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ABSTRACT

For a Jjob shop, there has been very little research
~done on the accurate prediction of lead times, despite of
the importance of and the advantages to be gained from the

ability to predict lead times accurately.

In Jjob shop scheduling using integer programming
method, etc., to produce fixed schedules, the lead time
estimates can be obtained directly from the schedules.

But none of these methods is of any appreciable

use to industry.

Heuristic Jjob shop séheduling, on the other hand,
has been implemented and performs satisfactorily.
However, the means of predicting the lead timés has

to be formulated separately.

This work investigates existing methods of predicting
lead times, for a Jjob shop employing heuristic scheduling.
It evaluates their stability, sysﬁem response rates,

and their accuracy‘under steady state conditions.

Before a method can be implemented for a real life
job shop, it must be tested under dynamic conditions

extensively, and found to be stable.



The accuracy of the lead time predicted under such

condition, must also be acceptable.

Hence, the method with the best accuracy from the
evaluation wés subjected to such dynamic tests.

The results of the tests showed that this method
was stable under all the dynamic conditions tested, and

predicted lead time with very good accuracy.

A new version of this method is formulated.
Testing under similar steady state and dynamic
conditions, showed that it was superior to the original

version,
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CHAPTER 1

INTRODUCTION

The success of a manufacturer depends on his ability
to produce high quality goods at a competitive price, as well
as his ability to keep up with delivery promises.

Not only are customers "becoming increasingly particular
about the capability of contracting firms to meet their
promised delivery dates"1, "in some cases, a reliable guarantee
of delivery can win an order for a supplier in the face of
competition from lower-priced competitors, even where these
can demonstrate equal technical competence"2°

Lateness in the completion of goods not only causes
irreparable damage to the customer goodwill, it also results
in unwelcpme additions to fixed manufacturing expensés, with
spaée, plant and men committed beyond the economic timespan.

Yet manufactufers are faryless successful in delivering
the goods consistently on time, although they may be very
effective in order taking3,

The situation in batch production of the job shop nature
is the worst, due to the inherent compiexity arising from the
wide variety of product mix and material.

The failure to meet due dates may be caused by the
unexpected breakdown of machines or the delay of raw material
from suppliers. But more often, it is caused by the lack

of a sound basis on which to predict the lead times accurately.



Lead time is defined as the time elapsed between placiﬁg
an order and taking delivery of the goods.

In batch production, this is very obvious, Some firms
estimate lead times by "intuition'. Others estimate the lead
time of a part as‘the total operation time multiplied by a
constant, Still others allocate a week towards lead time
for each operation. The last two methods are invariant
with respect to the state of congestion in the machine shop,
and are optimistic when the load in the shop is light.

The problem is: how can lead times be predicted
acourafely, in a job shop in particular?

There has been very little research done on leadvtime
prediction.‘

In job shob scheduling using integer programming
method, branch and bound method or network method, the
information on lead times can be obtained directly from the
schedules produced. But none of these methods can optimise
efficiently large-sized problems, and the reported progress
is not sufficient to be of any appreciable use to industrya.

In heuristic job shop scheduling, where a priority rule
is used to select, from a queue, a batch to be loaded onto
the corresponding machine, no schedules are produced. Hence
a means of predicting lead time has to be formulated,

Unlike the integer programming method, the branch and bound
method or the network method, the heuristic scheduling system
is quite feasible for implementation.

The E1 Segundé Division of Hughes Aircraft Company,

a firm who had a heuristic scheduling system installed in its



job shop reported a significant reduction in work-in-progress
inventory and the number of orders late, and a significant
increase in manpower and machine utilisation5e

In view of the success achieved by the heuristic
scheduling system, this work proposes to investigate the
prediction of lead times for a job shop employing such a
scheduling system.,

Eilon and Hodgson6 suggested a method of "quoting more
realistic lead time", in a paper entitled "Job Shop Scheduling
With Due Dates", 1967. But their investigation dealt with
a machine shop with only two identical machines. The method
derived has very limited application.

At Nottingham University, McCallion, Horsnell, Davies

7,8,9

énd Brittain investigated a few methods of lead time
prediction, for a job shop with heuristic scheduling, The
methods involved "learning", achieved through the use‘of
exponential smoothing, Some degree of success was attained.
The research work presented here, is a continuation of
the investigation at Nottingham University. It‘examined the
work done at Nottingham University, and attempted to find

better means of predicting job lead times for a job shop

with heuristic scheduling.



CHAPTER 2

LITERATURE SURVEY

A survey of the current literature shows that no
published work has done much research on the lead time
prediction for a job shop with heuristic scheduling.

Bilon and Hodgson (1967)6, in their investigation into
the performance of priority rules in scheduling with due
dates,; suggested how lead times could be determined more
realistically.

They used a job shop consisting of two identical machines
operating in parallel. Each Jjob required one operation only.

The lead time of a job was assigned as the process time
multiplied by a constant K. For a particular loading, the
optimum value, Ko’ of K was one that gave zero as the mean
of the "missed due date distribution",

The missed due date distribution is a distribution of
the amount of time a job is late or early, with respect to
the assigned due date. Hence it included jobs which were
finished late, as well as those early.

For a particular loading (i.e. average utilisation) of
the job shop'and a priority rule used, a full scale simulation
of the job shop was made for each value of K.

kThe means of the missed due date distributions obtained

were plotted against the K values to give KO, by interpolation.



The model used was far too simple for the average job
shop. Consequently, the result obtained, with regard to

lead time prediction, is of limited use.

