0.00548 	0.01570 	0.04349 	0.07896 	0.13824 	0.22133 	0.31372 	0.37636 	0.42535 0.69967 	0.76692 

20 	20 4.‘00000 	0.:00605 0.01659 4600000 	0.09066 	0.16307 	0.25475 	0433746 0.40615 	0.45262 	0.71537 0.77796 



Table No. 8 

SERVICE U1ILIZATION 	FOR 	A 	:,'INGLE 	SFRqTCMrN-(NoRMAL. 	SFRVTCE TIME, 	r 

COEFFTTIENT OF 	VrkIATION FPCTOR 	0.2 

SFRVICTNC, CONIANT 	K 

N/C N 0.01003 0 	02000 0,03000 0.04000 0.05000 0,06000 0.07000 0009000 0.09060 0.10000 0.200000.30000 

1 1 0.01041 0.12082 0.02761 0.0414E 0.05198  9.06247 0.07295 0.08271 0.09210 0.10111 9.1°173 0.24176 

2 2 04170996 0.01035 0.02821 0.04070 0-05013 0, 06026 0.06957. 0.07551 0.08791 0 	00705 0 	17452 0, 22452  

3 3 0.00982 0.01988 0.029e 0.03041 0.04867 0.05733 0.06664 0.07547 0.05394 0.09255 0.16642 0.21752 

4 4 0.0101? 0.02038 0.02839 0.0426E 0.05038 0.06041 0.06888 0.07720 0.0557A 0.09422 0.15792 0.20145 

5 5 0.00Y51 0 	01996 0.12853 0,04346 0.04922 0,05R41 0,06668  0,07592 0,03309 1. 09161 0, 19636 0,18071 

6 E 0.00975 0.01976 0.0277 0.03E'84 0.04005 0.05739 0.06600 0.07426 0.06209 0.08999  0..14576 0.16050 

7 7 0.00956 0.01937 0.02934 0.03836 0.04743 0.05611 0:06426 0.07237 0.03006 0.080 24 0.17217 0.14142 

8 0,oac56 0,,01930 0.02951 0,U3796 0.04682 0,05597 0,,06353 0- 07151 6.07890 0. J8534 0,12059 0.124E9 

0 0.0096 0.01949 0.02984 0.03F58 0.04756 0.05572 0.06352 0.07063 0.07754 0.08363 0.1,985 0.11'96 1i0s; 

10 10 0.00976 0.01981 0.02979 0.03581 0.04751 0.05605 0.06368 0.07063 0.076°1 0.0P169 0,09958 0,,0999.7 	1 

11 11 0,00984 0. 	02002 0.02968.0,03997 0.04793 0,05605 0.06347 0,06972 11.07523 0.08008 0.09077'0.09070' 

• 12 12 0.00999 0.01984 0.02965 0.03896 0.04793 0.05643 0.96726 0.06907 0.07392 0.07769 0.09321 0.0832? 

13 13 0.00994 0.01973 0.02928 0.03t49 0.04712 0 	05535 0.06218 0.0676r 0.07184 0.97441 0.07661 000762. 

14 14 0e00957 0.01985 0.32935 0,03825 0.94679 0.05464 0.06108 0.06560 0.06910 0.77059 0.07132 0.07:1.77 

15 15 0.00987 0.01979 0.02944 0.03P.53 0.04697 0.05379 0.05956 0.06366 0.06576 3.06673 0.06656 0.06659 

16 16 0.00982 0.01979': 0.97939 0..07549 0004636 005295 0,05775 0,  060F3. 0.06214 0,06225 0,06249 00 06241 

17 17 0,00954 0..01983 0.02953 0.03855 0.04597 0.05215 0.05606 0.0510 0.0586,2' 0.05°6(3 0.05'i73 0.05S74 

18 18 0.00920 0.01980 0.02922 0.0380E 0.04584 0.05002 0.05436 0.05530 0.05549 0.75543 0.05547 0.05548 

19 19 0.09520 0,01973 0.02912 0,03787 00 04504 0.04852 0.05217 0.05254 0,05257 0,.09291 0-05255 0.,05256 

20 20 0.09740 0.01955 0.92918 0.03749 0.04405 '..00000 0.04979 0.04592 0.04994 0.04988 0.-04992 0.04993 
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Table Na. 9 
The Goodness of fit test. 
Negative Exponential Breakdowa. 
Normal Service Time. 
Single Serviceman. 
Coefficient of Variation = 0.2 
Test 1 
Keeping service coefficient constant and increasing 
number of machines from 1 to 20 
No. 	Service Constant. 

o-e)2  
the 

ei 
1 001 0.00097 
2 0.02 0.01058 
3 0.03 0.07355 
4 0.04 0.22349 
5 0.05 0.44043 
6 0.06 0.67194 
7 0.07 0.78944 
8 0.08 0.61106 
9 0.09 0.71958 
10 0.10 0.77825 
11 0..20 0.48579 
12 0;30 0.70667 
For 19 drgrees of• freedom, the 5% level of significance is 
P(30.144-<?<00) =0.05 and the rejection regionis )(30.144. 
Hence, for the 5% level of significance,2C=1,2,...12 are not 
significant. 
Test No. 2 
Keeping machines constant and increasing the service constant. 

7(_2_1(oi-ei)2  
146: 	No. of Machines. 	

= 	
ei 

1 
'2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

0.08438 
0.01999 
0.03515 
0.24196 
0.22567 
0.17433 

7 7 • 0.16624 
8 8 0.21694 
9 9 0.30108 
10 10 
11 11 6.132T4 1)0,  
12 
13 

12 
13 - 

0.50913 
0.46514 

14 14 0.45054 
15' 15 0.37365 
16 16c 0.26883 
17/ 17 0.27360 
18 18 0.23603 
19 19 0.31436 
20 20 0.31389 
For 11 degrees 
P(19.675-47e--4: 
Hence, for the 
significant. 

of freedom, the 5% level of significance is 
Q;0)=0.05 and the rejection region is, 19.675. 
5% level of significance=1,2,...20 are not 



Table No. 10 

TIME. PFGCENT1GE nIFFEPENCES APF 
SERVICING CONSTANT K 

• Nir; 	r! 	0.01 	0.02 	0.02 	0.04 	 0, 06 	0.07 	o.no, 	0.09 	0.10 	• 6.20 	0.10 

-0.6? 

	

1 	1 -0.05 	0.1? 	0.16 	-0.31 	-1.46 	 -0.93 

	

-0.81 	 -1.12 	-1.81 ..  -1.38 
' 
 ...-fin..%5  

	

2 	? 	3.00 	r.f.1 4 	r.i.ir 	-0.17 

	

-n. 00 	
-0.17 	-0.24 	-0.25 	

-1.04 

	

-0.50 	.-q.5s 
21..2257  

	

3 	7 	O. 01 	-e. c+ 7 	0..14 	 n. nn 	-n.01 	--00:03$46 	-0.19 

45:8118  

	

0.11 	
0. 04 

	

4 	4 -0.0!? 	0.00 	0.24 	0.04 	 0.10 	0.24 	0.65 	0.86 	0.98 

	

5 	5 0.02 	0.04 	0.2? 	0.14 	0.24 	0.75 	n,c 	0.69 	0.03 	0,.95 	
320..6:944 

	

6 	6 	0.17 	P.06 	0.2E 	0.27 	0.43 	n, 4R 	0.97 	 1.4? 	 4.67 
3.81 

	

1. 04 	1.33 

	

7 	7 0.17 	C.0:' 	0.29 	P.46 	n.62 	0.86 	 1.43 	
1.06 
1.57 

	

8 	8 	0.r 0. 	0.0 P 	0 .24 	0.52 	1.75 	1.00 	
1.13 

	

1.65 	1.9a 	
1.62 

	

2.4C 	
1.95 

	

2.77 	0.11 	2.59 

	

3.36 	 1 .71 r 

	

J 	° 	0,06 	(..11 	0 28 	G. 7 g 	 ' 1, 57 	1.92 	 2.9E,  

	

1.29 	 2.26 
3.45 

	

10 	10 	'1.0 	0.14 	0.73 	0.= .* 	1.42 	1.84 	 2.71 	3.1.1 	
-1.05 

	

-3.77 	1.51 2.64 

	

3.91 	 1.51 

	

11 	11. 	0.05 	0.16 	0.77 	C.97 	 1, 87 	2.57 	?.019 	7.4? 	 -2.55 1.16 

	

12 	12 	0. 05 	0.16 	0.44 	 1.56 	2.25 	 3.19 • 	3.79 	4.09 	-2.27 

	

3.16 
	

1.72 
7.77 

	

17 	17 	0.07 	0.22 	0.59 	
Dt 99 

	

0.93 	1.60 	2.06 	 7.tg 	 4.25 4 	-1.71 	1.94 
0.60 	 3.22 	 2.04 

	

14 14 0.07 	0.23 	 1,. 95 	2.11 	 7.36 	 3.01 

	

15 	19 	0, nA 	0. 24 	0.7 	1.42 	
2‘9? 

	

?.r1 0 	• 1.33 	 ?.69 	
3.03 

	

2.19 	1•64 	.. --10.6"1 . 	2.15 

	

16 16 0.0 	0.71 	0.P 	 2.49 	2.25 	1.01 	3.71 	
1.07 

1.45 	2.16 	
33.: 

	

17 	17 	O. rtg 	n.,7 	0 .3 	1,5r' 	2.34 	p, c.i. 	3.43 	1.5g 

	

- n0  . ... 6: 1  441 	

0.03 . 	 ::57 37  -0.14 
-0.44 

	

18 	18 , 0.11 	0.43 	1.12 	1. ° 1; 	2.26 	 2.62 	 2.57 
2.90 

	

19 	19 	3.17 	r. 43 	t.11 	 2.60 	
2.7S 

	

3.07 	
•1.0c.,) 	 1.72 

	

-1.41 - ' -0.41 	-.50'4 
3.27 

	

1.97 	 1.65 

	

-0.31 ?0 23 0.12 	').. 14 1' 	1.26 	 2.68 	 1.80 	 -6.11 

	

2, 11 	 2.67 	 -1.60 

!.Ft:r.; PEfl Er!ir (7,6 DIFFF 0ENCE IS 
THE 	I.c.vI.1.110N 
NEGATIVE EXPONENTIAL BREAKDOWN 

NORMAL SERVICE TIME 

SINGLE SERVICEMAN 

.cosmciENr 0:i' VARIATION 0.2 

0.99977 
1.56111 



Table No. 11 

1 

MUHINE UTILIZUION H FUR A TINGLE SERViCijiAN-(NuRHAL SLRVIOti TIME, C MUDEL) 

COLFFICILWT OF 	VARIAT1UN FA:JOR 	.063 

SLRVIGING CONIANT K 

N/C N 0.01030 0.02000 0.03000 0.04000 0.05000 0.06000 	0.07000 0.08000 0.09000 010000 0.20000 0.30000 	• 

1 1 0.99103 0.98029 0.37227 0.95784 0.94725 0,93657 0.92588 0.91663 0.90775 0t69067 0.01565 0.75574 

2 2 0.99025 0.98025 0,3r035 0,95822 0.94839 0,93872 	0,92783 0.91851 0.90738 0.89722 0.80369 0.73977 

3 3 0.99013 0.97934 0,36972 0.95854 0.94756 1L93704 	0.92602 0.91610 0.90434 0.89259 0.78073 0.69684 

4 4 0.99057 0.97871 0.35342 0.95711 0.94550 0.93349 	0,92363 0.91267 0.90161 0,0E932 0.76676 0.65822 

5 5 0.98938 0.97860 0435911 0.95611 0.94488 0.93145 0,91045 0.90486 0.89151 0.67795 0.73061 0.59677 

6 . 	6 0.98931 0,97857 0.95397 0.95491 0,94261 092793 0.91595 0.90249 0,66523 0,86733 0.67723 0.53693 

7 7 0.96979 0,97840 0435654 0.95532 0,94113 0.92625 	0,91003 0.69146 0.87449 0.85543 0.62279 U.47144 

d 8 0.3E551 0.97831 0.36547 0.95311 0.93784 0.92217 	0.90612 0.88991 0.87048 0.84928 0.57716 0.41672 

9 9 0,98942 0.97754 0.35534 0695280 0.93764 0.92015 0.69837 0.87590 0.65245 0. 62657 0.52565 0.37147 

10 10 0.95950 0.97735 0,35328 0.95141 0.93446 0.91433 	0.89217 0.86561 0.63490 0.81122 0.48000 0,33753 

11 11 0.98933 0.97729 0435267 0.94675 0.92819 0.90668 	0,88208 0.85245 0.81872 0.78436 0.43931 0.30725 

12 12 0.8940 0.97658 0,36213 0.944o9 0.92423 0.69872 	0.87166 0683563 0.79656 0.75816 0.40570 0.28247 
13 13 0.98931 0.97652 0.35174 0.94180 0.91911 0.69006 	0,85445 0.61431 0,76917 0.72526 0837752 0.26157 

14 14 0.98910 0,97567 0.36004 0.94132 0091611 0.86398 	0.63976 0,78987 0.73707 0.68679 0.35259 04424333 
15 15 0.96546 0.97522 0..304 0.9366U 0.90606 0487401. 0.82361 0075932 0.69929 0.64434 0.33130 0.22748 
16 16 005840 0,97505 04357E5 0.93309 0.696/3 0,85364 	0.79955 0.72764 0.66266 0.60870 0.31366 0,21416 

17 17 0.98839 0.97502 0435675 0.92906 04469113 0 	84211 0.77792 0469717 0.62662 0.57391 0.29566 0.20209 

18 .18 0.98538 0.97485 0.35616 0.92747 0486033 0o82250 	0.75203 0.66331 0.59285 0.54320 0428099 0.19127 
19 29 0.98891 0.97368 0.35423 0,92051 04486996 0,480380 	0.71933 0663202 0.56378 0.51670 0.26443 0.16371 

20 20 0.985 0697335 0,95159 0.91779 0686088 0.78067 0668754 0.60180 0.53631 0t49243 0.25445 0.17370 



Table No. 12 
MACHINE 	WAITING 	TIMF 	FOR A 	SINGLE SEPVICFMAN....(NOPMAL SERVICE TiME, C 	!IOOEL) 

COEFFICIP-NT 	OF 	VARIATION 	FACTOR 	0.3 

FRVICTNG - CONSVMT K 

N/C N 0.01001 0.62000 0.03000 0.04000 0.05000 0.06000 0.07000 0.08000 0.09000 0.10000 0.20000 0.30000 

1 1 0,00000 0-00036 0.00001 0,00001 0.00001 0.00001 0.00061'0.00001 0,00001 0.00001 0.00001 0,00000 

2 2 0.00000 0.00010 0.00042 0.00105 0.0007e 0.00065 0.00161 0.00183 0.00369 0.00447 0.01921 0.03328 

3 3 0.00000 0.00119 0.00095 0.0016e 0.00334 0.00526 0.00678 0.00791 0.01065 0.61240 0.05158 0.08511 

4 4 0,00000 0,00227 0.00193 0.00218 0.0037° 0.00571 0.00711 0.00949 0,01194 0.01641 0.07732 0.14069 

5 5 0.00025 0.00236 0.00216 0.00394 0.00575 0.00997 0.51424 0.01967 0.02463 0.02999 0.11440 5.22356 

6 6 0.90037 0.60219 0.00209 0.005°7 0.00°04 0.01456 0.61778 0.022875 0.0322° 0..04240 0.1770P 0.30291 

7 7 0s00056 0 	00162 0.00364 0.00607 0.91129 001749 0,0273 0,03614 0.04505 0.05639 0.24512 0.36758 

F 
r

0.00074 0.00166 0.00472 0.00871 0.01493 0.02/94 0.02PO4 0.03799 0.05946 0.064P7 0.10264 0.45756.  

9 9 0.00077 0.00212 0.00456 0.00634 0.01440 0.02362 0.03667 0.05333 0.07017 0.074 0.36435 0.51765 

10 10 0,00642 0 	00253 0.00671 0.03940 0.01764 0..02926 0.04783 0.06336 0.08420 0.10665 1.42060 0.56262 

11 11 0.00050 0.00272 0.00747 0.01375 0.02271 0.03676 0.05401 0.07740 P.11676 0.13577 0.47007 0;60197 

12 12 0.00063 0.00713 0.00775 0.01564 0.02733 0,04457 0..06448 0,09482 0,13737 0.16425 0.51115 0.63432 

13 13 0.00070 0.00326 0.00614 0.01933 0.03323 0.05360 0.0P205 0.11766 0.15901 0.20033 0.54580 0.66162 

14 14 0..00E196 0.00421 0.01015 0.01989 0.03647 0.06102 0.09884 0.14398 0.19776 0.24277 0.57621 0.68575 

15 15 0,00165 0. 00473 0.01123 0.02427 0c:04465 00071.97 0.11650 0.17699. 0,23499 002R947 0.61224 0,70595 

16 16 0.00105 0.00400 0.01247 0.62822 0.05520 0.09210 0.14245 0.2113? 0.27531 0.32905 0.62404 0.72343 

17 17 0.00108 0.00505 0.01374 0.01215 0.06261 0.10548 0.16586 0.24471 0.31470 0.36736 0.64570 0.73817 

18 18 0,00107'0.00522 000142° 0.03410 0.07366 0412622 0.19363 0628144 9.3516° 0,40133 0, 66367 0.75326 

19 19 0.°0119 0.00635 0.01635 0.04140 0.08469 0.14612 0.22858 0.31547 0.38368 0.43075 0.68311 0.76374 

20 20 0.00130 0.00672 0.01890 0.04437 0.09495 0.1.7075 0.26269 0.34826 0.41378 0.45765 0..69571 0.77638 

-- 
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Table No. 14 

The Goodness of fit test. 
Negative Exponential Breakdown.. 
Normal Service Time. 
Coefficient of Variation = 0.3 
Single Serviceman. 
Test 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 20. 

r.„2. 	0.-e. )2 

No. 	Service Constant. /\ _ 	1 1  

	

1 	 0! 

	

0.01 	00064 

	

2 	 C.02 	0.00655 

	

3 	 0.03 	0.05063 

	

4 	 0.04 	0.15429 

	

5 	0.05 	0.26729 

	

6 	 0.06 	0.39281 

	

7 	 0.07 	0.40749 

	

8 	 0.08 	
3-4 

	

9 	 0.09 

	

10 	' 0.10 	0.51917 

	

11 	 0.20 	0.23658 

	

12 	 0.30 	0.57047 

For 19 degrees of freedom, the 5% level of significance is 
P(30.144.2=010) =0.05 and the rejection region is7330.144. 
Hence, for the 5c," level of significance 	=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

No. 	No. of Machines.  ex .3 
(o.-e.  )2  
 1.  

ei 

1 1 0.10883 
2 2 0.02476 
3 3 0.02526 
4 4 0.15443 
5 5 0.13470 
6 6 • 0.12313 
7 7 0.07870 
8 8 0.17887 
9 9 0.17009 

10 10 0.27971 
11 11 0.28696 
12 12 0.32958 
13 13 0.26593 
14 
15 

14 
15 

0.23480 

16 16 0.12164 
17 17 0.17150 
18 18 0.19914 
19 19 0.21244 
20 20 0.24471 

For 11 degrees of freedom, the 5% level of significance is 
P(19.675<=2K2=<c›.-0, )=0.05 and the rejection region is19.675. 
Hence, for the 	level of significance0C=1,2,...20 are not 
significant. 



-1.12 -1.75 

/429 

1.87 

0.68 1.95 4.28 

Ci.67 2.16 3,9 
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Table No. 15 

THE 	PERCEN.TACE PIFFERP!nEF 
SERVICING CONSTANT K 

ACT 

NFC 1,1 0.01 0.02 	0. 0.7, 	0.04 n•05 0,06 0.07 0.06  0.0° 

1 1 0.1' -0.01 	0.14 	-0.3.,: -0.c4 -0.72 _9.97 •••1 a 00 -1.06 
2 2 0.03 0.P2 	0.P5 	-0.20 ' -0.1. ° -0.19 ••0.7P -1.26 -0.42  

3 0.02 -0, 0 , 	O. OF 	-0. 01 -11,, ,23 .•.0.. an -7.07 0.10 0.02 
4 4 040' ••0•05 	0.12 	C•02 0.02 0.01 0.26 0.43 0.61 
5 5 0.17 -0.02 	0.15 	2.0° 0.25 0.22 0.70 P.37 0.51 
6 6 0.02 Go nl 	0.29 	0. 17 0.13! 0.33 0.71 1 •P" 06'19 
7 	. 7 0.03 0.05 	0.17 	0.4' 0.53 n.69 0.83 0.94 1.15 

• ft 0.!1 2 0.09 	0.15 	0.42 0.57 0. 85 1..51 1..°9 2. 31 
9 9 000? 0. '..: 6 	C•28 	0.64 0.98 1.32 1.43 1.70 2.07 

1C 10 P.".. 0.10 	0.19 	0.77 1.13 1.45 1. 8 9 2.15 2.64 
11 11 0. 0 3 0.1E 	0.27 	00 5° 0..c.8 1.48 2.06 2.46 2.70 
12 12 0.05 0.13 	0.37 	0.71 1•1 5  1.58 7.30 • 2.60 3.08 
13 11 0.P5 0.1P 	0.49 	0.74 1.27 1.74 2..09 2.45 2.55 
14 14 0,14 0.. 16 	O. 	4c 	1.1'7, 1.6° 2.33 2.31 2,16 14 9C 
15 15 1.n9 0.18 	0.56 	1.04 1.65 2.64 2.9C. 1.30 0.60 
iti 16 0.05 0.21 	0.6E 	1.12 1.49 1.90 ?..n. 0.45 -0.50 
17 17 '')... 	07 0.3n 	n 	77 	1..21 1.77 2. 18 2.1 4  -0.11 -1.56 
1"- it 0.0c: 0.36 	0.95 	1.63 1.71, 2.07 1.80 -1.11 -2.41 
19 19 0.09 0.'2 	1.01 	1.5' 1.°C 2.06 3.65 -1..78 -7,70 
20 20 0.10 P..37 	1 	01 	1.96 7.35 1. 66 ••04.34 ••2•39 ••2•97 

THE Nrep: 	rFPrrrinrF 	OIFFEkErn TS 1.70922 

THc c)!- ,JI!.77uN 	I< 1.33010 

NEGATIVE EXPONENTIAL RREAKDOWN 
NORMAL SERVICE TIME 

SINGLE SERVICEMAN 

COEFFICIENT OF VARIATION 0.3 



Table No. 16 

KACHINE UTILIZiJION 	FO'. 2 OULL41CrikG SLr.1OEMEN.-(NUMAL SERVICE TILE,.:;* MODEL) 

COEFFILlENT OF VAK1ATIUN FACTCR 0.1 

SDI/ICING DONSTANT K 

N/C N 0.(100',1 0.02001 0.6390r2 6.149C8 0.459M 0.0191C. 6.07.040 0.5540:9 1.091100 0.10.AU J.2U1L■' C.3j4t:1J.  

1 2 0.9941 0.981:49 4.97151 0.36271 1.953iI7 .7.S4494  5.93611 192785 J.91883 .;.91..49 .6,83656 8.76t50 

2 4 0.99V6i U.96140 C. 57141 5.16193 0.95300 6.94362 0.93439 0.92654 0.91604 0.9'0987 0.537149 0.76105 

3 6 0.9904n V.98070 0.97196 0.96137 0.95216 L.9433 0.334(6 Ele5251.3 0,.91542 3.9:,633 o. i1179..; 0.72t5t, 

4 8 5.99C;34 1497963 V.96995 11.16517 3.g4.99r,  1,.94664 0.33t63 0.91945 .0.91J54 1.911117 L.6:1119 J.6051;F: 

5 10 0.9b':.9 0.97951 ':!,96928 J.35314 3.94873 P.93084 0.92E16 0.91734 0.90610.0.b9471 0.77731 0.61800 1 

6 12 3.'2b986 3.97943 0.96899 0.05E:62 0.94792 1.93742 1.926:1 ■:.9146b 191/413 j.74510 a.53427 
N 

7 14 0.c:8994  '1.97954 L.96913 j.1586':1  C.94743 0.9356; 0.9256r; 4.91U30 4.89633 Jebb766 i).66:L)P 4.460 r5 
1. 

E 16 0.(29L0.9 0.97957 17.96916 0.95818 0.94638 0.93414 0.92147 0.90586 0.89373.  0.87375 C).62167 0.40424 

9 16 0.99012 0.97962 0.9692? 0.15507 0.94606 0.93331 0.91955 0.9)3C6 6.431:390 j.55762 U.36173 

10 20 3.991.13 1'2.97968 t96071 1.15727 0.94492 0.9313'.; 0.91E45 0.89564 J.47155 r.5Jabt,  

11 22 3.99115 0.97974 0.9691.:1 1!.95731 7.944..0 0.92869 0.91006 0.6843) 0.65446 J.01963 0.45514 0.29911 

12 24 0.9901? 0.97960 0.96b98 0.95694 0.94359 0.2696 0.9t,4.11 L.b7472 0.53562 5.76133 ::•416‘,5 0.27969 

13 26 0.99H!5 O.97949 1.'e96794  0e95543 0.92152 Oeb9513 ;i4)L5C92 ■?.8J311 4.73566 .i.38475 0.25L-46 

14 28 D.991.P7 1.97Y26 C.96751• 6.15360 0.13561 4.91282 ;:eb7c:,:22 0e13269 0.76552 0.68977 U.35726 0.23345 

15 30 0.95608 0.97925 0.967:12 0.95192 0.9337:: 0.90431 0.85745 0.7;96e 0.72293 ..64654 ::..33359 L.22614 

16 32 0.(;1996 6.97%7 L. 9659b U.95:16 0.92967 u.1' 927i 0.8326U 0.76,;21 . 0.57964 6.6.4735 a.er;;4 

17 ' 	34 0.C.899i 5.971i65 C.965U4 Ds14754 3.921P5 1::7715 0.00i;31 Ce71L:146 0.64)54 4.57209 1;.29J42 0.15.950 

lb 36 3.9b995 0.17654 C.96474 0.94479 0.91212 0.L5262 6.715372 0.68115 :4,6E-, 52. j.54Jb7 'p.27647 0.16299.  

19 38 0.9E996 4.971144 1.t26370 0.94231 3e9D14 0.E271:7 0.72771 5.6464:1 4ei)0463 J.51339 ,:.e613 

26 ..46 3.S":5994 1.97615 (...96354 0.34021 3.83946 .U.79792 6.694b 0.615C .J D.5450 0.48902 (1.25005 0.16546 



Table No. 17 

mACH1NE WAITING TIPE FOR 2 COLLArORTTNG SERVICEMEN-(NORMAL SERVICE 

COFFFICIrNT 	OF 	VARIATION FACTOP 	0.1 "  

SERVICING CONSTANT 	K 

TIME, 	C MOCEL) 

N/C N 0.01000 '0.02000 0.03000 0.04000 0.05000 0.06000 0.07000 0.0800,9 0.09000 0.10000 0.20000 0c30000 

1 2 0.00000 0.30001 0.00001 0.00001 0.00002 0.00001 0.00001 0.00002 0.00000 0.30000 0.00001 0.00001 

2 4 0.0000G 0.00002 0.00001 0.00006 0.00011 0.00022 0.00009 0.00038 0.00033 0.006A1 0.00479 0.01076 

3 6 0400000 0,00001 c.00c0l 0.00018  0.001725 0000045 1,00096 0.00132 0.10259 0. 0024:' 0 	01517 0,04447 

4 8 0.00059 3.00007 0.00019 0.00030 0.00001 0.00109' 0.00197 0.00390 0.00430 0:00607 0.03458 0.10222 

5 10 0.00051 0.00017 0.00028 0.00079 0.00062 0.00197 0.00349 0.00525.0.00749 0.01061 0.06519 0.18970 

6 12 04 00052 0.00017 0.00048 0403108 0600184'0.00335 0.00578 0.00507 0.01076 0,01763 0.10553 0,,29985 

7 14 0.00015 0.00020 0.00050 0.00139 0.0C29 0.00527 0.00806 0.01261 0.01821 0.01909 0.18278 0.39665 

8 16 0.00004 0.00028 0.00070 0.00191 0.00410 0.00725 0.01197 0.0183n 0.02526.0.03442 0.25389 0.47096 

9 15 0.000000000027 0.00195 000231 0..00489 0.00827 0r02366 0.02193 0.03382 0,04948 0-33135 0.52733 

10 20 0.00000 0.00041 0.00140 0.00331 0.00607 0.01131 0.01862 0.03041 0.04705 0.07145 0.39750 0.57331 

11 22 0.03000 0.00049 0.09142 0.00359 0.00762 0.01448 0.02446 0.04267 0.06576 6.0958 5 0.45404 0,61012 

12 24 0. 00000 0 	00052 0.00162 a.00404 0.00842 0-01622 0.03093 005333 0.08692 0.13750 0.49990 0.64111 

13 26 0.00000 0.00203 0.00239 0.00536 0.01141 0.01728 0.04102 0.07090 0.12265 0.18814 0.57840 0.66674 

14 28 0.00003 0.00079 0.00271 0.:)0713 0.01522 0.02724 0< 05773 0.[9940 0.16391 0.23904 0-5713b 0‘69521 

15 30 0“0000 0-00589 0.00324 0, 00904 0o01829 0.03975 0.08074 0.24525 0.21060 0.28792 0.5'7.-981 0.70730 

16 32 0.00013 0.00108 0.00429 0.01087 0.02269 0.05225 0.10711 0.17784 0.25795 0.33023 0..62516 0.73216 

17 34 0.00015 0.00120 0.00528  0.01334 0.03143 0 , 06883 0.14195 0-221E9 0.33066 0.36c-16 3.64782 0.74777 

18 36 0p00013 0 	00146 0.00550 0.21615 0.04057 0.09443 U.18116 0.26339 0.33900 0.403E4 0.66F03 0.76154 

19 33 0.00013 0.00161 0.00650 0.01876 0.05197 0.12120 0.21981 0.30097 0.36290 0.43405 0.65604 0.77365 

20 40 (400023 0. 00192 0r 00685 0.02122 0,06460 0,15269 0,25716 0e33499 0.40327 0.46104 0070000 0,78450 



SERVICE OTILIZATION 
Table No. i8 

FOR 	2 COLLP.POPTP4G SEPVICEV.ER 	(N0i0IPL SFRVTCE TIE, 	C 

COEFFICIENT OF 	VAFIATION FACTOP 

SERVIOING CONSTANT K 

MOOPL3 

N/C N 0.01000 0.02000 0.01000 0.04000 0.05000 0.06000 0.07000 0.08000 0.09000 0.10000 0.20000 1.30001 

1 2 0,00901 0,01950 0.02948 3,037?6 0,04011 0,05505 0.0638P 0.07217 0.09?06 ru9r,c 0,16343 0,23141 

2 4 0.0061 0.01999 0.02850 0.039.01 0.04609  0.05596 0.06737 0.07309 0.08163 0.0995? 0.1647? 3.22816 

. 	3 6 0.00971 0.01929 0.02894 0.0.384E 0.04759 0.05625 0.06496 08°7360 0.09299 0.09127 0.16693 0.22797 

4 A 0,00937 0,027110 0.02°66 0A79.53 034°79 0,, 059.27 9,16740 0007657 0.08516 0, 4'9376 0. 16423 0,21269 

5 1G 0.00°51 3.02033 0.01034 0.04007 0.05065 0.05919 0.06F.35 0.07741 0.08650 0.09469 0.15750 0.19222 

6 1? 0.00962 0.02040 0.03053 0.04030 0.15024 0.05963 J.06831 0.07725 0.0611 0.09343 0.i4937 0.165-B5 

7 14 0400917 0,02026 0.03032 0,04001 0.04968 U.65913 0,06834 0'07701 0.08546 0.09328 0.1393? 0.14?1i7 

16 0.00996 0.02015 0.031314 0.03991 0.04952 0.05361 0.06756 0.07573 0.09795 0.09197 0.12424 0.12491 

9 16 3.01ces 0.0191 0.02963 0.03P54 0.04905 0,05842 0,06679 0.07499  0,092E9  U-009 7 0.11100 0,1109 4 

10 20 0.00999 0 	01991 0.02980 9.03942 0.04901 0.05739 0.06633 0.07395 0.0140 0.09777 0.09990 0.099'4 

1/ 22 0.00993 0.01977 0.02957 0.03913 0;04839 0.05683 0.06548 0.07307 0.07976 0.0945? 0.09082 0.09177 

12 24 0.01007 0.01369 0,02940 0.03902 (104799 04 05652 0.0649'6 0.L7195 9'0774F,  0' 	'.E.)0 97 0.13?5 0e093?0 

13 26 0.01005 0.01848 0.02967 0.03915 0.04500 0.06080 0.66385 0.07010 0.07424 0.07620 0.07605 0.07610 

14 28 0.00997 0.01995 0.02978 0.3925 P.040,17 0.05994 0.06200 0.06791 m.07057 1.m 711q 0.07136 0.07131 

15 30 0.00995 0: 01907 0.32964 003904 0,04793 0..055(-z4 0.06196 0.06517 0.06647 0,16654 0,06660 0..06656 

• 16 .32 0.009?-1 0.01995 0.02973 0.03P97 0.04764 1.05504 0.06009  0.06196 13.0623P 0.06242 0.06244 0.06240 

17 34 0,00994 0.02007 0.0298P 0.03912 0.04752 0.05402 0.05774 0.05863 0.0587 0.05075 0.05976 0.05873 

1P 36 0,00992 0.02000 0.02976 0,03c06 0,04731 0..05275 0.05512 0.05547 0,05545 0.35549 0.05550 0,05547 

19 38 0.00991 0.019°5 0.62970 0.03E87 0.04663 0.Ct5123 0.05248 0.05255 0.05250 0.052506 0.05259 0.05255 

20 4U 0.00983 0.01993 0.02961 0.03857 0.04594 0,04939 0.04995 0.04992 0.04993 -0.04994 n.n4995 0604992 
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Table No. 19 

The Goodness of fit test. 
Negative Exponential Breakdown. 
Normal Service Time. 
Two Servicemen. 
Coefficient of Variation = 0.1 
Test 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 40. 	 i 

(o-e.)2. 

No. 	Service Constant. 	e. 

	

1 	 0.01 	0.00291 

	

2 	 0.02 	0.04376 

	

3 	 0.03 	0.25054 

	

4 	 0.04 	0.89249 

	

5 	 0.05 	1.99999 

	

6 	 0.06 	2.79173 

	

7 	 0.07 	2.87846 

	

8 	 0.08 	3.12679 

	

9 	 0.09 	2.78613 

	

10 	 0.10 	2.47274 

	

11 	 0.20 	2.82420 

	

12 	 0.30 	1.34828 
For 19 degrees of freedom, the 5c1, level of significance is 
1D(30.144ef7:2-40  ) =0.05 and the rejection,region 
Hence, for the 5 level of significance,?(=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

(o1-e1)2 
ei  

1 2 0.00308 
2 4 0.19768 
3 6 0.48794 
4 8 0.86776 
5 10  1.04152 
6 12 1.12746 
7 14 1.10248 
8 16 1.01684 
9 18 1.19650 
10 20 1.41110 
11 22 1.69222 
12 24 1.91531 
13 26 1.86992 
14 28 1.65988 
15 30 1.42588 
16 32 1.22238 
17 34 1.00574 
13 36 0.80554 
19 38 0.70944 
20 40 0.065934 
For 11 degrees of freedom, the 55 level of significance is 
P(lq.675.20-.e-27-J0)=0.05 and the rejection region is` (7  
Hence, for the 5,:,  level of ciE,nificance,21,2,...20 are not 
significant. 

of NO. 	No. Machines. = 



Table No. 20 

THE 	PERCENIt r,',E* 	DIFFEKErr.:ES 	4R.F. 
SERVICING CONSTANT K 

r4/C N 0.01 0.02 0.03 0.34 0 	05 r,,,o6  .0. 	07 	' U. OF 0.09 0.10 0.20 • 0.30 

1 2 0.33 0.01 0.07 6.12 0.16 .. C.16 0.16 0.21 0.15 0.15 0.39 -0.08 
2 4 0.06 0.10 0.14 0.19 	' O.?? x;.37 . 	0.41 0.6? 0.75 3.91 .. 	2.43 4.21 
7 6 j. C5 0..11 0.19 (% 2" 0 , 45 0.67  O. 	PE , 1.08 1+24 .1,48 4.34 6.42 
4 r: 0.03 1.C6 0.17 0.34 0.4:. 0.77 • 1.02 1.17 1.61 1.'1.  6.53 8.51+ 
5 10 0.03  0.37 0.21 0.41 3.65 1.02 1.76 1.75 2.15 2.59 P. 69 7..71 
6 	. 12 3. ; 3 0.11 0.28 0,, 56 9. P9 1.31 • 1. 	R2 2 	39' 3.15 5.47' ..10.64 3.61 
7 114 0.35 0.17 . 0.41 0.'77 1.20 . 	1.7C 2...14 2.9P F.03 5.15 9.66 U.09 
ri 16 0.c.6 • 0.22 0.53 0.q6 1.40. 2.16 . 	2.e9 3.72 4.70 5.64  6. 	L.,:: -1.61+ 	1 
L: 1E 0: 	3 ,-1 0.33 0,67 1, 26  1. P9 .2.77 3.82 4.55 1.84 6.56, 4.?r; -1.E4,.. 

10 20- 0.10 3.33 0.75 1.39 2.26 3.34 4.50 5.67 6.64 7.05 . •  2.40 -1.78 0am 
11 2? 0.11 : 	0.40 0.93 1.70 2,. 70 . 	7.94 . 	5 	3J 6,20 7..19 7,75 0• 17.7 -1.24 1 
12 24 0 	13 0..46 1-08. 1..99 7.27 14.78 6.-19 7.40 7.i 6 6.11 0. 3"; -C.73 
13 2E, 0.13 2.49 1.14 2.20 • 3.63  5.36 6.'1..5 F.07 7.08 4.45 0.17 0.02 
1.4 25 i..14 3.53 1.27 2.1+1 3.97 5.67 7.12 7.73 5.F.3 2.39 3..08 -1.,..„4. 
15 3t. J• 16 11. 59 1.43 2.67. 4.53 6.20 6.?• 0 6.67 4.00 G.66 0.09 1.76 
16 32 0.16 0.73 1.!:2 2.97 5.05 6.56 6.35 4.94 2.05 -0.61 -C.03 -1.35 
1.7 34 J 	16 0.67 1.64 3, 	;?..i 5(1;4 6.64 5, C6 3-0c- 0.64 -1,. 47 -0.23 -1.31. 
18 36, 0.1.A 0.74 1..6 3.53 	. 5.42 5.04 .3.7a 1.59 -0.32 -1.94 -0.47- -1.15 

19 36 3.20 O.61 2.01 3.93 5.59 5.08 1.P2 0.1+7 0.e9 -2.09• -0.67:• -.0.93 
20 40 0,21 7 	t'- 	7 2.7P 4.45 5.75 34.-9t: • G. 	43 „ -0.24 ••11 CT -2+ ,01 0.02 -0:. 71 

Tr.5:7 !•.t-P. PE ,-; CEP T AGE CIFFEkEtoCE TS 
'I HI' :1 P. 	iON TS 

NEGATIVE EXPONENTIAL BREAKDOWN 
NORMAL SERVICE TIME 

TWO SERVICEMISN 

COEFFICIENT OF VARIATION 0.1 

2.136.34 
2..63204, 



Table No. 21 

1 

MACHIN:: UTILIZ1TION M FOR 2 COLLA , IORT1N9 SE1 2VIOLMEN-•(NORMAL SERJICE TIM., C MUOEL) 
COLFFIUILNT OF ARIATION FA:JOR 0.2 

SERq.1,:;INO CJNST(NT K 

NIT I 0001.010 0,202100 nr03770 0,04000 0.05000 0406000 0007000 0.00000 0.09000 0.10.100 0.20000 0.30000 

1 2 0099059 0.93096 0.37?11 0096347 0.95477 0.94599 0093740 0692930 0692046 0,91154 0483357 0.77179 

2 - 4 0.99072 0093127  0697185 0,96256 0.95364 0194486 0,93554 069274/ 0.91929 0,91126 0683252 0.76332 

3 6 0.9052 0.34096 0.071?r4  0,95108 0.95272 0.94389 0.93435 0.92579 0.9/678 0,90714 0.81851 0072054 
4 	- 8 0699011 0698004 0,17n2q 0,96046 0.95054 0.94096 0093125 0.92132 0.91220'0490155 0.50090 0068719 

5. 10 0.)9005 04j7976 005949 0c95936 0094E98 0c93889 0,92653 0691064 0.90605 0.89539 0.77927 0.61754, 
6 12 0098993 0097961 060;929 0,95888 0.94820 0493744 0092625 069156e 0690435 0.89024 0.74613 0.53632 
7 14 0099004 0.97957 00671 14 0695849 0094720 0.93579 0,92359 0691065 0.80657 0606176 0.69139 0,46262 

8 16 0,99007 0.97967 005711 7  0,95862 0094663 0093502 0092111 0.90700 0.89060 0,57420 0.62595 0.40596 
.9 . . 16 0.99020 0097)93 9,7'63 47 0.95032 0.94606 0,93326 0691973 0.90339 0.88486 0,86082 0656261 0.36317 
10 20 0699020 0097985 1036"1 0 0 6 95745 0094546 0093223 0091492 0689533 0087065 0684111 0.50639 0032601 
11 22 0.39023 0097391 0,35311  0095750 0.94470 0.92833 0690963 0.83635 0.85485 0682112 0.46220 0.30009 
12 24 0.79027 0697995 06 1 6'1 17. 0695734 0094416 0.92796 0.90479 0,87570 0.03582 0678433 0.42053 0.27653 
13 26 0.9901? 0037958 fir3646 0.495547 0694093 0.92224 0689686 0.86062 0.80705 0.74044 0.3.,b77 0.25709 
14 28 0.99013 009793/ 0636761 0.95420 0.93714 0091280 0683051 0,:)3535 0676902 0,694J9 0.36073 0.23131 

15 30. 0,39016 3,97915 06356D.5 0. 4,95225 0693374 0,90431 0665933 0.80163 0.72636 0,55182 0.3361+ 1+ 0.22652. 