Davies (1969)7, in his Ph.D. thesis, investigated two
methods of lead time prediction:
(a) The adaptive lead time method and

(b) The adaptive queueing time method,

(a) The Adaptive Lead Time Method

This method was based on the following reasoning:

If a human schéduler loads a part onto a machine shop
and it emerges either grossly late or grossly early, he will
alter the lead time accordingly.

The method of adjusting the lead times could be
formalised and built into a scheduling syétem.

For this, he used the exponential smoothing prediction

formula:

new estimated lead time = (1~-Q)x old estimated lead time

+ ({ x actual manufacturing time

where (I is the exponential constant, and O . ¢ 1

This method would automatically adjust the lead times

to the best value consistent with the machine shop utilisation.



(b) The Adaptive Queueing Time Method

Lead time of a part may be defined as the sum of the

service times plus the sum of the queueing times, Assuming

the service time distribution of a part is known, Then,

the accuracy of the lead time predicted depends largely on

the queueing time prediction.

To formalise the gqueueing time prediction, the exponential

smoothing prediction formula was again used.

A scheduling system using such an approach would update

the queueing time estimate at a machine group
prediction as soon as a batch was loaded onto
the group. Whereas in the previous approach,

for a batch to be completely finished, before

for lead time
a machine of
it was necessary

information

could be fed back to modify the lead time estimate. The

system response is therefore increased.

The job shop model used by Davies consisted of five

functionally different machine groups. Four

had one machine each, and the remaining group
identical machines.,

| The heuristic scheduling system he used

time investigation employed the minimum float
queueing discipline.

To obtain a steady initial state of the

9

E

he used a procedure developed by Brittain

will be described in Chapter 4.

Twenty different parts were produced by

of the groups

had two

for the lead

rule as the

machine shop,

This procedure

the job shop.
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Orders for parts were loaded into the job shop on the
basis of minimising shortages: Whenever the quantity demanded
of a part during the estimated lead time period was expected to
exceed the.stock level plus the gquantity in work in progress, a
standard batch of the part was introduced into the job shop.

To vary the utilisation of the Jjob shop the shift length
was varied.

To form a basis for comparison, a method with fixed
lead times was used.

In this method, the predicted lead time of a part was
assigned as the total service time reguired multipiied by a
constant,

The constant used was 2.5,

This method was referred to as the Constant Lead Time
Method.

Graphs 2-1 to 2~4 and Tables 2-1 to 2-3 are repfoduced
from Davies!' thesis.

Davies'! findings are summarised as below:

(a) The Adaptive Lead Time Method Vs. The Constant Lead
Time Method:

With reference to Graphs 2-1 and 2-2¢—

Over the range of job shop utilisation investigated, the
adaptive lead time method improvéd the standard deviations
of the "lead time error" histograms considerably.

In addition, above 86% shop utilisation, there were

varying degrees of reduction in the "objective function',



*TABLE 2-1.,

Minimum Float Rule - values of objective function for various

utilisations = stock buffer level for

each part 2 hours usage per operation

on each part

1.

Shift length 3.0 2.8 2.6 2.5 2.4 2.3 2.2
(hours)

Utilisation 72,5 |77.7 |83.0 |[86.0 |89.4 [93.0 96,0
per cent

Unused Machine 111.0 |84,0 [60.0 |47.0 [34.0 |23.0 11.0
Time cost

Work in progress Loh | 4.4 L1 L.o 3.8 3.6 3.3

“cost ’

Shortage cost 6.8 | 7.2 | 9.9 | 8.1 [23.9 |58.5 [149.3

Total cost 122,2 |95.6 |74.0 | 59.1 [61.7 |85.1 [|163.6
(£/wk)

Standard

deviation of lead | 11.39|11.09(10.76| 9.63] 8.96| 6.92 5,16

time error

histograms(shifts)

7

#Reproduced from Davies's Thesis’.,



*TABLE 2-2.,

Minimum Float Rule - objective function versus utilisation -

stock buffer level 2 hours usage per

operation per part,

lead time prediction = 0.1,

12,

exponentially smoothed

Shift length 3.0 2.8 2.6 2.5 2.4 2.3 2.2
(hours)
Utilisation 71.3 176.2 | 82.6 | 85.6 | 89.5 | 94,0 -
per cent
Unused Machine 115.0 | 89,0 | 61,0 | 48.0 | 38.0 | 20.0 -
Time cost
Work in progress 3.7 3,7 3.7 3.7 3.9 3.9 =
cost
Shortage cost 6.0 6.3 8.4 8.2 | 13.4 ] 25.5 -
Total cost :
(&/wk) 124,7 [99.0 | 73.3 | 59.9 | 55.3 | 49.4 -
Standard :
deviation of lead| 3.18 [3.18 | 3.47 | 4.58 | 3.31 | 3.63 -
time error
histogram(shifts)
7

*Reproduced from Daviest!s Thesis',



*TABLE 23,

13.