16 32 0.39004 0.97307 0,36641 0,95071 0.93054 0.89454 0083384. 0.76310 06.6535 0,61261 0.31502 0.20046 

17 34 0,9i1;e 0.97871 0,36",36 0694706 0.'22062 0.87754 0680193 0.72397 0.64617 0,57720 0,295d9 0.19535 

13 76 0.989'36 0697870.  06.5461 0094466 0,91268 0,,85442,0,76714 0063556 . 0061068 0654595 0.2L'364 0.16460 

19 38 0.99006 0,i7063 0,353B9 0094262 0.90364 0452932 0.73235 0.65090 0.57965 0.51825 0026939 0.17545 

20 -•40 0.989./9 0097847 0.45170 0.94057 0089067 0.80041 00E9605 0.61914 0.55160 0.49329 0.24985 0.166'38 



MACHINE WAITING TIME 
Table No. 22 

FOR 2 COLLA9OPTING SERVICFMEN-(NORMAL'SERVICF TIM!, 	n HOOrL) 
COEFFICIrNT OF 	VARIATION FACTOR 0.2 

SERVICING CONSTANT K 

N 0,01000 U: 02000 0.03000 0,04000 0.3501)0 	0906000 0.07000 0.08000 0,09000 	0,10°00 0.20000 0.30000 

2 0.00009 0.00001 0.00001 0.00001 0.00002 	0.00002 0.00001 0.00002 0.00001 	0.00002. 0.00001 0.00000 
4 0.00000 0.00001 0.00001 0 , 00503 0.00024 	0,00006 0.00006 0,0.0043 0.00054 	0,00052 0,00401 0.01169  
6 0,r3cc0 0,00001 0.00103 0.00013 0.00013 	0.00057 0.00107 0.00152 0.00137 	0.00246 0.01535 0.04545 
3 0.00000 0.00007 0.00021 0.0004E 0.00067 	0.00137 0.00205 0.00301 n.00371 	0.00560 0.03566 0.10077 

10 0' 00015 Or 00007 0900041 0.00091 0.00140 	0,00243 090036P. 0,00470 0.00P40 	0.0105° 0.06370 0019119 
12 0.00091 0.00013 0.00037 0.00109 0.00180 	0.00302 0.00591 P.00765 0.01110 	0.01692 0.10528 0.29775 
14 0.00040 0.09028 0.00070 0.01168 0.00711 	0.00531 0.00846 0.01279 C.01P15 	0.02517 0.17104 0.39470 0 

16 0,90036 0c00032 0,000n7 0,00174 0.00414 	0;00332 0.01170 0, 01734 V.02506 . 0.03461 0,25011 0,46920 1 

19  0.00011 0.00012 0.00090 0.00237 0.00522 	0.00876 0.01199 0.02210 0.03282 	0.0497 4 0.32636 0.52586 
20 0.00004 0.00040 0.00151 0.0034E 0.00505 	0.0103? 0.01928 0.03134 0.040 44 	0.0700 5 0.39303 0.57212 
22 0,01076 0,001146 0,00136 0..00373 0,00730 	0,01490 0.02'349 0,04107 0,06595 	0.09431 0.44696 0.60912 
24 0.00000 0.30053 0.00172 0.00400 0.00826 	0.01566 0.03078 0.05281 0.08731 	0.13501 0.49620 0.64024 

26 0.00000 0.00065 0.0020F 0.00566 0.P1147 	0.02171 (403973 0,06952 0 , 1114 91 	0, 1°363 0.53436 0.66609 

28 0 , 	001'00 0,000'19 0,00275 0.00681 0e01500 	0.03112 0.05675 0.09714 0.1606" 	0.233°5 0.56790 0.6735 

30 0.00000 0.00091 0.00363 0.00901 0.01866 	0.04014 0.07916 0.13362 0.20520 	0.28166 0.59694 0.70690 

32 0.00014 2.00111 0.10399 0,11059 0.32211 	0,05173 0.10641 0.17515 0,252?9 	0.-32501 0,62251 1,73712 

34 0.000/8 0.00135 0.00496 0.01324 0.03201 	0.06877 0.14060 0.21746 0.29507 	0.36402 0.64533 0.74590 

36 0.00031 0.00142 0.00581 0.01651 0.04033 	0.09305' 0.17786 0.25897 0.33162 	0.19862 0.66085 0.75972 
38 0.00012 0,.00158 0.00667 U , 01672 0,049900.110'67 0.21.470 0,029653 0.36777 	0;42923 1-67806 0.77199 

0.00027 0.00170 0.00725 0.02106 0.06363 	0.15034 0.25122 0.33092 0.39845 	0.45682 0.70019 0.78309 

wir 

1 
2 
3 
4 
5 
6 
7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 ,40 



Table No. 23 

FERVInF 	TTILIZ4TION 	F6P, 	2 COCLtFjORTING S0J41rEt..FN 	(NOPMAL Sr R)./101-  

coFFFINT 	OF 	VAS:IAT3ON 	FkOTOR 	0.2 

rFRVICING CONSIAN1 	K 

TI07, r monru 

N/C N 00,01000 Or 02000 0.03000 	0,04000 	0,o500n 	0.. 06000 0.07000 0.08000 	0.09000 0.10001 0.20000 0.30000 

1 2 0.01046 0.01913 0.02788 	0.03652 	0.04521 	0.05399 0.06259 0.07065 	0.07953 0.08944 0.16142 0.22824 

2 4 0rC0995 0,01372 0.02914 	0.03742 	0,04612 	0,05505 0,C6440 Or 07216 	0,08017 0, 08 822 016347 0.22499 

3 6 0.00950 0.010.3 1.02063 	0.037S9 	0.04710 	0.05553 0.06408  0.07260 	0.01185 3.09040 0.16614 0.22571 

4 8 0.01015 0.01989 0.C2950 	0.03909 	0.174879. 0.05767 0.06670 0.07567 	0.08.409 0.0°28 5 0..16344 0.21204 

5 10 0.00980 0.02017 0.03010 	0.03973 	0,, G4q53 	0.05963 0;06779 0.07666 	0009555 0,09402 0. 	15703 0, 19117 
1 

6 12 0.00916 0.02026 0.03034 	0.04003 	0.04990 	0.05924 0.06784 0.07667 	0.03455 0.09284 0.14559 0.165423 

7 14 0.00956 0.02015 0.0301E 	0.03983 	0.04941 	0.U5F.SO 0.06795 0.07655 	0.oa507 0.0,1 207 0, 13757 0.140F9 

8 16 0:00S57 0,02001 01,2996 	0.03964 	0.04923 	Or 05836 0.36719 0.07558 	0.08344 0.09119 0.12392 0.12484 	1 

18 0.00969 0..01975 0.02963 	0.03931 	0.04871 	0.05798 0.06E28 0.07451 	0.08232 5.08944 0.11103.  0.11(97 

10 20 0.00976 0.01975 0.02157 	0.034!10 	0.04859 	0.05745 0,06580 0.07333 	0.08071 0 	n8733 O. 08993 0.09917 

11 22 0,00901 0,01961 0e02931 	0.03877 	0.04800 	0.05677 0.06483 0.07251 	0.07920 0.1'407 0.00004 0.0°07.:' 

12 24 0.00988 0.01952 0.0291E 	0.0386E 	0.04758 	0.05638 0.06443 0.07141 	0.07687 0.18066 0..08327 0.08323 

. 	13 26 0.00994 0.91977 0.02948 	0 	03087.0.04760 	0.05br5 0,66339 0.06966 	0r 07404 0.075°3 0.97687 0,07682 

14 28 0,00987 0.01980 0.02956 	0.03899 	0.04786 	0.05600 0.06264 0.fl67510.0702° 0.0711E 0.07137 0:07134 

15 30 0.00987 0.01974 0.02942 	0.03874 	0.04763 	0.05555 0.06151 0.°6475 	0.06677 0.065.6 0.06662 0.06688 

16 32 0.00982 0.01:382 0.02953 	0.0370 	0,04735 	0-05473 0.0Fq75 0.06175 	Or 06236 G.06276 0,96245 0,0624? 

17 34 0.00984 0.01094 0.02960 	0.93090 	0.04717 	0.05369 0.05747 0.05157 	0.0557E 0.•OF070 0.05378 0.05875 

18 36 0.0097/ 0.91988 0.02959 	0.07681 	0.04699 	0.05253 0.05498 0.05547 	0.05550 0.05543 0.-08551 0.05548. 

19 35 0.009'82 0,01979 0.02953.0.03866 	0,04646 	00.05101 0,05245 0.115257 	0.05258 a_.0';252 0.05259 0,052F6 

20 40 0.00974 0.01983 0.02945 	0.03837 	0.04570 	0.04925 0.04993' 0.04994 	0.04995 0.n49A9 0.04996 0.04993 



- 132 - 

ei  

	

1 	 2 	0.00982 

	

2 	 4 	0.23642 

	

3 	 6 	0.51508.  

	

4 	 8 

	

5 	 10 	
0.91928 
1.07929 

	

6 	 12 	1.18365 

	

7 	 14 	1.09953 

	

8 	 16 	1.09355 

	

9 	 18 	1.25915 

	

10 	 20 	1.43329 

	

11 	 22 	1.76805 

	

12 	 24 	2.00377 

	

13 	 26 	2.04224 

	

14 	 28 	1.81433 

	

15 	 30 

17 
16 

34 
32 

'1.0iE 

	

18 	 36 	0.86620 

	

19 	 38 	0.77749 
• 20 	 40 	0.68703 
For L11 degrees of freedom, the 5 level of significance is 
P(19.67.5-4 	-<c0)=0.05 and the rejection region is `X--.19.675. 
Hence, for the 5% level of significance,7c 	are not 
significaht. 

Table No. 24 

The Goodness of fit test. 
Negative Exponential Breakdown. 
Normal Service Time. 
Two Servicemen. 
Coefficient of Variation = 0.2 
Test 1 
Keeping service coefficient constant and increasing th9 
number of machines from 1 to 40. 	(o.-e.)' 
No. 	Service Constant. 7\. e, 

	

1 	 0.01 	0.00323 

	

2 	 0.02 	0.04493 

	

3 	 0.03 	0.25550 

	

4 	 0.04 	0.91273 

	

5 	 0.05 	2.07191 

	

6 	 0.06 	2.90325 

	

7 	 0.071 	3.05164 

	

8 	 0.08 	3;38247 

	

9 	 0.09 	2..98935 

	

10 	 0.10 	2;54602 

	

11 	 0.20 	3.14785 

	

12 	 0.30 	1.43923 
For 19 degrees of freedom, the 	level of significance is 
P(30.144<2 040) =0.05 and the rejection region isA.30.144. 
Hence, for the 55 level of significance,2C=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 
$; •( 0

i
-ei)2  go. 	No. of Machines. 	f\.= 



'Tp.ble No..25 

THE 	PERCENTP,GC 01FFEPENCcS 
SERVICING CONSTANT K 

4RF 

14/C N 0.01 0.02 0.03 0.04 0..0r U.06 ■ 0. 07 0108 0.0q U. 1U . 0. 	20 	• 04 30 
. 

1 2 0.05 0.06 0.13 0.20 0.25 0.2t: 0.71 C.37 0.33 0.27 .  0.63 0.33 
2 4 O.U7 0.1.3 0,19 0•26 0.76 0.48 .. 	0.53 0.71 0...1 1.07  2.6b 44.52 
3 6 3. 	i., 6 6.14 0.22 0.34 0 	51 G. 73 . 	0: °4 1.16 1439 1.57 • 4.42 6•54 
4 ; 0.03 0.0n 0.21 0.37 0.55 0.01 1.09 1.39 1.79 2.G6 6„49 8.87 
5 10 0.04 G.10 0.23 0.43 6.F.F, 1.62 1.40 1.“.■ 2.15 2.. 67 • 8 	97 7.63 
6 12 0 	r..4 G.1 3 0.31 13:5R O. 92 1.'35 1, P4 2•50 3..17 3.62 10.79 .4.00 
7 /4 0.06 0.17 0.41 0.76 1.10 1.72 2.34 3.u1 3.70 4.45 13.06 E•47 
6 16 0.07 0.23 0.03 1.00 1.51 7,26 2. 1"6 7 • E 6 4, 65 5. 	6c,  7 	70 -1.23 I 	• 
6 18 U 	10 0.31 C ,. 69 1. 23 1.89 2.76' 3.04 4.?,0  5.4 .5 6.60 .  5.21 ' 	...1.45 	1-• 

10 20 0.11 0.35 0.77 1.41 2.31 3.44 4.4P, 5.64 6.55 7.09 3.30 -1.43 	t...)  L.'" 
11 22 0.12 0.42.  0 ,,  56 1,- 72 2 	7F 7, GU 5, 75 6, 54 74.74 7..c;4 1 	54 . .-G.52 	i  
12 24 0 	14 0.49 1.10' 2.04 3.34 4.r.,c,  6.27 7.53 7.: 17.• - ." k 	6.1...$2 ' 	'1.28 -0.43 
13 26 3.14 0.50 1.19 2.20 7.67 . 5.41 7.15 5..31 7.'1 5.12 1.22 3.27 
14 2L O. 15 0.53 1. 29 2. 47 4. 03 5. 67 7,.29 '7.. 	04 6, 32 3.15 1 	G5 -2.85 
15 30 0.16 0.60 1.41 2.70 4.52 6.20 7.04 64°4 4.7:: 1448 .0.95 1.94 
16 32 U.16 0.64 1.57 3.03 5.15 6.76 6.49 5.35 2•91 0.25 0.01 -.3.7€ 
17 34-  0 	17 0.68 1,. 68 3..26 5, 16 6, 6:: 5, 24 3. 73 	. 1. 51 -0, 57 0• 61 .•.■.,• 37 
18 36. u.1" 3.76 10'4 3.52 5.41  6.03 3.! 5 2.20. 0.56 -1.02 2.11 -u.21 
19 38 0.21 0. °3 2.02 7.97 5.e4 5.30 2.54 1.16' 0.r4 -1.1.6 2.36 .04, 41 
2L 40 0 	22 0.cu 2.26 4.49 5. 59 4.23 1,-30 C. 42 -0..20 -1.16 -0.06 u.19 

;-FAN FrRCErTAGE OIFFERENCE IS 
7HF -1C. OPIT:.1 )ON IS 

NEGATIVE EXPONENTIAL BREAKDOWN 

NORMAL SERVICE TIME 

TWO SERVICEMEN 

COEFFICIENT OF VARIATION 0.2 

2.33184 
'2.62403 



Table No. 26 

hACHINil UTILI7r%rrnN M FOR 2 COLLP9ORTING Sfr.:K1/IGLMEN-.CNOMAL SERV1C 	i lML, C 000EL) 

COLFFICIENT OF VAIATICN FACTOR 0.3. 

SEk)ICING CUNSTANT K 

N/C N 00 010)0 04 02000 0t070410 0.04000 0405000 0.06000 0.07001 0.08000 0.09000 6.10000 0.23000 0.30000 

1 2 0.19059 0.93105 Of 	'713 0496376'0495499 0.94636 0.93771 0492962 0492075 0.91175 0.83929 0.77233 
2 4 0439•054 0095111 0,371F0 0.96224 0495352 0494445 049,3479 0.92709 0451561 0,91063 U463180 0076292 
3 6 0.39052 009L087 0.171P0.  0.c.:6160 0..15251 0.94375 0093475 0.92533 0.91649 0.90719 0.61706 0.72743 
4. 8 0.99010 0497915 0,17114 0,96021 0695036 0494091 0.93061 0492065 0491056 090002 0,79301 0466466 
5 10 0,990)0 0497962 1,.36?17 0495914 0094900 0493564 0.92609 0.91768 0.90510 0.89345 0.77573 0.61520 
6 12 0.9891 0.97945 0.95102 0.95685 0,94756 0,93704 0692655 0.91436 0490260 0,86907 0.74346 0.53194 
7 14 0.954)5 0097952 1,157c7! 0,95632 0.94710 0.93510 0.92257 0.90923 0.69612 0,66196 0.66613 0445975 
8 	• 16 06196)0 0.97954 0,1;106 0.95802 0494552 0493394 0492069 0.50559 0.69093 0.67325 0.62220 0.40361 
9 .18 04,9014 0497980 04)5912 0495741 0.54590 0493237 04 91696 0090161 0468232 0465611 0455915 0.36107 
10 20 04 39017 0497974 0,35157  0495666 0.94421 0.93045 0491275 0.69385 0466766 0.83653 0.56230 0.32606 
11 22 0099017 0,97171 04;5-1 74 0.95676 0054393 0.9.?.666 0.91Y35 0.86/40 0.85165 0.81713 0,45715 0.29646 
12 24 0091021 0497980 0,151F,9 0495711 0.94323 0,92604 0490292 0967215 0.63327 0J6651 0441834 0..27508 
13 26 009;00c: 0a97949 08 75777 0c95466 0.93982 0.92113 06 69391 0685620 0e90277 0.73652 0636612 0.25567 

14 26-0.99005 0,97907 01 96727 0495324 0.93532 0,91242 0487657 0,83064 0476652 06.69107 0435842 0(.23949 
15 30 0439006 - 04F:10`) 0,36576 0.95119 0093197 0,90176 0,65607 0,7'3347 0472396 0.64751 3.33455 .0022555 

16 	' 32 009854 0097850 0.55? 0494993 0.92745 0.83865 0462977 0475949 0.66162 046017 0,31315 0.20465 

17 34 0.98934 04 97841 	c.) 	'+E'7 0.94584'0491635 0.87313 0479791 0.71967 0464217 0.57292 0429406 04193.69 
16 36 6Q98992 3.97524 0196416 0494311 0.0862 0684991. 04763/5 0.16115 0.60710 0,54164 0.277b 0.15313 
19 38 0.989)4 0097816 04152." 04')4024 0.55621 0.82373 0472694 0.64636 0.57607 0.51406 0.26200 0417322 
20 • 40 0.96953 0497787  0,16003 0493722 0488565 0.79439 0669230 0.61497 0.55282 0446532 0.25415 0416195 



Table No. 27 

VACMINE WAITING TIME FOP 2 COLUPORTING F.ERVICEMEN-(NORMtL SERVILE TIME, C MODEL) 

COEFFICIENT OF VARIATION FACTOR 0.3 

SERVICING CONSTtNT K 

N/(; N 0.01000 0.02000 0.03000 0.04000 0.05000 0.06000 0.07000 0.08000 0.09000 0.10090 0.20000 0.30000 

1 2 0.00000 0,00031 04:00001 000001 0.00002 0.004300 0.00001 0.00002 0.00001 0,00001 0.00008 0.00008 

2 4 0.00000 0.00001 0.00001 0.00001.0.00002 0.00003 0.00000 0.00040 0.00055 0.00059 0.00458 0.00955 

3 6 0.00000 0.00001 0.00009 0.00610 0.00021 0.00040 0.00062 0.00144 3.00162 0.001°1 0.01663 0.0563? 

4 8 0.00000 0.00006 0.0001g 0,00047 0,00057 0.00121 0.00181 0#00210 0.00486 0,00683 0:03819 0.10359 

5 10 0.00015 0,00010 0.00.039 0.00050 0.00112 0.00235 0.00345 0.00514 0.00897 0.01214 0.06717 0.19351 

6 12 0.00127 0.00015 0.00041 0.60100 0.00236 0.03338 G.60563 0.00557 0.01250 0.11775 000°616 0,30241 

7 14 0.001140 0,000i8 0,00065 0 	00160 0.00315 0,00579 0.00807 0,01370 0.01840  0.02475 0.17228 9.39755 

P 16 0.00034 0.00033 0.00078 0.00199 0.00453 0.00730 0.01110 0.02744 0.02504 0.02674 0.25322 0.47152 

9 18 0.00005 0.00032 0.00115 0.0.0317 0.00502 0.00929 0.01353 0.02342 0e03485 0.05195 0.32906 .0.52796 

10 20 0.00001 0.00379 0.00166 0.00374 0.00683 0.01180 0.01895 0.03251 1.05135 0.07407 0.3P733 0.57497 

11 22 0.00000 0.00048 0.00176 0.00426 0.00777 0.01397 0.02504 0.04578 0.06°02 0.09867 0.45207 0.61075 

12 24 0.00000 0.00055 0.00194 0,003°7 0600 895 G.01731 0.03049 0.05530 n.08°66 0.13661 0,-49944 0.64170 

13 26 0v00006 0.00063 0.00239 L.00526 0.01220 0.02249 0.03039 0.07388 0.12326 0.10729 0.57707 0.66731 

14 28 0.00000 0.00098 0.00301 0.00749 0.01660 0.03122 0.05665 0.1.0152 0.16307 0.23771 0.57025 0.69918 

15 30 00 00000 0..00/03 0.00397 0.00977 0.02017 004255 0.07904 0c13661 0.20965 0, 28591 0.50888 0.70787 

16 32 0.00001 0.00122 0.00460 0.01104 0.02492 0.05660 0.10637 0.17573 0.25500 0.32‘...41 0.62440 0.73273 

17 34 0.00022 0.00151 0.00521 0.01502 0.03422 0.07297 0.1405E 0.22169 0..29°06 0.36833 0.64720 0.74756 

lg 36 0.00013 0'00169 0.00596 0,01778 0.04395 0.09740 0.17779 0,26339 0.33740 0.40287 0.66744 0.76137 

1S 38 0.00016 0.001E8. 0.00735 0.02085 0.05401 0.12521 0.21471 0.30107 0.37135 0.43238 0.68544 0.77422 

20 40 0.00032 0.00011 0.009Z ',?.02413 0.06844 0.15631 0.25123 0.33509 0.39722 0.46074 0.69592 0s75809 
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Table No. 29 

The Goodness of fit test. 
NPgative Exponential Breakdown. 
Normal Service Time. 
Two Servicemen. 
Cotfficient of Variation = 0.3 
Test No. 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 40. L 	(0.2 2. 

ei 

	

1 	 0.01 	0.00729 

	

2 	 0.02 	0.04044 

	

3 	 0.03 0.22448 
4 0.04 0.81479 

	

5 	 0.05 	1.81161 
6 

	

7 	 0.1) 	
2.53062 
2.70029 

	

8 	 0.08 	2.94348 

	

9 	 0.09 	2.65036 

	

10 	 0.10 	2.30874 

	

11 	 0.20 	2.70630 

	

12 	 0.30 	1.30771 

For 19 degrees of freedom, the 5,', level of significance is 
P(30.144<) =0.05 and the rejection region is 	30.144. 
Hence, for the 5,1, level of significance, =1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

No. No. of Machines. 

1 2 
2 4 
3 6 
4 8 
5 10 
6 12 
7 14 
8 16 
9 18 

10 20 
11 22 
12 24 
13 26 
14 28 
15 30 
16 32 
17 34 
18 36 
19 38 
20 40 

No., 	Service Constant. 

7s% 

 

0.01246 
0.22465 
0.48220 
0.82403 
0.96192 
1.06894 
0.98105 
1.02780 
1.13854 
1.28488 
1.58271 
1.82114 
1.79673 
1.58837 

1.11056 
1.34816 

0.89246 
0.71595 
0.62124 
0.56230 

For ..11 degrees of freedom, the 55 level of significance is 
P(19.675-C*.<c0)=0.05 and the rejection region isi<19.675. 
Hence, for the 5 level of significance,? 1,2,...20 are not 
significant. 

ei 



Table No. 30 

TbE 	PEPr.:E.N1 	 E.S 
SERVICING CONSTANT K 

-14/C N 0.0i 0.02 	0.03 	.0,04 0.05 0.06 0,07 n.riA 0, 09 0,10 0.20 	• ur 30 

1 - 2 0.6 0.07 	0.13 	0.23 T.27 P 0.34 0.40 0.36 0.29 0.72 0.40 
2 4  0.07 0.11 	0.16 	0.22 	' 0.35 0.43 0.45 P.69 0.P1 1.0i) ? 59 4.46 
3 ( 0,06 0..13 	0.21 	0..13 0,4° 0.72 0, 93 1.11 r- 36 1. 58 4.23 6.34 
4 0-. 0.03 C.P.' 	C.19 	0.34 0.53 0.80 1.r2 1.11 1.61 6.11 0.48 
5 in 0.03 p.08 	C.21 	0.41 0.6A 1.00 1.75 1.7(7 2,04 2.45 ° 	47 7. 2 

6 12 0 	n3 0.11 	0. 	28 	0‘56 0.f!5 1.31. 1.57 2.15 7.97' 3.4E 10.33, 3.16 
7 1 4  0..C.5 0.17 	i).39 	0..74 1.16 1.65 2.26 2.S6 7.65 4.47 9.22 -0.15 
e 16 0.67 0.22 	0.52 	6.'24 1.42 2.14 2, c1 7,01 4.71 5.5e4 7 	05 -1, r0 
ci 18 0 	09 0.29 	U. E6 	1.13 1.87 7.66 • 3.75 4.6" 5.65 5.27 4.57 

10 2C .  0.10 0.34 	0.74 	1.35 2.18 3.24 4.7'4 5.46 6.16 6.76 7.44 -2.020D 
11 22 6.12 0.40 	0490 	'1.64 2 	70 1.96 5.77 5.94 7,42 1 	42 -1.45 
12 24 0.13 0.46 	1.05. 	2.J1 3.23 4.67 6.05 7.56 5.42 .3. 75 
13.  26 0.13 0.49 	1.14 	2.12 3.55 5.29 6.P1 7.72 7.C3 4:57 0.53 -C.21 
14 26 U 	14 0.51 	1.25 	2,36 3,!!7 5.62 6. "0 7,46 5- 07 2156 0.41. C. 59 
15 30 0.16. 0.514 	1.35 	?.Si 4.33 5.9r. 6.F4 6.5? 4.15 39 1.50 
16 32 0.15 :4.62 	1.47 	2.94 4.60 6.07 5.07 4.85 2.35 •..G. 47. 0.23 -1.67 
17 34 0.16 0.65 	1462 	3.04. 4.Ev 6.15 4,76 3 	11 G. P9 -1.32 -n 	02 -1.21 
.1. 36. 0.1r 0.71 	1..1'.0 	1.35 5.03 5.47 3.7i 1.55 -0.06 -0.25 - 1.11 

19 38 3.20 0.79 	1.5? 	3.70 5.32 1.71 1.45. -1.S6 -0.44 -1.26 
2:') 40 0- 	20 . 	2.°4 	1.c1 	4.12 5,.30 3,44 0. 1.? i".,2 ••1 ..95 1.66 -2.81 

THE mE.,IN 	FEI:tEt TAGF 	U1FFERENCE 	IS 2.10003 
THE :1 r!. 	u7 /1 	10t , 	Ts 	. 2,52P.74! . 
NEGATIVE EXPONENTIAL BREAKDOWN 
NORMAL SERVICE TIME 
TWO SERVICEMEN 
COEFFICIENT OF VARIATION 0.3 



Table No. 31 

• 

■IALHINE..UTILIZATION V. FOR A Sji4GLE SERJILEVJO'-(ELANS SEVICE TTMF, C flO9F1) 

kt-BEi. 	OF 	FI-1;:SE_ 

SEf.41CING 	coNsiari 
1 

K 

N/G N 0.01000 •0.U2000 0.63000 0.04000 0.05000 0.06000 0.07000 0.t000 0.09.000 	0.10000 0.20000 0.3'3UP0 

1  1• 0.99029 1).95020 C.97C33 0.96,055 0.95057 0.94067 0.97066 . 0.c.2123 0.91125.11.9031 0.1:4050 0.766c. 

2 2 0.969?,7 0.97932 0.96E33 0.95675 0.94509 0.93399 0.92398 0.91343 0.911 092 n. E8925 0.802F5 0.7167 
3 3 0.99924 0.':;7778 0.(16602 0.95410 0.940:;3 0.9292 0.91741 0.•3P50j 0/C9056 0.9767 6 0. 753;'1, 0.65168 

4 4- 0.9914 9.;76E5 0.c6469 0.95235 0.c'30 10 0.92527 0.9135 . 0.E965 0.68266 '0.666c7 0 0.77314 3.59324 

5 5 0.96963 6.97837 0.96625 0.95255 0.93158 0.92502 0.91C11 .0.E9537.(t.o7700 0.0661q 0.6E015 3.54270 

6 6 0.9.364 0097f.20 0.96574 .9.951F4 0.93861 0.92120 0.90450 0. °3539 0•86540• 0.145'73 0.67494 0.47799 

7 * 	7 0.9953 0.7721 0.96552 0.951E3 0.93669 0.91°,91 0.90010 0.f'.6176 0.36003 r.).87757 0.57661 0.47510 

6. 8 0.0934 0.97701 C. =:6245 0.c_4662 0.96(::56 o.e1,(27 0.16321. 0,4117 ,t1195 0.5463 9.3°414 ,  
9 9 0.989760.97676 0.96290 0'494603 0.92831 0.90823 0.85474 0.65790 0.'2751 0.70.;=,4 e.50?06 0.347E? 

10 10 0.98866 0.97525 0.959y1 0.94029 0.91822 0.89295 3.6652E.  0.P1560 0.80720 0.7R0r;6 6.4634h 0.7161E 

11 11 0.920 0.57593 f1 •95966 Ot53727 0•911eC . 606L3L6 9.c533"6 0.31:2,64 0.779? 0.746'3 0.42477 0.25 1'62 

12 12 0.9i985 . 0.97492 f.c561.'7 0.93365 0.9.0 .399 	3.C73b0 0.63° 0..:;0412 °.75cc: 1, u.71('7 3.39241 0.26921: 

13 13 '0.96879 0.97364 r.95557 0.92E6Es0.89765 '0.66259 0.82735 0.77594 0.73252 0.68354 0.3631) 0.25037 

14 14 0.9o4° C.5;7337 C.95244 0.E2510 0.69607 0•C5723 . 0.095 0. 7553'; e.70199 0.64°15 C.:779JV 0. 73ECF1  

15 15 0.4(71 0.97n1 0..1;5175 0.9249? 0.8904. 0.849U5- 0.78916 0.72676 0.66943 0.61617 0.31575 r;.22:174 

16 '16 C.96664 C.97765.0.95151 0.52075 U.6046 0.42944 0.76Tt4 0.F9Li55 f7.6 7,0.46 %.59 67 1.1 !7.2q772 3.21r.1C9 -  
,-17 17 00974 0,97?39 0s .-11464 0.91621 006714%7 0•61381 1.74P.13 0.6696U 0.60775 P.556;9 0.2732 0.194tr' 
18 lb 0.96546 0.97254 6.95044 0.91245 0.66014 0.79241.0.71762 0.64775 0.57746 0.52769 0.26465 0.1875:9 

V:.; 19 0.cie.32 0.c.,7118 0.94449 0.90760 0.1,4712 6•77700 3069450.  0.61533 0.54506 0.502'3 G. 25102 0.1774C 

20 - 20 '1498784 3.9692? 0.94206 0.90012 0.83701 0.75470 0.66770 0.59073 0.52498.  0.47f 75 0.23991 0.16777 



Table No. 32 

MACHTW: WfTTING TIMF 	FOR A ';INCLE SERJIr5MtN-UPLANC SERVICE 	TTwF, r 	MOnrL) 

NUMPER OF PHASES 	1 

SERVICING CONSTANT 	K 

N/C N 0o01C01 0-02000 0.03000 0.04000 	0,05000 0.06000 0.07000 0.03000 0.09000 	0.10000 0.20000 0.30000 

oscc000 o.u00i 0.00001 	0.00001 0.00001 0.00001 0.00001 0.00001 	0.00001 0.00001 0.00001: 

2 2 0.8024 0,90145 0.00115 0,00001 	0,i;0467 0.00607 0.00728 000P24 0.00089 	0-01397 0,07320 0.06059 

3 - 3 0.00031 0.001614 0.0026E 0.004ee 	0.00e20 0.009':,7 0.01304 0.01760 0.01282 	0.r728119 0.06316 0.14112 

4 4 0.00027 0.00174 0.n9366 0.00570 	0.00340 0.01231 0.01556 0.02326 0.02086 	0.07645 0.11124 0.20707 

5 5 000U27 0-99151 0.00375 0(30757 	0.01152 0.01638 0.32210 0..02847 0.03829 	0.04730 0.17077 0.28461 

6 6 0.00066 0.(0231 0.00528 0.09967 	0.01388 0.02187 0.03924 0.04187 0.05376 	0.06644 0.23543 0.36725 

7 7 0.00059 0.:30;780 0.00479 0.00901 	0.01559 0.02510 0.03611 0.04723 0.06147 	9.'7. 7739 0.20319 0442696 

6 Or 00102 0.00363 0.00177 0.01522 	0.02394 0,03489 0.04664 0.06470 0.08003 	0.062A 0.33651 0.49327 

9 9 0.00064 0.00215 0.00725 0.01474 	0.02389 0.03646 0.05265 0.07299  0.09607. 0.11919 0.39000 0.54169 

10 '10 0.00103 0.00438 0.00725 0.02070 	0,033P4 0..05129 1 07147 0.09572 0.11875 	0,1405q 0043834 0.512 413 

11 11 G.00?75 0-00761 0.01027 0.02330 	0.041'30 0.05053 0.06376 0.112°3 0.1479' 	0.17735.  0.4'-511 0.62073 

- 	12 12 0.00122 0.00561 0.01027 0.0272C 	0.048?6 0.07120 0.99915 0.12666 9.16857. 0.20930 0.52491 0.64771 

13 13 0.00115 0.0062P 0.01315 0.02299 	0.05549 0.08308 0,11665 0,.15672 0.199212 	1r24556 0.56055 0,67297 

14 14 0.00162 0.00663 0.01499 0.03655 	0.05775 0.08953 0.134!4 0.10147 0.23220 	0.27333 0.5',0.20 0;69273 

15 15 0.00/40 0..0744 0.01805 0.03685 	0.06329 0.09727 0.15261 0.21212 9.26717 	0.31058 0.61776 0.71279 

16 16 0.00141 C. C137;37 0.01397 0 	04129 	C.07365 0..11°00 0.17536 0.24173 0.30022 	0.15234 0.64991 11,72673 

17 17 .0.00144 0.00776 0.02204 0.043eE 	0.08344 0.13568 0.20000 0.27401 0.33495 	0.3R895 0.66178 0.74635 

18 18 0.01169 0.U0769 0.3205? 0.04989.0.09473 .0.15849 0.22929 0.30291 0.36790 	0.41757 0.67968 0.76092 

19 19 0.00188 0-00602 0,02650  0.05541 	0.10887 0.17504 0.L25536 0.33323 0,40009 	0'43497 0.69646 0.76995 

20 20 0.03233 0.01096 0.02561 0.06204 	0.11991 0.19566 0.28367 0.35920 0.42542 	0.47190 0.71019 0.78229 

, 

0.  



Table No. 33 

SERVICE UTILIViTTON 	FOR A SINGLE SERVICEMAN-“EPLANG 	SERVICE TIME, ( 	menu) 

NI.Ihr3ER 	OF 	PHASES 

SFP.VICING CONSTANT 	K 

N/C N 0.01900 0.02000 0.03000 0.04900 0.05000 	0.06000 0.07000 0.!18000 0.09000 0.10000 0.20000 0.30000 

1 i 9,: 00'70 0,01°80 0.32966 0,03944 0;.G4942 	0405932 0.06931 0407876 9.08874 0.09613 0.15949 0.21301 

-2 2 0.r0c89 0.02023 0.030.52 0.02324 0.09024 	1.05994 0.36874 0.07831 0.08819 0.99675 0.16385 0.22963 

3 3 0.01045 0.02104 0.33112 0.11.4096 0.95097 	0.,06011 0.06951 00 07732 0,08662 0.07475 0016384 0.26729 

4 4 0,0.1063 0.02141 0.0316E 0,041.95 0.05250. 0.06242 0.07086 e.08021 0.08826 0.19705 0.15562 0.1906- 
5 5 0.0.0990 0.02012 0.03000 0.03992 0.04990 	0.05860 0.36779 0.07616 0.08391 0.09255 0.14908 0.17249 

1 
6 6 0.0065 0.01049 062025c6 9,03849 0004751 	3,05693 0.06496 06 07274 0.08044 3.0FFr1 0.13963 0,154c6 

7 7 0.00991 0.91999 0.92969 0.03916 0.04772 	0.6559.4 0.06379 0.0709'1 0.07850 0.08504 0.12800 0.13794 

8 8 0.00964 0.01936 0692882 0.03816 0.04719 	0.05555 0.06443 0.07209 0.07880 0.08379 0.11681 0.12?59 	I 

9 9 0.61000 0• 02009  0.02965 0.03923 0064780 	0.05531 0606261 00016929 0.07642 0,°226 0,10714 0,11049 

10 10 0.01009 0.02037 0.02'2.92 0.03c.701 0.04794 	0.05976 0.66327 0.06666 0.97405 0.07885 0.09820 0.09971 

11 11 3.01005 0.02026 0.02987 0.03943 0.04790 	0.05561 0.06226 0.06343 9.07309  0.07642 0.00'112 0.G9065 

12 12 06002 0 	02996 0002988 0.03915 0,04765 	90 05500 0.06187 00[6722 0.07154 0.07447 0- 08261 0008709 

13 13 0.00c86 0.0188 0602140 0.03035 0.0466 	0.05433 0.06030 0.06534 9.06820 0.07093 0.07625 0.07670 

14 14 0.00990 0.02000 0.02951 0.03875 0.0462? 	0.05319 0.05921 0.06317 0.06601 0.06762 0.07980 00712? 

15 15 0.00989 001975 0e02928 0 	0382? C004623 	0-05261 0,05759 0.06113 0,06340 0.°6449 0.96649 0.06647 

16 16 0.0095 0.01988 0.02916 0.0379E 0.04569 	0.05156 0.05580 0.05372 0.06032 0.°6192 0.06237 0.0627? 

17 17 0.00902 0.01985 0.02132 0.03793 0.04519 	0.05044 0.05397 005613 0.05730 0,05766 00°70 06 05876 

16 18 0. 00985 0. 111977 06.02904 0,03766 0.94443 	0.04910 0.65209 0.65374 0.05454 0.95474 0.05544 0.0554.-. 

19 19 0.00960 0.01979 0.02892 0.03699 0.04401 	0.04796 0.05014 0.65124 0.005185 0.05220 0.05252 0.05257 

20 20 0.00963 0.01982 0.02933 0.03784 0.04308 	0004664 0.04643 0,04907 0004960 0.04‘.i75 n.04590 0.• 0495'4 
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Table No. 34 

The Goodness: of fit test. 
Negative Exponential Breakdown. 
Erlang Service Time. 
Single Serviceman. 
No. of phases 1 
Test No. 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 20. 	o.-e.)- 

	

= 	 
No. 	Service Constant.  ei  

	

1 	 0.01 	0.00016 

	

2 	 0.02 	0.00192 

	

3 	 0.03 

	

4 	
0.00628 

0.04  0.02200 

	

5 	 0.05 

	

6 	 2:M3 0.06  

	

7 	 0.07 	0.39071 

	

8 	 0.08 	0.80767 

	

9 	 0.09 	1.07484 

	

10 	 0.10 	0.96794 

	

11 	 0.20 	2.52756 

	

12 	 0.30 	1.51965 
For 19 degrees of freedom, the 5% level of significalg.ce is 
P(30.144 -4.7-2-<(50) =0.05 and the rejectionaregion is7 ,30.144. 
Hence, for the 5% level of significance 	=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

(o-e )2  
No. 	No. of Machines. 	(?C1-= 	i  

ei  

	

1 	 1 
( 

	

2 	 2 	0.07393 0)7 

	

3 	 3 	0.36086 

	

4 	 4 	0.36572 

	

5 	 5. 	0.37845 

	

6 	 6 	0.67238 

	

7 	 7 	0.54960 

	

8 	 8 	0.42195 

	

9 	 9 	0.32450 

	

10 	 10 	0.29320 

	

11 	 11 	. 	0.33783 

	

12 	 12 	0.27742 

	

13 	 13 	0.33071 

	

14 	 14 	0.32756 

	

15 	 15 	0.38148 

	

16 	 16 	0.39716 

	

17 	 17 	0.48694 

	

18 	 18 	0.51299 

	

19 	' 19 	0.51406 

	

20 	 20 	0.47104 
For 11.degrees of freedom, the 5 level of significance is 
P(19.675<:27060, )=0.05 and the rejectionzegion is x}19.675. 
Hence, for the 55", level of significance,2':=1,21...20 are not 
significant. 
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Table No. 35 

71-* F 	PEPCFM- AGE 	9IFFFPEPCFS acci 
SERVICING CONSTANT K 

Nio- N 0.01 0.02 	0.07 	0.14 0.05 0. 	Oh 0.07 1.08 0.09 6.10 0.20 0::30 
4  1 0.02 -C.02 	-0.06 	-0.10 -0.1 9  -0.29 -0.42 -0.51 -0.67 -0.58 0.86 2.31 
2 2 -0.01 -0.07 	-0.18 	-n.35 -0.54 -0.AR -0.71 -0.81 -1.13 -1.37 -0.cP -1,56 

7 -0.m7 -r,24 	-1 	33 	-0.46 -0,74 -0.76 -0.04 71,11 -1. F1 -1.88 -3.94 -4.74 
4 . 	4 -U.17 -0.24 	-0.37 -0.87 -0.81 -1.15 -1.48 -1.91 -2.52 -6.01 
r 5 1.11 -0.n4 	-0.11 	-0.2° -0.42 -0.47 -0.61 -0.60  -1,04 -1.37 -4.4 9 -5.43 
6 	.. .6 0c11 -0.02 	-0 	05 	-0.16 -0%10 -0.5? -0.59 -1.23 -1.59 -7.20 -7.33 
7 7 0.nn -C.P7 	0.04 	0.0 0.15 -0.11 -n.27 -/.25 -0.52 -0.79 -7.99 -5.51 
O. 8 -0.0P -0.04 	-0.16 	-0.26 -0.39 -0, 53 -1.64 -1. 17 -1.13 -0.86 -6, 54 
9 r, 0.01 -0..n2 	- 	0.01 	-0,07 0.01 -0.11 -0.79 -1.10 -5.61 F•-• 
10 10 --0.r!3 -0.12 	-0.16 	-0.41 -0.63 -0.92 -1.1cl -1.41 -1.24 -0.62 -5.57 -4.99 A. 

L.) 
11 11 0.n2 00'1 	-0.1? 	.*41.47 -0.F0 -1.07 -1. iQ  -1.60 -2.29 -5.77 -4,70 
12 12 -0.01 -17.17 	-0.17 	-0.49 -1.16 -1.23 -1.46 -1.26 -2.36 -3.07 
13 13 0.00 -0.19 	-0.16 	-0.67 -1.10 -1.66 -2.37 -2.37 -2.95 -5.44 -2.35 
14 14 -0.12 -0,00 	-0. 30 	-0.66 -n.54 -0.77 -1. 4'e -7.73 -7.66 .-5.03 -C. 88 
15 15 0.0' -0.07 	-0.18 	-0.24 -0.32 -0.29 -1.61 -7.15 -3.70 -3.95 -5.26 -0.67 
16 16 1.0,1 0.13 	• 	-0.0n 	-0.22 -0.51 -1.09 - -1.81 	. .-3.43 -3.98 -7.9f -4.72 1.26 
17 17 1,, nq n. 0' 	-0. 0P 	 0.03 -0.48 -18.05 -2.03 -4.03 -4. 52 -4.69 -4.96 -0.60 
16 18 , 	0.03 0.12 	0.79 	-0.01 -1.66 • 6 -4.09 -4.33 -4.71 -0.86 
19 19 n.0? c.f, 	-0.02 	0.11 -0.711  -1.34 -2.P1 74.74 -5.41 -4.10 -4.61 1.17 
20 20 -04 Ot - 0,,06 	0. 00 	-0.00 -0,4q -1.72 -3.22 -4,19 -5.02 -4.15 -4.03 0.67 

THE YrIIN 	PrzCrwTtl.GF 	OIFFEPFKCP TS -1.44791 
Ti-F 5; -!C. 	T.JI*.110'.1 	TS 
NEGATIVE  EXPONZNTI AL BREAKDOWN 
.ERLANG SERVICE TIME. 
NO. OF PHASES 1 
SINGLE SERVICEMAN . 
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Table  No.  36 

S ERVIC IdG CONSTANT K 

SE RV ICE T IME,  SERVICL'..tIAN- (ERLANG 
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Table No. 37 

MACHIV WAITING TIME 	FOR A 	FINGLE 	S!?.RVICFMAN(EPLANG 	SFRVIGE TI?'F, 	r 	HOnril 

NIMPEP OF PWIFES 	2 

FERVICING CONFTANT 	K 

N/C N 0,01000 0.02000 0,03000 004000 005000 0.06000 0.07000 0.98000 0.09000 0.10000 0.20000 0.30000 

1 1 0.00001 0.00000 0.00001 0.00001 0.00001 0.00001 0.00°01 0.00001 0.00001 0.00001 0.00001 0.00001 

2 2 .0,00006 0 	C0020 0,30100 0,00081 0.00126 0,00218 0,0)0318 0400444 0400691 0,02095 0.04841 0.04659 

3 3 0.00020 0.00J75 0.00173 0.00397 0.00517 0.0.0016 0.01662'0.01385 0.01698 0.02153 0.05000 0.10691 • 

4 4 0.00016 0.00112 0.00221 0.00374 0.00591 0.00837 0401136 0.01567 0.01878  0.02275 0.09479 0.16650 

5 5 0,00025 0-00169 0,00363 0.00553 0.00930 0,01411 0.02036 1,02626 0,03199 0.01905 0.17439 0.25293 

6 6 0.03[42 0.00195 0.06354 0.00587 0.01027 0.01688 0.02740 0.03015 0.04154 0.05192 0.18520 0.34279 , 

7 7 0.00052 0.00196 0.00409 0.01892 0.11544 0.02284 0.63037 04 04179 0.05435 0.06692 0,25324 0441472 tr; 

8 3 0.00057 0.00276 0,00640 0:0113E 0,01833 0.02888 0.03842 0.05626 0.06398 0.08066 0.317E5 0.48115 I  

9 9 0.00067 0.00228 0.00665 0..01064 0.01925 0.03066 0.04437 0.05997 0.07907 0.09799 0.37310 0.52832 

10 10 0.00076 0.00354 0.06735 0,01420 0.02080 0,076F3 0,05391 0.07736 P. 095P9 0,12044 042652 0.57944 

11 11 0.00655 0,00323 0.00520 0.01804 0.03117 0.04707 0.06601 0.09036 0.11153 9.14913 0.47500 0.61539 

12 12 0.00098 0.00178 0.01019 0..02112 0.03525 0.05328 0.08142 0.11034 0.13445 0.17680 0.51403 0.64720 

13 13 0. 002F7 0 	00519 0,01282 0.02353 0.04104 0,06724 0, 10052 0.13467 0,16924 0.211°3 0,54845 0.67190 

14 14 0.00110 3.00547 0.01323 0.02657 0.04650 0.07565 0.11676 0.15986 0.20706 0.2504 0.55660 0.69314 

15 15 0.00117 0.00654 0.01651 0.03257 0015600 0.06523 0.13318 0.19176 0,24705 0.2937° 0.61280 0.71424 

16 16 J, 00124 000742 0401774 003744 0.96°66 0.10470 0,15511 0.22605 0.25609 0.73242 0-67460 0.72900 

17 17 0.00131 0.00742 0.01962 0.04247 0.07980 0.12856 0.18146 0.25975 .0.32527 0.17024 0.65608 0.73681 

18 18 0.00123 0.00706 0.01959 0.04679 0.08653 0.14545 0.21123 0.29416 0.36133 0,40349 0.67385 0.75775 

19 19.  0.00144 060791 0.02309 0 	0518E 0.10213 0.16545 0.23916 0.32711 0.39209 0.43369 0.69319 0.77020 

20 20 0.00178 0.00913 0.02552 0.05848 0.'11202 0.18751 0.2691.2 0.35854 0.42544 -0.46038 0.70377 0.78209 



Table No. 38 

SERVICE UTILIZATION 	FOR A 	SINGLE FER0/I0EYtN-(EPLANG 	SfRVICr TIVE, 	C P-,nnFL) 

NUMS;...P 	OF 	PHAES 	2 

SERVICING CONSTANT K 

N/C N 00 01000 0(02000 0003000 0,04000 0.05000 	9.06000 0.07000 	0.n8000 0009000 	0 	10e00 0,20000 	0,30000 

1 1 0.0J990 0.02087 0.03075 0.04121 0.05155 	0.06192 0.07236 	0.00251 0.09225 	0.19115 1.1464 	0.25°79 

2 2 0.00990 0.02119 0.03108 0004198 0.05205 	0,06240 0.07231 	0.08113 0.09134 	0 	07066 0.12814 	0.23159  

3 3 0.01027 0:02032 0.03152 0.03989 0.04901 	0.05520 3.06051 	0.07644 n.0651° 	0.09413 0.16036 	0.22123 

4 4 0.01050 0.02052 0.03075 0.04082 0.55110 	0.06092 0.06938 	0.'17824 0.08E088 	0.09540 0.15612 	0.19692 

5 5 0.10985 0.02027 0.03017 0.04021 C. 0472 	0005623 0.06696 	0,07533 0.08342 	0-09:233 0-1.5339 	0.175'4 
1 

6 6 0.00969 0.02002 0.02'166 .0.03929 0.0465F, 	0.05765 0.06575 	0.07375 0.0 x224 	0.09924 0.14233 	0.15623 

7 7 0.00986 0.01156 0.02916 0.0363E 0.04775 	0.05616 0.06435 	0.07239 0.08017 	0.0776 0.17055 	0.11966 

8 . 	6 0.00c'. 67 0.01963 0.02923 0.03P40 0,04732 	0.055E5 .11.063t2 	0007092 0.07872 	0-53475 n 	11946 	0. 1236? 	1 

9 9 0.00992 D.n14,,F8 6.02956 0.03907 0.047C7 	0.05601 0.06339 	0.07087 0.07720 	0.08340 0.10839 	0.10958 

10 '10 0.01001 0.02036 .0.02989 0.03931 0.04797 	0.05612 0.06371 	0.0704? 0.07615 	0.(30124.  0.09901 	0.03964 

11 11 0.01003 0.32061 0.07042 0.03999 0,04859 	0,05656 0.06356 	0706977 0.0749r 	0-G7929 0.09029 	0.09'176 

12 12 0.00193 0.02044 0.03043 0.0398E 0.04960 	0.05664 0.06339 	0.06900 0.07351 	0.07696 0.09297 	0.09120 

13 13 0.00987 0.02007 0.52964 0.03909 0.04796 	0.05561 0.06263 	0.66761 0.07126. 0,.07365 0.07659.0e076F0 

14 14 0.00993 0,02028 0.02974 0-03889 0.04711 	0.05454 0..06107. 0.06588 0.06832 	6.07001 0.07112 . 0.07131 

15 15 0.00993 0.02010 0.02935 0.03887 G.04674 	0.05347 0.05924 	0.06309 0.06507 	0.06600 0.06637 0.06656 

16 16 0.00999 0.02009 0.02974 0.03655 0.04619 	0, 05242 0.05710 	0.06041 0,061e4 	0. M197 0,06223 	0.06240 

17 17 0.00989 0 	02013 0.02992 0.03838 0.04555 	0.05145 0.35540 	0.05797 0.05646 	0..05565 0.05956 	0.05(373 

18.  18 0.00992 0.02010 0.02941. 0.63830 0.04534.0.05049 0.05258 	0.05516 0.05540 	9.05549 0.05531 	0.05546 

19 19 0.0067 0-01991 0.02940 033770 0.04492 	07 04915 .0.05131 	0.15238 0.05249 	0.05257 0-05240 	0(.05254 

20 20 0.00980 0.01971 0.02914 0.03752 0.0.4390 	0.04774 ,11.0493 	0.04993 0.04966 	0.94993 0.04978 	0.04992 
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Table No. 39 
ThP goodness of fit test. 
Negative Exponential Breakdown. 
Erlang Service Time. 
Single Serviceman. 
No. of phases 2 
Test No. 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 20. 

No. 	Service Constant. 

(o.I-e.1) 
e. 

1 0.01 0.00051 
2 0.02 0.00989 
3 0.03 0.00645 
4 0.04 0.01155 
5 0.05 0.02190 
6 0.06 0.03637 
7 0.07 0.04594 
8 0.08 0.03415 
9 0.09 0.54807 
10 0.10 0.21729 
11 0.20 0.58739 
12 0.30 0.39886 
For 19 degrqes of freedom, the 55" level of significa ce is 
P(30.144-40) .0.05 and the rejection region isX30.144. 
Hence, for the 5% level of significance; 1,2,...12 are not 
significant. 
Test No. 2 
Keeping machines constant and increasing the service constant. 

No. 	No. of Machines. 
	(oi-e0 
 

ei 
1 1 0.13319 
2 2 0.08487 
3 3 0.06507 
4 4 0.00682 

OM 5 5 0.0  
6 6 0.04294 
7 7 0.07282 
8 8 0.13171 
9 9 0.10430 
10 10 0.15060 

11 
0 

 
12 12 

11 
0.1 B179 

13 13 0.06158 
14 14 0.07672 
15 15 0.07182 
16 16 0.08410 
17 17 0.17786 
18 18 0.20430 
19 19 0.22418 
20 20 0.28283 
For 11 degrees of freedom, the 5% level of significance is 
P(l9.675-7("<c0 )=0.05 and the rejection region isr >19.675. 
Hence, for the 5;g: level of significanceX=1,27...20 are not 
significant. 

2  
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- -•.1.91 -1.06 -1.13 -2.16 -2.55 

-0.70 -1.04 -1.75 ..2,14 "1.18 

-n.60 -0,70 -n.9,1 ••1.'76 -1.79 

-..0.30 0.20 0.17 0.40 0.55 

-0.35 -0.27 -0.42 0.41 ^0L46 

C .13 -0.04 -0.03 -0.15 -2.85 

0.20 0.11 0.13 -1.91 -3.22 
p.62 0,81 C.95 "1.C2 .1.84 

0.91 1.03 1.37 -3.04 -1.82 

P.55 1.30 1.64 -1.33 ^3.62 

0,05 1.51 1.30 -1,56 ^2 	98 

C.77 1.75 2.55 -2.93 

0.37 1.27  1.40 -2.38 -1.99 

0.14 -0.06 0t01 -4.12 "1..07 

- -.0.59 -1.05 -0.33 1.74 -1.36 

-1.50 2.09 •.0.Ec ..•'''.S. 11 0.13 

•••?. 23 •3.1 11 -1.64 -2.96 4.28 

_-?.00 -.3.99 2.10 -2.49 0.87 

^3.57 ...4.14 •2.02 .•.2.18 1.04 

•.4.06 -5.07 -1a9 .1.42 0.80 

Table No. 40 

- 114 PFPCF.1k'T4rE nTFFE°ENCES.AqF • 
SERVICING CONSTANT K 

N/C 	N 0.01 	0.02 	.0.03 	0.04 , 	0. 05 0406 0.07 

1 	1 0.00 	0.n4 	-0.17 	-0.73 .•-1.41 -0.56 .-0.23 .  

2 	2 0.01 	-0.19 	..-1.22 	-0.30 . -0.37 -0.53 -0.65 
" 	3 •.1. riltt 	...C. 07 	"Or1 5 	-0.26 "0,22 ^0 	58 7 

 
-0.59 

4 	4 ."9.05 	."0.0n 	- 	".0.17 	-0.16 -•.0.25 -0.29 : -0.21 

5. 	.5 0.12 	-0.09 	'' 	-9.11 	.-0.10 -0.17 ' ..4.19 -0.33 

6 	6 0,13 	"0(03 	0.15. 	0e.16 0,17 0.06 1.15 

7 	7 0.01 	0.0F, 	0.16 	c.it 0.07 - 	0.12 0.31 
S 	6 0.04 	0.02 	0.01. 	0.12 0.1 5  0:: 10 C. 7c 
9 	9 0.02 	0.09 	0.21 	0.39 0. 47 7 -  0.57 : 0.73 .. 

10 	10 0.01 	-0.03 	0.1? 	0.25 0.77 . 0.63 0.77 
11 	11 0.04 	0.0/ 	0.12 	0.07 0•12 n.21 0.4P 
12 	12 0.02 	0.05 	3•C6 	0•01 0.27 0.61 1.44 
13 	13 -0.15 	0.00 	0.05 	0.27 0.37 - 0•26 -0.01 
14 	14 0.02 	C.01 	0.1e. 	0.36 0.61 0.67 0.17 
15 	15 0."4 	-n.01 	- 0.07 	0.15 0.64 0.60 0.60 
16 	16 0.04 	-0.03 	.0.10 	0.13 0.02 0.61 0.61 
17 	/7 0.05 	0.06 	0•11 	0.1.1+ 0.11 -0. 31 1.20 
16 	16.  3.07 	0.15 	0.41 	0.26 0.33' -0.22 .-0.34 
19 	19 0.07 	0.17 	0.-70 	0.42 -0.10 -0.27 -0.72 
20 	70 0.06 	1%1E1 	 0.36 	0.43 0.75 •-0.4? -1.21 

THE 	fnEeN 	c'EPrEi■lAGE 	OTFFERENCF TS -0.18687 

THE 	1"TC. 	1;FVIAliON 	TS . 1.27760 
NEGATIVE EXPONENTIAL BREAKDOWN 

ERLANG SERVICE. TIME 

NO. OF PHASES 2 

SINGLE SERVICEMAN 



Table No. 41 

rACHINE UTILI74TT.ON'h FOR A SINGLE SLRVICENAN(ERLANG.SERVICE TIME, 	C 	MOOCL) 
NU;13L 	OF PHASES 	4 

SERVILING CONSTANT K 

ry/r. N 0.010)0 0,02001 	0,1130ln 	0.04000 0.05000 	0.06000 0.07000. 0.06000 0409000 	0.10000 0.20000 	0.30000 

1 1 0.0;8(;_47 0,97500 	9.36311 	9.95664 0.94622 	0.93773 0.92732 0.91735 0'90753 	0,69879 0.81656 	0.75191 

2 2 0.93964 0.97904 0.35° 70 	0.95604 0.94737 	0.93667 0.92568 0.91588 0.90441 	0.89303 0.80137 	0.72653 
3 3 0.98972 0.97924 9.3G847  1495744 0494618 	0,93442 0,92244 049/060 0489933 0.68785 0477745 '0.68063 
4 4 0.93556 0.97656 . 0.16'61 	0.95657 0.94409 	0.93239 0492229 0.91063 0.89861 	0.86583 0.75587 . 0.64330 

'5 5 0,9&79 0.97852 	0.9667'1 	0.95557 0.94276 . 0.9n95 0491573 0.90294 0,88847 0.87345 0.72864 	0.511470 
6 • 6 0.58)56 0.97g57 	0.167r1 	0.95537 0.94260 	0, 9'802 0.91385 0.69923 0.83160 	0,86366 0.67599 	0.51257 
7 7 0.98994 0.97899 	0,3674? 	0.95455 0..94014 	0.92459 0.90;84 0.69013 0.67139-0.65152 0.62194 	0,45249 
8 8 0.98954 0.97831 	0.6';74 	9495234 0693E74 	0.91960 0.90279 0.83530 0.86534 0,84163 0,57153 	0.39752 

9 0.98959 0 6 97531 	n11561r; 	0,95231 0.93705 	0.91844 0.89617 0.67509 0.65196 0.82657 0.52114 	0.35568 

10 10 0.98926 0,97701 00;449. 0,94972 0.93425 	0.91349 0.69152 0.36216 0.83300 	0.60582 0.47193 	0.32142 
11 11 0,98933 0,97703 	0.167r3 	9.94615 0492426 	0.90122 0 4 67703 0 4 84766 0.81805. 	0.78050 0.43130 	0.29923 

12 12 0.9391c... 0,97667 	007)1.71 	0.54308 0.92234 	0.89622 0.86390 0.83031 0.79730 	0.75536 0.39699 	0.26995 

1? 12 0.9°929 0.97594 00517; 	0,94/24 0.91505 	0.88420 0084721 0.80995 0,76690 0.72379 0.37132 	0.24888 

14 14 0.95921 0497564 0.15341 0.93912 0.91203 	0.87991 0,53267 0.73547 0.73262 0.63575 0.34457 	0.23283 

15 15 0.989 06 0.9748 7 	9,14711 	0.93422 0.90330 	0,86952 0,81928 0.75690 0,69436 	0.64521 0.32317 	0.21925 

16 i6 0.98871 0.97771 0.3517r; 	0.92990 0.8954 1+ 	0.84927 0479717 0.72532 0.66087 0.60618 0.30378 	0,20564 	. 

17 17 04,966?.0 0,9737;! 	0,3171 	0.02627 0,86515 	0.33300 0.77416 0.69255 0.62471 	0457076 0,28566 	0.19230 	' 

18 18 0.98873 0.97375 	0,3. 5473 	0.'32254 0.87661 	0.61748 0.74654 0,660811 0,58893 	0,53945 0.27.080 	0.13309 
19.  19 0.98869.  0,97341 0,V3143 	0491647 0.86446 	0.79891 0.71625 0,63022 0.56107 0.51230 0.25917 	0.17626 

23 20 0.98856 0.97265 0.141'5 3 	0.91249 0.85516 0.77489 0,68653 0.60058 0.53364 0.48669 0.24647 	0.16678 



Table No. 42 

N/C N 

MACHINE 	W4I1ING TIME 	FOR A 	SINGLF Fi:RVICFMtN.-(E9LANG 	SEPVIC.. 	TIME., 	F 	MOOFL) 

NUMP7R 	OF PHASES 	-4 

SERVICING CONSTANT 	K 

0, cipoo 	0-02000 	0,03000 	00.04600 	0,05000 	0706000 	0.07000 	0.08000 	0.09000 	0.10009 	0.20000 0.30000 

1 1 0.00001 0.130001 e.00001 0.00001 0.1c001 0.00 101 0.00001 0.00001 0.00001 0.00001 0.00031 o.00en1 

2 2 0200010 0-• r000R 0.00,305 0.00051 0.0013P 0.00171 0.00269 0,00 .393 0.00570 00 01777 0.02195 0,04019 
3 3 0.00029 0.00060 0.00/28 0.00276 0.004?-3 0.00772 0.01072 0.01337 0.01589 0.01380 0.05376 0.09777 
4 4 0.00021 .0.00096 0.00171 0.30274 0.00506 0.00630 0.00923 0.01129 0.01494 0.01.9737 0.08708 0.15646 
5 5 0.00026 	0,00173 0.00301 0,400441 0.00777 0.01149 0.01697 0. 02167 0.02774 0,03444 0.11587 0.23773 
6 5 0.00044 0.61154 0.00345 0.00552 0.00902 0.01436 0.01991 0.02679 0.03622 0.04654 0.17995 0.37927 

7 0.00041 0.00i62 0.007.52 3.01692 0.01728 0.01916 0.02602 0.03754 0.0431r. 0.06031 0,24620 3.40745 
8 8 00E46 0.00222 0.00517 Of 00935 0.01615 OS 02 417 0.03350 Of 04333 m.05568 0.07260 0.11384 0.47:126 
9 0 0.00°57 0.00198 0.00444 0..00889 0.01520 0.02566 0.04035 0.05417 0.07053 0.0397C 0.36986 0.53349 

10 10 0.00077 0.00785 0.00509 0.01120 0.01009 0,03015 04.04455 0,06731 0.09077 0.11301 0,42889 0.57804 

11 11 0..00055 0• 00253 0.00673 0,01429 0..02754 0.04256 0.05954 0.08 &A 0.10667 0.13947 0.47818 0.61004 

22 12 0.00056 0.00312 0.01791 0.0174C 0.02933 0.04719 0.07259 0.10061 0.12881 0.16740 0.51984 0.64693 

13 13 0.00084 0.00410 02,01127 0,01593 0.03728 0.06013 0.09059 0,12214 0.16/34 0.20219 0.55191 0.67440 

14 .14 00 00('82 0.00474 0.01197 0.02271 0.04123 0.08561 0.10604 0.14M51 0.1:3840  0.24.3' 1?4 0. V414 0-.695c.•7. 

15 15 0.001:95 0.110510 0.01310 0.02694 0.04988 0.07682 0.12138 0.17943 0.24015 0.28858 0.61030 0.71426 

16 16 0.00122 0,00631 0.01470 0,03155 0.15022 07093C0 Of 14536 0. 213C 0 0.27716 0.3315F 0.67385 0.. 73202 

17 17 .9.,noi?d 0.00627 0..01650 0.03527 0.06899 0.11521 0.17002 0.24941 0.31679 0.17051 0.65633 0.74903 

18 18 0.00131 0.00627 0.01534 0.03912 0.07782 0.13175 0.19765 0.78394 0.35555 0.40503 0.67371 0.76150 

19 19 0.00143 Or 00673 0.02026 0.04577 0.09057 0:15144 0223008 0.31727 0.38635.0.43515 0768830 0,777125 

20 20 0.00160. 0.00770 0.02163 0.07994 0.10083 0.17696 0.26386 0.34948 0.41643 '0.46339 0.70363 0.78335 
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1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 10 
11 11 
12 12 
13 13 
14 14 
15 15 
16 16 
17 17 
18 - 	18 
19 19 
20 20 

ei 
0.11457 
0.03430 
0.01758 
0.02745 
0.04675 
0.01686 
0.04670 

0.21653 
0.28044 
0.25618 

2..gt1-97 
0.17687 
0.13311 

2.Tffg .  
0.17973 
0.16591 
0.19777 

For 11 degrees of freedom, the 5% level of significRnce is 
P(19.6757e-<00)=0.05 and the rejection region is "4";i19.675. 
Hence, for the 5% level of significance x;X_.1,21...20 are not 
significant. 

For 19 degres of freedom, the 5% level of significa]Ace is 
P(30.144<c6) .0.05 and the rejectionzegion isX- 30.144. 
Hence, for the 5% level of significance,A=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

2  
No. 	No. of Machines. 	X.- 	(oi-ei) 

- 152 - 

Table No. 44 

The Goodness of fit test. 
Negative Exponential Break(Rown. 
Erlang Service Time. 
Single Serviceman. 
No. of phases 4 
Test No. 1 
Keeping service coefficient constant and increasing the 

.. number of machines from 1 to 20. 	0 -e  )2  

No. 	Service Constant. 	e. 

1 
2 

0.01 
0.02 2:220413 

3 0.03 0.02738 
4 0.04 0.08379 
5 0.05 0.14356 
6 0.06 0.20834 
7 0.07 0.22810 
8 0.08 0.28839 
9 0.09 0.49445 
10 
11 

0.10 
0.20 2 

 
2.A54410-  

12 0.30 0.30686 



N/C .N 0.01 

Table No. 115 

THE 	PrPCENTA f,E 	11IFFEPrHCES' 	P°F 
SERVICING CONSTANT K 

0.07 	= 	0.02 	0.04 	0.05 	0.06 	0.07 0.08 0.09 0.10 0•*?.0 0.30 

1 1 -0.06. -0.13 	-0.1F 	-0,.37 .-.0.44 -0.59 - 	...11.7° .ft1.01 -1.05 -1.13 -2.01 -2.25 
2 2 -.0.04 •C.- 10 	-0.1F 	-•0.22 ' -0.10 -0.37 •0.°1 -.11.54 .•0.75 -0.65 -1.16 -C.52 
3 3 -0.1'2 -0.04 	- 	-0.08 	-0.12 -0.18 . 	-0.28 -0.40  -.0.4e -0.54 -0.59 -0.82 -0.50 

4 4 .131.02 •••0.07 	...0.07 	-0.04  -0.13 L -0.11 J.12 0.20 0.27 0.2P 0.51 1,92 

5 	" 5 0.01 -0.07 	. -0.05 	0.04 0.02 0.06 0.00 0.15 0.17 0.16 1.89 1.89 

6 6 0.01 C.'71? 	0.06 	0.2? 0..73 0.34 0.44. 0.66 0.58 0.55 0.3R -0.60 

7 7 0,0'3 0.12 	P. ?-,_1 	0.34 11.47 0,51 0.70 0.69 0,79 11490 -1.00 -1,73 

E.: Ex 0.05 0.09 	0.1 	0.34 0.45 0.59 0.91 1.36 = 1.77 1.79 -1.67 -3.28 

9 9 0.03 0.14 	0.15 	0.59 0.92 1.13 ''.'. 	1.1° 1.60 2.02 2.36 -2.54 -3.48 

10 10 3.01 0.06 	C..30 	0.5" 1.10 1.36 1.01 1,7? . 1-92 2.60 -3.P.4 -3.41 

11 11. 0.13 0.1? 	0.71 	0.52 0.56 0.87 1.46 1.88 ' 2.62 2.6 -4.72 -1 .19 

12 12 0.03 0.14 	- 	0.33 	0.52 0 .c 5  1.30 1.47 - 1.95 1 	249? 2.95 -4.79 - 	-2.80 

13 13 0. .̂ 5 0.13 	0.23 	0.63 0,4? 1,07 	--- 1.23  1.90 - 	2.25 2.76 -3.33 -2.93 

14 14 0.06 0.16. 	0.33 	0.85 1.25 1.86 1.45 1.59 .1.28 1.79 -3.47 -2.21 

15 15 0.1111 0.14' 	' 	0.3r 	0.76 1.12 ?• 11 2.05 n. CO '17 	11 0.45 -3, n7 -1.34 
16 16 0.03 0. C9 	c'-' 	0.44 	0.77 1.19 1.37 1.40 0.13 ...0.76 •..0.3 -2.75 -1.29 
17 17 0.05 0.17 	0.45 	0.91 1.09 1.27 1.65 -r.77 -1.86 -1.69 -2.87 -1.92 
1f. 10. 0.06 0.25 	C.PC 	1..09 1.31 1.44 1.33  -.1.47 ••3605 .-2.20 -2.51. _ 	-1,13 
19 19 0.07 0• 29 	0.61 	1.04 1•25 1.44 r1.50  -7.06 -3.17 -7.30 •-1.5.1 0. .47 
20 20 0.07 0.131' 	0.77 	1.37 1•67 0.91 *0.49 -2.59 •3.45 -2.46 -1.41 0.07 

7H; ,.L 	FEcrrt., C} 	DIFFrkc Tc 0! 05005 
. 	_ THC cTC. 	DEJIAIION 	IS „ .1.40065. 

NEGATIVE EXPONENTIAL BREAKDOWN 

ERLANG SERVICE TIME 

NO. OF PHASES a 
SINGLE SERVICEMAN 



Table No. 46 

rACHINF•UTILT74TION 11 FOR A SINGLE SERVICEMAN(ERLANG SERVICE TIME, 	C 	MODEL) 

NUMr3ER OF PHASES 	8 

SERVICING CONSTANT K 

N/C P 0.010)0 0602100 	0,17nin 0404000 0.05000 0.06000 	0.07000 0.08000 0.09000 0.10000 0620000 0.30000%  

1 	• .1 1.98950 0.97921 	0415?1' 0.95666 0.94820 0.93773 	0.92723 0.91740 0.90705 0.89892 0.81760 0.75231 

2 2 0.9830 0.97926'0.35544 0.95321 0,94(,17 0.93776 	0692957 0691748 0.90603 0.89495 0.80521 0.73053 

7 3 0.98991 0697911 	0.161F1 1 4 95856 0694715 0693649 	0092446 0.91305 0.90050 0.68906 0.78111 0.68666 

4 :4 0.98955 0,97907 	0.35°10 0.95696 0494557 0.93307 	0.92296 0.91319 0.90039 0.88895 0.76402 0.64645 

5 .5 0.96934 0 4 97391 	0,357Y+ 0495579 0.94422 0.93162 	0.91846 0.90630 0.89243 0.87606 0.73328 0.58719 

6 F 11a 660 0497830 041571 04.95558 0.94312 0.92916 	0.91574 0.90111 04,66479 0.66803 0.67747 0.51339 

7 7 0.990L1 0.97973 	0.3s763 0..4 95557 0.94121 0.92657 	0.91077 0,89335 0.37572 0.65701 0.62790 0.45336 

8 i 0.99005 0.97581 	0.96571 0.95377 0.93659 0.92259 	0690636 0488823 0.87001 0.84523 0.57783 0.40390 

9 Q 0.96:!33 0.97341 	0.35641 0495352 0.93904 0.92053 	0.90055 0.67856 0.65701 0.63120 0.52356 0.36013 

10 10 n.93.:5L 049776' 0.35496 0495127 0.93535 0.91615 	0.89550 0.66746 0.53707 0.61001 0.47741 0.32357 

11 11 1.98956 0.97751 	049'1403 0494505 0.92757 0,93603 	0,88206 0,65162 0.82226 0,76696 0643693 0.29542 

12 12 0..93947 1.97711 	0,35745 1 494583 0.92566 0.90005 	0687094 0.83605 0.50044 0.76144 0.40321 0.27090 

/ 7 	' 13 0.96939 0 4 97651 	0.35154 0.94265 0.91952 0.53937 	0.85417 0.81679 0.77397 0.72953 0037471 0.25267 

14 14 0 6 96948 0.97624 0.151°1 0.94149 0.91625 0.56473 	0.64152 0.7P427 0474034 0.69061 0.34811 0.23357 

15 15 0.95919 0,97533 0,9517' 0.93720 04,90726 0.87463 	0.82570 0.76545 0.70410 0.64681 0.32492 0.'21994, 

16 16 1698693 0497465 005777 0.93362 0.69899 0455373 	0,80713 0.73320 0,66514 0.61051 0.30724 0620635 

17 17 0.98N.6 0497445 	0.)517r, 0492359 34,68234 0.84048 	0.78252 0.70.215 0.52739 0.57556 0.28737 0619598 

13 18 0.93902 0497451 	0.3557' 0.92711 0,53140 0.62374'0475493 0.66598 0459315 0.54390 0.27252 0.18362 

19.  19 0498896 0.97397 0.95777 0.92068 0.87108 0.80556 	06 72167 0.63857 0656352 0.51626 0.25876 01617666 

20 20 0.95264 0497397 0613121 0691613 0 4 66160 0.73249,0.69047 0.60659 0.53624 0.49105 0.24789 0.16724 



Table No. 47 

MACHINE WAITING TIME 	FOR A SINGLE SERVICEMAN-tERLANr SERVICE TIME, 	C MOF3FL) 

NUM99 OF PHPSFS 	8 

SEPVICING CONSTANT K 

N/C N 0.01000 0.02000 0.03000 0.04000 0.95000 	0.06000 0.07000 0,08000 0.09000 0.10190 0.20000 	0.30000 

1 1 0.00001 0.00001 0.00001 0.00001 0.00001 	0.00001 0.00001 0.00001 0.09001 17.00001 0.00001 	0.00001 

2 2 0.90013 0.00917 0.00038 0.00151 0.10118 	0.00151 0.00001 0.00323 0.00500 0.00691 0.01926 0.03516 

3 3 0.00C23 0 	00069 0.01125 0,0.0519 0.0040P 	0001588 0,00°76 0..01138 0- 015 19 0, 01819 0, 05131 	0.08973 

4 4 0.00019 0.00053 0.00130 0.00257 0.00305 	0.00638 0.00784 0.00921 0.01358 0.01695 0.07823 	0.14897 

5 5 0.03033 0.00010 0.00247 0.00440 0.00653 	0.00983 0.01445 0.01852 0.023.64 0.03210 0r i1036 	0.23298 

6 6 0.00E43 0-0012R 0.00303 9.00550 0,00871 	0k01338 0.01815 0,02438 0.03290 0.74760 0.17794 	0.32266 , 
(xi 

7 7 0.00033 0.00123 0.00332 0.00607 0.01138 	0.01726 0.02499 0.03430 0.04409 0.05497 0.24023 	0.40605 01  

8 8 0.60035 0.110174 0.00481 0.00811 0.01443 	0.02159 0,0301° 0-04027 0,05143 036943 0-30195 	0.47212 

9 9 0,00044 0: 00200 0.00420 0.00783 0,01331 	0.02349 0.03598 0.05055 0.06533 U.0,50" 0.36720 	0.52901 

10 10 0.00059 0.00241 0.00550 0.U0981 0.01706 	0.02757 0.04079 0.06197 0.08643 0.10849 0.42315 	0.57665 

11 11 0.00047 0.00273 9.00597 0,01275 0.02442 	0,03797 0.05454 0.07893. 0.10239 0, 13209 0.47040 	0,61387 

12 12 0.00064 0.00289 0.00764 0.01499 0.02624 	0.04340 0.06579 0.09509 0.125t6 0.16107 0.51367 	0.64F:.5 

13 13 0.00085 0.00362 0.01907 0.02796 0.U3312 	0.05507 0.08766 0.11547 0.15429 0.19622 0.54857 	0.67058 

14 14 0.00067 0..00381 0,01042 002611 0.03690 	0.06065 0.09737 0.13977 0.19051 0.238t!9 0.5°065 . 9:69516 

15 15 0.00092 0.00475 0.01158 0.02418 0.0451:9 	0.07154 0.11483 0.17087 0.23020 0.29691 0.60859 	0.71354 

16 16 0.00111 0.00551 0.01284 0.0279E 0.05463 	0.09333 0.13919 0.20580 0.27189 0.32726 0.63042 	0.73129 

17 17 0.00100 0-00565 0.01456 0.031°3 0006175 	3.10757 0e16150 0c23978 0.31397 7 	36577 0,65396 0,74573 

16 18 0.00111 0.00537 0.01436 0.03475 0.07297.0.12522 9.19095 0.27582 0.35117 0.40069 0.67207 	0.76095 

19 19 0.00123 0.01630 0.01842 0.04154 0.083.93 	0.14462 0.22637 0.30893 0.33392 0.43125 0.6875 0.77083 

20 20 0.00142 000648 0.01964 0-04640 0,0.9444 	0,16914 0.25986 0..34350 0.41383 1.45908 0.70224 0.78287 



Table Noe  48 

ki./I0F. 	UTILIZATION 	FOR A 	SIW;LE 	S;:.P.VIUF:MN-(EPLhNC 	Si7PVILF 	r 	NOrrL) 

NUF,PER 	OF 	FHASES 	8 

FERUICINr, COMSTAN1 	K 

N/C N 0.01000 0.02000 (.2.03a00 0.04000 0.050J0 0.06000. 0.0700n 	0.08009 	0.09000 	0.10000 0.20000 0.30000 

i 1 0.01039 0.02079 0.03092 0.04132 6.05179 0.06226 	0.07276 	0.08259 	11.09214 	0.11107 C.1°240 0.2476h 

2 2 0.61007 J, u2057 0,03118 0.04028 0.05065 0.06073 	0(.07042 	0.0792P 	0.03F!97 	r..;,9811 0,17553 0,234Z)/ 

3 3 0.0.0c.-:6 C.02000 0.33117 0.63623 0.04877 0.05763 	fl.06679.0.107557 	('.09441 	0.L9275 0.16758 0.22199 • 

4 4 0.0101.2 0.02040 0.07062 0.04047 0.05058 0.06055 	0.06c320 	G. r7760 	0.0:)603 	L.0°41.3 0.15775 6.20255 

5 5 0.00983 0(.02017 0.53009 0.039e1. 0.04225 0.05855 	0,06709 	0.L7518 	0,09397 	0(09194 0,15636 0.17993 

6 6 3.00'.177 0.01c83 0.02q3 0.0392 0.0.4'817 0.05746 	0.06611 	0.r7431 	0.0923]. 	0.:7.9997 0.14459 0.15895 , 

7 7 0.00956 0.(.1939 0.02905 0.03836 0.u4741 0.05617 	0.06433 	0.07235 	0.0601(.. 	0,08T-02 0.17179 0.140E:9 rn 

8 6 0,0060 0,01'1137 0.62899 0-03812 0.04699 3, 05582 	0,06355 	0.07153 	n.07856 	0.09534 0.12022 0.12390 ' 

9 9 0.00973 0.01957 6.02935 0.63865 0.04765 0.05598 	0.06344 	0.1'7057 	0.07766 	0.09372 0.10924 0.111'.66 

10 10 0.63c:63 0.01992 0.02954 0.03692 0.04759 0.0562F. 	0,1.6371 	0,07057 	0,076'70 	3. j8150 0.044 0.09‘7.7P 

11 11 0.00957 1:02311 0.02995 C 	03920 0.L4°,01 0.05600 	0.66340 	0.r6345 	0.07537 	0.0:-, 015 0.0067 U.0'S071 

12 12 0.00959 0.01998 0.02991 0..03918 0.04803 0.05655 	0.06327 	0.06895 	0.0740n 	0.177749 0.0';312 0.09715 

13 .13 0.00C.76 0.019E0 0.02'339 U.02939 0.04736 U. 65556 	0(06217 	0,0677'1 	0.07175 	'61,07425 0.07672 0,07675 

14 :14 0.00985 6.01995 0.02950 0.03940 0.0465 0.05462 	0.06111 	0.106596 	0.66915 	0.07350 0.07124 0.U7127 

15 15 0.00969 0.0/987 0.0296 0.03862 0.04685 0.05383 	0.05947 	0.r6363 	0.06F7r 	0.9669" 0.06649 0.06652 

16 .16 0. 609'96 0(61'.:84 0.02943 0(03842 0.0463' 0,115254 	n.05768 	5,069°7 	0.06227 	0.62?3 0(06274 0,06276, 

17 '17 0.00984 0.01990 0.02968 0.03848 0.04551 0.05195 	0.05591' 	0.05hC4 .0.05964 .C.75E7 0.05867 0.0. 5869 

18 18 0.00987 0.31987 0.02927 0.03814 0.64563 0.051.04 	G.OF412 	0.05520 	0.0554° 	0.05541 0.05541 0.05543 

19 :19 0.00979 0.01973 0.02926 0...03779 0.04499 3.042 	0,05196 	0.05250 	0.05256 	0,05249 U:05249 0.05251 

20 :20 0.00974 0.0155 0.0200.7 0.63747 0.04396 0.04837 	0.04973 	0.04991 	0.04993 	0.04987 0.L4967 0.04989 



and increasing the 
a_ 	(oi-ei)2 

(X. 
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Table No. 49 

The Goodness of fit test. 
Negative Exponential Breakdown. 
Erlang Service Time. 
Sillgle Serviceman. 
No. of phases 8 
Test No. 1 
Keeping service coefficient constant 
number of machines from 1 to 20. 

No. 

1 
2 
3 
4 
5 
6 
7 a 
9 
10 
11 
12 

Service Constant. lr 	ei  

0.01 0.00076 
0.02 0.00810 
0.03 0.04677 
0.04 0.15690 
0.05 0.29274 
0.06 0.41987 
0.07 0.49033 
0.08 0.42830 
0.09 0.62183 
0.10 0.61097 
0.20 0.33893 
0.30 0.24354 

For 19 degrees of freedom, the 55' level of significace is 
P(30.144-<X -<°O) =0.05 and the rejection,region isX ›3 :0.144. 
Hence, for the 5% level of significance17:=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

ei  
1 1 0.10848 
2 2 0.01496 
3 3 0.00836 
4 4 0.07446 
5 5 0.08636 
6 6 0.03623 
7 7 0.07243 
8 8 0.15215 
9 9 0.26513 
10 10 0.32380 
11 11 0.33432 
12 12 0.39575 
13 13 0.33892 
14 14 0.31413 
15 15 0.23555 
16 16 0.14278 
17 17 0.18361 
18 18 0.19437 
19 19 0.18014 
20 20 0.19710 
For 11 degrees of freedom, the 5% level of significance is 
P(19.675-<?- 	)=0.05 and the rejectionzregion is19.675. 
Hence, fOr the 55. level of significance,` =1,21...20 are not 
significant. 

2_ 
No. 	No. of Machines. 

of-ei) 



Table No; 50 

THE PFPCENTItr.P OIFFEnF.!-TES flPr .  
SERVICING CONSTANT K 

N/C N 0.01 0.02 	0.03 	9.n4 P.05 

1 1 -0.05 -0.1? 	-0.19 	-0.31 -0.44 
2 2 -3.02 • -e.rP 	-0.1E 	-0.70 -0.22 
3 	. 3 0. 01 -C.. PA 	-0. 06 	00 
6 4 -0.01 -0.01 	-P.03 	0.09 0.02 
5 g 1.02 0.01 	0.02 	0.06 . 	0.18 
6 	. .. 	6 0.12 C.P6 	0.14 	0.24 0.70 
7 7 0.86 0.15 	n.29 	C.4'5 n.94 

8 0.07 0.15 	0.23 	 5.4q .0.65 
C C. 0. 06 0.15 	0.34. 	0. 7? 1.13 

10 10 0.04 0.13 	0.36 	0.76 1.22 
11. 11 0. 0 7 0.1 4 	0.41 	0.72 O.?? 
12 12 0.06 0..19 	:0.40 	0.41 1.71 
1? 13 0.06 0.19 	0.37 	0.83 1.71 
14 14 0.Ce. 0.22 	0.50 	1.10 1.71 
15 15 1. 0 7 0,20 	0. FF 	1,11 1.C6 
1I 16 0.05  0.1q 	17.6q 	 1.17 1.59 
17 17 0.11 0.24 	0.67 	 1.27 1.91 
18 18.  3.09 0.36 	n.97 	1.59 
19 lq 0.10 0.79 	0.81 	1.55 2.13 
20 20 3.13 0. 43 	_ 	11.. c' E. 	1.7F! 2.44 

THE hr. 	k! 	Et Tr (.4' 	DIFFEPF4CE TS 
THr 'F 7  C. 	CIEVIr ION 	35 

NEGATIVE EXPCNENTIAL.BREAKDOWN 

ERLANG SERVICE TINS 

NO. OF PHASES 8 

SINGLE SERVICEMAN 

0. 06 

-0.60 
-0.28 
-0.116 
-0.04 
0.24 
0.46 
0•72 
0.00 
1.36 
1.65 
1.41 
1.74 
1.66 
7. 42
2.71 
1•90 
2.18 
2.23 
7.2q 
1.69 

0.07 

-1.79  
-0.11 
-0.1P 	- 
0.19  
0.30 
0.. 69 
0.9? 
1.31 

12:6277 
2...C6 
?•79 
2.06 
.2..57 
2•Fr; 

.'.57 
2.74 
2.14  
3. CIA 

0.0c 

0..08 

-0.q2 
-0.77 
-11  e 23 

0.48 
C•51 
0.19 
1.06 
1.70 
'. ('4 
2.15 
2.76 
7.66 
7.77
2.73 
2•12
1.27 
0.61 

_.-0.27 
..0 .76 

••ic 61. 