Minimum Float Rule -~ objective function versus utilisation,

prediction of machine gqueueing time by

exponential smoothing,

0.1, fixed stock buffer

smoothing constant

usage per operation per part.

level of 2 hours

Shift length
(hours) 3,0 2.8 2.6 .2.5| 2.4 | 2.3 2.2
Utilisation )
per cent 70,0 | 75.0 | 80.9 | 84.4 88.h 92,8 94.5
Unused Machine |
time cost 121.5 | 94.5 | 67.2 | 52.8 | 38.5 | 24,9 17,0
Work in Progress
cost 3.8 L1 L,k 4.5 4,7 5.3 5.5
Shortage cost 0.3 2.7 2.9 3,2 1.3 Lh,2 1.9
Total cost
(F/wk) 125.6 101.3 | 74.5 | 60.5 | hh.5 | 34,4 | 24,4
Standard
deviation of lead
time error 3,004] 3,154 3.103] 3.038| 3.069| 3.985| 13,849
histogram(shifts)
Avérage queueing
time (hours) 1.77] 2.99| 4.18] 4.h42| 4,04 5.82 10.5

7

¥*Reproduced from Davies's Thesis’,
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and the reduction increased with increasing shop utilisation,
But below this shop utilisation, the two objective function

curves coincided.

(b) The Adaptive Queueing Time Method Vs. The Adaptive
Lead Time Method:

With reference to Graphs 2-3 and 2-4 and Tables 2-2 and

Over the range of shop utilisation tested, the two
methods produced very similar standard deviations of the lead
time error histograms,

However, the adaptive queueing time method reduced the
objective function significantly, throughout the same range
of shop utilisation. O0f the three costs that constituted
the objective function, the shortage cost was affected most,

At 94% shop utilisation, it was reduced from 25.5 to 1.9 units.

Lead time error is defined as the ﬁredicted lead time
" minus the actual lead time. A positive lead time error
signifies that a batch was finished earlier than expected.
And a negative value corresponds to a batch which is late.
The lead time error histogram contains the distribution
of the amount of time a batch is late or early.
The objective function, a performance criterion used
by Davies in his reseafch, is defined as the sum of unused

machine time cost, shortage cost and work in progress cost.
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Davies made two deductions and used them to analyse

the results to reach conclusions:

1) "The standard deviation of this (lead time error)
histogram reflects the degree of control that exists
on the simulation model. A tight histogram represents
a high degree of control and vice versa', Therefore
a lower standard deviation corresponds to more accurate

lead time prediction.

2) In view of 1), "when the standard deviation is low,the
contribution of shortage cost and work in progress

cost to the objective function is also low",

In other words, a method that gives lower standard
deviation will also give lower shortage cost and work in

progress cost.

He concluded implicitly that:

1) The adaptive lead time was predicting lead times more
accurately than the constant lead ftime method, (since

the standard deviations were reduced);

2) The adaptive gqueueing time method did not predict lead
times more accurately than the adaptive lead time

method, (since the standard deviations were very similar),

He did not account adequately the reductions in the
objective function, particularly the shortage cost..
Perhaps, this is because the results contradict his

second deduction:
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1) With reference to Graphs 2-1 and 2-2, and Tables 21

and 2-2% =

Below 82% shop utilisation, substantially lower standard
deviations only gave rise to insignificant reduction in thé

shortage cost and the work in progress cost.

2) With reference to Graphs 2-3 and 2-=4, and Tables 2-1
and 2+29§ -

The standard deviatiorns produced by the two methods
were not significantly different, over the range of shop
utilisation tested.

Yet with the adaptive queueing time method, the

reductions in the shortage cost was gquite comnsiderable.

A review of his thesis showed that he had not recorded
or takem into account the nmean of the lead time error histo-
gram,

The mean may not be zero.

Depénding on the constant used, the constant lead time
method will give a positive mean at a low utilisation, and
a negative value at a high utilisation. Therefore, in
general, both the mean and the standard deviation have to be
used, to assess the accuracy of the lead time predicted.

Since he considered the standard deviations only, his
conclusions oﬁ the relative accuracies of the methods could
not be held wvalid.

And in the absence of any mean figures in his thesis,

the relative accuracies cannot be assessed.
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In Figures 2-2, the shape of the standard deviation
curve produced by the constant lead time method differs
completely from the general shape according to classical
queuéing theory.,

The constant lead time produces zero mean at a particular
utilisation depending on the value of the constant used, and
positive and negative means below and above that utilisation
respectively.

Hence, the shape of the curve may be explained by
éssuming the means of the lead time error histograms. to be

zero, and calculate the standard deviatioms accordingly.

If this procedure was adopted, a distribution with
majority of the batches completed late could be given the
same standard deviation value as one with majority 6f the
batches early,

But the shortage cost associated with the former is
expected to be larger.

And since, in the thesis, the standard deviations due
to a late majority distribution could not be distinguished
from the ones due to the other, the standard deviation
figures produced should not be used for deductiomns on‘shortage

cost reductiomns.

This work will re~-investigate the lead time prediction

methods reported by Davies,

Davies used buffer stocks in his simulafions.

It is not clear how buffer stocks affected his results.



To carry out a more fundamental research,; buffer stocks

will not be used in this research,

McCallion, Horsnell, Davies and Brittain (1970)8
investigated a lead time prediction method which employed,
in a modified form, the classical queueing theory.

Essentially, the method involved adjusting the queueing
time estimate at a machine group for lead time prediction,
using the expected utilisation of the facility.

In batch production, the demand upon the finished parts
is often known for several months into the future. With this
information, the expected utilisation of each machine group
over that time could be computed, using the current expected
queueing time to allocate approximately the resources over
that time,

The queueing time estimate W was adjusted according

to the expression:

U, (1-U)
1 :WOX "_1"”““"-0— sooeoooe-eaaoeooooaaaoeoooeaoa(1)
U, (1-U,)

where: U was the average utilisation of the machine grouﬁ;
the subscripts "0" and "1" referred to times to and
t1 respecti&ely; and
tO being the reference time and t1 being the future

time at which the queueing time will apply.