'" 

0.09  

-1.94 
-0.57 
-0.41 

00 .6471 
0.94 
1.29 
2.26 
2.62 
2.4? 
3.15 
3.32 
3 
2.35 
1.29 

-0.02 
...l... 44 
•2.33 
-2.74 

'.2.98 

: 

0.10 

-1.12 
-0.74 
-0.45 

0.64 
8.66 
1_03 
1•57 
2.10 

3.13 
3.45 

' 3.6,0 
3.57  
2.51 
G.70 

-0.09 
...9..14  7 

3 

-1.54 

,-,1.4 61 

0.20 

-1.89 
70.6q 

1.59 
2.54 
0.60 

-0.04 
-0, 5?1  
-2.99 
-2.73 
-2. 61 

-2.44 
-2. 4A 
-2.51 
-1.68 
•-?•29 

_ 
-1.67 
••0.84 

0,30 

-2.20 
0.03 
0. 67 
2.74 

2.32 
0.53 

-1.514 

-2.77 
-2.76 
-2.46 
-2.66 

.45 

-1.03 
-0.95 

05 
-0.84 
0.70 
0.35 



Table No. 51' 
MACHINE UTILI7ATION M FOR A SINGLE SERVICEMAN(ERLANG SERVICE TIME, 	C MODEL) 

NUMBER OF 	PHASES 	16 .  
SERVIOING CONSTANT 	K 

N/C N 0,01000 0.02091 9.9!110 9004000 0405000 0.06000 0.07000 0 0 08000 0.09000 0.10000 J.20000 0,30000 

1 '1 0.98950 0.979?0 9e15397 0,95862 0.94815 0.93767 0 0 92727 0,91740 0990u00 0.63907 0.81833 0475324 
2 2 0.98933 0.979?9 0,31163 0095633 0.94864 0.93E45 0,92823 0.91319 0.90727 0,89647 0,80560 0.73118 
3 3 0.98989 9097933 O f13n13 0,95886 0.94786 0.93728 0.92626 0.91430 0090269 0.89022 0076257'0.69441 
4 4 7 0.98975 0,97911 9.3875P. 0,95700 0.94620 0.93378 0,92346 0.91430 0.90297 0.89102 0.77030 0.65553 
5 5 0,98939 0.97919 0,1578? 0,9. 5612 0.94455 0.93244 0.92012 0.90724 0.89496 0,87902 0.73616 0.58878 
6 6 0 0 (:.:3976 00 97897  1.11771 0(95564 0.54369 0,92933 0.91698 0.90266 0.88742 0.87091 0.67844 0.52417 
7 7 9,99016 0.97946 0.15'72 0.95571 0.94165 0.92740 0.91103 0.89528 0.87615 0,65965 0.63075 0046110 
8 8 0.9901' 0,97896 I.366r9 0095390 0093939,0092337 0.90843 0.88876 0.87136 0.84842 0.57768 0,40460 
9 9 0.93933 0.97847 3,,355P? 0,95397 01 -.3924 0.92168 0.90240 0.88045 0,65937 0.83401 0.52637 0436258 

10 10 0.9854 0.97797 1o574d 0.95200 0.93677 0.91712 0,89640 0.86930 0,64108 0,81145 0.47875 0.32848 
11 /1 0.93950 0.97756 0,36469 0,94908 0,52900 0090879 04.88550 0.05477 0,82418 0.76934 0.43769 0.29608 
12 12 0.95955 0,97710 00153'5 0,94709 0092739 0.90301 0087661 0.33940 0.80394 0.76370 0.40258 0.27550 
13 13 0,9P.951 0,97678 0,)51r7  0,94335 0.92150 0.89256 0.85841 0.81967 0.77769 0,73111 0.37249 0.25444 
14 14 0.98956 0.97631 0,1;1?1 0694255 0,'31836 0.86671 00 84671 0.79763 13,74434 0.69199 0.34735 0.23826 
15 15 0.98931 009753? flo598' 0.93952 0.90982 0.87854 0,82970 0076872 0.70'230 0.64996 0.32577 0.22163 
16 .16 9.98904 0 0 97493 9,35319 0,93542 0.90222 0.85712 0080713 0073957 0066988 0.61309 0.30632 0.21088 
17 17 90939?6 0097516 . 0,35'20 . 0,93194 0089537 0,84461 0470706 0.70775 0.63206 0.57720 0,28979 0.20058 
18 18 0,959190.97577  8,37'71 0692905 0.86402 0.82675 0.75716 0.67455 . 00 59720 0,54466 0.27312 0.18839 
19 19 9.98910 0097453 0.4"3766 0. .92279 0,87425 0.81031 0,72536 0064313 0.56679 0.51772 0.26121 0.17842 
20 :20'0.98902 0.9743?. 04)576? 0091846 0,86455 0,73693 0,69429 0,61188 0.53884 0.49223 0.24829 0.16882 



Table No. 52 

MACHINE WAITING TIME 	FOR A 	SINGLE SERVICEMAN-(EPLA1■!G 	SERVICE TIME" 	C 	MOOFL) 
NUMBER OF PHAFEF 	16 
SF9VICING CONSP!NT K 

N/r. N 0.01e00 0.0211 00 0.03000 0.04000 0.05300 0.06000 0.07000 0.08000 0.091300 0.10000 0.20030 0.30000 

1 1 0.00001 0.00001 Of 00001 C,00001 0.000J/ 0,00001 0,00001 0.00001 0.02061 1 00001 0.00061 0..00001 

• 2 2 0.110005 0.00026 0.00039 0.00120 0.00104 0.00107 0.00197 0.00306 0.00452 0.09615 3.01969 0.03458 

3 3 0.90027 0.00073 0.00080 0.00001 0.00341 1.00526 0.007080. 0101' 0.01320 1.(11.749 0.05072 0.08568 

4 4 0,00013 0,00449  0.09164 0.00246 0.00334 0.0 .0572 0.00761 0.00856 0.01116 0.0/477 0.07207 0.14275 

5 5 0.00030 0.00371! 0.00222 0.00413 0.00629 0.60918 0.01297 0.01717 0.021.33 0.02932 0.12766 0.23022 

6 6 0.00048 0.00124 0.90292 0.69548 0.06822 0.01317 0.01697 0.02303 0.03052 0.9390 4 0.17577 0.31577 I- 
rn 

7 7 0000027 0.00115 0.00329 0,00583 0031090 0.01643 0,62786 0.03240 0.04176 0.05235 0.23704 0.39768 ° 

P 0.00629 0.00170 0.00451 0.00807 0.01372 0.02096 0.02812 0.03900 0.05042 0.26623 0.30166 0.4711 84 

9 9 0.00047 0.00200 0.00393 0.00742 0.01318. 0.02252 0,03418 0.046PP 0.06311 0.0822P 0.36404 0.52E70 

10 10 090V59 0.00221 0.00522 0,.03918 0.01574 0.02675 0.03797 0.06012 0.06226 0.1069 5 0.42178 0.571P7 

11 11 0.00130 0.00260 0.00565 0.01190 0.62710 0.03515 0.05/25 0.67560 0.10057 0.13302 0.47171 0.61133 

12 12 0.00062 0..00323 0.00694 4.013936.02466 0:04049 0.06003 0,09153 0.12215 0..15 0 7P 0.51437 0.64146 

13 13 0.00076 0.00375 0.00913 0.01e18 0.03133 0.05203 0.07945 0.11246 . 0.15054 0.19370: 0.55005 0.66691 

14 14 0.00062 0.30406 0.0098? 0.01917 0.03482 0.05673 0.09234 0.13649 0.113646 0.23739 0.58147 0.69057 

15 15 0,00083 0- 	004('4 0.01000 0.02190 0.04170 0,06767 0.111179 0.16766 0.22469 0.211 372 0. 60779 0.71194 

16 16 0.00104 0.00521 0.01224 0.02612 0.05139.3.98n.9 0 0.13434 0.19957 0.26795 0.32460 0.63140 0.72684 

17 17 0.00090 0.30499 0.01326 0.112953 0.05867 0.10331 0.15694 0.23416 0.33926 0.36405 0.65159 0.740F1 

18 16 01.00096 0,013403 0.0/319 0.03267 07021 0+ 12219 0.18854 0.27022 0.34738 0.39965 0E167152 Or 75625 

19 15 0.00112 0.00575 0.01713 0.03537 0.06077 0.13972 0.22255 0.30436 0.38071 0.42971 0.68634 0.76914 

20 20 0.00124 0.00576 0.01836 0.04410 0.09146 0.16457 0.25592 0.33819 0.41128 0.4576 3 0.70186 0.78136 



Table No. 53 

SERV1U 	UTILIZATION 	FOR A 	F.INGLP. 	FRVIf0M0.N-(LPLANG 	SFRVICE 	r/hF, 	rs 	monc.A.) 

NUMPFR OF PHASES 	16 

CONSTANT 	K 

•N/C N 04, 01000 0 	02000 0,-0300C 0.04000 0,05000 0.06000 0.07000 0.08000 0.09000 0.100l7 0.20000 0.30000 

1 1 0.0104/ 0.02079 0.07096 0.04137 0.05184 0.06232 0.07272 0.08251 0.09199 0.10009  0.1°166 0.2475 

2 2 0(01002 0,62045 0003093 0,04047 0.05032 0.06048 0,06980 0..67875 0,08821 0,09739 0.17471 0,23423 

3 3 0.00°84 0.01994 0.03002 0.04113 0.04873 0.05746 0.06666 0.07552 0.08407 0.19229 0.16671 0.21991 

4 4 0.0/n12 0.02040 0.03054 0.04054 0.05046 0.06050 0.06893 0.07731 0.00567 0.00421 0.15763 0.20172 

5 5 0.00C:81 0t.02003 0,0299E 0,03975 0. 04016 0,05838 0.06691 0.r7556 0,08371 0 	09166 0,15618 0.18100 

6 6 0.00c76 0.01970  0.0229 .0.03888 0.04809 0.05745 0.06805 0.07429 0.01206 0.09005 0.14579 0.16606 

7 7 0.00957 0.01939 0.02899 0.03846 0.04745 0.05617 0.06431 0.07232 0,0600c; r1,2r0 0,13221. 0414114 

8 8 0. 0058 0 	01934 0,02890 0,03803 0,04689 0.05565 '0-06345 0.07224 0.07820 0.08539 0.1?066 0.12456 

9 0.00970 0.01953 0.62925 0.03861 0.04758 0.05580 0.06342 0.07967 0.07752 0.08371 0.10959 0.11072 

10 .10 0.00'178 0.01.06 0.02939 0.03E..82 0.04749 0.05613 0..06363 0.07059 0.07666 0.01160 0,09947 0.09065 

11 11.  0. 00910 0 	01984 0802975 0 	03902 0.04790 0.05606 0.06345 0.06963 0.07525 0.0')014 0.09060 0.0c,0F9 

12 12 0.00983 0.01967 0.02971 0.03898 0.04795 0.05650 0.06336 0.06907. 0.07791 0.07752 0.06305 0.087r4 

13 13 0.00973 0.01947 0.02930 0 	03P47 0.04717 0, 05541 0,96214 0,06767 	0,07177. 0,07449 0,07666 0,,07665 

14 14 0.0098? 0.01964 0.02935 0.03E29 0.046/:2 0.05456 0.06005 0.0650'0.06920 0.07062 0.07116 . 0.07117 

15 15 0.00986 0.01974 0.04012 0.03658 0.04688 0.05379 0.09951 0.06362 0.96575 0.06672 0.06644 0.06643 

16 16 0.00992 0-01981 0,02'136 0,03646 0.- 04635 0,05290 0.05773 0,0606. 0,06217 006231 0-06223 0,06225 

17 17 0.00cie2 0.01905 0.02354 0.03e53 0.04596 0.0520P 0.05600 0.°5:10A 0.05868 0.05875 0.05862 0.058(1 

18 18 0.00985 0.01980 0.02923 0.03808 0.04577 0.05/06 0.05430 0.05523 0.05542 . 0.05540 0.05536 0.05576 

19  19 0,00976 0,01972 0.02921 0,03784. 0,04498 O. 04907 .0,05209 0,05251 0,05250 P.0527 0,05245 0005244 

23 20 0.00974 0.0/992 0.02902 0.03744 	0.04399 0.04850 0.0497'13 0.04994 0.04985 0.04994 0.04983 0.04982 

1 
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Table No. 54 

The Goodness of fit test. 
Negative Exponential Br3akaown. 
Erlang Service Time. 
Single Serviceman. 
No. of phases 16 
Test No. 1 
Keeping service coefficient constant and increasing the 
number of machines from 1 to 20. (oi-ei)2 

No. 	Service Constant 	e. 

	

1 	 0.01 	0.00098 

	

2 	 0.02 	0.01002 

	

3 	 0.03 	0.06265 

	

4 	 0.04 	0.20579 

	

5 	 0.05 	0.39272 

	

6 	 0.06 	0.59814 

	

7 	 0.07 	0.71912 

	

8 	 0.08 	0.56058 

	

9 	 0.09 	0.72732 

	

10 	 0.10 	0.72947 

	

11 	 0.20 	0.36945 

	

12 	 0.30 	0.25882 

For 19 degrees of freedom, the 55 level of significance is 
P(30.144. 40 ) =0.05 and the rejectionzegion isn30.144. 
Hence, for the 55 level of significance,X=1,2,...12 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the service constant. 

""2" (oi-ei)2 
No. 	No. of Machines 

= 

e. 1 

	

1 	 1 	0.10112 

	

2 	 2 	0.01071 

	

3 	 3 	0.01711 

	

4 	 4 	0.15399 

	

5 	 5 	0.12056 

	

6 	 6 	0.06807 

	

7 	 7 	0.08697 

	

8 	 8 	0.18231 

	

9 	 9 	0.29370 

	

10 	 10 	0.35932 

	

11 	 11 	0.40906 

	

12 	 12 	0.49523 

	

13 	 13 	0.44714 

	

14 	 14 	0.41915 

	

15 	 15 	0.33134 

	

16 	 16 	0.23035 

	

17 	 17 	0.25319 

	

18 	 18 	 0.22528 

	

19 	. 19 	0.21213 

	

20 	 20 	0.21834 

For 11 degrees of freedom, the 55 level of significance is 
P(19.6754)..'-<Q0)=0.05-  and the rejection region is ?,19.675. 
Hence, for the 55 level of significance 	 =1,2,...20 are not 
significant. 



Table No. 55 

T I. PERCFrrArF OirFERFPCES ADP:- 

N/C. • N 0.01 	0.0 	'.02 	0.04 
SERVICING CONSTANT K 

0.67 	0.06 0.07 0.08 0.00 0,10 • - 	0.20 0.30 

1 1 -0.05 	7 0,12 	-0 si e. 	-0.30 -0.44 -0.61 70.79 : - -0.91 71.03 . -1.10 -2.03 -2•08 
2 2 -0.01 	-0.07 	-^.14 	-0.19 ' -3.17 -0.21 -0.25 -0.29 -0.43 ' •70.57 -0.64 0.12 
3 3 0.''0 	70.03 	1. 00 	r.(17 73.00 0.02 0.01 70.11 -0.16 70. 3? 70..17 1- 51 
4 4 .70. 00 	7Q.C1 	71.05 	0.00 0.119 0604 0.21+ 0.61 0.76 OGE 7 2.42 3.86 

5 F.7 0.7.'2 	0.04 	1.05 	0.10 1.21 .• 	0.33 0.45. 0.63 0.90 0.79 2.94 2.60 
0 6 0.'7'2 	e.ne 	0.16 	0.24 0.44 _0145 . 	O. P2. 1•04 1. 24 1,37 3.74 1.65 
7 7 0,7;7 	C.16 	3.26 	0.46 0.50 -0.8 t . 1.03 1.27 1.57 1.63 0.41 0.16 
8 8 0.30 	:.16 	1 .27 	0.51 . 0.77 0.98 .. 	1.54 .1.76 2.42 2.51 -3.61 -1.56 
9 9' 0.16 	0.16 	' 1.42 	C. 77 1.15 '. 	1.49 ' 1.6P ... 	7.27 2.90 3s?'! 71457 -714 61 4-• 

1C 10 0.^5 	0,10 	1.41 	0.83 1.37 . 	1.76 2.60 .. 2.57 2.91 3.32 -2.46 -1.29 0.) 

11 11 0.176 	0.17 	n.47 	C . 0.7  1..07 1.72 2.46 2.74 . 3.79 3.P3 -2.9r! -1.56 

12 12 0..06 	0.19 	1.45 	0..94 1.50 2, 07 9.06  7 97 3. 77 4.11 -7 .05' -0.80 
13 13 0.07 	0.21. 	0.47 	- 	0.q1 1.53 .2.02 . 2.56 '-' 3.15 3.65 3.90 -3.02 -0.76 

14 14 0.99 	C.27 	 0.5E 	1.27 1.94 2.88 3.16 3.16 '2.90 2.71 -2.69 ' 	0.07 

15 15 n. n; 	0• 19 	'11.67 	1.33 1„ 65 '1.17 3.35 2.55 2, 04 1.19 -?.25 - 	'71 • 27 
1 6 16 0.06 	0.2? 	0.72 . 	 1.37 . 	1.9 5 2.31 3.13 • 2.10 ....: - 	0.59 0.73 -1.97 1..22 
17 17 0.10 	0.32 	0.P2 	1.53 2.25 . 	2.68 . 7.34 1.41 70.70 -0.59 71.47 2.30 
1..F: 10. 0. t1: 	0.41 	1.10 	. 1. P1 24.17 2.60 2.4' 0.56 71.. 69 71:22 -1.67 .-.. 	1. 	73. 
19 /9 0.11 	C.41 	0.r5 	1.7;', 2.40 - 	2.6' 1.49 ' -0.05 -2.18 -1.26 -0.74 1.70 
20 20 0.12 	.r. . 47 	1.12 	.2.04 ' 	2.79 2.47 .0.63 :-0.76 : 	2.51. . 71.37 . -70.613 1.30 

n7FFEP NCr T5 0. 72747 
THE 	FTC. 	!EkiTI'l:TON 	15 1.45263 
NEGATIVE EXPONENTIAL BilEAKOWN 

EPLANG S4RVICE TINE 

NO. OF PHASES 16 

SINGLE SERVICEMAN 



• Table No. 56 

" 

%/0  
1 
2 
3 
4 
5 
6 
7 
5 
9 

.10 
. 	11 

12 
13 
1 4  
15 
16 
17 
18 
13 
20' 

? 
4 
0 

10 
12 
14 
17 
1 4  

22 
24 
:75 
29 
30 
32 
34 
36 
•38 
40 

OILIS4TION 	POP, 

:s.! 	"? 
0.99C:09 

	

0.99008 	0.9:3037 

	

0.9c):9 	0.91-..'35 

	

0.79.)06 	0.9e031 

	

0.q9'r8 	0.98.)25 
0.99037 

	

0.99006 	C.9801C 

	

0.99004 	0.9/999 

	

0.39'03 	0.9/987 
0,9074 

0.9n999 

	

U.98997 	0.9/Q42 

	

0.98995 	0.97923 

	

0.9 09q2 	0.919u2 

	

0.98993 	C.c..,7879 

	

:2.48957 	0.97854 

	

0.99983 	0.11P',26 

	

0.98950 	0.97796- 

	

$ 0.98976 	0.97764 

	

0.98973 	0.97728 

2 	Ck:LLA8.u12ATING 	SER4ICI:',E14 

9..'3000 	2`.(1‘tn.J.) 
C.970f'5 	0.96153 	0.95237 
U.9723 	0.96145 	3.:,5222 
0.97:75 	0.96126 	0.95186 
0.97062 	0.950Q6 	3.95125 
:.97043 	0.96054 	0.35043 
0.9/J20 	0'.95999 	0.94945 
3.96991 	0.95932 	u.94e15 
0.95957 	0.95851 	0.94656 
0.5-,917 	U.95/55 	0.94465 
0.96871 	0.95642 	0.94236 
3.6F18 	0.95511 	0.93963 
0.96777 	U.97358 	0.93641 
0.96689 	0.95182 	0.93258 
0.95613 	0.94979 	0.92805 
0.96527 	U.94744 	'3.92268 
0.96430 	0.54473 	0.91631 
0.96323 	U.94160' 	3.9075 
0.96202 	0.93797 	0.09978 
0.90066 	0.93376 	0.88916 
0.95914 	0.92887 	0.87668 

- 	IEXPUr.ri4TIAL 	SERVI 

CL.,%STiw.T 	K 

	

0.C60::0 	0.0700'1 	0.0.:00 

	

.0.94339 	0.93457 	0.92592 

	

0.94313 	C.93413 	0.92536 

	

0.94253 	0.93326 	0.92403 

	

0.94157 	0.93179 	0.92190 

	

C.S4C23 	0.92971 	0.91887 

	

0.93547 	0.92796 	0.91463 

	

0.93624 	0.92343 	0.9n59 

	

0.93347 	0.91899 	0.90..90 

	

0.93,011. 	0.91347 	0-19446 

	

0.92794 	0.90651 	0.9=368 

	

0.92‘,93 	0.89817 	0.8%71 

	

3.914.85 	0.687,0 	0.35446 

	

0.027'52 	0.87510 	0.83467 

	

0.89865 	0.85969 	0.61110' 

	

0.68795 	0.64122 	.0.783E1 

	

0.37512 	0.81948 	0.75337 

	

0.1:5:d84 	0.79457 	0.72076 

	

0.94191 	0.76693 	0.68762 

	

-0.82124 	0.73740 	0.65495' 

	

0.798.01 	0.70705 	0.62385 

PAL;: 

C.91742 
0.:J1665 
0.91483 
0.91189 
0.90769. 
0.90203 
C.89460 
0.d7703 
U.57264 
0.85746 

C.:1497 
0.76726 
0.77761 
0.72108 
0.68722 
0.64969 
0.61579 
0.57428 
0.55539 

.1';000 
0.9J909 
C.-.,:,836 
0.90565 
0.90175 
0.89613 
U.416749 
3.d7040 
0.765:28 
3.74850 
C.72/39 

0.77367 
0.73570 
0.69702 
0.75956 
0.6e244 
0.58728 
0.55525 
0.52623 
0.49997 

0.2000:' 
0.83333 
0.12759 
0.81410 
0.79189 
0.75562 
0.71658 
0.67415 
0.70767 
L.54098 
0.4c59 

0.-41561 
0.36450 
0.37714 
0.33333 
0.31250 
0.29411 
0.t7777 
0.26315 
0.2 000 

0.3:000- 
0.78923 
0.7,-;53i 
(,.72376 
0.77429 
0.609/1 
,J.539:4 
0;.47247 
0.4:701, 
1;.37,,27 
C.333:22 
0.333..2 
0.27777 
0.2:--)541 
0.23=09 
0.22222 
0.20633 
0.19607 
0.17518 
G.17543 
C.16666 

cs 

I 



Table No. 57 

l.1.4tIALIATiON 	 1EXPONENTIAL 	TI! 	PAL, 	' 	- 	• 	• 	- 

 .. • - . - . 	. 	 _ 	 . 

	

.7..020.00 .0.03000 0.04000 D.05000 	,)....06000 0.07000 ''0.08000!-0:09000 ".01C .3'00 0.20000:'0.30000. 
i' 1- 	 co 	0.55039 '0.97081 0.96153 C.95238 "_ 0.94339 0-.93457 0.92692 0.91743 0.90909 CiF.3333 Z.-76923 
2 • .2 0.9P996 0.98001 0.97004 .0.96011 	0.95022 	0.94038 0.93059 0.92087 0.91121 .0.5C163 0:81081 	0.73033 
3 '..3 	fl '899 .0.q7962 	0.96918 	0.95859 '0.94788 . 0.93706 0.92616-1-0.91519 	0.90417 - .0.a9311 	0.76389 	0.62408 

	

4 0.,-;8979 0.97921: 0.96826 0.95696 0.94534 	0.93342 0.92122 0.90879 0.89615 0.8334 0.75207 '0.63118 
5 	5 0.98969 . 69 	0.97879 0.96729. 0.95521' '0.94256"0.92938- 0.91570 C.90156- 0.85700. 	0.71513 7-0.573s6' 
5 ' b 0.9F958. 0.97835 • 0.96627 0.95332 :C.93553 	0.92491 '.0.90950 '0.89335 	0.87654 	0.65914 C.67346.: 0.51567 
7 	7 0.5“,c48. 0.97789 0.96518. 0.95129 0.93620 0.91993 0.50251 0.88402 0.26455 c.a1.422 '0.62820 .0.46045 
F. 

 

	

P • G.9:6.937 *.0.97742 	0.96402 	0.94909 0.93255 	0.91438 0.69464 	0.97340 	6.85C82..:0.2710 C.1/2 	5.411 
9 ' o 0.9E925 0.97692 0.96280 0.94670 C.92852 • 0.9oe18 ' 0.88573 0.86130 0.83513 0“0754 C.53474 0.36551 
0 -10 0.98914' • 0.97641 • 0.96149 0.94412 	0.92407 	0.90124 	0.87566 • 0.84756 	C.81730 ,. 04,7E5410.49080 	0.33277 
1 '.11 	0.98903 	0.57587 0.96010 .0.54130 0.91914 	0.89345 0.86428 0.83198 C.79717 .  0.76069 0.45077 . 0.30287 
2 12 '.98F91 0.97531 0.95861 0.93823 0.91368 0.88470 0.85142 0.81442. 0.77471 0.73355 0.41523 0.27713 
3 -13 . 0.3eP.79 0.97472. 0.95703 	0.93468 :0.90761, 0.87/4ea' 0.b3655 0.79481 '0.75001 - 0.7C435 -0.38410 -0.2.7)64C 
4 	14 : 0.981,66 	0.97411 	0.95533 0.93122 ' 0.90085' 0.86386 . 0.b2076 0.77316' 0.72333'.  0.673%. 0.35697 0.23505' 
5 	15 .0 .98E54 . 0.97347.. C.95350 	0.92719 	0.89333 	0.85152 .0.80279..0.74959 	0.69512 	0.64233 .•0•33328. C.22222 
5 	1 	0•98841 	0•57280 0.95154 	0•92278 	0•68495 	0•83778 0.78304. ,  0•72438 	0•66596 0•61106. 0 .31248 '0•206-31:' 
7 	17 0.98828 	0.97209 0.94943. 0.91791 • 0.87563 	0.82255- '0.76162 0.69793 '0.63653 	0.58061. 0.25411' 0.19507 
8 	1A 	0.9,t4.14 	0.97135 	0.94715.... 0.91256 . - C.86526 	0.8080" 0.73873. 0.67077. 0.60749 O.5518 	0.27777 0.13516 
9 19 0.98800 0.97057 0.94470 ~.0.90665 .0.65378 "0.76756 0.71469 . 0.64346 :0.57942 . 0.52434•' 0.26315 0.17543 
0 20 0.98786 0 .%976 0.94..2.04. 0.90013' 43.b4110 0.76794 . 0.66991 0.61654 0.55273 0.49906 .0.24999 0.16666 



Tablo No. 58 

CYCLL 	TIME 	FCTOR FOR t 	SINGLE 	SERVIDEMtN-.(('ONSTANT 	RUNNING TIME) 
. 	CONSTANT SERVICE T1ME+INOEPENUENT TYPE 

CONS? ANT 	R.:1(SERVIOE TIhE4INCEPENOENT TIhE)/PUNNING TIME 

N/F ...100ut) 0.29000 0.30000 0.40100 0.50000 0.60300 0.71'000 0.39000 0.90000 1.00000 

1 1.09989 1.19976 1.29961 1.39944 1.49925 1.59904 1.698e1 1.79856 1.89830 1.99610 
2 	. 1.10049 1.29C12 1.30019 1.40128 1.50038 1.60048 1.70060 1.80072 1.90045 7.n0100 
3 1.10110 1.20 .u45 1.30078 1.40112 1.50150 1.80138 2.10042 2.39952 2.69839 2.99707 
4 1.10170 1.20084 1.36136 1.60218 2.00050 2.39928 2,79762 3.19551 3;592?7 3,98999 
5 1.10230 1.20120 1.50135 2.10040 2.49875. 2.99643 3.49335 3.98953 4.40514 4.97998 
6 1.10290 1.29156 1.80051 2.39904 2.99625 3.59243 4.18761 4.78173 5.37436 5.96697 
7 1.1.0350 1.411410 100.11, '2.79720 3,49299 • 4,16739 4.68034 5n571;6 6. 26216 6.95995 
8 1.:1.0411 1.60112 2.39892 3.19488 .3.96894 4.76126 5.57171 6.35026 7.14703 7.93193 
9 1.10472 1.80072 2.69757 3.59208 4.48423 5.37405 6.26155 7.14663 8.02946 8.90991 

10 1, 10533 2.000211  .259595 1.986er ' 4,97473 5.96577 6.949.93 7.93169 8.90946 9.99488 
• • 

11 1.10594 2.19956 3.29496 .4.38503 5.47247 6.55640 7.636F3 8.71362 9.78703 10.85696 
12 1.20582 2.3988C 3.59193 4.73079 5.96547 7.14595 8.32227 9.49423 10.66216 11.825'!3 
13 1,30559 2.59792 7.68947 5.17607 6.45771 7.73441 9. 0 1'62:; 10.27292 11.53496 12.79179 
/4 1.40525 2.79692 4.17677 5.57047 6.94920 6.32180 9.68873 11.04968 12.40514 13.751475 

15 1.50490 2.99580 4.4134 0 5.96519 7.43990 8..90311 10.36975 11.8245? 13,27297 14.71471 
16 1.60424 3.19456 4.73056 6.35902 7.92993 9.49333 11.04936 12.59744 14.13839 15.67167 
17. 1.70357 3.39320 5.07705 6.75238 8.41917 10.07745 11.72738 13..3684 3 15.00135 16.62563 
16 1.80279 3.59172 5.37327 7.14526 8.90766 10.66054 12.40399 14,13750 15-861E9 17.57658 
19 1.90190 3.79012 5.66922 7.53766 9.39540 11.24252 13.07913 14.90465 16.72000 18.52452 
20 2.00090 3.98840 5.96490 7.92957 9.88238 11.82342 13.7528u 15.66987 17.57568 19.46947 



Table No. 59 

" 

MACHIN. IfILL F/ CTOR FOR A SINGLE SERVICEMAN-(CONSTANT RUNNING TIrE) 

CONSTANT SERVICE TINE+INOEPENUENT TIrE 

CONS1ANT r:: (SEF.VICE TIME+INOEPENOENT TIt'.E)/PV-NNING TIME 

N/P U.10000 0.2010 0.30000 0.40000 0.50000 0.60000 0.70000 11.60000 0.90000 1.00000 

1 0.00000 0.00006 :3.00000 0.00008 0.00000 0.00000 0.00303 u.00000 0.00000 0.00000 

2 0.00655 0.iP!C24 0.00039 0.GLIL,5e 0.00075 0.00096 0.00119 0.00144 0.00171 V.0°200 

3 0.00113 0.00u56 3.00091 0.00131 0.00175 0.20144 0.4C091 0.61016 0.79919 0.99810 

4 0.00173 0.10U92 0.00146 0.20144 0.50075 0.79964 1.09811 L 39615 1,6937A 1.99099 

5 0.03232 0.09125 0.20144 0.60056 0.99900 1.39676 1.79354 2.19022 1.56595 2.980;8 

6 0.08292 0.0':160 0.50090 0.99920 1.49650 1.99279 2.48810 2698237 3.47565 .7.96797 

7 0.00352 0.20144 0.800(.39 1.39736 1. 99324 2,51'1775 3.110.11 3 	77260 4-36297 4.95195 

5 0.90413 0.49116 1.099C1 1.79504 2.41924 3.1f-162 3.t7220 4.569v3 5.24714 5.972:43 

9 0.00473 0.60076 1.39766 2.19224 2.98445 3.77410 4.56204 5.34728 6.13027 6.91u91 

10 0: 005 34 0,..1,6n24 1,69604 2 	5.8096 3. 47391 4.36613 5.25942 6,13173 7.01027 7.11519 

11 0.00595 0.99960 1.99415 2.98519 3.97272 4.95676 5.93732 6.91426 7.107r,4 5.85786 

12 0.10583 1.19884 2.29199 3.38095 4.46572 5.54631 6.62276 7.69487 1.76297 9.526'.3 

13. 0,21560 1639796 2.58956 3.77623 4.957°6 6.17477 7.3C672 8.47356 9.63565 10.79279 

14 0.30526 1.5°696 2.8686 4.17103 5.44945 6.7221.6 7.91922 9.25032 10.56595 11.75576 

15 0.40481 1.79584 3.18389 4.56535 5.94019 7.30847 8.67024 10.02516 11.37371 12.71572 

16 1.1.5425 1.99463 3.41065 4.95918 6.43018 7.89369 9.34979 10.79508 12.23919 13.67267_ 

17 0.60355 2.1°324. 3.77714 5.35254 6.91942 8.47734 10.02787 11.56907 13.10216 14.62667 

18 0.70280 2.39176 4.07336 5.74542 7.40791 9.06090 10e.70448 12,33814 13. 96270 15r57758 
19 0.80191 2.59016 4.36931 6.13782 7.89565 9.64288 11.37962 13.10529 14.82081 16.52553 

20 0.90091 2.78844 4.66499 6.52973 8.38263 10.22378 12.05329 13.87051 15.67649 17.47047 



Table No. 60 

SERVICE UTILI?t.TION FACTOR FOR A 	SINGLE SEVICENAN-(CONSTAHT 

CONSTANT SERVICE 'INE+INOEPENUENT TTt•T 

CONSTANT 	r°,.=(SERVICE TI1iE4INOEPLNDENT Tit:E)/ROPNING TIME 

RUNNING TIMF) 

N/P 0,10000 0.26300 J.30000 6.40000 0.500LO 0.6E000 0.701E0 1.80000 0.90000 1.00000 

1 i..10090 0.20066 0.30300 0.40000 0.50010 0.60000 0.70rAl0 0.1000 0.90000 1.00900 

2 0.20000 0.40000 0.60000 0.80000 1.00060 1.20000 1.40000 1.60000 1.30000 2.00000 

3 0.30000 0.60000 0.90000 1.20003 1.50000 1.80000 2..10001 234952 2 69633 2.91707 

4 0.40060 0.80103 1.20010 1.60000 2.60000 2.39923 2.79762 3.13551 3.59297 3.90999 

5 6.50000 1.0r000 1.50000 2.60000 2.49875 2.99640 3.49335 3.98958 4.48514 4.97998 

6 0.63OCZ 1.20000 1. 60000 2.39964 2.99625. 3.59243 4.18761 4.73173 5 	37466 5,96697 

7 0.70000 1.40001 2.10060 2.79720 3.49299 4.1E739 4.86039 5.57196 6.26216 6.95095 

5 0.50000 1.61000 2.39892 3.19488 3.90899 4.78126 5.57171 6.36026 7.14703 7.93193 

9 U 	90006 10.60000 2E69757 3 59208 4 4P423 5.37405 6,.26155 7.14663 8.02946 8.90991 

10 1400001 2.0°000 2.99595 3.98E60 4.97673 5.96577 6.94393 7.93109 8.90;46 9.88488 

11 1.10000 2.19956 3.29406 4..38502 5.47247 6.55640 7.63683' 8.71362 9.78703 10.856°6 

12 1020000 2t3c0.80 3,59193 4,78079 5.96547 7.14595 0.32227 9.49423 10.66216 11.52583 

13 1.33000 2.59792 3.86947 5.17607 6.45771 7.73441 9.06623 10.27292 11.53486 12.79179 

14 1.40000 2,7969? 4.13677 5.57087 6694920 8.32181 9.6E573 ii.0496e 12.40514 13.75475 

15 1050000 2.:9580 4.4380 5.96519 7.43990 8.90911 10.3E975 11.32452 13.27297 14.71471 

16 1.60000 3.19456 4.73056 6.35902 7.92993 9.49333 11.04930 12.59744 14.13833 15.67167 

17 1.70000 3.39323 5.07705 6.75238 8.41917 10.07748 11.72736. 1336043 15-06135 16,62563 

le 1.80000 '3.59172 5.37327 7.14526 8.90766 10.66054 12.40399 14.13750 15.56159 17.576F.8 

19 1.90000 3.79012 5.66922 7.53766 9.39540 11.24252 13.07913 14.90465 16.72000 16,52452 

2C 2.00000 3.96640 5.96490 7.52957 9 88238 11082342 79  03 15 66987 17 57568 19.46947 



Table No. 61 

S,WN 	FrCTOF FOR 	SINGLE SE4ICEM,N7(CONSTPNT FUNNING TIME) 
CONSTANT S'ERVIrE TIhE+INUEPENDENT TIME 

CONS : ANT := (SERVICE TIME+INDEPENOENT TIME) /RUNNING TIME 

N/F 6.10000 0.20000 0.35000 0.40003 0.50000 0.60000 0.70000 0.m11000 0.90000 1.00100 

1 0.99989 0.99976 0.99961 0.99944 0.99925 U.99904 0.991 0.99856 0.99.330 0.99°00 

2 93C*49 '0.60'J12 0.70019 .0.60,;20 0.50633 0.40048 0.30060 0.29172 0.100g5 0.00100 

3 0.86110 3,:•60,:.48 :±.43073 0..23112 0.00150 0.00108 0.'..i0042 .-0.00000 -0.00000 -0.0050(1 

4 2.70170 0.40'84 0.10136 0.00128 C.00050 -.0.00600 -0.60300 -0.0U000 -0 	00000 -) 	03000 

5 0.60230 0.20/20 i,00135 0.U0040 -0.03003 •0.0.0000 --11.0r100 -0.00000 -•0.00000 •0.0000.0 

6 15.5i.J290 6.00156 0.00081 -.1.00000 -0.00000 -0.00000 -.0.00000 -0.001701 -0.0600n -u.nuon 

7 C.40353 0.00143 a...J.00600 ...0.00000 0000 ...0.00301 -0. 	0001j -0,.00009 -0 	00010 .•0.000J0 

. 	8 C.30411 3.01112 -1..60000 -0.00000 0.00030 -0.00000 •0.00100 •0.60000 -0.00000 -0.00000 
9 0.20472 0.00372 -0.00000 -0..09000 -0.00000 -U.00001 -0.0010u -0.00000 -0.0310 -u.0vo3n 

• 10 0_10533 j,60% 2u ••0, 	00000 .•0 00000 •0n03000 00000 ..-U.00900 0.001301 -0.JC030 

11 U.00594 -0.36C.0J 70.00000 ••0.60000 -6.003r0 ..•0.00000 -0.000UP 0.00000 .0.30000 -0.00000 

12 .0.0'502 •..U.01j00 -0.13000 -•0.03000 -0.00000 -0.00003 •.0.01'00 ...0.00000 -0.000'0 -0.00030 

13 C00559 'Og0CC'01 ...0,00000 ...0.00Q3U70 	)00■J3 -0.0E000 -0.00330 -U.00000 -.U.06000 •.0.00000 

14 0.00525 ...0.00v01 -0.00000 ....00600 	-0.00000 -5.00000 -0.00060 •.0.00000 -0.03000 .-0.0000 

15' 0.0048u -0.00000 -0.03000 -0.30000 -r.00Jno -3.00000 .•).000..,0 ••0.01000 -o.noono 	-o.ounoo 

16 00424 ...0.001.,U -•1'.00000 ...6.00006 ...3.010U0 -0.00000 ••0.0000 -'0.03003 •0.006.00 •0.00000 	- 

17 0.60357 .•0.00i:01 -0.00000 -.3.00000 -o.300ru -0.00000 .-0.00000 -0.30000 -0.00300 -0.00000 

18 0.01279 -■0.(1:2000 ....0.00000 -0.00000 0.000. 00 0.110000 •0.00000 •0,00031 ••71,00JJC, 

15 0.00190 -.0.000,) 70.00000 ...0.00000 -o.pc000 .0.U6050 .•0.0000U -0.00000 -r.00tion .0.001300 

'20 11.0000 -0.0e60f) -6.33003 •C.00000 -0.00500 -0.00009 .-0.00000 -0..GU000 -0.00000 -0.00000 



Table No. 62 

CYCLE TIME FlLTOR FOR P. SINGLE SERVICEWN-(CONSTANT RUNNING TIME) 

SERVICE TIME(VARIAOLE(100)+CONSTANT( 0))+INCEPENDENT TIME 

CONSTANT R=ASERVICE TIME4INDEPENOENT TINE)  /FUNNING TIhE 

N/P 0.10000 0.20000 0.330130 0.40000 0.50011 0 0.60000 0.70900 0.86000 0.90000 1.00n00 

• 1 1. U8054 1.1700U 1.27541 1.35486 1.48044 1.58794 1.66811 1.76974 1.85545 1.95543 

2 1.10377 1.2'1775.  1.32231 1.45670 1.60024 1.72534 1.84409 1.99262 2.13182 2.31928 

3 1.12175 1.24663 1.38239 1.55756 1.756°2 1.94340 2.15690 2.40455 2.62E47 2.9211'5 

4 1.11967 1.27714 1.49999 1.76554 2.09458 2.40964 2.71787 3.15631 3.55154 3.98801 

5 1.11949 1.31363 1.62685 1.93993 2.51578 2.85130 3.17146 3.83119 4.23470 4.77490 

6 1.14503 1.36394 1.82455 2.34911 2.916E6 3.46251 4,0c;569 4,66699 5.22472 '6.05665 

7 1.14509 1.46600 2.03691 2.70298 3.40811 4.05537 4.48169 5.23399 5.87442 6.82790 

8 1.15873 1..57563 2.32293 3.60369 4.13583 4.94557 5.58210 6.43151 6.69211 7.79481 

9 1.18102 1.81494 2.76300 3.54904 4,63924 5.52149 6.24077 7.25233 7,89141 89759.8 

10 1.20506 1.94970 2.83209 3.84697 4.80545 5.60753 6.75194 7.63761 6.40751 9.62775 

11 1.23451 2.01+037 3.05537 3.96661 5.19953 6.13826 6.61439 7.89639 6.92665 10.16157 

12 1.26379 24 26769 3.,56323 4.63173 5.80721 64.93633 7.78447 9,12133 10.324b9 11.345,38 

13 1.32194 2.42142 3.6E839 4.86194 6.10052 7.42219 F.5r679 9.77450 16.83545 12.16766 

14 1.47394 2.84„)37 4.31062 5.57196 7.32989 8.55416 9.' 11.11244 12.28673 13.59245 

15 1.48612 2.95211 4.39178 5.75932 7.29951 8.67328 10.770 11.53581 12.79490 14.69230 

16 1.56462 3.03973 4.6c74:10 6.1323E 7.90541 9.17621 10.61431 12.22111 13.73864 15.70929 

17 1v67261 3.19823 4.64485 6.44081 8.21019 9.78099 11.19230 12.56901 14.60701 16.36E22 

18 1,76553 3.50260 5.06899 6.69642 8.65544 10.30458 11.77279 13.52108 15.03629 16.57566 

19 1.65592 3.56CC0 5.41859 6.96579 8..86248 11.04686 12.02276 13.9/976 16.15578 18.51371 

20 1.88941 3.89186 5.43562 7.40452 9.44769 10.9u039 12.68932 15.16529 1664190 19.03915 



Tablo No. 63 

MACHINE 

Sf:R4ICE 

CONsfAN 

IDLE FACTOR FOR A SINGLE SERVICEMAN-(CONSTANT 	PUNNING TIME) 

TIVECVARIABLE(1(0)+L,ONSUNT( 	0))+INDUPENULNi 	TIME 

P-(SERVInE TImE+INOEPENOEUT TIME) /RUNNING TIME 

N/P 0.103r,0 0.2000 1.30OG0 0.4)000 0.500A 0.60000 0.70u00 0,80100 0,90000 1.0001)0 

0.00000 0.00GOG.  C.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 n.00000 

2 0.00098 0.01480 0.02205 0.05387 0.09113 0.12578 0.16153 0.20933 0.25821 0.32676 

3 0. 1)1929 u. 04791 0:09025 0,16885 0.27042 0.36947 0.49454 0.64071 0.77707 0.96257 

4 U.0242A 0.J.366 i.20060 0.36952 0.5969 0.81861 1.04055 1.36668 1.66359 1.99000 

5 0.02751 0.12411 0.33315 0.56255 1.01467 1.2131 1.53744 .  2.06754 2.33655 2.61868 

6 0.044J8 0.16'.98 0.95°12 1.43100 1.88537 2.41271 2.90609 3.35198 4.04654 

7 0.05026 0.27567 rJ.74673 1.31652 1.92009 2.47377 2.84049 3.48523 4.03131 4.84973 

8 C.66374 0.38531 1.03280 1.62725 2.61693 3.32411 3.1.;632° 462570 5.02859 5.81684 

9 040?085 0.61509 1.45474 2.15434 3.12172 3.9(506 4.54343 5.46952 6.01275 6.97508 

10 1210916 0.75521 1.548R5 2.46074 3.32364 4.22519 5.07263 5.86908 6.56271 7.65881 

11 0.13679 0.85552 1.7766R 2.60377 3 72647 4,57621 5(19332 6 	17647.  7.11234 R22993 

12 0.18673 1.97698 2.26505 3.24322 4.32396 5.35499 6.13239 7.35733 e.45525 9.3°971.  

13 i.:.22622 1.23445 2.40328 3.5487 4.62875 5.84759 6.848/6 8.01974 8.99664 10.22478 

14 0.37031 1u67723 300108 417151 5,801E5 6w93978 8109049 9. 31571 10 	40301 11.61216 

15 (.39019 1.75419 3.09749 4.37184 5.83666 7.0E946 8..3999? 9.75763 10.93028 12.69925 

16 0.48575 1.84879 3.39260 4.74486 6.46879 7.59469 8.94442 13.44864 11.87045 11.71644 

17 0 	57454 1,99c'81 1;55831 5A5957 6.72572 B0 261&6 9.52953 11.12635 /2.74213 14.39786 

16 0.66740 '2.30553 3.78567 5.32396 7.17170 9.19720 11.11347 11.76282 13.19717 14.64482 

19 0.75667 2.37150 4.13132 5.59677 7.41667 9.46053 10.38371 12.17968 14.29772 16.52E50 

20 0 	79513 2.60628 4e16235 6.10458 7.96777 9.34948 11.04872 13.39593 14.79784 17.07267 



Table No. 64 

SEiO/CF7 	 FAUTCR FOR A SINGLE SEFOIICEMAN-(!'(M.T°4T RUNNING DIME) 
SER4ICE TItAE(4ARIACLE(100)+CONSTANT( 0))+INOFPENOENT TIME 
CONSTANT R= (SERVICE TIME+INDEPENOENT TIME) /PUNNING TIME 

N/P 0,.10:;00 0.320a0 (13000:i 0.40000 0.59060. 0.6C00ii 0.70000 6.55Q00 0.90300 1.09000 

0.05105 0.17959 ,;.27605 0.35553 0.48119 0.58873 0.66895 6.77022 0.85637 9.95649 

2 0.20667 0.40703 0.60105 0.80711 1 	0182 1.20086 .  1,36696 1.56858 1 	74936 1.98815 
3 0.3095 0.59801 0.87848 1.16848 1.46186 1.72473 1.99031 2.29512 2.556/7 2.87;92 

. 	4 0.38378 0.7645 1.20015 1.58759 1.98375 2.36892 2.71473 3.15631 3.55154 3.98811 
5 6.46?67 0,S5C89 1.47256 1 e9171 2 51105 2.85130 3.17146 3.03119 4 23471 4.77490 
6 0.60912 1.16781 1.78489 2.34704 2.91686 3.46251 4.09569 4.65859 5.22472 6.05665 
7 1;.66779 1.35143 2.03691 2.7029E 3.40811 4.05537.  4.48168 5.23399 5.87442 6.82790 
8 0 	76464 1,752889 2,732293 3,00369 4 13503 4,94557 5.59212 6.43151 6.R9211 7.79481 
9 0.96'662 1.en689 2.76300 3.54904 4,63924 5.52148 6.24077 7.23233 7.89141 8.97528 

in 0.96565 1.94970 2.83219 3.84697 4.80545 5.80758 6.75194 7.63761 8.40751 0.62775 
11 1,962c0 2.14037 3.05537 3.96661 5.19953 6.13026 6.81439 7.89639 8.92665 10.16(53 

12 1.17240 2.26763 3.56323 4.63173 5.86721 6.93633 7.79447 9.12133 10.32488 11.34998 

13 1.25292 2.42142 7.63839 4.88/94 6.10652 7.42218 6.56679 9.77450 16.03545 12,16766 

14 1.46119 2.84:237 4.31062 5.57196 7.32989 8.55416 9.7486 11.11244 12.25633 13.59245 

15 1.48069 2.95210 4.39178 5.75932 7.29951 8.67328 10.07780 11.53581 /2.79490 14.69236 

16 1,59462 3.0973 4,6879) 6,1323E 7,90541 9.17621 10 	61471 12,2Z111 13 	73864 15,71C'29 

17 1.67261 3.18623 4.84485 6,44081 8.21119 9.78n99 11.19230 12.88901 14.60701 16.36022 

18 1.76553 3.50'..6? 5.06899 6.69842 8.65544 10.80459 11.77279 13.52108 15.03829 16.57566 

19 . 1.85592 3.56000 5.41859 6.96579 8 	88248. 11.04686 12..02276 13.9.1976 16 15578 11,5137i 

1.88941 3.8'5156 5.43562 7.48452 9.44769 1.11.90039 12.66932 15.16529 16.64190 19.03915 



Table No. 65 

3.1uoa 

S. -eiPA 	IDLE 	FACTCP 	FOR A 	SINGLE SERVICEMiAN-(CONSTANT RUNNING TIME) 

SEKV1C 	TIVEAVARIABLt(100)+CONSTLNT( 	0))+TNDEPENUENT 	TIME 

CONSTANT ;;.=(SERVICE TI6F+INOLPENOENY TIME)/PUNNING TIME 

0.20100 	J.33000 	0.40000 	0.50000 	0.60300 	0.7006U 	u 	P.0000 	0,90000 1,000'00 

1 0.9'J;46 0.5541 O.9c936 0.5932 0.26 0.99‘.■21 0.99:416 0.99112 0.9997 0.949n2 

2 i...89710 0.80:66 1.72046 0.64958 6.58042 0.52448 0.47713 0.42404 0.38246 1.33113 

3 C. 3127J 0,64:61 0,5035i 0.3G9 0.29456 0.21867 0.16659 0.11943 0.07031 . 0.04123 

4' U.735F9 0.50'6P 0.2574 • 0.17755 6.10083 u.04072 0.0013 -0.60060 -L.00000 -0.00000 

5 6.65682 tIo36275.  1,.15429 0.4621 0.003c"3 -0.00000 -0.60090 -0.00000 -0.00001 -0,00.6'.13 

6 i?.535(:)2 U.190.3 .;.03967 0.6028 -0.00000 -0.0001?0 -0.0006n -0.00000 -0.00000 

7 e.47730 0.11657 -3.061000 -0.60000 -0.0001:0 76.00000 -0.60000 -0.00000 -C.000U0 -U.00061 

0.39411 0.C4675 -].0UOJJ -0.00360 •0.0C-0CA 	.04L1C000 00100 .•0 	00.700 -0,01.050 

9 0.27420 0.0f7P,06 -0.00000 -0.1i0J00 	-c.claco 	-o.oat:Jcw 	-0..00000 	-0.0000U -0.00000 -0.00000 

16 0.24CU1 	-0.001300.  .-0.U0060 -0.uulCC -o.000uo 	-c.ociocia 	-0.00600 -0.00000 -0.00000 -0.00000 

11 6.171$0 	...0400101: .•G10500i....0.4U6U0 ..U.01000 -Cc00000 ■C■.00900 -0.00000 
12 C.11140 ...0.i1050C 0.0000t1 •Ce00000 -0.06.)00 •-0.00016 -o.(icl000 ...G.00;An -0.00500 

13 . 6.06962 -6.01"..30 -6.C.0000 -0.001:LC -0.00000 -0.06001 -0.00000 -0JUOPP0 -0.00600 	-n.occno 
14 0 	01275 -0:0(1C0C -.0,00000 ...0,00E00 -.0 	06050 -0.A0000 -o.colcAn -0.J0000 70.0aQn 	..0.00`100 

15 C,00503 ...J.00000 ..:#00J1:0 •0000U60 •.0,00000 •.0,00090 •U.000Uj -perJocAlo 	-o.ounoo 

16 -..;.30060 -0.0"J03 -o.0603a -0.00060 -o.covio 	-o.OuJOU 	••11.003j0 -0.U.)000 -0.06011.  ..0.7000. 

17 -C 	006140 -0, 601.')' -J.3U005 -0.0'3000 -0.000O0 -0.00000 ••0.00070 -11.001;n0 

le ••0.1,5000 .•6v0VOL, •r;.00000 -0.60000 -0.00000 -0.00000 ....0.0064 •.0.10000 .•0.00001 -0.00000 
19 -4.003 -0.0.9.:06 75.00000. -0.000G0 -0.30000 -0.00000 -0440000 ..-0.00000 -0.00000 -9,..10d00 

..'0.00GGO -0.j3.0:: -G.00005 -.0.00000 -11.30090 .•.0.00000 -0.00000 -0.00000 -6.C.0000.-3.00000 
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Table No. 66 

The Goodness of fit test. 
Constant Running Time. 
Service Time: 
Variable Time(100)+Constant( 0)+Independent Time. 
Single Serviceman. 
Test No. 1 
Keeping the ratio R(Service Time/Running Time) constant 
and increasing the number of machines from 1 to 20. 	. 

)2  
No. 	Ratio R 	

X 
	1 i  

ei  
1 0.1 0.05414 
2 0.2 0.11546 
3 0.3 0.18305 
4 0.4 0.24801 
5 0.5 0.19551 
6 0.6 0.20571 
7 0.7 0.48805 
8 0.8 0.32376 
9 0.9 0.39341 
10 1.0 0.24178 

For 19 degrees of freedom, the 5 level of sighificapce is 
P(30.144-=°"3) =0.05 and the rejectionzregion i&c-30.144. 
Hence, for the 5 level of significance,X=1,2,...10 are not 
significant. 

Test No. 2 
Keeping machines constant and increasing the ratio R. 

(o,-e.)2  1  No. 	No. of Machines. 	i  
ei 

1 1 0.00579 
2 2 0.13034 
3 3 0.08468 
4 4 0.05890 
5 5 0.08863 
6 6 0.04107 
7 7 	- 0.09529 
8 8 0.04029 
9 9 0.02239 
10 10 0.08597 
11 11 0.40955 
12 12 0.10666 
13 13 0.19641 
14 14 0.03961 
15 15 0.05118 
16 16 0.06804 
17 17 0.10781 
18 18 0.21610 
19 19 0.27040 
20 20 0.32978 

For 9 degrees of freedom, the 5,1 level of significance is 
P(16.9194.0 )=0.05 and the rejection region is 7x. 19.675. 
Hence,.for the 5 level of significance0e-=1,2,...20 are not 
significant. 



Table No. 67 
cERCENTAGE DIFFERENCES t,RE 

N/P 1.20 0.30 0.40 2.50 0.60 0.70 0.89 0.9n 1.00 

1 ...I.& 76 -1, 1 „ 73 •if. 86 -..7.19 -1, 25 .0.69 -1' 	1 -1. 62 -2.26 -2.17  

2 3.30 A.64 1.70 4.03 6.66 7.60 P.44 10.66 12.15 15.r1 

3 1.88 3.84 6:27 11.17'. 17.00 . 	7.91 2.69 0.21 -2.59 -2.54 

4 1.67 6, 35 15,26 10.20 4.20 0.47 •.2.85 -1.23 -1.15 -.0.'75 

5 1.56 9.36 6.76 -3.02 0.68 -4.84 -9.21 -3.97 .-5.58 -4.12 

6 3.62 17.51 1.12 -2.08 -2.65 -3.62 -2.20 •.1.94 -2.7° leFil 

7 7.77 4.75 -3.13 -3.37 -2.43 . -•3.15 -8.17 •6.07 -6.19  •1.7' 

8 4.95 -1.59 -3.17 .-5.98 3.68 3.44 0.19 1.12 .7.57 •1.73 

9 6.91 0.79 2.43 -1.20 7.46' 2.74 •013 1 90 •1,72 R., 771 

10 9.02 -2.52 ...5.47 .-7.56 -3.48 -2.65 -2.85 -3.70 -5.67 -2.60 

11 11.65 -7.24 -7.25 -9.54 -4.99 '-.6.78 41.77 -9.38 -8.79 -6.41 

12 6.47 -5.47 -3,3 ... 7e12 •-2,65 ...,2497 6, 46. .•3t97 -3.16 -4, n2 

13 1.25 -A.79 -5.17 -5.68 -5.53 -4,04 -5.55 -4.55 -6.16 -.4. 

14 4.89 1.55 2.96 o.r2 	. 5.48 2.79 1.10 0.57 ..1.96 -1.18 

15 ...1.11 •1 46 ..2.05 -1. 45 ...11, 89 •.2.64 •-2.82 -.44 -..3.60 -.0.1.5 

16. -1.21 -4.85 .•.1.54 -3.56 -0.31 -3.34 -3.94 -2.99 -2.83 0.24 

17 -1.82 -6.04 -4.57 -4.61 -2.43  -2.94 -4.56 -3.59 -2.67 . -1.55 

18 ••2,07 ••2. 54 ...5.66 -.6.25 -2.8 2  1.35 •..5.r.9 -4.36 . ...5.19 -5.69 

19 -2.42 -6.17 -4.42 -7.59 -5.46 -1.74 -A.08 -6.61 -..3.77 -0.96 

20 •5.57 -2.67 -6.87 -5.61 -4.40 -7.81 -7.73 	 . -3.22 -5; 71 -2- ?I. 

THE !JEAN PECENTAGE DIFFERENCE IF 
	-1.23647 

THE STO. DEVIATION IS 
	

4.98761 
VAR IABLE (100)+CONSTANT (0) + INDEPENDENT. TIME • 



Table No. 68 
OYLL-- 	TIME. 	FACTOR 	FOR E. 	SINGLL 	SERJICEMN....(CUNSTANT 	FUNNING 	TIME) 
SEr24I0E 	 80)+CONSTANT(20))+INDEPENUENT 	TIME 
CONSTANT R=ASEKVICE TIVE+INOEPENOENT TIN.E),RUNN1NG TIME 

N/F 0.10000 0.21000 0.33000 0.40000 0.50000 0.61300 0.70000 0.80001 0.90000 1.0E000 

1 1.08366 1.19159 1.2779E 1.35988 1.45074 1.56603 1.66683 1.76328.  1.85489 1.95758 
2 1.10203 1.2P252 1.31062 1.43335 1.56432 1.65648 1.79698 1.93661 2.06864 2.24130 
3 1.11532 1.21170 1.35769 1.51556 1.71670 1.91464 2.06522 2.32331 2.54359 2.87251 
4 1.11320 1.25265 1.43975 1.68008 :2.03222 2.37300 2.26276 3.18992 3.5,:1562 3..96429 
5 1.11406 1.27454 1.56459 1.90333 2.48405 2.85373 3.25934 3.77548 443441 4.76376 
6.  1.13814 1.32386 1.80450 2.36523 2.92057 3.54627 4.04093 4.70047 5.21718 5.97465 

7.  1.12662 1.43127 2,05458 2,65736 3,37185 4..11535 4..59252 5.3/047 5.01617 6.75121 
8 1.14768 1.64265 2.36272 3.10561 3.98663 4.79640 5.5/915 6.35534 6.96614. '7.75624 
9 1.14736 1.75243 2.89108. 3.46398 4.59077 5.47908 6.12265 7.15534 7.73067 .8.76495 

1U . 1,18611 1.95558 21 93156 3.81717 4.78905 5..84528 6.57125 7.45037 9.49122 9.62167 
11 1.19206 2.07'.:)55 3.03306 4.04008 5.17265 6.19644 6.93511 5.01779 9.09771 10.37670 

12 1.23446 2.25/79 3.47884 4.61024 5.77834 6.87087 7.774°4 9.16P44 10.73996 11.70r25 
13 1,29639 2.48291 .3.74318 4.34450 6.13633 7.44265 8.54737 9.69420 10.91557 12.27798 

14 1.41769 2.84188 4.17269 5.62725 6.88733 8.40.339 0..,,7585 10.77382 1/.86377 13.54134 

15 1.45746 2.92843 4.48500 5.71460 7.32936 8.96012 ("493757 11. 76364 12.76228 14.59 440 

16 1.57279 3.17721 4.65747 6.08463 7.60211 9.36671 10.41257 12.14751 14.02374 15.82302 

17 1.52922 3.31523 5.01223 6.37068 8.15097 9.90904 11.26374 12.59774 14.13538 16.34158 

18 1.72567 3.32629 5.11600 6.65591 8, 73554 1t:442357 11.75046 13.58541 14 79470 16,6/597 

19 1.82598 3.71356 5.42055 7.0144E 8.92833 10.91948 12.11460 14.33539 16.16651 18.39539 

20 1.92111 3.81204 5.68178 7.58799 9.31603 11.25295 13.03366 15.04022 16.51464 18.65401 



' Table No. 69 
MACHINE IDLE FP,CTOK FOR A SI'4GLE SERVICEMAN-(rONSIANI RUNNING TIME) 
SERVICE TIKE'CVARIABLE( 80)+CON5'1ANI( 20))+INOEPENDEN7 TIME 

CONSTAN R=(SERVrE TIHE+INDEPENDENT TIhF)/RUNNING TIKE 

N/F 6.10000 0.2 1r00 0.30030 11.4100U 0.5000J 0.60b0d 0.70030 0.80000 0.90000 1.00000 

1 0.00000 0.0i000 3.6J000 3.L3000 U.00000 C.00000 e.n0cuo 0.00000 0.00060 c.e0300 
2 0.000, 2 0.09174 0.01259 0.03340 0.06228 0.09145 0.11983 0.15760 0.19828 0.25519 
3 0.01433 3.01562 6.06538 0.12658 0.22327 0.32823 C*406F2 0,56567 U 	70138 0.91590 
4 6.01759 0.0849 0.14689 0.29.'086 0.53547 0.78160 0.97140 1.39171 1.62645 1.97292 
5 C.021.72 0.01688 3.27350 0.526C9 0.98768 1.28091 1.60724 2.01966 2.30611 2.816.11 
6 L.03637 0.13109 0,5;1 679 0.97692 1 	43372 • 1495509 2, 36614 2,91610 3 	345E8 7,9761 5 
7 0.03140 6.23°55 0.76144 1.27789 1.81992 2.52719 2.93619 3.551 58 4.066ki3 4.73511 
8 0.0510 9.43932 1.06759 1.71763 2.41667 3.19591 3.82630 4.55999 5.09347 5.78187 
9 C 	05080 0.59401: 1s 39210 2 67763 3 	07903 3.86901 4.44028 5.35650 5.86811  6.70,67g 

1C '.08962 0.78573 1.63776 2.43331 3.30°13 4.2590) 4.91193 5.72356 6.55527 7.65260 
11 0.09649 0.89"86 1.86213 2.67236 3.70/51 4.63169 5.70223 .  6.28622 7.26712 1.43011 
12 i, 	13973 i 06402 2'16792 3422453 4.2r:428 5.2930 2 6.12396 7.39966 8.46989 9.71506 
13 0.2010.5 1.2'114 2.45436 3.469°4 4.66024 5.16680 6.8P633 7.94376 9.07049 10.32715 
14 0.31745 1.67746 2.87359 4.22322 5.09106 6.79897 7.7°528 5.940 22 10.01052 11.56720 
15 0-36109 1.71170 3.18743 4.33052 5.83674 7.35976 8.26979 9.60137 10.90061 12.60148 
16 0.47473 1.94 ,16 3.3629'7 4.70:65 6.12219 7.71888 8.75578 10.37819 12.13944 13.82252 
17 0.53377 2.11980 3.71558 4.90206 6.66631 6.32n29 0 .59379 10 	64997 12 2Q622 14,37176 
18 1  0.63029 2.14■55 3.83046 5.26293 7.24559 8.83930 1n.U9190 11.82609 12.95934 14.68391 
19 C.73018 2.51683 4.13286 5.64190 7.45257 9.34093 10.46959 12.57384 14.30786 16.41424 
2U 0.82509 2.61956 4.39353 6.20391 7 84498 9f 6C285 11.37205 13 27931 14 67609 16.71152 



Table No. 70 

SERA/ICE 

SLRViCL 

GONSTi;NT 

UTILIZATION FACJOR FOR A SINL,LE SERVICEMAN-(CONE 	ANT RUNNING TIME) 

TIME(VARIABLE( 	60)+GONSTCNT( 	20))+INDF7PLNDENT 	TIME 

	

Hz--(SERVI::E TIME+INDEPENDENT 	TIVE)/RUNNING TIME 

N/P 0.10060 0.2008 9.30000 0.40000 0.50000 Ov 60000 C. 7000(i 0 - 80000 0, 9 11030 1400030 

1 0.03419 0.11.'21E. 0.27560 0.364155 0.48148 0.56683 0.66767 0.76316 0.55552 0.95855 

2 0.20361 0.40276 0.59738 0.83134 1.00563 1./9175 1.35609 1.55995 1.74279 1.97306 

3 U 	30464 0:59;06 0;37096 1,160.:21. 1.48285 1.76211 1.07231 2.27820 2.53043 2.87251 

4 0.3:',462 0.77 14 1.17429 1.56025 1.90106 2.37033 2.62761 3.18892 3.50562 3.96429 

5 6.46446 0.94146 1.45938 1.89097 2.48405 2.85073 3.25034 3.77548 4.13441 4.76776 

6 1).61431 1.1606) 1.79171 2.36523 2.92057 3.54627 4.0+093 4.70047 5.21708 .5.97465 

7 0.67u46 1.34705 2.05468 2.65736 3.37185 4.11535 4.59282 5.31)47 5.91617 6.75121 

8 0.76117 1.67343 2.36272 3.10561 3.95663 4.79640 5.51'115 6-35034 6.96614 7.75624 

9 87416 1.79243 2.69108 3.46398 4.59077 5.47908 6.12265 7.15534 7.73167 8.764v5 

16 0.96579 1.91858 2.93156 3.81717 4.78905 5.84523 6.57125 7.48037 8.43122 9.62067 

11 1.05776 2.C7L155 3.08306 4.0400P 5 17265 6,19644 6.93511 8. 01779• 9 	99)771 10:37670 

12 1.14405 2.25179 3.47514 4.61024 5.77834 6.87087 7.77494 1.16:'.44 10.33996 /1.70125 

13 1.24795 2.49291 3.74318 4.84450 6.13638 7.44265 8.54737 9.69420 10.91557 12.27798 

14 1.41327 2o34;.'68 4.17269 5 62725 6.68733 8..40339 9.475E,1 10 	77752 11.P6377 17.54134 

15 1.45638 2.92843 4.4380J 5.71463 7.3293e 8.'36012 9.97757 11.367E1.4 12.76225 14.58440 

16 1.57279 3.17720 4.65747 6.08463 7.60211 9.30671 13.41257 12.14751 /4.02374 15.323°2 	_ 

17 1 62922 331523 501223 6.37008 o 	15007 9,9u904 11.26374 12.59774 14.135.35 16.34158 

Je 1.72567 '3.32621 5.11600 6.65591 0.73554 10.42357 11.75046 13.56941 14.79470 16.61597 

19 1.32598 3.71356 5.42055 7.01446 8.92833 10.91948 12.11460 14.33539 16.16651 10.39579 

2C 1 92111 3081204 5,68073 7.58799 9.31603 11.25295 13.03366 15.04022 16.51464 18.65401 



Table No. 71 

10LE 	F. 	FCR 	'. 	SINGLE SERVISEW;N-tUONSTAN1 	c•AJNNI\1; 	TIME) 

SERVICE TIME(VARIAPLE( 	50)+CONFTANT1 	20))+INOEPENUEN0 	ITrE 

CONSTANT 	;,-.=.(SEkVICE TIME4INDLPENDENT TD:E)/RUNNING TIME 

'N/F 0.10060 0.20:,10 0.30000 0.40000 0.50000 0.61;006 0.70000 0.80n00 0.90000 1.00000 

1 0.99946 3.99., 41 0.99976 0.99932 u.99926 0.99921 0.99917 0.99912 0.99907 0.99902 

2 0.69047 0.7q76 0.71325 0.63201 0.55869 0.49474 0.44089 0.37666 -  0.32556 0.26824 

3 6.01068 0.64164 0.47873 0.34635 . 0.233E5 0.15254 Oc.09291 0;04511 001316 -0030031 

4 C.72655 0.4751 1.26546 0.11983 0.04116 0.00267 -0.C0000 -0.00000 -0.00000 -0.90000 

5 0.64960 0.33303 0.10522 u.01236 -0.00000 -0.00000 -0.00010 -0.000[u -0.0000.0 -0.000. 00 

6 0.52412 0.16326 3:01279 -0".03000 -0 	00000 -C-00000 -0,0000 -0...:;orco -6 eavu -0.00000 

7 0.45616 0.05422 -0.0000.0 -0.00000 -0.00000 -0.00000 -0.0000C -0.00000 -0.00600 -0.00000 

8 0.35651 0.06926 -0.00004 -0.0000C -0.000.10 -0.00000 - -0.61:000 -0.00000 -0.0000 -0.00000 

9 0, 27321 -0000000 -0, 00000 -0,00000 -0 	00003 -Lin00600 -00001700 -0.00000 -0.00000 -0.011 001 

1L 0421733 -0.00000 -0.00000 -0.00000 -0.00100 -0.00000 -1.40000 -0.01)000 -0.0r30uo -0.00000 

11 0.13430 -0.00CC0 -0.00004 -0.00000 -0.0000 -0.00000 -0.00000 -0.00005*-0.00000 -0.00000 

12 Q 	09441 -0.00140u -J.00000 -0,00000 -0.000L0 -0.00000 -0.1.000L -0.06000 -0.00000 -0.00000 

13 0.04355 -0.00006 -0.00000 -0.00000 -0.30000 -0.00000 -1.00000 -u.00rm; -C.00000 -0.0000.0 

14 0.00442 -.0.00J00 ...0.00000.0.000311 -0.00000 -0.0t)000 •.0.00010 •0.30200. -0.000G0 -0.00101 

15 G, 00108 .q.3r1''00 •.1.000r0 ••U.OUGC0 -0.00(100 •0.00,;(5C -0.030(7 0.-6.001,00 -rl.onouo 

16 -0.00000 -0.00000 -0.00000 -0.00000 -0.000.00 -0.00000 -0.00000  -0.00000 -0.00000 -0.000.3n 

17 -0.00000 -0.01000 -0.00000 -0400303 -0.00000 -0.00001 -0.00000 -0 	00000 -r 	00003 .- 0p000U0 

le -0.00600 .q.00106 ..ri.003C6 -3.00000 •-0.000G0 -0s30000 -6.60000 -0.00000 -0.10000 -0.00000 

15 -0.00600 -0.00005 -0.00000 -0.00000.-0.0E00d -0.00000 -0.00009 -0.30000 -0.006'10 '...0.30000 

20. -0.00060 -0.00000 -0.03000 -0.00000 	-0,00000 -0,.00GG3 -n,3oc30 -0,00000 -0.'00000 -.0,00000 
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Table No. 72 

The Goodness of fit test. 
Constant Running time. 
Service Time: 
Variable Time( 80)+Constantk20)+IndeDendent Time. 
Single Serviceman. 
Test No. 1 
Keeping the ratio R(Service Time/Running Time) constant 
and increasing the number of machines from 1 to 20. 	2  

2_ 	(o.e.
1  )
2  

No. 	 Ratio R 	1
e 

 

	

- 

1 	0.1 	0.03397 

	

2 	0.2 	0.07671 

	

3 	0.3 	0.08663 

	

4 	0.4 	0.22524 

	

5 	0.5 	0.17183 

	

6 	0.6 	0.11664 

	

7 	0.7 	0.51561 

	

8 	0.8 	0.31702 

	

9 	0.9 	0.46309 

	

10 	1.0 	0.20501 
For 19 degrees of freedom, the 5 level of significanRe is 
P(30.144-,f7-0) =0.05 and the rejection

? 
 region is.>30.144. 

Hence, for the 5 level of significance=1,2,...10 are not 
significant. 
Test No. 2 

Keeping machines constant and increasing the ratio R. 
q.,. 	(o.e.)2 

No. 	No. of Machines. 	7c .:>-  1 1  
	 ei 

1 1 0.00525 
2 2 0.06760 
3 3 0.06790 
4 4 0.12621 
5 5 0.08313 
6 6 0.02772 
7 7 0.06860 
8 8 0.01485 
9 9 0.02742 
10 10 0.10670 
11 11 0.27992 
12 12 0.09404 
13 13 0.16876 
14 14 0.04130 
15 15 0.07224 
16 16 0.08903 
17 17 0.15641 
18 18 0.25794 
19 19 0.19640 
20 20 0.26032 
For 9 degrees of freedom, the 55', level of significance is 
P(16.919-47c2"-<0 )=0.05 and the rejection region is2419.675. 
Hence, for the 5 level of significance, =1,22...20 are not 
significant. 



Table No. 73 

THE 	FERCE.NTACE DIFFERENCES AQE 

N/7 

1. 

Cr ia 

-1.48 

2. 

-1.51 

C;e3J 

-1.67 

(IL 40 

-2.83 

11,50 

-1.23 

C,60 

-0.51 

re7p 

-1.8R 

1,en 

-1.68 

0.q1 

-2.29 

1.00, 

-2.n? 
2 0.14 n.25 0.0 2.3E 4.26 5.37 5.67 7.55 s'47..; .12.1'1 
3 1.29 2.63 4.38 5.17 14.33 6.31 -1.68 -3.18 -5,74 -4.16 
4 1.04 4..31 13.63 4.86 1.59 -1.1j *9.12 -U. 21 -2.43 -0.64 
5 1.07 6.11 4.21 -4, e5 -1,,  59 *.i. . 	P.6 -6 	74., -5, 37 -7,8? -4.74 
6 3.20 11.15  1.23 -1.41 -2.53 -1.28 -3.56 -1.70 -2.14 U.13 
7 2.10 2.13 -2.16 -5.01 -3.47 -1.72 -5.89 -4.69 -5.53 -2.87 
8 31,95 2 	61 -1.51 -2: 79  -a..16 (...;32 -0,,(A -0.13 -2.53 -2.21 
9 3.8 6 -1.46 -6.24 -3.57 2.38 1.95 -2.22 0.12 -3.72 -1.63 

10 7.31 -".53 -2.15 -4.3C -3.81 -2.02 -5.45 -5.68 -5.7J -7.67 
11 7.79 -5,46 -6..41 -7.87 -5.48 -5.49 -9.19 -7.99 -7.14 -4.42 
12 2.38 -6.13  -3.15 =7.57 -3.14 -3.85 -6.58 -3.43 -3.12 -1.16 
13 -0.70 .-4.47 -3.76 -6.41 -4.95 -3.77 -5.09 -5.63 -51 37 .-4. n? 
14 0.89 1.57 -0.'4 1.01 -0.89 0.99 -2.2C -2.50 -4.37 -1 .55 
15 -3.15 -2.25 C.09 -4.2') -1.49 0,58 -4.17 -3.90 -7. 8g -11.5).9 

16 -1.96 -1.61.; -2.57 -4.31 -4.13 -1497 -5.76 -1,57 -or  al 11..07 
17 -4.36 -2.30 -1.28 -5.66 -3.19 -1.67 -3.':5 -5.77 -5.77 -1.71 
18 -4.28 -7.79 -4.79 -6.85 -1.93 -2.22 -5.27 -1.88 -6.75 -5.47 
ig -3.99 . -2, C? -4479 -6:- S4 -4t., °7 -2.87 -7,37 -3.52 -3,31 -1.70 
20 -3.99 -4.42 -4.76 -4.31 -5.73 -4.82 -5.23 -4.n2 -6.04 -4.19 

THE r4r4.N PERCENTAGE r IIFFFPENCE IF 	-1.c:3399 
THE STO. DEVIATION IS 	 4.11035 
VARIABLE (80) +Co NSTANT (20)4. INDEPENDENT TIME 



Table No. 74 
CYCLE'. TIM FACTOR FOR P SINGLE SER4ICEMtN(CONSTANT RUNNIVG TIME) 
SEK0I6E TIME(VARIAN-E( 60)+CONSTANT(40))+INDEPENDENT TIME 
CONE. ANT R= (SERVICE TIME*INOEPENDENT TIME)/FUNNINt; TIME 

N/P 0.10000 0.20000 0.30000 0.40000 0.50000 .G.60000 0. .70000 0.dor00 0.90000 1.00000 

1 1.08502 1.18372 1.28-090 1.36542 1.48104 1.50292 1.66400 1.76616 1,85257 1,95941 
2 1.10066 1.20006 1.30365 1.41469 1.53333 1.65191 1.74708 1.88316 2.00525 2.17673 
3 1.10943 1.21510 1.33361 1.46724 1.64717 1.84343 2.01497 2.29136 2.54590 2.88576 
4 1.10871 1.23501 1.40087 1.63105 1.98452 2.36360 2.68115 3,10798 3051497 3,94.329 
5 1.10932 1.24600 1.49713 1.91260 2.46160 2.84199 3.27°64 3.71637 4.21307 4.79145 
6 1.12401 1.30124 1.77264 2.32844 2.89937 3.52653 3.99606 4.7U621 5.21023 '5.92285 
7 1.11838 1(37742 2(.06510 	. 2.68137 3,37250 40 08328 4.58866 5..2597d 5.86041 6.71619 

.8 1.13436 1.59709 2.37590 3.07643 3.97325 4.76221 5.51191 6.24676 6.88373 7.730 75 
9 1.13723 1.81656 2.73473 3.53477 4.52929 5.43241 6.11571 6.90847 7.70330 8.71727 

10 1. 15469 10 94860 2.86635 3-83680 4,64581 5.81150 6.59416 7.56769 8.53889 9.65559 
11 1.16747 2.10227 3.04452 4.13463 5.09460 6.11894 7.09376 8.31609 9.21628 10.43767 
12 1.22490 2.30339 3.46212 4.61817 5.73675 6.76097 7.70448 9.18892.10.3275 11.66677 

13 1,.27836 2.47283 3.76706 4.80500 6.11625 7.52116 8.40951 9.80049 10.93617 12.36163 
14 1.41796 2.77027 4.10665 5.47975 6..99844 8.38697 9.39986 10.69014 11.89762 13.56628 

15 1.48955 2.85482 4.41505 5.75452 7.29600 te65658 10.00340 11.42808 12-89246 14.61294 

16 1.56690 3.38089 4.62376 6.09902 7.72915 9.15705 10.45019 12.25510 13.83367 15.64543 

17 1.63248 . 3.31911 . 4.89233 6.36719 8.11058 9.86606 1/.17331 12.70792 14.32659 16.36220 

18 1.69362 3.34275 5.02736 &59661 8,72433 /0.31572 11,52457 13, 72304 14.615'/5 16.7229 0 

19 1.85217 3.64453 5.47919 7.;06749 8.96972 10.85403 12.32866 14.2130 15.95459 18.27618 
20 1.90134 3.81191 5.69919 7.44971 9.45703 11.29123 12.89046 14.84867 16.53118 18.77898 



Table No. 75 
dACHINE 	IDLE FACTO( FOP 	A SINGLE SERVICEMANCONFTANI 	RUNNING TTt'E) 
SERVICE 	TIME(VARIA9LE( 	6C)+CONSTANT( 	40))+INOEPENDEN1 	TIME 
CONSAN R=CFERVI('E TTNE+INOLPLWWNT TIME)/RUNNING TIME 

N/P 0.10000 0.20600 0.30000 0.40000 u.50000 0.6000G 0.76000 0.80000 0.90000 1.00000 

1 0.0000G 0,00003 0,00000 0,00000 0 	00300 0.00000 0,00000 0.00000 0.00000. 0. .00019 

2 0.00055 0479994 0.00633 0.01532. 0.036.02 0.05810 • 0.07791 0.10837 0.1407 0.1938)9 

3 0.0Z., 972 0.63471 . 0.34246.  0.03407 0.160t,8 0.25767 0.35632 0.52205 0.69679 0.92283 

4 0. 	012e1 0,45127 L.,10717 024157 0 49033 0.77315 1.01126 1.31126 1.63517 1.95740 
5 0.01627 0.3040A 0.21079 0.53033 0.96977 1.27329 1.6226 1.97260 2.36951 2.83093 
6 0.02373 0.12471 0.47769 0.94069 1.41601 1.94641 2.33035 2.92090 3.34015 3.93412 
7 0.023E0 0.2414 3,77041 1.29822 1.89145 2.49533 2.93215 3.53223 4.03826 4.75347 

.F 0.03775 0.60251 1.07837 1.6'153 2.47632 3.16627 3.81950 4.4527.0 5.02056 5.76E50 
9 6.03874 3.o0375 1.43075 2.14161 3.02428 3.52640 4.43437 5.13760 5.84374 6, 74472 

10 0.05874 J.30806 1.579A 2..45241 3.35552 4.22823 4.93235 6,80390 6.67789 7.68397 
11 0.07217 0.01...111 1.76732 2.75788 3.62956 4.55955 5.41051 6.55669 7.37432 8.48460 

12 0.12771 0.01692 2.17287 3.23111 4.25613 5.21341 6,05953 7. 41743 5!4533n 0,65473 

13 0.15169 0.J?154 2.47663 3.4393 4.70757 5.93951 6.75573 8.04109 9.08760 19.40307 

14 0.31723 0.02639 2.81398 4.03651 5.49532 6.78377 7.72273 8.91970 10.04022 11.55954 

15 6.39075 0.02530 3.1/909 4.36716 5 80465 7,11047 8.33542 3.65651 11 	02459 12.,6274 

16 0.46923 0.03316 3.33301 4.71358 6.24134 7,57564 6.51505 10.43120 11,96023 13,66033 

17 0.53635 0.04170 3.60316 5.00619 6.62973 3.26100 9.51623 10.95296 12.47696 14.39116 

C 	553 69 0,,04751 3.74225 5.22712 7, 23513 6.74029 9.67557 11,57603 12.98692 14.75420 

19 .  0.75490 0.04565 4.18909 5.69696 7.51220 9.27723 19..67336 12.53156 14.10585 16.30534 

20 0.80622 0.07227 4.41124 6.0728.4 7.97794 9.71931 11.23792 13.09516 14.69185 16.82606 



Table No. 76 

SEkY10E UTILIVTION FACTOR Fuik A SINGLE SERVICEMAN-(CONSTANT 

SEfOICE TihE(VAIABLE( 	60)+CON!JANTC 	40))+INUF.P!'NOrW. 	ITME 

CONSIANT 	TIhE4INDEPENDENT TIVE)/KUNOING TTME 

RUNNING TIME) 

N/P 0.10900 6.21100 6.372000 0.40000 0.5E1600 0.60000 0.70JC0 0.60000 0.90130.0 1.01000 

1 0.08656 0.1843/ 0.23154 0.3661U 0.48178 0.58372 0.664:t4 0.76704 0.85350 '1.96039 

2 0.20131 0.4012 0.59589 0.79414 0.99617 1.16926. 1.34008 1.55145 1.73675 1.96624 

3 G.30j77 0.5')339 0,87539 1 15169 1 46376 1,75104 1,97398 2 23136 2 54590 2.6P576 

4 0.38579 0.78374 1.17762 1.56119 1.99075 2.36365 2.6b115 3.117°1 3.51497 3.94329 

5 0.46799 6.94192 1.43543 1.91260 2.4016J 2.84199 3.27834 3.71637 4.21307 4.79145 

6 6.605A 1,17657 1,77264 2.32344 2.69937. 3.52553 3.9(::106 4.70621, 5.21123 5.92285 

7 0.67156 1.3371'i 2.06513 2.68137 3.37251.  4.0E325 4.58865 5.28970 5.68641 6.71609 

8 0.77738 1.59459 2.37590 3.1.17648 3.97323 . 4.76221 5.51199 6.24676 6.88373 7.77975 

G 	89141 1 81656 2,73473 3 53477 4.52929 5.43241 6.11571 6.90347 7.70331 8.71727 

10 0.96730 1.94060 2.86635 3.6369 4.84581 5.81150 6.59416 7.56769 8.53889 .9.65559 

11 1.05584 2.1!227 3.04452 4.13463 5.G9460 6.11894 7.05376'.  8.31609 9.21621 10.43767 

12 1,17354 2.30339 3.46212 4.61817 5.73675 6.781)97 7.70443 9.18892 16.32705 11.66637 

13 1.26164 2.47283 3.76706 4.80500 6.18625 7.52116 8.40981 9.80049 10.93617 /2.36163 

14 1.41796 2.77027 4.1085 5.47975 6..9944 8.36697 9.39986 10.69014 11 	89762 13156628 

15' 1.43955 2.88482 4.415G5 5.75452 7.29633 8..69688 10.06848 11.42808 12.89246 14.61294 

16 1.56690 3.01‘;89 4.62376 6.09902 7.72913 9.15715 16.48019 12.25510 13.83367 15.64943 	. 