For their investigation, they used an actual light

machine shop with 39 groups of machines. Altogether, there
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were 57 machines: 7 operating on the day shift only, 13 on
the night shift only; and 37 on both shifts. 226 individual
parts in ﬁredetermined batch quantities were producéd.

Like Davies, the queueing discipline used for the
heuristic scheduling system was the minimum float rule.

And orders for parts were loaded into the job shop on
the basis of minimising shortages.

To obtain a steady initial state of the machine shop,
Brittain's procedure was again used.’

In the simulation, the load on each machine group was
predicted using the reference waiting times WO and the known
future demand for finished parts. This "forward load"‘was
averagéd over an»eight week period to obtain the average
utilisation expected of each machine group.

Using Equation (1), the corresponding values of W1,
were Caloulated; for use in placing orders in the first four
weeks of the above eight week period.

This process was repeated every four weeks,

The preliminary tests showed an undesirable behaviour,

When this was élleviated, - by a biased expounential
smoothing of W1, = this method was compared with one under
the same load pattern, but uéing the reference waiting time
WO for loed time predictiomn. The comparison was made at an
average shop utilisation of 76%.

It was found that for the two hundred weeks of shop

operétion simulated, the system based on smoothed variable

waiting times consistently had lower overall costs than the
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one based on reference waiting times.

But the reductions in shortage cost was not mentioned,
Neither wére the means and standard deviations of the load
time error histograms;

The undesirable behaviour was that: when the utilisation
dropped, the allowed lead times shortened; and the work load
pattern was disturbed to the extent that highly utilised
machines became idle for prolong periods. This loss of
production could not be made up, and large shortage costs
resulted later,

To alleviate that, the W, values were exponentially

1
smoothed, and biased to respond more rapidly to increases

in the expected utilisation than to decreases.

A careful examination of the computer program used

reveals the following:

(a) The subroutine that compiled the forward load information
did not take the current work load (i.e. work in progress)
into account, and therefore would under-estimate the

utilisations of the machines.

A lower predicted utilisation gives a lower predicted
queueing time according to BEquation (1)? and the allowed
lead times are shorter than the actﬁale

This under=allocation of lead times amounted to the

batches being late, and shortages, incurred.
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(b) The subroutine that compiled the forward load information
also failed to take the shortages in the forward period

into account.

This reduced the number of batches loaded, and further
under~estimated the utilisations of the machines.

The end result was the same as in (a).

These two factors acting together, made the shortages

s50ar,

By biasing the exponential smocthing process to respond
more rapidly to increases in demanded utilisation than decreases,
the queueing time estimates become larger than otherwise,

And this was found sufficient to remedy the situation,

The version to be tested in this research will not use
a biased exponential smoothing, but will instead have the
situations (a) and (b) corrected,

It will be seen that this method, after the corrections,

does not experience the undesirable behaviour mentioned,
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CHAPTER 3

THE STMULATION PROGRAM

3.1 INTRODUCTION

In this chapter, the machine shop model and the

simulation program used are described.

3.2 THE MACHINE SHOP MODEL

The simulation program was written by Brittain (1969)9,
in Atlas Antocode.
In constructing the machine shop model for the simulation

program, Brittain made the following assumptions:

(a) No machine may perform more than one operation at a
time.
(b) Machines never breakdown and manpower of uniform ability

is always available.

(c) For each operation, all materials, jigs and tools are

available when required.
(d) Each operation takes a known finite time to perform.

(e) An operation, once started, must be performed to

completion (no pre-~emptive priorities).

(f) Each batch is an entity and may not be processed by

more than one machine at a time.
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(g) Each batch has only one route through the machine

groups, alternative routes being prohibited,

(n) A batch, once started, must be finished ( no order

cancellations)e

(i) Batches may be placed in a queue before any machine
group. |

(j) Perfect parts are consistently produced.

(k) Transport times between machines are negligible,

(l) Due dates for each batch, once calculated, remain
fixed.

(m) There is no overtime working.

These assumptions are typical of those usually made
by workers in the machine shop simulation field.

They are over simplification of real 1life, and some are
questionable, However, they were introduced to make the
model easier for programming. |

For this investigation, the assumptions are considered

to be appropriate, and no changes are made.

The machine shop model constructed by Brittain oonsists
of machines formed into groups.

Machines in a machine group are functionally identical,
but machines from different groups are not. 7 This means that
a particular operation that can be performed by a machine of
a group, can also be performed by other machines of the group,

but not by any machine from other group.
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Batches entering the machine shop are put into a queue
at the machine group of their first operation. When a
machine finishes a job, the highest priority batch is selected
from the queue at the group of which the machine is a member,
and loaded to the machine.

The finished job Jjoins the queue appropriate to its
next operation,

Thus, a batch will be loaded in the correct sequence
to every machine group associated with the operations regquired
.of it and will eventually complete its final operations and
leaves the machine shop.

A batch, wheﬁ completely manufacturced, is added fto

the stores quantity of the corresponding part.

At weekly intervals, a‘quantity equals to the average
weekly usage is subtracted from the stores quantity of the
part,

Whenever the quantity of a part in work plus the
quantity in stores drops to the quantity that wili be used
during the expected lead time, the "batch loader" introduces
a new batch of the part into the machine shop.

No safety stocks are held, and failure of a batch to

meet its due date will result in a shortage.
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3.3 THE SIMULATION PROGRAM

Brittain's program was later translated into Fortran.

The Fortran version which appeared in Aswed's thesis10,
was modified and simplified extensively for this research,
Its present size is about half of its original size.

It is rum on both IBM 360/4L and Burroughs B6700.
Besides the main program, there are 13 subroutines and three
functions.

Total core storage required is about 8500 words:

1500 for program code and 7000 for arrays.

The flow chart of the main program is showr in Figure 3“1°,

The key and a copy of the simulafion program are given in the

Appendix 2.

3.3.1 The Main Progran

At the beginning of a simulation run, the program reads
in: the information about the parts to be produced by the
machine shop, the size and the initial state of the machine
shop, as well as the number of weeks to be simulated, the
number of shifts in each week and the length of each shift.

Batches are loaded into the shop to avoid shortage, and
progressed through the machine shop in the manner described.
Completed batches are added to the storésa And at weekly
intervals, parts are drawn to meet demand.

Before the termination of the simulation, the state of
the machine shop is printed out.

The program also outputs the histograms of actual



PIGURE 3-1.,

FLOWCHART FOR THE MACHINE SHOP STMULATION -

MAIN PROGRAM

READ IN INFORMATIONS ABOUT JOBS -
SET UP PARTT ARRAY (CALL INPUT)

READ IN THE INITIAL STATE OF THE MACHINE SHOP -
SET UP STSET, MACHS AND SCF ARRAY (CALL RELOAD)

WEEK=1, SHIFT={|
JJTOAD BATCHES INTO THE MACHINE SHOP -
SET UP BDATA ARRAY (CALL BLOAD)

LOAD JOBS ONTO THE MACHINES FROM QUEULS,
USING A PRIORITY RULE {(CALL JOBLD)

DETERMINE THE TIME TO THE NEXT EVENT;
UPDATE CLOCK

N
[ADJUST PARAMETERS OF BATCHES 1N QUEUES]

ADJUST PARAMETERS OF BATCHES ON MACHINES
IF AN OPERATION IS FINISHED, PLACE IT IN
THE QUEUE FOR ITS NEXT OPERATION (CALL FORMQ)

NO ,
(IS _THIS THE END OF THE SHIFL?]
YES
NO ,
b SHIFT=SHIFT+ lg—{IS THIS THE END OF THE WELK?]
| YES

/
[(REDUCE _STOCK ACCORDING TO USAGE|

NO
b WEEK=WEEK+ {1 S THIS THE END OF THE STMULATTON?|

YES

CALCULATE THE STATISTICS (CALL STDCAL);
OUTPUT THE HISTOGRAMS (CALL OPHIST)

[PRINT OUT THE STATE OF THE MACHINE SHOP]

[5T07|
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waiting times, actual lead times, and the histogram of the

lead time errors.

3.3.2 The Subroutines

(a)  SUBROUTINE BLOAD

This is called at the beginning of each shift by the
main program.

It loads a new batch of fixed quantity of a part if
the quantity in stores plus  the quantity in work in progress
drops to the expected demand during the lead time perj.ode

For a batch loaded, it calls FUNCTION BCHADD to allocate
storage area in BDATA array for informations relating to the
batch, After updating the stock control file, its calls
SUBROUTINE FORMQ to place the batch in the queue for its

first operation.

(b)  SUBROUTINE FILTIM

Called by SUBROUTINE FWLOAD; this subroutine allocates

the resources demanded by a batch.

(c) SUBROUTINE FORMQ

For a batch that has just completed its last operation,
this subroutine places it into the stores.,

For a batch that has just completed an operation other
than the last, this subroutine places it in the queue of the

appropriate machine group.
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(d) SUBROUTINE FWLOAD
This subroutine predicts the distribution of demand
on each of the machine groups, for a given length of time,
(e)  SUBROUTINE INPUT
Called at the beginning of a simulation, it reads in the
information of the parts to be produced.
(f)  SUBROUTINE JOBLD

When a machine becomes available, this subroutine loads

onto it a Jjob selected from the gueue,

(g) SUBROUTINE OPHIST

It prints out the histograms with their means and

standard deviations.

(h)  SUBROUTINE OUTPUT

This subroutine prints out the state of the machine
shop. |

For each machine, it prints out the total machining
time performed, and the current job on the machine.

For each gqueue, it prints out the number of batches,

and the informations associated with each batch.

(i) SUBROUTINE PRIOR

Called by SUBROUTINE JOBLD, it calculates the priority
parameters, and selects the batch with the highest priority

from a given quéue, according to a priority rule specified.
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(j) SUBROUTINE RELOAD

This subroutine reads in the initial state of the
machine shop and of the stores, at the beginning of'a
simulation,
() SUBROUTINE STOCAL

It calculates the mean and standard deviation of a
histogram,
(1) SUBROUTINE STORES

Called by SUBROUTINE FORMQ when a batch has its final
operation completed, this subroutine updates the stock control
file,
(m)  SUBROUTINE STRLQE

This is used to store, in the LQE array, the actual

waiting times, the actual lead times and the lead time errors.

3.3.3 The Functions

(2a) INTEGER FUNCTION BCHADD

This is called by SUBROUTINE BLOAD to allocate areas,
in the BDATA array, for informations relating to a batch

that has Jjust been loaded into the machine shop.

(b)  INTEGER FUNCTION LOCATE

It locates the position of a part in the stock control

file, given the position in the PARTT array.



(c) INTEGER FUNCTION OPTIME

For a given operation of a batch,

total time required.

it calculates the

3k,
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CHAPTER L4

THE ENVIRONMENT OF THE SIMULATION MODEL

4.1 INTRODUCTION

This chapter describes the data used for the simulation
program outlined in the last chapter.
It also describes a method of setting up the initial

steady-state condition for the simulation.

b,2 DATA

For this research, all the data used were generated
from the distributions of aétual shop operating data obtained
by Brittain.