17 1.63243 3.30'-...11 4.89233 6.36719 8, 11058 9.86606 11-17;771 12 	73792 14-32653 1636270 

48 1.69362 3.34275 5.02338 6.59661 8.72433 10.31872 11.52457 13.32304 14.318q5 16.72290 

19 1.85217 3.64453 5.47919 7.66749 8.98972 10.85403 12.32868 14.29130 15.95459 18.27638 

20 1.90134 3.81191 569919 7,44971 9 45703 11.29123 12,89046 1484867 16.53118 26.77898 



Table No. 77 
S.NAH IDLE 	FACTO: 	FOR A SINGLE SERVICENAN•(GONSTANT 'WNNING TIME) 
SERV1C!- 	TIME(VARIAbLE( 	60)+CCNSTANT( 	40))+INDEPENDENT 	TIME 
GUN 	ANT 	rr--(SCRV1.3F 	TIME+INDr:FENUNT 	TIME) /RUNNING 	TIME 

NIP U.10000 0.20i0 4.3000 0.40000 0.50300 0.60000 0.70000 .  0.80000 0.90000 1.00300 

1 U.99346 :199936 4 	99f-j32 .  0 99926 0.99921 Gc99917 U 	99912 0:9931B 0.990!12 
2 C.89934 0.79994 0.707 ,32 3.62054 0.53716 3.46264 0.40700 0.33170 ' 0.27149 0.20946 
3 4.80866 0.63471 0.45823 0.31555 u.18342 0.08939 0.03599 •0.30000 •0.00400 • 0.00000 
4 C 	7220..2 0,48127 Ov22325 0 	06986 •0 	000k:j • 3.00001 •0.00000 -ii. `1103 •C.10;00 •3.C ..ALO 
5 6.64132 0.3040 C.06170 -3.03300 •4.00JC0 -0.00000 •0.0 1.301A •0.00000 •0.00000 -0.00000 
6 6.51960 3.12471 •1.03j00 0.00060 •0.0f:000 (1.0900 .0.72i0000 70.000;:0 ••0.(30i;10 
7 0. 	446 ,33 0.,C4L24 •0,00000 •C.00b00 •0.00060 •1!.00j00 •0.000P0.  •0.::0180 •0.00001 -o.00a00 
6 C.356c3 0.0O251 -6.03050 -9.00300 -0.0Jih,J -0.0S600 -0.0CJP0 •0.00000 ••0.COL/00 ••0.00000 
9 0.24581 •0.00'AP •0.00000 -0.004j0 •.-6.00000 -0.00000 •0.00000 • 0-00000 

1C z.1e763 •.•0.11U',:00 • :;.30034 ••0.0101'1 .04,00000 -3.'456000 -0.0POG7 •0.00000 •0.00000 -0.00000 
11 ti.11634 -0.00303 •.0.01000 •t1.04000 -.0.00050 -0.00900 •0.00060 •U.00000 •0.00000 -o.00nce 
12 L.45130 •0.00:;00 .•.C.00000 0oi5i./C00 •0.liC')0G •15.00000 • 0. 	00:;40 •0.017C0 •C.00030 • °00f)009 
13 C.017L1 •1.00GUJ •O.COGC1 -C.00UC0 -0.00UOO •0.00000 •0.00000 •0.10000 •O.CCOCO 
14 -10307.0 •U.00::40 -C,05000 -0.30000 -.0.00000 •Q.00100 -0.30000 •0.00090 -G.00LOU -r.00J00 
15 •0.0JUO0 •0.0E.10a •0.30004 .•0z03030 ■O,Ci000 	-G,prcoo -0. 000' OCUO •C-0-0000 -C« 00000 
16 -0.0j000 -0.60A0 -C.CJ0C0 -0.30000 -0.30q00 -0.00300 -U.00009 -0..000(10 -0.00000 -0.0000 
17 -3.0000j -J.UOLOC -0.CCOGU -0.0000 -0.063C0 -c.oeuen 	-0.GC006 -0.30000 -0.p0000 Cj.00000- 
le-eAlcoco -;;;AcIeJ... 000j0 •0:00U00 -C 	opoJe .0■1;00,;0 •C..01iLICO C.00001 -5.00000 
19*-C.000u3 -0.0100 70.00000 	-J.C.M0 -C.30000 -0.33000 -C.003::0 -6.03000 -0.00300 •0400ii0C 

20 	•0.00300 i1.00001) 	0.1400013 	••0.00000 .0.00000 •0.00000 -6.00060 -0.06000 -0.90370 



• 

- 186 - 
Table No. 78 

The Goodness of fit test. 
Constant Running Time. 
Service Time: 
Variable Time( 60)+Constant(40)+Independent Time. 
Single Serviceman. 
Test No. 1 
Keeping the ratio R(Service Time/Running Time) constant 
and increasing the number of machines from 1 to 20. 

No. Ratio R 

1 0.1 
2 0.2 
3 0.3 
4 0.4 
5 0.5 
6 0.6 
7 0.7 
8 0.8 
9 0.9 
10 1.0 
For 19 degrees of freedom, the 5c7. level of significance is 
P(30.144 0.0) =0.05 and the rejection region 

	

Hence, for the 5% level of significanceX-=1,2, 	10 are not 
significant. 
Test No. 2 
Keeping machines constant and increasing the ratio R. 

No. of Machines. 
	2. 	(oi-ei)2 

ei 
1 1 0.00501 
2 2 0.02908 
3 3 0.04134 
4 4 0.01929 
5' 5 0.06961 
6 6 0.03060 
7 0.07567 
8 8 0.02261 
9 9 0.03236 
10 10 0.07855 
.11 11 0.20833 
12 12 0.11009 
13 13 0.16111 
14 14 0.04783 
15 15 0.05804 
16 16 0.08290 
17 17 0.14023 
18 18 0.32282 
19 19 0.18019 
20 20 0.27957 
For 9 degrees of freedom, the 5;", level of significance is 
P(16.919 0)=0.05 and the rejection region is2419.675. 
Hence, for the 55 level of significance,r=1,2,...20 are not 
significant. 

(0.-e.)2  
/L ei 

0.02622 
0.06855 
0.09889 
0.21268 
0.13250 

0.43732 
0.30565 

(0).1g48 

No 



0.10 2e1 39 0 ,  40 50 04 63 

1 -1. 26 -1.34 -1.44 -2.43  -1.21 -1.01 
2 0.02 .•.^.00 0.27 1.03 2.'0 3.21 
3 0.76 1 •47 2.'32 4.72 9.70 2.15. 
4 0.64 2.85 7.65 1.8■5 -0.1°0 -1.49 
5 0.64 3.73 -n.28 -4 .79, -1.49 • 5. 1 5 
6 1.91 9.3.; -1.56 • 2•94 -3.23 -1.73 
7 1.35 -1.71 -1.66 -4.14 -3.45 •••?..49 
8 2.74 ••• n 	25 ••.0.,,  96 -0c '9  -0-40 
9 2.94 n. 83 1.38 -1 .60 1.00 1.09 

le 4.48 -.?. 5° -4,73 -3.81 -2.67 -2.59 
11 5.56 ...4.,..14? -7,,55 71 90 -6. 67 
12 1.56 -3.93 .-3.61 -3.40 -3.63 -5.11 
13 -2.11 -4.32 -7.15 -7.17 -4.20 -2.76 
14 (h 90 ..n, O5 -1 •°6 .64 0.71 e • 78 
15 -1.01 -3. 7'3 -1.53 -3.53 -1.93 -2.37 
16 -2.31 ... 3 .56 -7 ,p41 -4.09 -2.57 -3.54 
17 ..4.17 -2.43 -'.64 -5.41  -3.67 -2.10 
18 -6.06 -6.97  -6.51 -7.63 -2.U6 -3.21 
19 -2. 61 -3.94 -3. i5 -6.24 32 46 
2" -4.98 -4.43 -4.45 -6.05 -4.30 -4.5n 

r.. 7r; 	0. 90 	 1. On 

-2.05 
2.73 

-1.80 
4.58 

-2.41 
5.65 

-1.93 
8, 7 R 

07 -4.92 -5.65 ...3. 73 
-4.16 -2.74 -2.17 -1..17 

• 

-6.14 -6.R5 -6.07 ..7.79 

• 4.53 -1.55 -..3.^6 -r ,74 
-C. 9A -5.07 -6.10 -7,7g 

07 -1, 79 -3. 6° -2.42 
-2.33 -3.33 • 4.06 -2.16 
-5.12 -4.65 -4.16 -2.32 
7.63 -4.56 -5.93 -'.86 

-7.42 -3.22 -3.14 -1.35 
-6.62 -4.60 -5.19 -3. 76 
-2.93 -3.25 -.4.39 -1.37 

48 -3.35 -2. 317 -n.69 
-5.15 .2,, 72 -7 i6 -0.14 
74.68 •.4.94 -4.50 -1.59 
-7 •09 -5. 76 -.6.58 -4.96 
-5. 74 -4.12 ••4I.5° -t .f 34 

-5.24 -5.94 -3.55 

Table No. 79 
THE PERCE.Ntr4GE DIFFEENC. ES. 149c 

P.TAN PEr-ZOENTAGF DIFFTeENCE 	 •2. 79?52 
Ti-r: STD. M. JIP HON I 	 3.15370 
VARIABLE (60) +CONSTANT (40)+ INDEPENDENT TIME 



Table No, 80 
CYLLL TIME HGTOR FOR A SINGLE SER4ILEMtN-(CLNSTANT RUNNING TIME) 
SERVICE TIME(VARI46LE( 40)+CONSTANT(60))+INOEPENDENT TIME 
CONFlANT R= (SERVICE TIME+INDEPENDEN7 TIME)/k.UNNING TIME 

N/P 6.10000 0.29A0 0.30000 6.40600 0.50000 C.60000 0.70J00 u.80000 0.90600 1.00000 

1 1.08968 1.18714 1.28372 1.37048 1.48148 1.56166 1.66200 1.76492 1 	85276 1,96255 .  

2 1.09967 1.19750.  1.29670 1.39037 1.50769 1.61576 1.70766 1.83404 1.95644 2.09654 

3 1.10491 1.20685 1.31497 1.43073 1.58557 1.77598 1.98130 2.27156 2.54760 2.88973 

4 1,10390 1121512 1136119 156794 1,97322 2.35(82 2.68100 3.01765 3.47868 3..91093 

5 1.10450 1.22027 1.45927- 1.90582 2.42059 2.87190 3.26287 3.77955 4.23198 4.'80983 

6 1.10806 1.26700 1.77344 2.30848 2.67949 3.52654 4.02162 4.66171 5.16525 5.87689 

7 1411240 1.318 41 2.04231 2.67631 3.39766 4.02207 4.58966 5.29258 5.93659 6.72978 

8 1.11690 1.56-.76 2.39064 3.10053 3.90137 4.72604 5.41881 6.21263 6.96626 7..2481 

9 1.11994 1.77616 2.68039 3.49844 4.49594 5.31716 6.01128 6t88697 7.69255 8470389 

17.; 1.13414 1.95617 2.89866 3.83532 4.83134 5.79238 6.63363 7.65166 6.54974 °.65598 

11 1.14187 2.09743 3.14206. 4.11010 5.14286 6.23858 7.18136 8.33156 9.23028 10.48958 

12 1.16632 2.32925 3.50753 4,59991 5 74403 6.82472 7.83999 9.11176 16,28313 11.67978 

13 1.27029 2.58968 3.76491 4.85797 6.26570 7.43253 8.47482 9.78447.10.99207 12.48934 

14 1.37536 2.73302 4.11661 5.44472 6.89559 8.27350 9.25758 10.71976 11.87936 13.51290 

15 1.47436 2091254 4•.38838 5.68543 7.28992 6,73065 9467530 11.50163 12.82855 14.551°2 

16 1.56338 3.07714 4.61662 6.09730 7.69650 9.17036 10.46427 12.17908 13.63964 15.55369 

17 1.63882  3.25873 4.92516 6.43667 8.13720 9,87350 11.13994 12.90025 14.19833 16.32479. 

18 1473952 34 40150 54 16949 6.07845 8.60932 10.27326 11.63362 13.50341 14.95259 16.90465 

19 1.861E6 3.63522 5.47506 7.16196 9.02422 10.79214 12.32572 14.26323 16.00213.18.24794 

20 1.91634 3.80446 5.72585 7.44547 9.54194 11.47004 12.e6435 14.9E066 16.66377 	18.66E120 



Table No. 81 

MALHINE 1PLE FACTOR FOR A SINGLE Sa•ZVICFMAN..•(CONANT RUNAING TINE) 

SERVICE TIHECVARIA6LE( 40)+CO1iSTANI( 60))+TNDEFENOENT TIME 

CONSTAN R1.7(SERVICE TIME+INOEPENUENT TIMF)/RUNNING TIME 

N/F osi6ono 0.20000 0.33000 .0.40000 0.50000 0.60000' 0.70000 0.60000 0.93000 1.00000 

1 0.00000 0.0000 9.000UU 0.00000 C.00000 11.00000 0.00000 0.00000 0.00000 0.00000 

2 0, 00044 0.000,.48 0.00252 0.00803 0.01486 0.02772 0.04145 0.06272' 0.08730 0.12350 

3 3.00637 0.013j1 0.02302 0.04667 0.10333 0.19515 0.32135 0.51488 0.69815 0.92658 

4 0.60774 0.02L58 0.16797 U.13241 0.46042 0.76359 1.01.093 1.32976 1,63095 1.93216 

5 0.01000 0.03122 [1.17131 0.52506 0.93648 1.29736 1.60991 2.02279 2.33452 2.54692 

6 0.00934 0.07143 0.47826 0.92390 1.39923 1.93779 2.35034 2.83353. 3.32219 3.89440 

7 0.016'',2 0.14913 0.75063 1.29537 1.91114 2.'44634 2.933011 3,53466 4 08679 4.76575 

8 0.02091 0.36970 1.09172 1.7126E 2.41285 3.13375 3.73'357 4.43421 5.04054 5.75620 

9 0.02261 0.58083 1.38235 2.10811 2.99519 3.72462 4.34121 5.11865 5.83419 6.73265 

10 4kii301:5 J 	76575 1,60053 2,45026 3-34619 4)21116 4,96754 5,85296 6.68866 7.61474 

11 0.04565 0.90330 1.85502 2.73563 3.67333 4.66'306 5.52551 6.57011 • 7.43239 1.53122 

12 0.09005 1.13499 2.21374 3.21476 4.26281 5.25311 6.18353 7.74833 8.41955 9.66207 

13 0. 17329 1.31652 2.47433 3,46218 4 78142 5.85737 . 6.70181 8.02632 9.14924 10.44653 

14 0.27752 1.53710 2.82065 4.06369 5.40043 6.67785 7.59051 3.94706 10.02363 11.53995 

15 0.37643 1.71742 3.09357 4.30431 5.79892 7.14271 8.21278 9.72652 10.96375 12.57621 

16 0 	46599 1.88412 3.32623 4.71260' 6.21J93 7.59155 8.80'310 10..408110 11.77816 13.57148 

17 0.542A 2.0944U 3.633E1 5.05489 6.65478 8.28802 9.478E3 11.13422 12.35471 14.35526 

18 0.64340 2.21189 3.88020 5.45293 7.12671 8.69741 9.98154 11.74579 13 11354 14H95693 

19 0.76405 2.44283 4.18491 5.78221 7.54489 9.21842 10.67027 12.50452 14.15127 16.27792 

2t. 0.62054 2.61299 4.43690 6.07144 8.05859 9.68891 11.21260 13.18994 14.81566 16.91191 • 



Table No. 82 

SERVICE UTTLIZ;TIUN FAITCK FUR A SINGLE SERVICEMPN-(3ONSTtNIT R.UNNING MAP) 

SERVICE 

UONST15NT 

T:ME(VARIAOLE( 	4C)+COWITANT( 	60))fINDEPENOENI 	TIRE 

	

P=(SFkVICE T1t.E4INDEPENDENT 	TIME)/RUNNING TIME 

N/P 0.10000. 0.29000 0.33E00 0.40000 0.50010 	0.60000 0.70000 0.80000 0.90039 1.09000 

1 9-09022 0;14773 0,  28436 0 	37116 0 48222 	0.54245 0.66244 3.76581 0.85361 0.96353 
2 0.19S36 9.39524 1.58964 0.76267 9.94718 	1,17770 .  1.33413 1.54447 1.72725 1.948n1 
3 k).29725 0.5P,396 3.87781 1.15432 1.45810 	1.74515 1.98130 2.27156 2.54760 2.84973 
4 ,0k3863 0.74:s61 1.17569 1.54527 1.97322 	2.35012 2.68101 3.09765 3.47865 3.91003 
5 0.47522. J.91 	3) . 1.44344 1.90582 2.42059 	2.87190 3.26287 3.77955 4.23198 4.80943 
6 0.59262 1.17725 1.77344 2.30648 2.87949 	3.52654 4.02162 4, 66171 5-18F25 5.87649 
7 L.672'7 1.32963 2.04231 2.67831 3.39766 	4.02207 4.58966 5.29256 5.93659 6.72938 
P 0.77228 1.56476 2.39064 3.10053 3.90137 	4.72604 5.41581 6.21263 6.90626 7.72481  

9 0.86096 1.77616 2.68039 3.49844 4, 49594 	5,31716 6.01124 6,V6697 7. 69255 8.7°3P9 0 
0 

10 0.96655 1.95617 2.89866 3.83532 4.83134 	5.79238 6.63363 7.65166 4.51074 9.655°8 
11 1.06243 2.09343 3.14206 4.11010 5,14286 	6.23858 7.18136 8.33156 9.28024 10.44948 
12 1.16?36 232.:1 25 3,50753 4 59991 5 744,3 	6, 82472 7,87999 9.11176 10,26313 11.63979 
13 1.26917 2.5,1968 3.76491 4.15797 6.26570 	7.43253 6.43402 9.73447 10.99297 12.4034 
14 1.37536 2.73302 4.11611 5.44472 6.89559 	8.27359 9.25758 10.71976 11.87936 13.51290 
15 1. 47436 2..91254 4.34:-.)38 5. 65543 7-28992 	8,731,65 9.:-.713v 11.50163 12.42855 14.55192 

16 1.56336 3.07714 4.61662 6.69730 7.6'!650 	9.17336 10146427 12.17k103 13.63964 15.55369. 

17 1.63852 3.288 7'3 4.92516 6.43667 8.13720 	9.87350 11./3994 12.90025 14./9833 16.32479 

is 1, 73e2 3.41150 5w16949 6.67645 8.60932.10.27326 11.63362 13.50341 /4.95259 16.99465 

1.9 1.86186 3.61522 . 5.47506 7.16196 9.02422 10.79214 12.32572 14..26323 16,00213 13.24794 

. 20 1.91634 3.80446 5.72585 7,44547 9.54194 11.47004 12.66435 14.94466 16.66077 18.66820 



Table No• 83 

S.M/q1  IDLE F;CTOR 	f.CMGLU Sc 	4tAtolNG TIME) 

SER"ICE TIZ.1E(VAR1V3LE( 4G)+CONSTNT( 60))+TNOEPENLPTNT TIME 

CONSTANT R= (SERVICE TIME.INOFPENUENT.TIVE)/PUNNING TTME 

NiE 0.10000 0.20000 0.30030 0.40000 6.50033 0.63000 0.7P060 0.10000 0.900P0 1.00000 

1 0..99946 0.99941 0.99936 0.99931 0.99926 0.99921 0.99917 0.99912 0.99998 0.99902 

2 0.90071 0.81226 0.70706 . 0.6162c C.52041 0.43806 0.37353. 0.29957 0.22320 1.14553 

3 0.80766 0.62378 0.43716 .0.27641 0.13048 0.03383 -9.000u3 -0.00000 -0.00000 

4 0.71706 0.43452' 0.15553 0.02267 -0.0000 -C.00000 -0.00050 .-0.00000 .-P : 03300 -0-00050 

5 3.62428 0.27197 0.01583 -6.00000 -0.00000 -0.00000 -0.00000 -0.00000 -0.00300 -0.00000 

6 0.51545 0.08975 -0.0)000 -0.00030 712.00100 -u.00000 -0.00300 -0.roi0i, -0.00„;00 -0.00010 

7 0.43943 0.0 177 -U.03000 -U.U0000 -0 	00000 -0r00000  -0,00013 -0.00060 -0..30000 -0. 
is 0.34462 -0.00:100 -U.00000 7j.00000 -0.00003 -0.06000 -0.00000 -0.000L3 -0.00000 -0.00330 

9 0.23597 -0.00090 -0.00000 -0.00300 -o.ocuno -3.00000 -0.00030 -0.00000 -.!.09000 -0.00001 

10 0,16759 -0,00000 -0.0000U 03003 -5 	00500 -0.00000 -07 00050 -0r00000 -0.05056 -1.000.0 

11 0.07944 -000001 -0.00000 -0.00060 -6.03000 -0.00000 . -0.002;A -0.00000 -0.00000 -0.00000 

12 0.02396 -0.00000 -0.60000 -3.00000 -0.00000 -0.0000C -C..110L 70.1:0000 -0.00000 -r.00000 

13 U,00112 -5.-000 -0.00000 -0.00000 -0 	U0301 -0.0W..300 -T.On01.1 -0.0V1LU -r.niAco -e.ociAo 

14 -0.00000 -6.01P00 -0.00000 -3.3k:it:GO -0.06003 -0.00000 -0.00000 -3.00000 -0.00000 -0.00000 

15 -0.03000 -3.0r)dac -0.30300 -0.03000 -0.00000 -0.o6o00 -41.o0oA -0.00060 -o.niJ000 -e.000a 

16 ..3.0t'JA •1110000 ...0.0j050 •.0,0CLIC0 -0.1A1000 -6010C 110 .•11.0L00 

17 -r.o)oco -c.incoo -0.30000 -0.60000 -0.00000 -C.OGCO'CI -0.00000 -0.01100 -0.00000 -r.UOJGO 

18 70.00000 -0.09-...30 -6.00000 -0.011060 -3.00000 -5.00003 -0.000)0 -0.00000 •6:00U00 -0,01;000 

19 .-0.050E0 -5.00j0L -0.00005 -C.COL0O -0.06000 -0.00000 -0.000r.13 -0.55300 -.0.00010 -0.000.00 

2Z -0.00000 -0.00'000 -o.00cac -a.uaiJclo -0.00000 -0.00303 -u.ot-Jaao -0.00(10 --I:1.004100 -0.00003 
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Table No. 84 

The Goodness of fit test. 
Constant Running Time. 
Service Time: 
Variable Time( 40)+Constant(60)+Independent Time. 
Single Serviceman. 
Test No. 1 
Keeping the ratio 
and increasing 

No. 

R(Service Time/Running Time) 
the number of machines from 1 to 

Ratio R 	t\ 

constant 
20. 

(o.-e. )2  1 
e. 

1 0.1 0.01513 
2 0.2 0.05545 
3 0.3 0.05992 
4 0.4 0.16942 
5 0.5 0.11150 
6 0.6 0.12409 
7 
8 

0.7 
0.8 . 

 0.42302 

9 0.9 0.38249 
10 1.0 0.12790 
For 19 degrees of freedom, the 5(1, level of significance is 
P(30.1440) =0.05 and the rejection region is n30.144. 
Hence, for the 55 level of significance,?-=1,2,...10 are not 
significant. 
Test No. 2 
Keeping machines constant and increasing the ratio R. 

J.  1 

 2 

No. 	No. of 	Machines 	 ei 

	

1 	 1 	0.00457 

	

2 	 2 	0.00670 

	

3 	 3 	0.03208 

	

4
5 	 5 	(.M 954 

	

4  4 	
0) 

 

	

6 	 6 	0.03061 

	

7 	 7 
0) 

	

8 	 (ffPX 

	

9 	 9 	0.04201 

	

10 	 10 	0.06425 

	

11 	 11 	0.14836 

	

12 	 12 	0.09359 

	

13 13 	0.14144 

	

14 	 14 	0.06242 

	

15 	 15 	0.07343 

	

16 	 16 	0.10303 

	

17 	 17 	0.13281 

	

18 	 18 	0.20812 

	

19 	 19 	0.17121 
• 20 	20 	0.23026 
For 9 degrees of freedom, the 5;r: level of significange is 
P(16.919000)=0.05 and the rejectionregion 
Hence p 'for the 55 level of significance,7C7,1,2,...20 are not 
significant. 



Table No. 85 

THE 	PERCENTAGE DIFFERENCES Ac'F 

N/P 0.10 1.2.3 0.30 0.40 0.5J 0.60 0.70 	• P.P0 0.90 1.00 

1 -1.93 -1.05 -1.22 -2.07 -1.19 -1.0 -2.17 -1. e7 -21, 4^ ...1.. 77 
2 -0.13 -. 47 .22 •.0.27  -0./4 0.49 0.95 17.42 1.P5 2.61 4.77 
3 0.35 r.53 1.09 2.11 5.80 -1.39 -5.67 -5.33 -5.59 -7 •q$3 
4 0.20 1 .19  4.60 -2.14 -1.36 -2,,n? 417 ...3,19 7.1P •2: 00 
5 0.20 1.59 -?..R1 2: -4.7/ -3.13 -4 .15 -6.60 -5.26 -5.64 -3.42 
6 0.47 5.45 -1.52 -7.77 -3.90 -1.83 -3.96 -2.51 -3.47  -1.51 
7 0.P1 -4. 4q -2.75 -4,25 -2.7 3 -7,95 -5. P6 .-5. 01 ...5.21 -7.19 
8 1.16 -2.27 -1. 7 5 -2.95 -2.20 -1.17 -2.74 -2.32 -3.37 -2.61 
9 1.38 -1.25 -0.64 -2.61 0.26 -1.06 -4 .00 -3.63 -4.20 -2.31 

10 2t 61 ..2 ;  2'4 ".-r e 25 "- -R• E5 ••2..96 -2..91 -4.55 -3.57 -4. ^4 -2.32 
11 3.25 . -4./17 -4.61 -6.27 -6.02 -4.55 -5.96 -4.39 -5.14 -3./8 
12 -1.6? -2.90 -2.35 -3.78 -3.71 -4.50 -5. P!' -4.03 -3.55 -1.58 
13 .•2,70 ••1, 	4!‘ ...1t 20 -6.15 •2.97 -3.90 -6.34 -4.75 -4.71 -2.99 
14 -2.13 -2.28 -1.69 -2.26 -0.77 -C.50 -4.45 -2.99 -4.24 -1.76 
15 -2.02 -2.71 -2.13 -4.69 -2.02 -1.99 -4.74 -2.73 -3.35 -1.11 
16 -2.55 -3.6R -3.47  -4.12 -2.94 -3.41 -5.7 9 -1.77 -.3.53 -1.75 
17 -3.80 -3.03 -2.99 -4.65 -3.35 -2.02 -5.01 -3.50 -5.35 -1.9/ 
18 -3.49 -5.3:7 -7.79 -3.73 -3.75 -3.63 -6.21 -4,4q .•5.77  ...3.• 	RP 
:9 -2.11 -4."9 -3.42 -4.98 -3.95 -4.01 -5.76 -4.33 -4.29 -1.49 
2i) -4.23 -'..61 -4.01 -6.10 -3.44 -2.99 -6.46 -4.61 -5.21 -3.09 

THE MI:AN PrPCLNTtGv DIFFFRENcr 	 -2.71721 
THE STD. DEVIi TTOr TS 	 2.27716 
VARIABLE(40)+CONSTANT(60)+INDCPENDENT TIME 



Table No. 86 

•CYCLf-  TIME FACTOR FOR F. SINGLE SEk4IGEWNICONSTANT PUmNI4G TIME) 

SER41GE TIME(VARI4ELE( 20)+LONSUNT(80))+INDERENOENT TIME 

CONSTANT R= (SERVICE TIME+INDEPEN6ENT TIME) UNNING TTME 

N/F 0.10000 0.21000 0.30000 0.40000 0458000 0.60000 0.7P000 0.60000 0.93000 1.00000 

1.09257 1.19036 1.28731 1.37724 1.48370 1.515213 1.66134 1.76510 1.85433 1.96579 

2 1.09749 • 1.1°512 . 1.29297 1.38726 1.49077 1.58974 1.67336 1.78697 1.58982 2.02644 

3 1.109E4 1.19766 1.29914 1.39856 1.53099 1.74329 1.9611C 2.09414 2.55133 2.898r7 

4 1.10107 1.20189 1.31760 1.54234 1.95251 2.34731 266362 3407633 3,43516 3.8°954 

5 1.10087 1.20363 1.45016.  1.91160 2.41560 2.58647 3.25536 3.89801 4.25516 4.82972 

6 1.10242 1..22567 1.75422 2.29779 2.90291 3.50583 3.98006 4.61301 5.15726 5.87567 

7 1.10475 1.35329 24 03526 2,68646 3, 38624 4.05504 4.60292 5432916 5,94216 6.74475 

8 1.10498 1.56,353 2.35667 3.05091 3.88151. 4.69933 5.34627.  6.17906 6.87525 7.726'5 

9 1.10839 1.75832 24463490 3.47682 4.43918 5.26068 5.97414 6.69921 7.68905 8.70078' 

10 14.11350 1c95254 2e91472 3:83647 4 64669 5.80035 6.5994u 7.64065 8.575G6 9.65452 

11 1.12000 2.11617 3,17569 4.15589 5.23137 6.34000 7.20092 6.34211 9.34063 10.55295 

12 1.17362 2.33620 3.47332 4.56131 5.78246 6.91913 7.67261 9.11382 10.20002 11..6n585 

13 1.26679 2,5,1606 3474069 4493436 6.29061 7.47190 8.48823 9.81357 18.99256 12.46657.  

14 1.37610 2.72708 4.06561 5.39582 6.81929 8.12018 9.23153 /6.67151 11.93554 17.48231 

15 1.46653 2.90556 4.35213 5.73634 7.'25029 8.66956 9.85547 11.40003 12.79363 14.41785 

16 1.55784 34)7971 4.64317 6.09826 7.71144 9.21180 10.46690 12.13 	62 13.3804? 15.45396 

17 1.64780 3.27986 4.92412 6.42921 8.16371 9.81335 11.14980 12.8763614.36834 16.30310.  

18 1473692 3.44696 5.16277 6.03911 6.63637 10.25156 1169259 13.54563 15416692 17.06911 

19 1.83687 3.64604. 5.4534J 7.34901 9.03939 10.87369 1:?..,'47 /4:30593 15.98749 18.21232 

20 1.93149 3.81914 5.73693 7.75891 9.56584 11.43051 12.98132 15.00586 16.79663 19.0n125 



Table No, 87 

MACHINE 

SER'IIN 

CONS1AN 

IDLE FACTOR FO 	A 	SINGLE SERVICEMAN- (CONSTANT 	RUNNING TIME).  
TThE(Vi..RIABLEC 	20)+CUNSINTC 	80))+TNDEFENDFNT 	TIME 
R= (SERVICE TIME+INDEPENOENT TIPIE)/RUNPING TT' E 

N/F 6 	10000 0v2P:700 0 ,  33000 0,40000 0, 50000 0,66009 0.71000 0,8000 0.96000 1.00000 

1 0.00600 0.00000 0.00010 0.00000 0.06000 0.00000 0.00066 0.00000 0.00000 0.00000 
2 0.00005 0.00:706 0.00077.  0.0.1104 0.00 305 0.00596 0.01055 0.01948.  0 ,  03276 005613 
3 6.00342 0.00433 0.00829 0.01546 0.04643 0.16284 0.32122 0.52976 0.70094 0.93217 
4. L.00443 0.00755 C.02569 0.15736 G.46467 0.76076 0.99780 1.307V2 1.57594 1.91640 
5 0.0J527 0.01156 0.16061 0.52961 0.93256 1..30908 1.628;1 2 	04504 240372 2.86231 
6 0.00494 0.U3167 0.46228 0.91500 1.41894 1.92094 2.31586 2.64295 3.29611 3.86111 
7 6.00641 0.1654 C.74462 1.30254 1.9(,179 2.47472 2.94399 3.56604 4.09185 4.77876 
e C.G870. 0.36630 1, 06221 1166901 2 	3°533 .  3611063 3,67679 4,40446 5 	01320 5.75721 
9 u.011.09 0.56328 1.34182 2.68953 2.94453 3.67401 4.30772 5.12961 5.830 43 6.72993 

.10 0.01701 0.75746 1.62233 2.42468 3.35999 4.21813 4.93670 5.37315 6.67746 7.68777 
11 0 	02351 0e92385 1, 88631 2.77696 3 75366 4.76099 5.547;J9 • 6.57979 7.46692 6.56E71 
12 0.67672 1.14142 2.1.3316 3.17943 4.211 5.33954 6.21702 7.75001 8.34489 9.63236 
13 0.17000 1.31496 2.45194 3.55278 4.80418 5.89366 6.83114 8.05927 9.1411P 16.50E24 
14 0.27634 1,, 57183 2u77376 41E0796 5.328°2 6.5358.5 7.56722 8.90305 10.07602 11.51156 
15 0.36310 1.7110; 3.0601 6 4.35124 5.76321 7.0700 8.19277 9.63334 16.93212 12.50844 
16 0.46383 1.88651 3.322P2 4.71384 6.22526 7.63070 8.80642 10.36474 11.72297 13.47010 

17 6,55122 2.3061a 7.63253 5.04005 6.67955 8.23090 9.47936 11.11177 12.53377 14.33469 

1(-  0.64069 2.25451 3..87384 5.45588 7.15392 8.71422 10.03646 11.78529 13.31509 15.17026 

19 0.?- 4043 2.453/6 4.16420 5.83671 7.55087 9.29563 10.69938 12.54779 14.13689 16,24378 

20 U.83532 2.62696 4.44748 66 27154 8.08164 9.85198 11.32410 13.24597 14.94586 17.03634 



Table No. 88 
SERVICE 

EFAICE 

CONFIANT 

UTILIZATION FACTOR FOR A SINGLE SERV10EVAN--(CONSTANT 
TIME(VARIALE( 	20)+CONSTANT( 	80))+1NDEPENDLNT 	TIME 

	

c.=(SERVICL TIME+INOLPENUENT 	TIML)/PUNN1NG ITME 

RUNNING TIME) 

N/P 0.10000 0.2000J 0.30000 0.49000 0.50000 '0.60000 0.70uun 0.80000 0.90000 1.00300 

1 3.09311 0.1°095 1.28795 0,3779i ON 49444 0.58292 0,66217 0,76598 85526 Uo96677 

2 0.19596 6.39131 0.55568 0.77382 0.97693 1.16915 1.32771 1.53677 1.71742 1.94265 

3 0.29388 0.58179 0.87447 1.15137 1.45596 1.74328 1.98110 2.09414 2.55103 2.89807 
4 0 	35874 0,77975 1.17026 1,54234 1.95251 2.34731 2.66362 3,;17633 3.43516 ' 3.81954 
5 C.48077 0.96336 A.45016 1.91160 2.41560 2.16647 3.28536 3.0301 4.25516 4.82932 
6 C.58820 1.16763 1.75422 2.29779 2.90291 3.50583 3.98016 4.61301 5.15726 .5.87567 
7 6,78265 1,35329 2.-03526 2 68646 3.38624 4.05504 4.61'2'32 5.32n16 5.94296 6.74425 
b 0.77465 1.56153 2.35667 3.05091 3.05151 4.69938 5.31+627 6.17906 6.57525 7.72635 
9 6.88062 1.75832 2.63490 3.47682 4.43913 5.26068 5.97414 6.8921 7.63905 1.70078 

10 0 , 97043 10.55254 2.91472 3.8.0647 4.84668 5.80035 6.59940 7.6465 8.53513 9.65452 
11 1.06751 2.11617 3.17560 4.15589 5.23137 6.34000 7.20392 8.34211 9.34063 10.55295 

12 1.16980 2.33620 3.47332 4.56131 5.79246 6.91913 7.87261 9.11382 10. 20032 11, 61915 

13 1.26649 2.5308 3.74069 4.93438 6.29061 7.47190 8.48323 9.51857 10.99255 12.46657 

14 1.37610 2.72705 4.06561 5.39582 6.81929 8.12018 9.23153 10.6751 11.93554 13.48271 
15' 1.46653 2.91556 4.35213 5.73634 7.25029 8.66956 985547 11.400(3 12 79363 14,48,7P5 
16 1.55784 3.07971 4.64317 6.09526 7.71144 9.21130 10.46690 12.13062 13.35042 45.45396 _ 
17 1.64780 3.27986 4.92412 6.42921 8.16371 9.81335 11.14080 12.97638 14.38134 16.30310 

18 1.73692 3.44696 5,16277 6 83911 8.63837 10.29156 11P69259 13, 54563 15•166°2 17, 089'11 
19 1.83657 3.64604 5.45340 7.34901 9.63939 10.87369 12.35647 14.30093 15.90749 18.21232 
20 1.93149 3.81914 5.73693 7.75891 9.56584 11.43051 12.98132 15.00586 16.79663 19.011125 



Table No, 89 

SodAN 	10L= FACTOR 	FOP 	A SINGLE SFRVICEMAN•(CON..-TAN/ 	FUNkING TIME) 

TIl'ECVLRII,BLE( 	20)+CONS14NT( 	q0))+INDEFEN1FNT 	TIME 

CONSVNT c'=(SERVIlE TIEJTNOEPENDENT TIME)/RUNN1NG TIME 

N/F 0,10300 0, 21C.03 G 	47p00 0 	50000. 0(.601700 0.7C?.. 0, &COCO C.900J0 10000rA 

1 0.99345 0.9Y4e 0.999.36 0.59931 0.99926 0.99921 0.99917 0.99912 0.999C7 0.99902 

2 99153 0.80381 0.70729 0.61343 0.513F4 0.42060 0.34606 0.25C20 0•17241 n.08379 

3 C.33696 0061r.87 .;.42467 U.2471E 0.67503 ■0.011 300 ■O.006.,10 ■0.000L0 ■0.00030 •0.00600 

4 1J.71232 0.42214 0.14734 -G.cacco -u.cooco -0.00000 -o.00uno ■O.Ue0C0 ■0.0e900 ■0.00000 

5 0.62311 U.24:26 ■P.000P0 ...C.00C00 •U.000G0 •0R00000 ■0.30000 ■0,0090C ■0.00300 -U, 00000 

6 C,.51423 0.05?.34 •7!.63000 ■0.00000 •0.00000.■0.00000 ■0.00000 ■0.00000 ■C.00U00 ■C.00050 

7 Z.42649 -0.0fh.03 ■11.600L3 ■0.00600 -asa0i.;u0 -0.0(Al0 -o.ocaoo ■0.30100 ■C.0G001 ■0.00000 

E 0.33333 ■O.JC:;00 	■OtO0U30 ■U 	■J4i;GO -0 	003e0 -n.000'n -Onou- 6,Ju -0,0030r3 •0.06J03 -n.oloLo 

9 1:t22777 •0.0!3300 ■1.0J000 ■O.00000 ■J.0. 0000 ■0.00300 ■0.00000 •0.00000.  •0.00000 •0.00000 

1U C.143C7 -0.0e30c; ■0.00.600 -0.00300 •J.00090 ■0.00000 70.0000G ■O.00310 ■0.0UU01 •0.00C30 

11 J, U5249 ■Ui0f;:0P ■C4.03000 •0,00000 ■0 	0'7033 -o.cogon 	■C.0C3CU'■U.011030 •0.03i;ti3 ■900JCC3 

12 0.00383 •0.00000 •9.06000 •0.00000 ■0.00000 •6.00000 -0.06000 ■C.00900 -0.OL000 ■0.04030 

13 400030 -0.00003 -0.03000 .13.00000 ■0.00000 ■0.00001 ■0.30000 ■0.00000 •0.00000 •...00000 

14 ■300000 ■OvOC■,Uj -u. 000^0 ■0AA0C300 -o.on000 -o.our).^ ■Ceift010 ■3.31000 -0.0.,0L3 ■C.30031 

15 •.00000 ■0.01200;3 •0.00360 ■U.G0L00 ■U.00000 ■11.00000 •G.CjCUO ■C.00060 ■0.0C3,21 ■6.00030 

16 ■C.U0000 -C.5 1.'tAL -,-J.oa000 ■O.00000 •0.00J0J •0.06001 -0.1;650c •0.06100 ■0.00000 -0.00000 

17 ■0<.U.J506 •0.3170t., ■ 00000 •0.U0000 -csocon •0.0CP10 ■0.00000 . ■C.00000 ■0.000D -f).onoco 

1C ■C.00000 •0.0[3000 ■0.00000 ■0.0003.11 •0.000e3 -0.0("!)0 ■0.00000 ■0.,T0000 ■0.00000 -9.00000 

19 -0so0oi3O ■0.06200 ■0.00000 •0.00000 •C.00300 ■0.00003 ■0,00000 -O.. 00000 -0. 00000 ■0.00030 

-6.Joucia ■0.0riCOG ■13.00000 ■0.00000 ■0.00003 ■0.00000 ■0.0000C ■0.00000 ■0.00000 ■0.00000 
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Table No. 90 

The Goodness of fit test. 
Constant Running Time. 
Service Time. 
Variable Time( 20)+Constant(80)+Independent Time. 
Single Serviceman. 
Test No. 1 
Keeping the ratio R(Service Time/Running Time) constant 
and Increasing 

No. 

the number of machines from 1 to 
z 

Ratio R 

20. 
(o.-e. )2 

e. 
1 0.1 0.01411 
2 0.2 0.04418 
3 0.3 0.06468 
4 0.4 0.12912 
5 0.5 0.09110 
6 0.6 0.10964 
7 0.7 0.40299 
8 0.8 0.28469 
9 0.9 0.35713 
10 1.0 0.10502 
For 19 degrees of freedom, the 5% level of significance is 
P(30.144400) .0.05 and the rejection region is7>30.144. 
Hence, for the 	level of significance,? 1,2,...10 are not 
significant. 
Keeping machines constant and increasing the 

No. 	No. of Machines. 

ratio R. 
2  (o.-e.) 

ei 
1 1 0.00393 
2 2 0.00125 
3 3 0.05941 
4 4 0.02504 
5 5 0.04949 
6 6 0.03890 
7 7 0.06425 
8 8 0.04250 
9 9 0.05011 
10 10 0.06924 
11 11 0.10693 
12 12 0.09296 
13 13' 0.11812 
14 14 0.07634 
15 15 0.08923 
16 16 0.12614 
17 17 0.11912 
18 18 0.16002 
19 19 0.14732 
20 20 0.16238 
For 9 degrees of freedom, the 5% level of significance is 
P(16.919-42C 00 )=0.05 and the rejection region i.7E1;>19.675. 
Hence, for the 5% level of significancee=1,2,...20 are not 
significant. 



Tablo No. 91 

THE 	PERCENTAGE: DIFFEkENCES APF,7 

N/P 0.1:1 q.20 0.70 o.4n 0.50 6.6) 0,17C 0.g0 C n 1..  

• J -0.67 -9.7C -u.95 -1.59 '714C4 -1.06 -2.21 -1.86 -2.32 -1.63 

2 -0.27 -0.42 .-C.56 -n.93 -0.64 -0.67 -1.60 -U.76 -•0.5° 1.?7 

3 • -0.02 -n,23 •C,j13 -0.1.8 1.°6 •.3.21 --5.68 *2.73 -5.46 -3.30 

4 -1.06 n.03 1.25 -7.73 -2.40 -2.17 -6.79 -3.73 -4.39 -2.5? 

5 -0.13 9.20 -3.41 -4.44 • -3.73 -3.67 -5.95 -4.55 -5.13 (13 

6 -0.04 ?.C1 -2.59 -4.22 -3.12 -2.41 -4.96 -3.53 -4.L5 •2:20 

7 • 0.11 -3.43 -3.98 ' -3.96 -3.06 -3.16 -5.69  -4.36 -5.19 -2.97 

R 0.08 -.:7'.54 -1.76 -4.51 -2.59 -1.71 •4-05 ...2.85 •3,90 •2o59 
,-.. J.33 -2.35 -2.32 .-3.21 7110• -2.11 -4.59 •3.46 -4.24 -2.75 1 

1 0.74 -2.78 -2.71 •-4.57 -2.65 -2.77 -5.04 -3.65 -4.21  -2.73  ..l  • ■• 

ka 

11 1.27 -3.79 -7.60 -54. 2.3 -14F,41• -3. 31 5171 ...4.. 26 •4456 •2: "U kJ) 

12 -2.67 -2.61 -3.30 -4.59 -3.07 -3.17 -.5.40. -4..01 -4.33 •1.P-6• 

13 -2.97 -7.46 -3.33' -4.67 -2.59 -3..79 -5.75 -4.42 -4.70 -2.54 

14 -2.07 •?5i! 72,g9 • .•3•14 ..1,P7 ••2..42 ...4.72 -3.42 • -3.78 -1.99 

15 -2.54 -3.01 -2.94 -3.e4 -2.55 -2.68 •-4.;6 -3.59 • -3.61 -1.57 

16 -2.89 -7.60 -2.g7 -4.10 -2.76 -2.97 -5.27 -3.71 75.76 -1.79 

17 -3.27 7.7,74 ...7,r3 •-4k79 •3p.;3 -..2.62 -5.30 -3.68 -4.09 -1.94 . 