The actual shop operating data consisted of 226‘engine
parts ﬁanufactured in the light machine shop of Mirrlees-
National Ltd., using non-specialised machines.

The distributions which appeared in Brittain's thesis,
are reproduced here. Tigure 4-1 is the distribution of the
total number of operatipn of a part, and Figure 4-2 is the
distribution of the service time of anvoperation.

No information was available on the quantity in the
standard batch of each part. So this was generated randomly,
assuming a uniform distribution with a minimum of 20 and a

maximum of 100,
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There was no information on the weekly demand of each
part either. This was also generated randomly, but adjusted
later with liberty to achieve a realistic and desired level
of shop utilisation. Once this is achieved, the weekly

demand figures remain fixed.

For this research, the size of the machine shop was
limited to 10 machine groups, with one machine in each group.

Three sets of data were generated.

Data Set 1 was used for majority of the tests.

Data Sets 2 and 3 were used to examine the effect of
job mix on the mean and the standard deviation of the lead

time error histogram,

All the data sets gave rise to unevenly loaded machine

shops.

Table 4-1 gives, for each data set, the average
utilisatiéns of the machine groups, at a shift length of

8.00 hours.

Appendix 1 describes the manner, in which the total
number of operations for a part and the operation time of

each operation are generated from Brittain's distributions,



TABLE 4-1 THE AVERAGE UTTLISATION OF THE MACHINE GROUPS

AT A SHIFT LENGTH OF 8,00 HOURS.

MACHINE AVERAGE UTILISATION
GROUP NO. DATA SET 1 DATA SET 2 DATA SET 3
1 60% 65% L 5%
2. 26% 38% 46%
3 - 30% 34% ‘ 39%
4 18% 23% 32%
5 37% 52% 5%
6 56% 61% 56%
7 L8% 50% 30%
8 51% 31% W7%
9 32% : 52% 28%
10 ot s 35%
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4.3 THE INITTAL STATE OF THE MACHINE SHOP

The disturbance due to starting a simulation with an
empty machine shop takes a considerable time to settle down.
To overcome this long and unproductive simulation
before the steady condition could be arrived at, Brittain

developed a forward load predictor pfocedure, described as

below, ’

In this procedure, the lead time of a part is assumed
to be 2.5 times the total processing time. The initial store
quantity is assigned as the usage during the estimated lead
time plus a randomiy generated amount of up to 10 weeks!
usage. Initially, there is no work in progress, i.e. the
machine shop is empty.

From the weekly usage of a part and its estimated lead
time, the dates, on which new batches have to be loaded fo
aveid shortage, can be determined.

Assuming each batch has to wait at a machine group for
a length of time equal to the float per operation, and
unlimited capacity on each machine group, the starting times
of operations can be determined.

With these assumptions all orders are kept exactly to
schedule, and new orders are placed in.fime to meet the future
demand.

This forward load predictor is run for 100 week period.
The distribution of batches at the end of the period are

medified, if necessary, to account for the finite capacity of
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each machine group. The modification is such that: any
batch loaded to a machine group which is above its capacity,

is returned to the queue.

In this thesis, the state of machine shop obtained will
be referred to as the First Generation Initial Steady-State
condition,

A simulation run using this initial steady-state
condition is performed over -a 50 week period, to give a
proper estimate of the waiting times.

In this thesis, the simulation run will be referred
to as the First Generation Simulation Run.,

The forward load predictor is modified slighfly, and
re-run for 100 weeks., Instead of assuming the waiting time
for each operation as the average float per operation, the
waiting time estimates obtained from the first generation
simulation run are used.,

The usual adjustment to account for the finite machine
capacity ié also carried out.,

In this thesis, the state of machine shop thus obtained
is referred to as the Second Generation Initial Steady-State
Condition.

It is used as the initial state fér the simulation
proper, referred to as the Second Generation Simulation Run
in this thesis.

It will be seen that steady-state conditions are achieved .

in the Second Generation Simulation Runs.



CHAPTER 5

EVALUATION OF THE FOUR LEAD TIME PREDICTION METHODS

PART I

5.1 INTRODUCTION

The four lead time prediction methods described in

Chapter 2 are:

1) The constant lead time method
2)  The adaptive lead time method
3) The adaptive gueueing time method, and

4)  The queueing theory with forward load method,

Davies showed that Method 2) gave a lower objective
function than Method 1), and Method 3) gave a lower objective
function than Method 2). |

But he did not account for the reductions adequately.
Also, he did not produce or mention the means of the lead
time error histograms. And the standard deviations he
produced are guestionable.

It is proposed to re=simulate and re-~investigate the
three methods in this and the next chapter.

McCallion et al, reported that Method 4) gave a lower

objective function than a method using fixed waiting times.
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But no information on the means and the standard deviations
was given, and the original version of Method 4) gave a

soaring shortage cost.

It is also proposed to re-simulate and re-investigate
Method &) in this and the next chapter, and to compare its

performance with that of Methods 1), 2) and 3);

It is decided to test the original version of Method A)
with the errors, described in Chapter 2, rectified, instead.
of the version used by McCallion et al.,

Exponential smoothing will be applied to the queueing
times obtained by using Equation 2-1, but only to reduce the
variability.

The method with reference queueing times, used by
McCallion et al. merely as a basis of comparison, will not be

investigated in this research,

In the investigations that follow, the priority rule
to be used will be the minimum float rule, the same as that
used by Davies and McCallion et al.