18 -3.65 -4.07 -3.92 -4.28 -3.02 -3.46 -5.74 -4.19 -4.3° -2.77 

19 -3.42 	• -7.80 . 	-.3.g1 -2.50 -3.79 -7.2g -5.53 -4.00 -4.7g -1.69 	• 

20 -3.47 •4• 24 -3.g2 -7.15 -3.20 -3.32 -5.61 -4.24 •4.47 •2.40 

THE ME/‘N PEC;CFNTASE DIFFEkENCE IS 	...2.98627 

THE s•` r. 	 1476498 
VARIABLE(20)+CONSTANT(80)+INDEPENDENT TIME 



Table No. 92 

Percentage of Walking Time.  

Service Constant 	Single row 
	

Single row New Position 	Two rows 	Four rows 

0.01 0.570 0.351 0.314 0.215 

0.02 0.529 0.365 0.298 0.204 

0.03 0.494 0.368 0.273 0.192 

0.04 0.459 0.370 0.250 0.177 

0.05 0.414 0.364 0.225 0.160 

o.o6 0.372 0.342 0.202 0.150 

0.07 0.322 0.310 0.179 0.129 

0.08 0.283 0.275 0.162 0.115 

0.09 0.258 0.254 0.141 0.104 

0.10 0.239 0.237 0.128 0.096 

0.20 0.122 0.111 0.064 0.046 

0.30 0.074 0.074 0.040 0.030 

No. of sorvicorren. 

No. of Machines. 	20 



Servic'. Const.nnt Single row 

Table No. 93 

Percentage of Walking Time. 

Two rows Four rows Single row New Position 

0.01 1.155 0.618 0.610 0.358 

0.02 1.089 0.651 o.564 0.345 

0.03 1.012 0.689 0.522 0.322 

0.04 0.890 0.672 0.468 0.282 

0.05 0.769 0.670 0.403 '0.255 

0.06 0.676 0.637 0..36o 0.225 

0.07 0.591 0.580 0.315 0.197 

0.08 0.509 0.507 0.276 0.173 

0.09 0.474 0.473 0.251 0.153 

0.10 0.417 0.416 0.220 0.139 

0.20 0.201 0.201 0.106 0.067 

0.30 0.141 0.141 0.070 0.044 

No. of servicemen. 2 

No. of Machines. 	40 
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APPENDIX 	II  

MODEL NO. 	 GRAPHS AND CHARTS 

1 - 2 	 Figs. 1 — 13 

3 	 Figs. 14 — 24 

Optimum work force charts 	 Figs. 25 - 26 

4 - 6 	 Figs. 27 - 35 

9 - 16 	 Figs. 36 - 39 
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Fig. No. 1 

Normal Service Distribution Curves 
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0.0 
0.01 	0.02 	0.03 	0.04 o.05 0.06. 0.08 0.1 	o.2 	00 

Curves for m and w for a single operator, 

Coefficient of Variation 0.1 

Fig. No. 2 
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APPENDIX 	III  

The following relates to cost analysis models 

assumed in the text. The derivation of these formulae is 

to be found in King (20,21), from which source they have 

been taken. 

1. Semi-Automatic Machines  

Let 
	n = number of machines assigned to operator 

a. = combined activity time (loading and unload- 

ing) 

= independent activity time - operator 

(cleaning, inspection and walking to next 

machine, etc.) 

t = running time of the machine 

i
o 

= idle time per cycle - operator 

im 
= idle time per cycle - machine 

C
o'

= cost per unit time of an operator 

C
m 
= cost per unit time of a working machine 

C
w 

= cost per unit time of an idle machine 

a + t + i
m 	

(a + b)n + i
o 

Cycle time machine 	operator 

For a machine to be fully utilised 

im = 0 

• T = a + t = (a 	b.)h 	io 

Cost per unit time = Co 
+ A C , hence cost per product 

unit 
C + n C 
o 	m  + C  

n/T 	
) (a + t) 
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For the operator to be fully utilised 

io = 0 

T = (a + b)n = a + t + 

Cost per unit time 

n{(a + t)Cm  + im  Cw} 

  

hence cost per product unit 

C
o 

+ {(a + t)C- + (a + b)n C
w - (a + t) C1 

(a + b) 
n/T 

= (a + b) (C + n C
w
) + (a + t) (C

m 
- C

w
) 	(I11.2) 

o 

For both machines and operator to be fully 

utilised 

i
m 

= i
o 

= 0 

• .T = (a + t) = (a + b)n 

and hence 

a + t 
n = 

a + b 

Let R - a + b 

From equations (111.1) and (111.2), the cost per product 

unit is a minimum for n = 13. From (111.1) and (111.2) n 
 

is the optimum number of machines to assign to the operator 

providing: 

C 
(n—°  + C

m
)(a + t) < (a + b){C

o 
+ (n

o 
+ 1)C

w
} 

0 

+ (a + t)(C
m 
- Cw) 

= Co 
	n
a+ t 	

(a + b) 	< C
w{ ( a + b) (no 

+ 1) 
0 

- (a + t)} cont. 

a + t 
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Cw 	a - no =  
C
o 

> 
 no 

 (n
o 
 - 1 - 13) 

Let (I) be the limiting value of the cost ratio.' 

Then 

 

- n
o 

= n (n + 1 - 8) 	
(111.4) 

 
0 0 

 

2. Automatic Machines 

 

Let 

where 

m = machine running time per time unit 

s = service time per time unit 

w = waiting time per time unit 

m + s + w = 1 (unit of time) 

Cm 
= the cost per unit time of a machine in the 

  

working state 

 

 

C
s 

= the cost per unit time of a machine in the 

  

being serviced state 

 

C
w 

= the cost per unit time of a machine in the 

waiting for service state 

C = the cost per unit time of a serviceman 

n = the number of automatic machines 

p = the size of the workforce engaged solely in 

servicing the automatic machines 

y = the rate of production of a working machine 

then the average total cost per automatic machine per unit 

time 

n 	m C
m 
+ SC

s 
+ w C

w 

Total cost per product unit C is given by 

= pC = 
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pC = (— 	 Cm  +sC +wC )m 

w C w  c(E + 	(C
m 
+ k C) 

s  
(111.5) 

m y 

Determine p = po, the optimum size of the 

servicing work force to be assigned to the n automatic 

machines to minimise C, as given by equation (111.5). For 

p = p
o
, the total cost per product unit is 

Po 	
Cw C(-- + w --) 

n 	p C 	C
m 
+ k C

s o  
' 

C
Po 

- 	+ 
m .y 	Y 
Po 

For p = p + 1, the total cost per product unit is 

po+1 	
C
w, 

C( n 	+ wp
o
+1 '

E) 
Cm + k Cs 	(111.7) 

Cpo+1 - 	+ 
mp +1 .1 	Y 
0 

From equations (111.6) and (111.7), po  and not po+1 is the 

optimum number of servicemen for n machines if 

Cp +1 > c
Po 

p
o
+1 	C

w Po 	
C
w 

n 	C 
+ w

po+1. 	
— + w .— 

p
o 

C 
or   > 0 

m
po+1 Po 

• 

mp .(p +1) 	 Cw 
- w .m 	 ).-- n 

	 + (w
po+1

.m 	
m  +1 	C po po po  

mb +1.130 
'o 	 .> 0 

n 

Since m + s + 	= 1 

w = 1 - m(1 + k) as s = mk 

Then, substituting for 



0 p 

n 
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w 	= 1 - m .(1 + k) 
Po 	Po 

wp +1 
= 1 - mp +1

(1 + k) in equation (111.8) 	• 

gives 

C
w 
C 

 

n(m
p+1 

- m ) 
o Po 

Thus, if Q is called the limiting value of the cost ratio 

C /C, then 
w 

m 	Po 
n(mpo+1 - m Po/ 

= 
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APPENDIX 	IV  

THE SIMULATION PROGRAMMES 

Programme No. 	 Title  

Users Instructions for Programmes I,II and III  

	

I 
	

Normal service time distribution - 

single operator programme. 

	

II 	Normal service time distribution - 

two operators programme. 

	

III 
	

Erlang service time distribution - 

single operator programme. 

Users Instructions for Programme IV  

	

IV 
	

Constant running time and variable 

time + constant time + independent 

time - single operator programme. 

Users Instructions for Programme V  

	

V 	 Different means for arrival time and 

service time distribution programme. 

Users Instructions for Programme VI  

VI 
	

Inclusion of walking time programmes. 

VII 	Simon programme. 



- 248 - 

Users Instructions for Programmes I, II and III  

The following data are required. 

1) No. of machines in the system. 

2) Mean of the distribution of machine breakdowns (negative 
Exponential) 

3) Service time distribution. 

a) Mean and Standard deviation in the case of 

Normal distribition. 

b) Mean in the case of Negative Exponential distrib-

ution. 

c) Mean and No. of phases in the case of Erlang 

distribution. 

4) Printing message times. 

Time at which the printing of messages like, 

A Machine Breaks At 

A Service Ends At 

Queue (Size of the queue) 

Frees (Free service man) 

will start. 

5) Time allowed for running the simulation experiment. 

6) Histogram Specifications: 

The histogram will have twelve zones: one below 

the value given by 'low bound', ten within consec-

utive zone widths above the low bound, and one 

above the highest zone width. 



• 
Frog. No.Ij 	Frog. No. II' Prog.No. III 

DO 15 3=1,1 

'Card No. 2 a 2 

INTEGER BREAK(I) 

Card No. 12 	1 	17 - 	. 	1 	11 

• INTEGER CUST(I) 

Card No. 16 I 	18 20 
] 

CALL GROUP(BREAK,I,1) 

Card No. 22 27 	1 	26 

Specify I 
I-No. of machines in the system. 

• CALL HISTO (WAIT,LOWBOUND,ZONE WIDTH) 

Card No. 26 31 	30 

CALL HISTO (SE7N,LMOUND,ZONE WIDTH) 

Card No. 27 -- -- , 

CALL HISTO (SERVA,LOWBOUND,ZONE WIDTH)  

Card No. -- 	l 32 	1 -- 

CALL HISTO (SERVB,LOWBOUND,ZONE WIDTH) 

Card No. -- 33 -- 

Specify low bound and zone width(see Instruction6 

NN = NGEXP(MEAN,1).  

Card No 34,49 J 	41,64 38,56 

MEAN-Specify mean: Breakdown between machines. 
......... 

IF(CLOCK-TPRINT)80,80,90 

Card No. 	38 45 42 

TPRINT-Specify the time units from which the 
messages will start nrinting(see Instruction3) 

IF(CLOCX-ST=)11,40,40 

Card No. 	42 	1 48 1 45 

1 	STIME-Specify Simulation time. 
__............... 

NN= ENORII(UAN,STD.DEVIATION,3) 

57 	T 	73 	. 
---4 

-- Card No, 

Specify MEAN and STD.DEVIATION of the Normal 
service time distribution. 

'N = ERLANG(NO. OF FHASES,MEAN,7) 

Card No, -- -- 61 

Specify No. of phases and Mean of the Erlang 
service timQ: distribution. 

...--- --- 

Sample out-put for Programme II is shown below(it is same 
for the programmes I and III except, instead of two service 
time distribution histograms there will be one). 
TIr;:.s 5E1 1NUmxEu 1 
A 5E11%/1Ci ENLS AT 	*JUDO 
QUEUE 	6 
FFEES 	1 

DISTFIBUTIUN OF WEUI-T1MES 

MIETUGAI NG 	1 	3264 ENT<IES 
RANGES 	3 2t. 4J tt, tt, 1111! 121 14e 166 16a 2Li 
FRE() 	54.q1L.776.524.376.225.163. V3. 73. 35. 23.b 26. 
141!.1M111.4 	11 ecximlim 3'....1.uu 	 s 

6EAN 	43.2 E5T164IE OF FLPULATiON UE%114T1jN 	44.56 

DISTki6UT1UN jF SERVI;E-lImES-A 

H/5TOGRA1 NO 	:2 	1639 ENT-<1ES 
RANGES 	5 15 41 45 e 	75 9i.; 11,5 it 135 151 
EKE') 	57.542.354.456.164.119. 53. 4J. G. 16. 14. 27. 
MINIMUM 	U 1-1,4xit.L. 3!-,5.bi! 
MEAN 	35.54 ESTI.M0i6 1?F.  1-1.10111-ATtuot UE■11!1iON 	45.61 

61STki8UlluN OF ziEKUIOE-11MEb-2 

HiSTOG;Al NO 	3 	1645 ENT,-(.ES  

KOGE5 	'.., 15 34 45 Int 	75 	145 12U 135 151 
FFER 	46.2L.:76.2i..5.1b4.111. 63. 3/. 3E. li. 11. 26. 
MI;,1MVM 	: Ftx1mu",  333.,' 
MEAN 	35.E13 ES1A1-41E of i-1..FuLAiiGN uEnAllON 	35.tya 

Machine utilitation factor, 
N . St- Tv  - Ts 

IT ■ St 
were N- Number of machines in the system. 

St- Total simulated time. 
Tv- Total waiting time. 
Ts- Total service time. 
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PROnAYME 

JOB(UmTSA05+..17+1180+SPO) 
ATTACH(SIMON/UN=LippARy) 
MNF(T+9=BIN) 
SP-TCOPE(INDEF) 

,MAP(PART) 
LOAO(RIN+SIMON) 
EXECUTE, 

	

1 
	

PoOGRAM TEST(INPUT+OUTPUT1TA('E2=INPUT+TAPE3=OUTPUT) 

	

2 
	

DO 19 J=1+20  • 

	

3 
	

WoITE(3+300)J 

4 
5 

300 CALL S1MUL(J) 
FORMAT(////.20X.:ITHE NUMBER OF MACHINES = 1 +14) 

6 19 CONTINUE 

	

7 
	

STOP 
8 END • 

	

9 
	

SUBROUTINE SimuLAN) 

	

10 
	

INTEGER OUFUEISMEN(4)+TIMEC(21)+TIMEA(21) 

	

11 
	

INTEGER SIZEO•HEAr-)0,SAMPL 
INTEGER FIRFAK(20) 12 
Rc'AL NEGE*P 13 

	

14 
	

REAL RNORM 
INTEGEP REPAR 15 
INTEG!-:R CUST(20) 16 
INTEGER MASTI(500)1MAST2(500).ZZXZZ(10)+STATE+TIMES,CLOrKITAILM 17 
EXTERNAL HEADO+SAMRL 	. 	/ 18 
DIMENSION WAIT(Ip)IsERV(19) 19 
COMMON NIm,TAILMoulAST11MAST2+ZZXZZISTATE+NAME+TIMES+CLOCK+MEMBE 20 
DEFINE ENTITIES+ SETS AND HISTOGRAM+ READ IN DISTRIBUTION , C 
CALL SIMON , 21 
CALL GROUPC9REAK+20+ 1) 22 
CALL PNTIT(SNEN12) 23 
CALL SET(OUEUC) 24 

	

25 
	

CALL SETCREPAR) 

	

26 
	

CALL HISTO(WAIT,10.45. 

	

27 
	

CALL HISTO(SERV+4.14a) 

	

28 
	

CALL HELR1(LMN+QUFUE*REPAR) 

	

29 
	

CLOCK=0 
c*****INITIATE 

30 	LWORK=0 
31. 	LFREE=1 
32 
33- 
34 
35 
36 

THE SIMULATION WITH ALL MACHINES WORKING****;t- 

SmEN(7)=LEREE 
DO 1 I=l+N 
NN=NrGEXP(1./1200.91) 
CALL EVENT(RRFAK(I)+NN+1) 

1 CONTINUE 
C*****A DHASE***** 

37 
	

1 0 CALL FAZEA(K) 
38 
	

IF(CLOCK-99800)80.80.90 

39 90 CALL HELPA(LMN+K) 
40 
	

CALL HELPS(LMN) 

41 80 CONTINUE 

42 
	

Ir7(CLOCK-100000)11+40+40 

43 
	

11 GO TO(21120)1K 
c*****R oHASE**** 
C. 	A SERVICE HAS ENDED, RECORD THE TOTAL CUSTOMER WAITING TIME 

44 	'() SmEN(2)=LFPFE 

46 
45 	

CALL ADDTO(SEPV.GAPS) 
GAPS=CLOCK-SMEMC41 
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47 
	

DELAY=CLOCK-CUST(STATE) 
CALL ADOTO(WAIT,OFLAY) 

49 	NN=NEGFXP(1./1200.12) 
50 	CALL EVENT(RREAK(SrATE),NN,STATE) 

51 • 	GO TO 30 
52 21 CALL ADDLA(STATE,OUEUE) 

53 	CUST ( STATE ) =CLOCK - 
c*****c PHASF***** 

C 
54 
55 
56 

57 
58 

30 
31 

TEST CONDITION FOP STARTING 
IF(sizFo(ouEuE)*smEN(2))10,10.31 
SmEN(2)=LWORK 
S''EN(4)=CLOCK 
NN=RNORM(24.42.4,3) 
CALL EVENT(SMEN,NN,HEADO(OUEUE)) 

59.  SmEN(3)=HEADO(OUEUE) 

60 CALL BEHEA(QUEUE) 
GO TO 10 61

c PoINT OUT FINAL RESULTS 

.62 40 WDITE(3,104) 

63 CALL WRITF(WAIT,I) 

64 104 FORMAT(////92.OX,,nISTRI9UTION OF WAIT-TIMES') 

65 WDITE(3.109) 

66 CALL WPITF(SEPV,2) 
67 105 FoRMAT(////120X,IDISTRI3UTION OF SERVICE-TIMES') 

68 RETURN 

69 END 

70 PEAL FUNCTION NEGEXP(ZIN) 

71 CALL RANDO(N,K)- 

72 Aie=K 

73 Y=AK/100, 

74 NEGFXR=(-1.0/Z)*ALOG(100-Y) 

75 RETURN 

76 END 

77 REAL FUNCTION RNOPM(PmEAN,SD,N) 
78 100 mARK=0 

79 CALL RANDO(N,K) 

80 Ak7=K 

81 Ne...AK/00. 

82 
83 1 Y=1.-Y 

84 MARK=1 	- 

85 	p Y=(-2,0*A1.OG(1.-Y-1-.00002))**45 

• 86 	X=Y-((2.30753+0,27061*Y)/(1.+.99229*Y+.04481*Y*Y)) 

87 	IE(mARK)444,3 

88 	)<=-X 

89 	4 RNOPm=RmEAN+X*SD 

90 	Im(PNORM)100,595 

91 5 	RETURN 

, 92 	END 

93 300 
94 
95A MACHINE FREAKS AT 
96A SERVICE ENDS AT 
97 QUEUE 	REPAIR 

• 
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PROGRAMME II 

jOB(UMTSA09,J1) 

PASSWORh(NAGACHA) 
COPYCF(/NPUTIDUM) 
OUFOE(OUM=INPUT) 

JOR(UmTSA091J7*To0*LC=3000,SP5) 
pASSWORD(NAGACHA) 
ATTACH(SIMON/UN=LIBRARY) 
MNF(B=R/N) 
SETCORE(INDEF) 
LOAD(BIN*SIMON) 
EXECUTECILC=9670) 

	

1 	PPOGPAM TEST(INPUT*OUTPUTITAPE2=INPUT*TAPE3=OUTPUT) 

	

.2 	DO 15 J=34,40.2 

	

3 	WpITE(3,3.00)J 

	

4 	CALL SIMUL(J) 
.5 300 FoPMAT(////920X,ITHE NUMBER OF MACHINES = 1 414) 

	

.6 	19 CONTINUE 

	

7 	STOP 

	

8 	END 

	

9' 	NO LIST 

	

10 	su9pouriE SIMUL(N) 

	

11 	.INTFGFR QUEUE • 

	

12 	INTEGER SmrrN(2,4) 

	

13 	INTEGER TIMECIPI) 

	

14 	INTEGER TIMFA(21) 

	

15 	INTEGER TimEe(21) 

	

16 	INTEGER SIZEOIHEADO,SAMPL 

	

17 	INTEGER BREAK(40) 

	

18 	INTEGER CUST(40) 

	

19 	INTEGER FREES 

	

20 	RFAL NEGEXP 

	

21 	RFAL RNORM 

	

22 	INTEGER MAST1(500),MAST2(500),ZZXZZ(10),STATEITIMES*CLOCK*TAILM 

	

23 	EXTERNAL HFADO*S4mPL 

	

24 	DIMENSION WAIT(12),SFRVA(19)*SERVR(19) 

	

25 	COMMON NIM*TAILM,mAST1sMAST2*ZZXZZ*STATE*NAME*TIMES*CLOCK*MEMBE 

	

C 	DEFINE ENTITIES,  SETS AND HISTOGRAM,  READ IN DISTRIBUTION 

	

26 	CALL SIMON 

	

27 	CALL GROUP(RREAK,40*1) 

	

28 	CALL GROUP(SMEN,2,2) 

	

29 	CALL SET(QUEUE) 

	

30 	CALL SET(FREES) 

	

31 	CALL HisTo(wAIT.o..20.) 

	

32 	CALL HISTO(SERVA*9**1*) 

	

33 	CALL HISTO(SERVB*,..1.) 

	

.34 	CALL HELPI(LMN*QUFWEIERFES) 

	

35 	CLOCK-0 
C*****INITIATE THE SIMULATION WITH ALL MACHINES WORKING***** , 	. 

LWORK=0 
SmEN(142)=SMEN(2,2)=LFREF=I 

	

38 	CALL AODLA(SMEN(1,1)*FREES) 

	

39 	CALL ADDLA(SmEN(2,1)4FREES) 

	

40 	D" 1 I=14N 

	

41 	N'7.NFGExp(1./60.,1) 

	

42 	C'NLL EVENT(BREAK(I),NN*!) 

	

43 	1 CC)NTINUE 
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C* ****A PHASE***** 

44 10 CALL FAZEA(V) 

45 	ir--(cLock7-9Fico)Flo,eo,90 

46 9a CALL HELPA(LMN9K) 

47 	CALL HFLP9(LMN) 

48 80  IF'(CLOCK-10000)11,40140 
49 	11 GO TO(21,20),K 

C*** **R RHASE***** 
C 	A SERVICE HAS ENDFO' RECORD THE TOTAL CUSTOMER WAITING TIME 

50 20  CALL ADDLA(MEMAE,FREFS) 

51 	I=MEMNU(MENI9E) 

52 	SmEN(I,P)=LFREE 

53 	•GAPs=cLocK-smEN(I,4) 
54 	SmEN(I+4)=CLOCK 
55 	GO T0(25.351'1 

56 .25 CALL ADDTO(SERVA,(zAPS) 

57 	Gn TO 45 
C*****A MACHINE .BREAKS DOWN***** 

58 21 CALL ADDLACSTATE,QUEuE) 

59 	CuST(STATE)=CLOCK 

.60 	GO TO 30 

61 33 CALL ADDTO(SERVB,GARS) 

62 45 Da-LAY=cLOCK-CUST(STATF) 

63 	CALL ADDTO(WAIT'DFLAY) 

64 	NN=NEGFXP(10/60,,2) 

65 	CALL FVENT(BRFAK(STATF),NN'STATE) 
C** **C PHASE***** 

C 	TFST CONDITION FOP STARTING 

66 	30 	Ir7(SIZFO(OUEUE)* 	IZFO(FREES))10110,31 

67 	31 	JIM=HFADO(FRFES) 

68 	CALL BEHEA(FREES) 

69 	J=MEMNU(JIM) 

70 	S&IEN(J,2)=LWCRK 

71 	SMEN(J,4)=CLOCK 

72 	GO TO(32,33)J 

73 32 NN=RNOPM(12.42.4.7) 

74 CALL EVENT(JIM,NN,HEAr)0(OUEUF)) 

75 SmEN(J'3)=HEADO(OuEuF) 

76 GO TO 34 

77 33 NN.=-RNOPm(12.92.44e) 

78 CeLL FVENT(JIM+NNIHFADOCOUEUE1)' 

79 SvEN(J,3)=HEADO(OUEUE) 

80 34 CALL BEHEA(OUEUE) 

81 GO TO 10 

C PRINT OUT FINAL RESULTS 

82 40 WPITF(3.104) 

83 CALLWPITE(WAIT,1) 

84 104 FnPMAT(////920X,IDISTRIBUTION OF WAIT-TIMES') 

85 WRITE(39105) 

86 CALL WRITE(SFRVA,2) 	. 
87 10F FnIRMATI////120X,IDISTPIBUTION OF SERVICE-TIMES-Ali 

88 WQITF(3.106) 

8g CALL WRITE(SERV9,7) 

90 106 FnPrd1AT(////'20X.,DISTRIaUTION OF SERVICE-TIMES-B') 

91 RETURN 

92 END 

93. REAL FUNCTION NEGFXP(ZIN) 

94 CALL PANDO(NIK) 

95 AK =K 
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96 
97 
98 
99 

100 
1 

101 00  
102 
103 
104 
105 
106 1  
107 
108 
109 
110 
111 3  
112 
113 
114 
115, 

Y=AK/100. 
N=GEXP=(-1.0/Z)*ALOG(1,0,-Y) 
RP-TURN 
FMD 
R=AL FUNCTION PNORM(PMFAN,SDIN) 
MARK=0 
CALL PANDO(N,K) 
AK=K 
Y=AK/100. 
Ip(Y-0.5)1,2,2 
Y=1.-Y 
MARK=1 

2 Y=(-2.0*ALOG(1.-Y+.00002))***9 
X=Y-I(2.307914-0.27061*Y)/(1.+.99229*Y+.04481*Y*Y)) 
IE(MARK)4,4,3 
X=-X 

4 RNORm=RMEAN-1-X*SD 
IE(RNORm)10015,9 
RETURN 
END 

116 450 
117 2, 

118 A MACHINE PPFAKS AT 
119 A SEPVICE ENDS AT 

120 OUFUE FRETS 



PfOGmA?:"LIn III 

jOB(UMTSA054J1). 
PASSWORD(NAGACHA) 
COPYCF(INPUT.DUM) 
OUFUE(DUM=INPUT) 

JOR(UMTSA090J7.TIAO.LC1900.M7314.SPO) 
PASSWOR(NAGACHA) 
LI9FILE(SImONC) 
MNE(TIB=BIN) 
SETCORE(INDEF) 
MAP(PART) 
LOAD(BIN.SIMONC) 
EXECUTE, 

• 1 	PPOGRAM TEST(INPUT,OUTPUT,TAPE2=INPUT.TAPE3=OUTPUT) 

	

2 	DO 19.  J=1,20 

	

3 	wDimF(3.300)J 

	

4 	CALL SIMUL(J) 
5 300 EORMAT(////920X.,THE NUMBER OF MACHINES = ..14) 
6 .19 CONTINUE 

	

7 	STOP 
END 

	

9 	SUBROUTINE SIMUL(N) 

	

10 	INTEGER QUEUE.SMEN(4)1TIMEC(21).TIMEA(21)" 

	

11 	INTEGER SIZEO,HEADO.SAMPL 

	

12 	INTEGER BREAK(20) 

	

13 	,RFAL NFGEXP 

	

14 	RFAL RNORM 

	

15 	RFAL ERLANG 

	

16 	RFAL SUM 

	

17 	RFAL F 

	

18 	RFAL_ FACTOR 

	

19 	INTEGER PEPAR 

	

20 	INTEGER CUST(20) 

	

21 	INTEGER MAST1(500)WAST2(500)1ZZXZ7_(10),STATE.TIMES.CLOCK.TAILM 

	

22 	EXTERNAL HEADO.SAMPL 

	

23 	DIMENSION WAIT(10),SERV(19) 	 • 
COMMON NIM.TAILM,mAST1,MAST2,ZZXZZ.STATE+NAME,TIMESoCLOCK,MEMBE 24c 	
DEFINE ENTITIES. SETS AND HISTOGRAM, READ IN DISTRIBUTICN 

	

25 	CALL SIMON 

	

26 	CALL GPOUP(BREAK.20•1) 

	

27 	CALL ENTIT(SMEN,2) 

	

28 	CALL SET(QUEUE) 

	

29 	CALL SET(REPAR) 

	

30 	CALL HISTO(WAIT,0,95,) 

	

31 	CALL HISTO(SERV10,95.) 

	

32 	CALL HELPI(LMN.OUFYE+REPAR) 

	

33 	cLock.o 
c*****INITIATE THE SIMULATION WITH ALL MACHINES WORKING***** 

	

34 	LWORK=O 

	

35 	LFREE=1 

	

36 	SmEN(P)=LFREE 	_ 

	

37 	. 00 I I=1,N 

	

38 	NN=NEGEXP(1./1900.1 16 

	

39 	CALL EVENT(BREAK(I).NNII) 

	

40 	1 CONTINUE 
C*****A PHASE***** 

	

41 	10 CALL FAZFA(K) 

	

42 	IF(cLocK-,,I9goo)soisc,90 
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43 90 CALL HFLPACLMNeK) 

44 	CALL HELPF1(LMN) 
45 80 IF(CLOCK-100000)11140$40 

46 	11 GO TOC21,201,K 
C*****R PHASE***** 
• C 	A SFRVICE HAS FNr)r-7D1 RECORD THE TOTAL CUSTCER WAITING TIME 
47 20 SmFN(2)=LFPFF 

48 	GAPS=CLOCK—SMF'N(4) 

49 	CALL ADOTO(SERV,GAPS) 
50 	GO TO 45 
51 21 CALL ADDLACSTATEIOUEUF1 
52 	CUST(STATE)=CLOCK 

53 	GO TO 30 
54 49 DFLAY=CLOCK—CUST(STATF) 

55 	CALL ADDTO(WAIT4oP'LAY) 

56 	NN=NEGEXP(1./1200.+12) 

57 	CALL EVENT(8REAK(STATF).NN.STATE) 
C*****C PHASE***** 

58 
59 

60 
61 
62 
63 

30 
31 

TEST CONDITION FOR STARTING 
IF(SIZEOCOUEUE)*SmEN(2))10,10•31 
SmEN(2)=LWORK 	. 
SMEN(4)=CLOCK 
NN=FRLANG(11360.,7) 
CALL EVENT(SMEN*NNIHEADOCQUEUE1) 
SMEN(3)=HEADO(OUFUE) 

64 CALL BFHEA(OUEUE) 

65 Go TO 10 

C. PRINT OUT FINAL OFSULTS 

66 40 WoTTp-(3+104) 

67 CALL WRITE(WAIT,1) 

68 104 FORmAT(////,?0Xler)ISTRIBUTION OF WAIT—TIMES') 

69 WpITF(3,109) 

70 CALL WRITF(SERV42) 

71 109 FORMAT(////.20XtoDISTRIBUTION OF SERVICE—TIMES') 

72 RFTURN 

73 END 

74 RFAL FUNCTION NEGFXP(Z,N) 

75 CALL RANDO(N,K) 

76 AK =K 

77 Y=AK/100. 

78 Nr=GPX9=(-1.0/Z)*ALOG(1.0—Y) 

79 R=TURN 

80 END 

81 RFAL FUNCTION ERLANG(KK,ERMEANgN) 

82 FxTFRNAL F,SUM,FACTOR 

83 FKK=FLOAT(KK) 

84 ERS=1.0E-6 

85 8=1./ERMEAN.  

86 EPLAX=ALOG(100,0)/B. 

87 ERLAXD=ERLAX/100,0 

88 CALL RANDO(N,K) 

89 Al<=K 

90. Y=AK/100,0 

91 FO=F(Y40,0,KK,9,N,SUY) 

92 rin 	10 	1=1.101 

93 Z=FLOAT(1-1)*ERLAXD 

94 FT.F(v.z.KK,B,N.sum) 

95 IF(F0-.'F1)9.8*11 
96 11 Iv(ARS(FI).LE.7PS) 	GO TO 8 
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97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 

, 111 
112 
113 
114 
115 
116 
117 
118 
'119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 

FO=F1 
10 CONTINUE 
9 Zo=Z—FRLAXD 

Er:)LAXD=ERLAX0/100.0 
FOO=F ZOIKK ers4..SUM • 
DO 12 J=1$101 
Z=FLOAT(J-1)*FRLAXD+7.0 
FTI=r0(417,KK,A•N$SUM) 
IE(FII*F00)1148,13 

13 IF(ARS(FII).1..E.EPS) GO TO 8 
FOO=FII 

12 CONTINUE 
A EPLANG=Z 
RETURN 
FND 
REAL FUNCTION SUm(ZyKK,B) 
EXTERNAL FIFACTOP 
SuM=0,0 
FvK=FLOAT(KK) 
DO 10 KI=1.KK 
SUM=SUM+C(FKK*9*Z)**(KI-1))/FACTOR(KI-1) 

10 CONTINUE 
RETURN 
END 
RFAL FUNCTION F(YIZIKK■B,N4S6M) 
EXTERNAL SUN, FACTOR 
• FKK=FLOAT(KK) 
F=Y-1.0-4-EXP(—FKK*nZ)*SUM(Z.KKIB,N) 
RETURN 
END 
REAL FUNCTION FACTOR(K) 
.FACTOP=1.0. 
IE(K.E0.0.(DR.K.E0*1)RETURN 
DO 11 J=2,K 
FACTOR=FACTOR*FLOAT(j) 

11 CONTINUE 
RETURN 

- END 

135 300 
136 2 
137A MACHINE BREAKS AT 
138A SEPVIrE ENDS AT 
.1390IJEUE 	RE PAR 
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Users Instructions for Programme IV  

The following data are required. 

1) No. of machines in the system. 

2) Mean running time for the machines. 

3) Mean of the service time distribution. 

(Variable time + constant time + independent time) 

4) Time allowed for running the simulation experiment. 

Input data.  

Card No. 	 Particulars 

	

2 	 DO 15 J=I, I 

	

14 	 INTEGER MACHI (I) 

	

15 	 INTEGER STOP (I) 

	

30 	 CALL GROUP (MACHI,I,1) 
Specify I 
I-No. of machines in the system. 

	

4 	 TIME=STIME 

	

50 	 IF(CLOCK-STIME) 11,40,40 
Specify STIME 
STIME-Simulation time 

24 
	

DATA ITIME/IR/ 
Specify IR - 
IR-Mean running time of the machine 

25 	 DATA ATIME/ST/ 
Specify ST 
ST-Mean service time 

The following results are given in the output. 

CYLF-Cycle time factor 
OPEF-Operator idle factor 
BMER-Machine idle factor 
SERF-Service factor 

Calculation. 
Multiply the factors by the running time of the 
machine to get the following. 
Cycle time 
Idle time of the machine 
Idle time of the operator 
S.ervice time of the operator 



PROGRAMIa I V 	=X59 

	

1. 	
PROGRAM TEST(INpUT7oUTPuT.TAPE?=INPUT,TAPE3=OUTPUT) 

	

p. 	DO 15 J=3,20 
3. 0217E0,300)J 
4. TIrA.-zino000 

	

S. 	CALL STmUL(J,TIME) 

	

A. 	300 FORMAT(////.20A,1 THE NUMBER OF MACHINES =104) 

	

7. 	15 CONTINUE 

	

p. 	STOP 

	

O. 	ENO 

In. 	SURROUTINE SIMUL(N9TIME) 
11, 	INTEGER. QUEUE . 
12. INTEGER SMEN(1,5) 
13. INTEGER TIMEA(21) 
14. INTEGFp mACHI(20) 
15. INTEGER STOP(20) 
1A., 	INTEGER SILED.HEADO,SAMPL 
17. 	INTEGER FREES 
IR. 	REAL "JGEXP 
1R. 	REAL ntPS(3) 

INTEGER MAST1(b00),MAST2(500),LZXZZ(10),STATE.TIMES,(LOCK,TAILM 
21. EXTERLiAL. HLADD,5AMPL 
22. DIMENSTON WAIT(19),SERVA(19) 
23. DImENsToN ATIAE(1),ITImE(1) 
26. DATA ITIME/25/ 
25. 	DATA ATIME/2_./ 

	

. 	COMMON NIM9TAILMWASTI,MAST2,ZZX7_Z.STATE.N AME,TIMESteLOCKIMEMBE 
C 	DEFINE ENTITIES, SETS AND HISrOGRAM, READ IN DISTR16YTION 

27. CALL sTmoN 
2n. 	JXXAX=2000*N*1 
RP.. 	Y=RANOV(JXXXX) 
3n. 	CALL SPOUP(MACHI.20,1) 
31. 	CALL GPOUP(SMEN,1,2) 
37. 	CALL SFT(OUEUE) 
33. CALL SFT(FREES) 
34. CALL HTSTO(WAIT.O.,30•) 
35. CALL HTSTO(SERVA.0.,40,) 
36. CALL r1rLPI(LMN.OULUE9FHEES) 
37. CLOCKLIn 
3n. 	SMEN(1,2)=LFREE=1 
30. 	CALL 4ODLA(SmEN(1.1).FREES) 

no 1 I=1,N 
41. STOP(I)=0 
42. I CALL ADDLA(I.OUEUE) . 
41. 	NN=NEGXP(1./AT/ME(1).JXXXX) 
44. 	GO TO 30 

C*****A PHASF***;;.* 
4c. 	10 NN=NEGFXP(1./ATINEWOXAXX) 
4r." 	NN=NN+o 

47. 	NN=NN+q 

4P. 	CALL PAZEA(K) 
44. 	I=STATF 
5n. 	PO IF(CLOCK"-10000)11,4n,40 
• 51. 

	

	11 GO TO (21,20),K 
C****" P1AASP***** 

52. 	PO CALL AnDLA(MEMBE,FHEE) 
51. . 	1=MEMNMMEMOE) 
54. 	IF;SI7FONUEUE),E0.0/SMEiqi.5)=0 
550 	5MEN(I.)=LFREE 
5P1. 	GAPS(I)=FLOAT(CLOCK)-GAPS(i) 



	

57. 	CALL AnOTO(SERVA*GAPS) = 260 = 

	

5o, 	ITIME=CLOCK 

	

50, 	I=5TATF 

	

6o* 	DELAY=rLOCK-STOP(I) 

61. CALL AnnTO(yAIT,DELAY) 
62. CALL EvENT(MACHT(STATE)IITPIE(1),STATE) 

	

61. 	GO TO 10 
64. 21 CALL Anr;LA(I*QUEUE) 
65. STOP(T)=CLOCK 

C* ***C PHASE***** . 

C • 	TEST cnuDITION FOR STARTING 
66. 30 IF(SILFO(OUEUE)*SILEO(FREES))10.10934 

	

6/. 	34 JIV=HEnUO(FREES) 

	

6Q, 	CALL iirHEA(FREES) 
69. Jr-mEmNifi(JIM) 

70. SmEN(J.4)=CLOCK 

	

71, 	I=HEA0n(QuEuE) 
72. CALL HrHEA(QUEUE) 
73. CALL EVENT(JIm9NN,I) 

	

.74. 
	GAPS(J)=CLOCK 

	

75. 
	

GO TO 30 

	

7c1. 
	40 CONTINUE 

PRINT nUT FINAL RESULTS 

	

7r,* 
	

wRITE(1,106)ITImE8 

	

7R, 	106 FORmAT (//10X,ITHE -  LAST SERVICE FINISHED ATI*5X.I10) • 

	

7q. 	9N=N 

	

BA. 	AMAUT=1„-WAIT(16)/(TIME*BN) 

	

81. 	TOTU=SFPVA(16)/TIME 

	

'B?, 	AIDU=1.-TOTU 

	

81. 	SEUT=SFRVA(lt.)/(TImE*8N) 

	

84. 	wAuT=),-AI, AuT-sEUT 

	

Bs. 	SmEAN=5*.RVA(16)/SERvA(15) 

	

Hhe 	CYCLF=.(WAIT(16)/4AIT(15))+FLOAT(ITIME(1)) 

	

R7. 	RMIU=CYCLE-FLOAT(IFIME(1))-(SERVA(16)/SERVA(15)) 
RM1F=H1IO/FLOAI(ITImE(1)) 
CYLF=CyCLE/FLUAT(ITIME(1)) 

	

go, 	SEPF=CYLF-dMIF-1. 

	

91. 	B=5. 

	

97. 	D=SERVA(16)-((SERVA(15)-BN)*8) 

	

93, 	A=u/SEDVA(15) 
R=(A+FLoAT(TTINE(1)))/(A+B) 

	

9=. 	AIO=CYCLE-LiN*(A+B) 

96. OPEF=ATO/ITIME(1) 
• 

97. T=HN*(A.B) 

	

9p. 
	

W=T/ITTME(1) 

	

99. 	C=(SERVA(10)-( -(sELAVA(15)-bN)3tH))/SERVA(15) 
R=(C+ITIME(1))/(C+HI 

Hr. (p-iim) /(BN*(8N+1-g)) 

WRITF(?.107)AmAuTlwAuTISEuf*TOTOAIDU*SmEAN.BmIFOPEF 9SERFICYLF.A, 
T.w.C.n,R,H 

103. 107 FORMAT(1H0913(Fg.510)) 
104. RETURN 
inc.. 	END 
10(-. 
107. 
10A• 
10o. 
110. 

.RFJ;1_ FUNCTION NEG-EX1742,,,XXXX) 
Y=PAN0y(JXXXX) 
NaiEXP=(-1+0/Z)*ALOG(190-Y) 
RETURN 
END 

300 
2 

A MtCHINF f'RFAKS AT 
Ar 
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Users Instructions for Programme V  

The following data are required. 

1) Mean Arrival rate for the machines for each group. 

2) Mean Service time for each group. 

3) Other instructions: See page 248 

Input data. 

Card No. 	 Particulars 

	

2 	 DO 15 J=J,I 

	

14 	 INTEGER MACHI (I) 

	

15 	 INTEGER STOP (I) 

	

30 	 CALL GROUP (MACHI, I,1) 
Specify I 
I-No. of Machines in the system 

34 	 CALL HISTO(WAIT,LOWBOUND,ZONE WIDTH) 
35 	 CALL HISTO(SERVA,LOWBOUND,ZONE WIDTH) 
36 	 CALL HISTO(SERVB,LOWBOUND,ZONE WIDTH) 

Specify Lowhound and Zone width 

48 	 IF(CLOCK-TPRINT) 80,80,90 
Specify TPRINT (see page 249 ) 

51 	 IF(CLOCK-STIME)11,40,40 
Specify STIME(see page249) 

The output format is the same as given in the page 249 
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PROGRAT.72 .V 

JOR(UMTA31J1) 
PASSW0Pn(NAGACHA). 
LIFIFILE(SIMONC) 
VNE(T,R=RIN) 
SETCOPE(INDFF) 
VAP(PART) 
LOAD(TANISIMONC) 
EXECUTE. 
• 

	

1 	PDOGRAM TEST(INPUT,OUTPUT,TAPE2=INPUTITAPF3=OUTPUT) 

	

2 	DrIlE J=6,6 

	

3 	WDITF(3,300)J 

	

4 	CALL S1MUL(J) 
5 3°0 FnRMAT(////,20X,ITHE NUM9ER CF MACHINES =1+14) 

	

6 	lr--; CONTINUE 

	

7 	STOP 

	

8 	END 

	

9 	SURROUTINF SIMUL(N) 

	

10 	ItoTEG=P OUrUE 

	

11 	INTEGFR SMEN(219) 

	

12 	INTFGFR TIMFA(21) 

	

13 	ITt=GFP T1mm-1(21) 

	

14 	IN'TGFR MACHI (40) 

	

15 	I niiFC c  STOP(40) 

	

16 	IMTEGFP SIZOIHEAnO , SAWL 

	

17 	INATEGr7R FREES 
EXTERNAL HEADO,SAMPL 

	

19 	PAL NEGEXP 

	

20 	RPM_ GAPS(3) 

	

21 	INTEGER MAST1(90) ,MAST2(500);i:ZXZZ(1C),STATE,TIMES,CLOCKITAILM 

	

22 	DIMENSION WAIT(14) ,SERVA(19),SiRVA(19) 

	

23 	DiMENSION ATIMF(6)'ITIMF(6) 

	

24 	DATA ITImEl120011200,1200 , 1PC011200, 1200/ 

	

25 	nATA ATIMF/12.,12.+26.,24.,36.36./ 

	

26 	COMMON Nim,TAtLmoyA!,,,T1'mAsTp.z7xzz,sTATE.NAmE.TimEs,cLocK.mEmBE 
FNTIT1ES,. SETS AND HISTOGRAM, READ IN DISTRIRUTION 

	

27 	CALL SIMON 

	

28 	uxxxx,..23oo*N-1-1 

	

29 	Y=RANDY(JXXXX) 

	

30 	CALL GROUP(MACHI,A0 , 1) 

	

31 	CALL GPoup(smEN,2.2) 

	

32 	CALL SET(QUEUE) 

	

33 	CALL SET(ERFFS) 

	

.34 	CALL HISTO(WAIT,C.op00.) 

	

35 	CALL HISTO(SERVA,O.,90.) 

	

36 	CALL HISTO(SEPV91=0.,50.) 

	

37 	CALL HFLPI(LMN,OUPUFIEREES) 

	

38 	cLocw=o 

	

39 	SmEN(112)=SMEN(242)=LEPFE=1 

	

40 	CALL ADDLA(SMEN(111),FREFS) 

	

41 	CALL ADDLA(SvIEN(211).FREES) 

	

42 	D(' 1 I=1,N 

	

43 	sT0m,(1). 

	

44 	1 CALL ADDLA(I,OUEU) 

	

45 	r;r) TO 10 
C****  *P PHASE***** 

	

46 	10 C.ALL FAZTA(K) 

	

47 	I.-STATE 

	

48 	:c"(CLOCK-909P9)80,80,90 
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49 	00 CALL HFLPA(LMNsK) 

50 	CALL HFL09(LMN) 

51 80  IP(cLocK-1000)11,40,40 

52 	11 GO TO (?1,20),K 
Uki****R 7HASE***** 

53 	CALL ADDLA(MEM9E,FRFES) 

54 	I-Z4E:vNU(,  EmRE )  

55 	1p(FizFo(cuFur-7).n.0)nyEN(1,5)=0 

56 	smEN(I.2)=LrPFE 

57 	(.7APs(1)=F-LoAT(7Lo(K)-G8ps(1) . 

58 	 Ar-,,To(sEgvA.c.Aps(I)) 

59 	1=-(1.ro.2)cALL AnnTo(sFpvR.GApscr» 

60 	•I=STATE 

61 	OmLAY=CLCCK-STOP(I) 

62 	CALL AbDTO(WAIT'omLAY) 

63 	CALL FVENT(MACHI(STATE),ITIME(IlISTATE) 

64 	Gn TO 30 

65 	21 CALL ADDLA(I.OUFUR) 

66 

	

	STOP(I)=CLOCK 
C****C PHASE***** 

C 	TPST CONDITION FOP STAPTINO 

67 	33 icsi7P-oc0uFuE)*Fsizpo(FREs))lo.lo,34 

68 	34 JTM=HFADO(FRF.ES) 

69 	CALL REHFA(EPEFS) 

70 	J=MEmNU(JIM) 

71 	SmEN(J44)=CLOCK 

72 	I=HEADO(OUEUE) 

73 	'CALL REHEA(OUEUF) 

74 	35 NN=NFGEX0(1./ATINI(/),jXXXX) 

75 	IF(NN.LT.INT(ATI(1)*0.25)) GO TO 35 

76 	CALL EVENT(JW4NN,I) 

77 	GAP4J)=CLOCK 

78 	Gn TO 30 
C 	POINT CUT FINAL PmSULTS 

79 	40 WnITF(3,104) 

80 	CALL WRITF(WAIT.1) 

81 104 FO0mAT(////,20X,'DISTRIBUTION OF WAIT-TIMES') 

82 	WoITF(3,10m) 

83 	CALL WRITF(SEPVA,2) 
84 105 FOR!'4AT(////12CX,InISTRIBUTION CF SERVICE-TIMES-A1) 

85 	WoITF(31106) 

86 	CALL WRITF(SERV943) 

87 106 EnRm,AT(////120X,InISTRIBUTION OF SERVICE-TIMES-A') 

88 	- RmTURN 

89 	END 

90 	PEAL FUNCTION N7r,rXP(Z4JXXX)6 • 

91 	Y=PANflY(JXXXX) 

92 	Nmc:FXP=(-1,0/Z)*ALOG(1,0-Y) 

93 	
PmTURN 

94 	
END 

95 300 
96 
97A MACHINE WAITING AT 
98A SE0VII-F ENDS AT 
990UFUE FREES 
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Users Instructions for Programme VI 

The following data are required. 

1) The walking time matrix has to be calculated for the given 
layout. 

2) Other instructions are the same as given in the page 248 

Input data. 

Card No. 	 Particulars 

	

2 	 DO 15 J=I,1 

	

19 	 INTEGER BREAK(I) 

	

20 	 INTEGER CUST (I) 

	

35 	 CALL GROUP(BREAK,I,1) 
Specify I 
I-No. of Machines in the system. 

24 	 DATA/ATIME/ 
Specify ATIME- Mean breakdown time of the machines 

39 
40 
41 

Histogram Specifications: 
See pages 248 and 249 

44 to 81 Walking time matrix. 
(Calculations for each given layout) 

The following outputs are given: 

The output format is the same as that one given 
in page 249 . In addition to that the following 
walking time details are given: 

SUMI - Total walking time between machines. 

SUM2 - Total walking time between resting place 
and machines. 

SUM 	- Total walking time (SUM1 + SUM2) 

%age of Walking time = 

 

SUM  x 100 

 

Total operator's time. 
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1 	FROG PAtv TEST ; INPUT, C(TPLT ) :--- F2--r-lNi-TT s  IAPE3=OUTFUT) 

	

2 	DO 15 J=t,..,-, .I. 
WFP.:(3,;?7191.1 

	

3 	00 15 Kz-1,12 

	

4 	IF(K.t..F.1.3)1--i.iti2.Ft_rnT(K)) 

	

5 	IF(K .G7 .10) Elr- 1./ (120."FL OA' (K-9)) 
- 	L:LL Slt'UL( il':1) 

6. 32.17 F61;i.'“(//// 1 20X,ITFE NU-"ER (F P4CHIVES = ',IL) 

	

7 
	15 CONTINUE 

	

10 	
i:NO 
SU:-.FOUTI!NE SIVUL (t.“ El) 
INTrGF;- QUEUE 

	

IZ 	INTEC-EF S'IEI'! (2.5) 

	

13 	..c4TEGEf-, IIr—cf..., (21 ) 

	

14 	1rT: (.7-i--.. TIM--1.- (21) 
IN1 EGEP TI;:-"I (21) 

	

15 	ito- EGE;:, sizEc.HE-Poo,sv,Pi 

	

16 	. 	INTEC-EP •'2'K (4C) 

	

17 	IN
CET: Q IJI•.)-1 (141) 

INT; Gc. 	FRcr:S 

	

18 	REAL NEC-F_XP 

	

19 	REAL RNOPm, 

	

20 	INTEL,Er; mA5','"ti (5- co ,;,:. -72(53,5) ,zzYzzc1o),Z;f4IE I TIticS ) CLOCK 1 7113.L.M 
F.YT F HI/ L H: f")0 1_5? ''-L 

	

21 	61 h.ENS1ON WrIT (19 1 5:r tiA (19) I S _..F VP (10 ) 

	

22 	coril-oN Mitt) T ATLfr.!AP S11.!-'AS12$7.ZX 2Z 7 STATE,IAME,T1MES I CLOCK,N`D."PE 

	

23 	PImFNSION 'f`i.1 (2) FL'-12(2) 7 i(2) 
01hNS1ON st. l)r.--(!; 

	

24 	DATA Al IN:/12G9./ 

	

25, 	Ulc-,Et:SIO■'! YY ; 4i, tsr.1) 'Pr( tn) 
C 	flEFINE ENTITIES, SETS AN0 HISTOCUtl, fillu IN DILTRIPUT TON 

CrLL S P-' .ON 

	

26 	ixxxx=2car-N+1 

	

27 	V=-!:'3,NOY (JXXXX) 

	

28 	CALL GClir-', ((cFAK,40,i) 
UALL GI:-.0UP(csYFN,2,2) 

	

29 	- 	LtLL S:.T(r._P-(F) 

	

30 	CALL si:1- (P;;FES) 

	

31 	(ALL HISTO(NAIT40. 9 2C.) 
CALL HISTu(FclAyil. ) 1.) 

	

32 	rt:LL Hi_10(.: r; 4E 9 ,1. ) 150 

	

33 	ULL 1-irLFI (L;,r:Urlit. 9 FCEE S) 
t L07,K=C 

34C4****F1NIT I AT,7 Ti-r= SitiULA TI ON WITP ALL mACHTPES wOkKING*4-#4* 
3503 203 T=iy3 

	

36 	L=Ti 1 

	

37 	
DO 3:0 J7.-L 5 40 
X=FL OAT (TA!.  C( T—J) 4 2) 

	

38 	IF(A!-•!-: (X-2.) .G7.0.0001) Xr--X+2. 

	

39 	xx(T,J).x 

i2 3" N(1).fll 

A' 2 " ?N(14r414)=-0 

	

g 	
F=10 
X=414 
F-t:r!. 

	

2 	LO 120 I=1,40 
XY (1 ):--): 

	

10 	IF(F .LE. 0.) GO TO 110 

	

1 	1F(V,  SCX-43.1.LT.3.0■301) GO TO 130 

	

12 	X=X1-2. 
GO TO 120 

136 F=0. 
GO TO 149 

110 IF(Al'S (Y.-3.) .LT.0.0001) CO TO 150 g  140 X=X— 2, 
GO TO 120 

9c1 150 F=1. 
Go 120 CONT INUE 

	

61 	10 17 J=1,2 
Filt..1 (.7)=009 

	

g2 	13 St.P.,? ( J) =0.0 
Sr:EN (1!,5)=0 
StiEN (2.5)=0 
LWOR;<=6 

i 	

:1-irN (1,2 )=StIcv (2,2) 7-1_FP7rr. r-1. 
L kLL AOOL A( s'NE:“1.1)1 Fr:EFS) 
CALL ADDLA(SmEN i2y1) 9  FcEES.') 

. 	t., 0 1 I= 1 t  N 
NN:-- Ni G:- XF-. (1v/t-, TTN: (1) yJXKXY.) 

32- ':0111Ii4 NT('ELIK(I)INN)i)  
.C-ti4;sLiA  4fi,sEi1,11c44 



74 	i) C 	 — 266 —,;,LL F17;A(W) 

75 	JFiCLOCK-99c')q)r:G780,90 
SC L.,;-.LL HarLW'N K) 

F.0 (1-2 F1f441117)11. 4° 40 
11 GO (:(•21.1K1 - 1 '9 

794*4't PN!SF'4"-* 

	

C 	A SER 	W VICE  H'S FN070 5  rECCO THE TOTAL CUSTOMER VAITING TIME 
80 	2C CALL AN-1 ,=: (:-ENclE j Fr- EES) 

I=.''.F t-NU (t":..- ir ) 
1F (SI 7E0 (0U7LIF) LEO. EI) St.•EN (I15) :0 

li 	SMN(T,4)=CLOrK 

S!.1,TN(J.2)=LE7EE  
GAR5.=CLOCK-c(I,4) 

1F(I.EC,1)CALL APOTO (SF AGi' PY,DS) 
IF(1.EC.2)CALL APDTC:SFPVf:,(APS) 

88 	 O TO 4 G5 
44'"t inCCH/NE ;17E;KS  

89 21 CALL AOPLA(51ATE,1UEUF) 
90 	cusI(sTiTF),ctocK 
r
S 	

GU TO 30 
 45 DELL0-7,K-rdiST(STATF) 

11LL AiTTO(kvITyr) 
9 	NN=NEGEYP(1./LTIP.7(1),J)YXX) 
a 	CALL EVENT(EAK(FTATE),NN,STATE) 
d 10444. c, p1.4,s .....74,- 

	

C. 	.1E-ST C6rqIITON FOP SIPTTNG 
96 3r IFfsi7ioio(.!-ui-)-sizi:o(FFEEs))10,1o,34 
97 34 JIN=HErno(FoEs) 
98 	CALL EllEA(FEES) 

	

in 	
J'=-F.Nl(JIM) 
K=tLADO(OU:07) 

181 5C.  Tr'(i?;( .-;!'5M7"9" 
10 . - .i;t.:1114),;(;LOCK 

12 	 CI, K) 
10 	:tuml ( i)=SU,A1(J)+T 

	

107 	GO i3 O 14 

108 31 S" "j'?)=1-WC" smrr(J,4)=CieCK. 

	

122 	Yr- XV (K) 
ill  
1 1 2 14 II=T 

SMEN(Js5)=K 

Ri CALL ViPT ( JI:..-1TFIHEAOC(OUEUE)) 

NN=NEGEXP(Ei9JXXXX) 
IF=NN+1I 

E 
SfrtEN(Jp_3)=UO(QUFUE) 

	

ilZ 	CALL HHFA(CUEUE) 
GO O 	

- 
T 10 

	

3(9 	PAINT OUT Firm. PESULTS 
120 40 1.:IT':.(3,104) 
121 	CALL WIITE(t.!ATT,1) 
HOU! /t,7,W /,1-7(120X,'OIS3RI'7UTION CF WAIT-IIMEs.1) 

iH 105 FtY;;An't%%%(/:27).glSTRIr-UTION OF SERVICE-TIMES-A') 
126 

CA.LL WF11!7(('FP,Jr.7) 
kFiTL.Gi 1)6) 

3E106 FOMAT(////''OX1'0ISTFNUTION OF SERVICE-TIMES-F.1) 
1204 	Su,-,(1).Sum1(1)+5lw2(i) 

136 	Su(?)=SW.11(?)+Sy2(2) 

"1 
lil56

TsuK=Sum(1);-sum(?) 

0 FOAT(////110X,'SUf",10Y,'SW"1.910X IcU'''2') 
WP11(3,5;;S) 

5e1 FO*,i,I(//' 5-L:\:',T2,F70C,6X,F7*C17Y,F700) 
'1 	77E(Y5)1)(J/SU"j),1(J),SNV2(J .,J=1,2) 

16  
, '75G? FOiL'OoT(///1.)Xy'TOTAL SUP',F.0) 

i A 	I 7.-:TU PN 

1 	
Ft) 
f-F AL FU 	ON NCTI 	NECi-jF(Z,JXXX ) ) 

11 	).=k117iTt(jXXXX) 
NEGEY'-'=(-1,W7)4-P.LCG(1.C-Y) 

i 	
c.!'UFiN 

:.149 1 
1153oli 

- 1 .-7A 2NtrHINEREAK AT 
i48 Sir;J:C..-: ;:NOS 41 

. 149OUEU: FREES 

§i 
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PRO GRA TE TE vir 

SUBROUTINE ADDFI(11L) 
INTEGER N.,M,TAILM,HAST1(550),MAST2(500),ZZXZZ(10),STATEITIMES, 
+CLOCK 
COMMON NIM,TAILM I MAST1,MAST2,ZZXZZySTATEINAME,TIMES,CLOCK,MEMBE 
IF(NIM)1(16D,1660,1.06L 

1060 K=1 
GO TO 1365 

1E61 J=TAILM 
TAILM=MAST2(J) 
NIM=NIM-•1 
MASTi(J)=M 
IF(MASTi(L))1062,1063,1°64 

1062 K=3 
1065 CALL SLIP(1,K,L,M) 
1,63 MAST2(J)=J 

MAST2(L)=J 
MAST1(L)=1 
RETURN 

1364 MAS11(L)=MAST1(L)+1 
K=VAST2(L) 
MAST2(J)=MAST2(K) 
MAST2(K)=J 
RETURN 
ENO 

7.;OMPILER SPACE 

SUBROUTINE ADQ0(40) 
INTEGEK NiM,TmiLMIMA3T1(530),MAST2(5C0),ZZXZZ(10),STATE,TIMES, 

.+CLOCK 
COMMON NIM,TAILM I MAST1I MAST2 2 ZZXZZ,STATE,NAME,TINES2CLOCK,MEMBE 
IF(NIM)1U70,107a,1071 

1070 K=1 
GO TO 1075 

1071 J=TAILM 
TAILM=MAST2(J) 

MASTi(J)=M 
IF(MAST1(L))1G72,1073,1374 

1072 K=3 
1075 CALL SLIP(22K,L,M) 
1073 MAST2(J)=J 

MAST2(L)=J 
MAST1(L)=1 
RETURN 

174 MAST1(L)=MAST1(L)fi 
K=HAST2(L) 
MAST2(J)=MAST2(K) 
MAST2(K)=J 
MAST2(L)=J 
RETURN 
END 	. 

COMPILER SPACE 

D
$YbROUTINE ADOTO(0,V) 
IMENSION 0(19)- 

DK=D(13) 
DO 2 J=1,11 
IF (OK-•V) 2,1,1 

1 D(J)=D(J)+1. 
GO TO 3 

2 OK=000(14) 
D(12)=0(12)+1* 

3 D(15)=0(15)+1. 
0(1o)=D(16)+V 
0(17)=D(17)+V*V 
IF(0(19)V)5,514 

4 D(19)=V 
5 IF(VD(18))7170 
6 0(18)=V 
7 kETURM 
END 

3OMPILER SPACE 



SUBROUTINE BEHEAC..) 
INT-EGER NIMyTAILMIMAST1(5C0),MAST2(5C3),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COMMOM NIM,TAILM :MA3T/I MAST2,ZZXZZ,STATE,NAMEJTIMES,CLOCK,MEMBE 
IF(MAST1(L))16520.03;,1L.31 

1030 J=2 
GO TO 1033 

1032J=3 
1033 CALL SLIP(3,J,L,L) 
1031 K=MAST2(L) 

J=MAST2(K) 
MAST2(K)=.MAST2(J) 
MAST2(J)=TAILM 
TAILM=J 
NIM=NIM+1 
MASTI(L)=MAST1(L)-1 
RETURN 
END 

COMPILER SPACE 

SUBROUTINE BETAIL) 
INTLGER NIMITAIL1,MAST1(500),MAST2(500),ZZXZZ(10),STATE,TIMES, 
+CLOCK 
COMMON NIM,TAILM 0!4STilMAST2I ZZXZZISTATE,NAME2TIMES,CLOCK,MEMBE 

IF(MASTi(L))1..,371.U4,1ii41 
1039 J=3 

GO TO 1043 
ir4oJ=2 
1043 CALL SLIP(4,J,L,L) 
1041 J=MAST2(L) 

K=J 
II=MASTi(L)•i 
MAST1(L)=II 
DOlk;42I=1,II 

1042 J=MAST2(J) 
MAST2(J)=MAST2(K) 
MAST2(L)=J 
MAST2(K)=TAILM 
TAILM=K 
NIM=NIM+i 
RETURN. 
END 

i COMPILER SPACE 

It 	WTHLMWSIYM00),MAST2(500),ZZXZZ(10),STATE,TIMES, 
+CLOCK 

COMMON NIM,TAILMOAST1,MAST21ZZXZZI STATE,NAME,TIMES,CLOCK,MEMBE 
BOUNO=MAST2(K) 
RETURN 
END 

COMPILER SPACE 

S5ROVIINE CLZARCL) 
INiEGLIK.NIMITAILM,MAST:11506),MAST2(560),ZZXZZ(10),STATE,TIMES, 

+CLOC K 
COMMON NIMI TAILM ,MASTi'MAST2,LZXZZISTATE,NAME I TIMES,CLOCK9MEMBE 
K=MAST1(L) 
IF(K)373,204,4613 

373 CALL SLIP(513,L,L) 
4E13 NIM=NIM+K 

K=NAST2(L) 
HAST1(L)=0 
M=MAST2(K) 
:4AST2(K)=TAILM 
TAILM=M 

204 RLTURN 
END 

I COMPILER SPACE 

SU3ROUTINE DELET(49IS) 
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4.EMER NIMI TAILM,MASTi(51j0),MAST2(5C0),ZZXZZ(10),STATE,TIMES, 

COMMON NIMITAILM ,Wit1IMAST22ZZXZZ,STATE1MANE,TIMES;CLOCK,MEMBE 
L=IS 
J=MAST1(L) 
IF(J)iu78,1084,1119 

1078 CALL SLIP(6,31 L IL) 
1079 MASTi(L)=J•1 

L=MAST2(L) 
DO 1L8C II=10 
I=II 
K=MAST2(L) 
IF(MAST1(K)-MiLi83,1181,1080 

1080 L=K 
1084 WRITE(33 100)IS 
100 FUMAT( 1  MISSING FROI SETI,I4) 

L=M 
GO TO 1078 

1081 IF(I.-J)1C83,1C82,1082 
1062 MAST2(IS)=L 
1083 MAST2(L)=MAST2(K) 

MAST2(K)=TAILM 
TAILM=K 
NIM=NIM+1 
RETURN 
END 

COMPILER SPACE 

RUIREIRiUTAP4)  
100 FORMAT (2113) 

P.:=A0(21 10j)IA(21),(II(I),I=1,20) 
IF(IA(21)•.N)121.112J3,1201 

1201 WesTE(31 1u2)NxI4(1) 
11:2 FOililATO WRONo JATA 	 FOR DISTRIBUTIONI,I4, 1 ; READ:',I4) 

CALL EXIT 
1200 RETURN 

ENO 

COMPILER SPACE 

SUBRQUTIME ENTIT(NO) 
LATEGER NIM,T ILM, tASIA(530),MAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
comoi4 NIM,TAILM,MA3TiyMAST2,ZZXZZpSTATEIN4ME,TIMES,CLOCK,MEMBE 
IF(2-NIM)10,165/)1)51 

1E51 CALL SLIP(7)1,0,(t) 
1050 N=TAILM 

NIM=NIM•2 
MAST1(N)=-1 
MAST1(N+1)=M 
TAILM=MAST2(N+i) 
IF(MAST2(1))10011)01/01 

101 CONTINUE 
W:ITE(3,1052)NyM 

100 CONTINUE 
1052 FORMAT(' ENTITY IIDE<E0 1 1I4,1  WITH REF NUM3ER' I4/) 

RETURN 
END 

COMPILER SPACE 

SUBROUTINE EVENT(I2JOJK) 
INTEGER NIMI TAILM,MAT1(530),MAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COMMON NIMITAILMOASTWAST2,ZZXZZySTATE,NAME,TIMES,CLOCK,MEMBE 
MAS12(I)=NJK 
K=°J-CLOCK^1 
MAST1(I)=K 
L=MAST2(TAILM) 
MAST1(TAILM)=I 
NIS=MASTI (TIMES) 
IF(NIS4N11)98298,101 

98 IF(h1,099,991100 
99 VP.ITE(3,204)J 

204 FORMAT(?)( ISCHEDJ-E0 AT 4.',I5) 
CALL SLIP18,1,1,I) 

100 1IAST2(TAILM)=TAIL1 

••■•■•■■■••••■• 



MASI M
0

ILIES)=TAIL4 
GO  

101 iE=MAST2 (TIMES) 
IP=MAST2(IE) 
DO1C9:-. JC=1,NIS 
IEV=MAST1(IP) 
1F(K•HAST1(IDI))1392,10937 1095 

1093 IF(NANE•1)1052,1036,1092 
1096 IF(MASTI(I+1)--MAST1(IEV+1))1095,1Cg2,1092 
1092 IE=IP 
1.94 1P=MAST2(IP) 

MAST2(TIMES)=TAIL1 
legs MAST2(IE)=TAILM 

MAST2(TAILM)=IP 
.103 TAILM=L 

NIM=NIM•1 
MAST1(TIMES)=4IS4-1 
RETURN 
END 

COMPILER SPACE 

SUBROWINE FAZO(0 
INTt-GLF: NIM,TAILMOA3T1(50,)),MAST2(5C0),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COMMON NIMTAILM OAST1,MAST2IZZXZZ,STATE,NAME,TIMES,CLO3KI MEMBE 
IF (NAST1(TIIS))1393,1090,1091 

J.93 CALL SLIP(91L,110) 
1°.91 LASY=MAST2(TIME) 

LEAC '14,;72 (LAST) 
MEMO,-=t1AST1(LEAD) 
K=MAST1(MEM3E+1) 
STATE=MAST2(MEM3E) 
MAST2(LAST)=MAST2(LE40) 
MAST2(LEAD)=TAILM 
TAILM=LEAD 
MIN=NIN+1 
CLOCK=-1•MAST1(MEIRE) 
MWC1(TIMES)=MAST1(TIMES)•1 
RETURN 
END 

1 ;OMPILER SPACE 

SUBROUTINE GROUP(IE,IN T IL) 
INTEGER NiMITILM,MAST1(500),MAST2(5U0),ZZXZZ(10),STATEI TINES, 
+CLOCK 
DIMENSION IE(1,1) 
COdMON N1M,TAILM ,MAST1IMAST2,ZZXZZISTATEI NAIE I TIMES,CLOCK,MEMBE NIM=NIM—IN—IN 
IF(ND91.150 41i50,1151 

1150 CALL SLIP(1J)110,3) 
1151 OD 1152 J=1 ,IM 

•I.E(Jy1)=TAILM 
MAST1(TAILH)=-1 
NM=TAILH+i 
TAILM=N1+1 
MASTi(NA)=IL 

i152 MAST2(NA)=J 
IF(MAST2(1))1(00.102 iC1 

101 CONTINUE 
WRITE(3,1052)IE(1,1),IL'IN 

1C0 CONTINUE 
1052 FORMAT(' GROUP INDEX:70',Ic,' WITH REF NUM3ER',I2J' AND',I4,'MEMBER 

+S 1 /) 
RETURN 
END 

30MPILER SPACE 

NIEGE_ 	 i R FUNCTION c. A100_ 
iNttGEK HiN,IGILIOA)TAA0j),MAST2(500),ZZXZZ(1C),SIATE f TIMES, 

+CLOCK 
COMMON NIM,TAILM MAiT1,MAST2,ZZXZZ,STATE14A1EITIhE6:CLOCK,MEMBE 
IF(MAST1(L))3,1,2)  

1 K=2 
GO TO 4 

3 K=3 
4 CALL SLIP(11,K,L,L) 

— 270 — 
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2 K=MAST2(L) 

K=NAST2(K), 
HEADO=9AST1(K) 
RETURN 
END 

COMPILER SPACE 

SUBROUTINE HELPA(IT2<1 
INTEGE NIM,TAILM,MAST1(50),MAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COmMON NIM,TAILMOAST1IMAST2,ZZXZZySTATEINAME,TIMES2CLOCK,MEMBE 
IF(11 ) 2,231 

1 JJ=IT+K5-3 
JE=JJ+4 
WF<ITE(3,101)(MAST/(J),MAST2(J),J=JJ,JE),CLOCK 

101 FORMATUX,10A2,I.5) 
2 RETURN 
ENO 

1 COMPILER SPACE 

SUBROUTINE HELPS (IT) 
INTEGER NINI TAILM,MAST1(5013),MAST2(5U0)yZZXZZ(10),STATE,TIMES, 
+CLOCK 
COMMON NIM,TAILMOAST1,MAST2,ZZXZZ,STATEINAME,TIMESICLOCK,MEMBE 
IF(IT)3,31 

1 MN=MAST2(IT) 
INSET=MAST1(IT+1) 
N=MAST1(IT) 
002 J=i7 N 
.jA=MM+2"J 
JB=INSET+J 

2 WRITE(3,100)MAST1(JA),MAST2(JA),MAST1(JA+1),MAST2(JA+1),MAST1(JB) 
100 FORMAT(1X,4A22 I5) 

3 RETURN 
END 

COMPILER SPACE 

SUBROUTINE HELPI(ITOIN) 
INTEGER MIH,TAIL'I'MAST1(50O),MAST2(5C0),ZZXZZ(10),STATE,TIMES., 

+CLOCK 
COMMON NIM I TAILMIIASTiIMAST2,ZZXZZISTATE,NAME,TIMES,CLOOK,MEMBE 
READ(2,100) I 

100 FORMAT (I2) 
IF(1)22223 

2 IT=I 
RETURN 

3 IT=TAILM 
JJ=TAILA+2 
JK=TAILA+Lj*I+2*(*.M)+3 
MAST2(IT)=TAILMi-5°I 
MASTJAIT)=NM+1 
MASTi(IT+1)=M1 
TAILM=JK+1 
NIM=NIM-TAILM+IT 
READ(2,1i1)(MASTI(J),MAST2(J),J=JJjJK) 

101 FORMAT (16A2) 
RETURN 
END 

COMPILER SPACE 

YPS-RHRE DYI;J°"15 'w )  
• M1 J=1,13 

1 ti(J)=. 
0(13)=B 
0(14)=W 
D(19)=999999. 
RETURN 
ENO 

COMPILER SPACE 



272  

SUE.F.OUTINE LISTS(-) 
InTE:GLR NIMI TAILMI MA371(5,50),MAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COMMON NIMITAILM ,HA3TipMAST2 1 2ZXZZ,STATEINAMEITIMES,CLOCKOEMBE 
M=HAST1(L) 	• 
WRITE(3,1C20)LI,LO3K 

1020 FORMAT('t THE CONTENTS OF SET NUMBERIII41' WITHIII4,. MEMBERS AT', 

IF(M)240,230,210 
240 CALL SLIP(15,31Lp.) 
210 N=NAST2(L) 

DO 22i; J=1 1M 
NEM=NAST1(N) 
WRITE(5,1031)JOE1 

1030 FORNAT(I61 I8) 
220 N=MAST2(N) 
250 RETURN 

END 

: COMPILER SPACE 

INTEGER FUNCTION 4ElqU(IE) 
INTEGER hiNyTAILM,NAST/(500),MAST2(506),ZZXZZ(10),STATE2TIMES, 

+CLOCK 
COAMON NINO-Anti ,MASTis MA3T2,ZZXZZySTATEI NAME,TINES,CLOCK,MEMBE 
MEHNU=NAST2(IE-1-1) 
RETURN 
ENO 

COMPILER SPACE 

SUBROUTINE PRINT 
INTEGER NIMI TAILM,MAST1(500),MAST2(500),ZZXZZ(10),STATE,TIMESI 

+CLOCK 
COMMON NIM,TAILMOA3r1yMAST2,ZZXZZ'STATE,NMEITIMES,CLOCK,MEMBE 
1-V;ITE(3,2,2D)CLOCK_TAILM 

200 FORMATPICLOC<',I 7W TAILH',I5/) 
WRITE(3,11)(J,J=71.0450450) 

iG1 FORMAT(6WINDEX* 0 1 ,9( 	INDEX+ 1 ,I3)//) 
M=1G 
DOi. 1=1,50 
1A=450 +1 
IF(M-I)3,4 1 4 

5 M=M+10 
WRITE(3 1 102) 

1G2 FO1-;MAT(1X) 
4 WRITE(52.100)It(MAST/MINAST2(K),K=IIIA,50) 

1C0 FORMAT(14,2(11,13)0(I7,I4)) 
RETURN 
ENO 

COMPILER SPACE 

SU2R.OUTIME RANnO(II I K/ 
INTEGER NIM)TAILM,MAS1- 1(500) )MA572(5601 ,ZZXZZ(10),STATE,TIMES, 

}CLOCK 
COMMON NIM,TAILM I MAST1,MAST2,ZZXZZ,STATE,NAME.TIMES,CLOCKIMEMBE 
I=II 
IF(I)715 2 8 

7 :F (I+11))9110,10 

10 
LZXMI)=11J0*If1 

3 K=1::_0. 4-RANDY(ZZXZZ(I)) 
RETURN 

8 IF(I-i1)3,2,2 
2 K=1u0o*(1....RANDY(ZZXZZ(I•-10))) 
RETURN 

5 R.-7-A0(2,6)K 
6 FOUAT(I5) 
RETURN 
ENO 

I COMPILER SPACE 

FUNCTION RANDY(IX) 
C 	INTEGER SEED RANDOM 4UMBEP, GENERATOR FOR CDC 6000 SERIES COMPUTERS 



• 
i ±17(hEW(IX'.1)24)/2)2)2231 4 

GO TO 5 
3  IX=IX-1- 1 
5 WR1TE(321GO)P(' 

100 FORMAT(.*:" SEED INCORRECT* RESET T01 ,110) 
GO TO 1 

4 IX=IX*3125 
IX=IX°37103864*(IX/67105864) 
RANDY=IX/6711;6854. 
RETURN 
END • 

COMPILER SPACE 

INTEGER FUNCTION 2EFTJ(IE) 
INTEGER NIM,TAILM,MA31- 1(5:10),MAST2(500),ZZXZZ(10),STATE,TIMES, 

*CLOCK 
COMMON NIM,TAILH ,MAST1,MAST2,ZZXZZISTATE,NAME,TIMES,CLOCK,MEMBE 
REFNU=MASTICIE+1) 
RETURN 
END 

COMPILER SPACE 

SUBROUTINE RESET(q*K) 
. 	INTEGER NIM,TAILM) MAiri(5GG),MAST2(5C0),ZZXZZ(iG),STATEITIMES, 

CLOCK 
COMMON NIMITAILM ,MAST1,MAST2,ZZXZZRSTATE,NA4E,TIMESICL3CK,MEMBE 
MAST1(N*1)=K 
RETURN 
ENO 

COMPILER SPACE 

FUNCTION RNOP,M(MEANIS01 4) 
INTEGER MAST1(5■,0) 1 1AST2(50.2)2 ZZXZZ(10),TAILM 
COMMON NIM,T7ILMOAST1IMAST2,LZXZZ 

100 MARK=C 
Y=RANDY(ZZXZZ(L)) 
IF(Y-::.5)112,2 

1 	Y=1*.—Y. 
MARK=1 

2 Y=(-2*L*ALOG(1e•q**GlCG2))***5 
X=Y—((2,3j734-6$2705L*Y)/(10-*99229*Y+00440,1°Y*Y)) 
IF(MARK)414,3 

3 	X=—X 
4 RNORM=RNEAN*X*SD 

IF(RNORM)100,515 
5 	RETURN 

ENO. 

COMPILER SPACE 

SUDROUTINE ROTAT(L,M) 
INTEGER NIM,TAIL1I MAST1(5G0) ;MAST2(500),ZZXZZ(10),STATE/TIHES, 

+CLOCK 
COMMON NIMiTAILM ,MASTi,MAST27 ZZXZZ,STATE,NAMEITIMESICLOCK,MEMBE 
N=M 

4 IF(N)3,2,1 
3 N=MAST1(L)+N 

GO TO 4 
1 K=MAST2(L) 

00 1j2;.; J=10 
1G20 K=MAST2(K) 

MAST2(L)=K 
2 kiTURN 

ENO 

COMPILER SPACE 

INTEL 6ION 
E FUNCTION SAVIAIAIIN) 

TIMLI 	IA(1) 
CALL RANDO(INiM) 
DO 111U I=4,2C,2 



1110 tigyla!I!„)/"1,""21.1" 

1111 SAtiPL=IA(1-3)+(M-IA(E2))*(IA(I1).-.IA(I3))/(IA(I)•IA(I•2)) 
RETURN 
ENO 

COMPILER SPACE 

SU31OUTINE SCAN(I3,IIIIL) 
INTEGER NIM,TAILMyMAST1(52,0),MAST2(5L0),ZZXZZ(10),STATEITIMES, 
+CLOCK 
COMMON NIM1TAILMIMAST1IMAST2IZZXZZISTATE,NAME,TIMES,CLOCK,MEMBE 
IF(HAST1(TIMES))139:iyiii.J3,1;i91. 

1090 CALL SLIP(122,1 0 ) 
1091 LAST=1-;AST2(TIMES) 

LEAD=HAST2(LAST) 
IM=VAST1(LEAD) 
IL=MAST1(IM) 
RETURN 
END 

COMPILER SPACE 

SUBROUTINF SE M) 
INTEGEP. NrMAI,TLM,MA3T1(500),MAST2(500),ZZXZZ(10),STATE,TIMES, 
+CLOCK 
COJIMON NIM,TAILM ,M43T11MAST2IZZXZZISTATE,N4MEITIMES,CLOCK,MEIDE 
IF (NIM)1J10,161011011 

1010 CALL SLIP(1311,0,0) 
1011 L=TAILM 

TAILM=MAST2(L) 

MAST1(L)=0 
IF(MAST2(1))1G011302101 

101 CONTINUE 
Wi.cITE(31105)L 

100 CONTINUc 
11:i5 FORMAT(' SET INDEKED'Ini) 

-RETURN 
END 

COMPILER SPACE 

SUBROUTINE SETTI(NO) 
INTEGER NIM,TAILMIMAST1(503),MAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOCK, 
COMFON NIM,TAILMOASTIOAST2,ZZXZZ'STATE,NAME,TIMES,CLOCKIMEMBE 
CALL DELET(NyTIM) 
NEWT I=M-CLOCK 
CALL EVENT(N)NEWTIIMST2(N)) 
RETURN 
ENO 

COMPILER SPACE 

SUBROUTINE SIMON 
INTEGER NIM,TAILMIMASTi(500)iMAST2(500),ZZXZZ(10),STATE,TIMES, 

+CLOC K 
INTEGER GNJAMES 
COMMON NIA,TAILN IMASTilMAST2,ZZXZZ,STATE,NAME,TIMES,CLOCKINEMBE 
DATA GNJAMES/1/ 
GO TO (112),GNJAIES 

1 CALL P.EHAt:K(1CHSIION IIIz) 
GNJAHES=2 

2 READ(21 12)11 MAST2(1) 
1002 FOT-.NAT(14 / I1) 

TF(bCL-I)i0G3210421504 
1(03 Tr-5(0 
10D, 00 1 u4 1 J=2 1 I 
1001 MAST2(J)=J+1 

TiMESm'i 
NAME=1 
MAST1(1)=0 
NIM=I-1 
TAIL M=2 

• WRITE(3,300) 
300 FORMAT(' TINES SET I4DEXED 1'/) 
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DO 3 I=,10 

3 ZZXZZ(I
1
)=11j0*I+1 

RETURN 
END 

COMPILER SPACE 

INTEGER FUNCTION SIZEO(L) 
INTEGER NIM,TAILM,MAST1(50G),MAST2(5DA I ZZXZZ(10),STATE,TIMESp 

+CLOCK 
COMMON NIMTAILM ,MAST1I MAST2,ZZXZZ,STATE,NAME,TIMESICLOCK,MEMBE 
SI7EO=MASTi(L) 
RETURN 
END 

COMPILER SPACE 

SU3FQUTINE SLIP(Ip..),<LL) 
INTtUER NIM,TAILMIMAST1(5001,MAST2(5GG),ZZXZZ(10),STATE,TIMES, 

+CLOC K 
DIMENSION A(15),N(15) 
COMMON NIM,UILI I MAST1,MAST2,ZZXZZ,STATEI NAME I TIMES,CLOCKIMEMBE 
OkTA A/4HACJF 1 4HADDLC;!MqEHE2 4HBETAI 4HCLEAOHDELE,4HENTIONEVEN,14MF 

+AZE,4HG:1,00,4HHEADy4HaANI4HSET ,4HiAIL,4HLIST/ 
DATA M/1HI 1 21HAIIHIptHR,3*1MT,1HAy1HP,1H0,1HI,111 ,1HOliNS/ 
VPITE(31101) 

106 FOkKAT(C***" ERAOR.'/) 
GO TO(1,213,4)0 

• 1 WITE(0,1J1)A(i),q(I)LK,L 
101 FORMAT(' MASTER LIST EXHAUSTED BY CALL FROM 1 1 142 Aild WITH SET NUM 

+BER°114, 1  AND ENTITY',I4) 
GO TO 4 

2 WRITE(3,1C2)A(I),4(I),K 
102 FOhNAT ( CALL FICI-7 1 1 44,A1, 1  OF EMPTY SETI2I4) 

GO TO 4 
- 3 VRITE(3,103)A(I)0(I),K 

1C3 FORMAT(' 	ATTEMPT TO 1 ,A4,A1.1 1  MADE TO ENTITY ',I4) 4 K=MAST1(MEM3E+1) 
WRITE(3,104)OLOCKISTITF,MEM3E,K 	 • 

114 FORMATPL 	CLOCK - ',I5/4X,'SrATE =',I5/4X,'MEMBE =°,I5/4X,'REFNU 
* EXEC./713N TERMINATED * 4 ) - 	- 

CALL EXIT 
END 

COMPILER SPACE 

IN 	FyNCIIGN 
INTEGER NIMI IAILM,MAT1(500),MAST2(560),ZZXZZ(10),STATE,TI1IES, 

+CLOCK .  
COhrION NIMI TAILM ,MAST1)MAST2,ZZXZZ,STATEOAME,TIMES,CLOCK,MEMSE 
IF(HAST1(L))3,1,2 

i K=2 
GO TO 4 

3 K=3 
4 CALL SLIP(14,K,L,L) 
2 K=MAST2(L) 

TAILO=MAST1(K) 
RETURN 
END 

COMPILER SPACE 

INTEGER FUNCTION TIATV(N) 
INTEGER NIMI TAILM,MASTi(5613),MAST2(51A),ZZXZZ(10),STATE,TIMES, 

+CLOCK 
COUON NIM,TAILM ,MASTi,MAST2,ZZXZZISTATE,NAME,TIMES,CLOCK,MEMBE 
7 I HE. v—hAs N(N) 
RETURN 
END 

COMPILER SPACE 

SUOkOUTINE WRITE(OpIT) 
DiJIENSIUN 0(19),K<(11.) 
DD=99999999 
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1=On-7) 
WRil L(35 1.00) IT9I 

iIC FORNAT(//i3T-HIST)C1M N03 14 1 18;511 ENTRIES) 
IF(I)1,1 2 2 	. 

2 003 I:=1,11 
3 KK(I)=Dt13)+D(14)''FL)11T(I1) 

WRITE(33 1j2)K1<,00(.1),I=1,12) 
ifi2 FORNAT(7N RANG2.,I97 1.)14 1 /1AH FREQ 	,i2F4.0) 

DA=0(1b)/0(15) 

4 CONTINUE 
D57.((0.7)/0(15))-.0AFDA) 
03=S00((0040(15))/()(15)10) 

5 CONTINUE 
WITE(3,i63)0(iD),0(/.8)10A,OB 

103 PORMAT( li MININJ1,F3,2,0H HAXIMUM,F8.2/5H MEAN,F8.2,33H ESTIMATE C 
iF PCPULATION 0E4III3NI F8,2) 
I RETURN 

ENO 

OMPILER SPACE 

• 