This rule states that: load next the batch with
the minimum float. And float is defined as the time to due

date less the time of operations not yet performed,

In this chapter, the system response rate and the
stability are examined,
In the next chapter, the accuracy of the lead times

predicted by each method is examined,
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5.2 SYSTEM RESPONSE RATE

The system response rate concerns the rapidity with
which changes in the state of a machine shop are monitored

for lead time prediction,

In the constant lead time method, the lead time estimates
are not updated at all, The system response rate may be

considered to be infinitely slow.

In the adaptive lead time method, the influence on the
lead time of a part, due to the changes in the machine shop,
can only be monitored when a batch of the part has been
finished.

Thus, a considerable length of time may have elapsed
before the changes are monitored and the system response is

considered sluggish.

In the adaptive queueing time method, any change in
the state of a machine shop is monitored when a job is loaded
ontoe a machine.

The system response rate is therefore increased.

However, like all forecasting systems using exponential
smoothing, the last two methods give prédicted values that
lag the actual,

In the queueing time with forward load method, changes

in the state of a machine shop are monitored in advance,
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The lead time estimates are expécted to keep pacetwith,
rather than to lag, the actual lead times, Thus, the system
response rate can be considered to be further increased.

But, any local deviation of the load patterm from the
predicted cannot be fed back for adjustihg the queueing time
estimates, until the next forward lecad prediction is performed.

This inability to adapt immediately to any deviation
may be regarded as a reduction on the system response rate.
Hence, the overall system response rate may not be faster
than that of the last two methods.

Also, the accuracy of the lead times predicted in the

periods where deviation occurs, will be reduced,

5.3 TESTS

To show the relative response rates of methods 2), 3)
and 4), a series of first generation simulation runs was
carried out,.

The lead time estimates in the starting condition of
the above simulation runs are generally not the steady-state
values., But provided the methods are stable, the lead time
estimates will reach their steady-state values. ;

The tests wefe carried out at a shift length of 6.00
hours. Data Set 1 was used.

For each method, two values of the exponential smoothing

constant, ({ , were used.
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5.4 RESULTS AND DISCUSSION OF RESULTS

Graphs 5-1 to 5-4 show the actual and the predicted
lead times of two typical parts, using the adaptive lead
time method, for two values of the exponential smoothing
constant o

Graphs 5-5 to 5-8 show the same, using the adaptive
queueing time method. |

And Graphs 5=9 to 5-=12 show the csame, using the queueing

theory with forward load method.

In each graph, the lead time estimate goes through a
transition period and arrives at a steady-state level.

Examination of the graphs at the steady-state regions
shows that in general, ({ = 0.10 gives smoother operations
than (¢ = 0.30, This value, @ = 0.10, will therefore be
used for further research and analysis.

Note that the value Q= 0,10 for both the adaptive
lead time method and the adaptive queueing time method is in

agreement with Davies,

With reference to Graphs 5-1 and 5-2, for the adaptive
lead time method: —

The lead time of part A is estimated correctly at the
18th attempt, and that of part B at the 16th attempt.

With reference to Graphs 5-5 and 5-6, for the adaptive
queueing time method: —

The lead time of part A is estimated correctly at the

8th attempt, and that of part B at the 9th attempt.
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With reference to Graphs 5-9 and 5-10, for the queueing
theory with forward load method? —
The lead time of part A is predicted correctly at the

14th attempt, but that of part B at the 8th attempt.

The above results confirm that the adaptive queueing
time method has a faster system response than the adaptive
lead time method.

The results also show that the system response rate of
the queueing theory with forward load method is faster than
that of the adaptive lead time method, but it may not be

faster than that of the adaptive queueing time method.

5.5 SYSTEM STABILITY

For an iterative system of this kind, the question

of sfability must be examined.

The lead time of a part may be regarded as a random
variable, because machining times vary, setting-up times
vary and queueing times before machines vary, And according
to the Central Limit Theory, the distribution of the lead
time can be assumned to be normal.

Assume that the machining times; etc., are normally
distributed, and that the machines have identical standard
deviations. Then the standard deviation of the lead time
distribution is proportional to the squére root of the total

number of operations of the part, as shown below:
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N N N
LT = 2 Qr, + X MCT, + 3 SUT,
121 121 l=1 oa@oeooaoo(z)
) N 2 N 2 N 2
g = T 0 * X Oyer, * % O gyp
LT i=1 + i=1 T = + (3)
- - - 4 6 5 6 5 2 & B 3
2 2 2
= NJ + N J-MCT + NG
QT SUT
(Assume: G =0 o = (. =4, for i « N)
QT, ~-Qr’ MCT, MCT ’ ¢ SUT, SUT ? £ Y
. _ 2 P )
e Opp = AN JJ&T * Oyer * Ogur | (1)
N = total number of operations;
where: LT = lead time of the part;
QT = gueueing time;
- MCT = machining time;
SUT = Setting up time;
and subsoript "i" denotes the machine concerned,

Thus, given the total number of operations of a part,
the mean lead time and the standard deviations of queueing
times, etc., a set of normally distributed lead times of the
paft can be generated.

By compéring this to a similar set generated‘by a lead
time prediction method, one may conclude on the stability of
the method: if the two sets lie close to each other, the

method is stable,
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In the investigation of the stability of the adaptive
lead time method, Davies found that the two sets of lead

times "exhibited very similar behaviour".

In this research, however, the stability of ‘the three
adaptive systems were tested by running the respective systems
for 200 shifts of steady-state operation, and applying a step
increase of about 37% in the weekly demand of the parts at
the 201Tth shift and maintaining the increased demand onwards.

Graphs 5-23, 5~25 and 5-27 showed the lead times of a
part of 10 operations (Part A) plotted against the number of
loading, i.e. the>occaéion the part wag Lbaded, for the various
‘adaptive systems.

Graphs 5-24, 5-26 and 5-28 showed the same for a part
of five operations (Part B).

The shift length used was 8,00 hours. The values of
the e#ponentially smoothing constants used were indicated on
the graphs.

In all the graphs, the actual lead time produced by
the simulation rises after the step increase, to a new level
which appears fo be steady-~state.,  The same behaviour is
exhibited by the predicted lead time. Hence it may be

concluded that the adaptive systems tésted are stable,

During the 200 shifts of steady-state operations,
part A was loaded approximately 10 times; so was part B.
Hence the step increase in demand affected the batches of

partsA and B loaded on and after the 11th occasion.
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CHAPTER 6

EVALUATION OF THE FOUR LEAD TIME

PREDICTION METHODS -~ PART IT

6.1 INTRODUCTION

In previous research of methods (a), (b), (¢) and (d),
the mean of the lead time error histogram was not mentioned,

In this chapter, simulations using different methods
will be made, under identical conditions, to produce lead
time error histograms for comparison and analysis.

A range of average shop utilisations were simulated,

6,2 TESTS

Data Set 1 was used. This gave rise to an unevenly
loaded machine shop (see Chapter 4).

By shortening the shift iength from 8.00 hours to 5.00
hours, in steps of 0,50 hour, the average machine shop
utilisation increased from 41% to 65%, approximately.

At a shift lengith less than 5.00 hours, the machine shop's
behaviour became unstable.

Each test consisted of 800 shifts of operations; Forx

a machine shop operating five shifts a week9 this represents

three vears' operation.
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6.3 RESULTS

The results of the simulation runs are shown in
Table 6-1.

The means and the standard deviations of the lead time
error histograms produced by the methods are plotted against
the average shop utilisation in Graphs 6-1 and 6-2 respectively.

The means and the standard deviations of the lead time
histograms are plotted against the same in Graphs 6~3 and 6-4
respectively,

A theoretical curve of the mean of the lead times
obtained by using Equation (2), (P. 60), is also plotted

~in Graph 6-3 for cbmpariéone

To obtain the average queueing time per machine group
for each method, at each shift length, the sum of the average
queueing times at the machine groups was divided by the number
of groups. The results thus obtained are plotted against
the average shop utilisation in Graph 6-=5.

Note that the range of shop utilisation obtained is
much lower than that obtained by Davies. In particular,
this machine shop became unstable at a shop utilisation above
65%, whereas Davies' became unstable only at a shop
utilisation above 94% or more,

This 4is due to the fact that the ioading on the machine
shop used in this simulation is not balanced, whereas
Davies' was.

McCallion et gi.g showed that: when a balanced shop
was replaced by an unbalanced, the corresponding result

occurred at a lower utilisation,
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6.4 DISCUSSION

With reference to Graph 6-3: —

The four methods produced very similar means of the lead
time histograms, at the same shop utilisation.

It can be seen that the mean curves follow closely the

one obtained theoretically.

With reference to Graph 6-4; —
The four methods also produced very similar standard
deviations of the lead time histograms, at the same shop

utilisation.

With reference to Graph 6-2.for the standard deviations
of the.lead time error histograms: —

The standard deviation curves produced by the four
methods are not significantly different.

Recall that in Davies' thesis the standard deviations
produced by the constant lead time method differed vastly
from those produced by the adaptive lead time method.

The results here showed otherwise, Also contrary to
his results, the standard deviations produced by the constant
lead time method conform to the general shape according to

the classical queueing theory.
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S0 it may be concluded that Davies' standard deviation
figures for the constant lead time method are erroneous.
Further it seems that he used the procedure described in
Chapter 2, to calculate the standard deviations for the
constant lead time method, and for the other two methods he

investigated.

With reference to Graph 6-1.for the means of the lead
time error histogramsg; —

The mean produced by the constant lead time method
becomes zero at (approx.) 61% average shop utilisation.

For average shop utilisations lower than 61%, the means
are positive, i.e. on average, batches are finished early.
And for average shop utilisation higher than 61%, the reverse

is true.

The means produced by the adaptive lead time method are
‘negative throughout the range of shop utilisation tested.

However, excep£ at very high shop utilisations, the
means are greater than -~0.4 shift.

In other words, on average, the batches are late, but
only by 0.4 shift or less, except at very high shop |
utilisations.

In general, the means produced by this method are closer
to zero than the corresponding ones produced by the constant

lead time method.
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This indicates that the adaptive lead time method

predicts lead time more accurately.

The means produced by the adaptive queueing time method
are also negative, but all greater than -0.3 shift,

For utilisations up to 54% (approx) the means produced
by this method are very similar to the corresponding ones
produced by the adaptive lead time method.

Above this utilisation, the adaptive gueueing time

method predicts more accurately.

The means produced by the queueing theory with forward
load method fluctuates between + 1 shift.

The large errors are due to the inability of the method
to respond to deviations from the predicted conditions, as

described in the last chapter.

The System response rates and the accuracy of the lead
times predicted by the methods have been investigated and
compared.

In the following sections, their effect on the operating

cost of a machine shop will be examined.

Assume that the operating cost of.a machine shop
consists of: the éost of unused machine time, the shortage
cost and the work in progress cost,

The unused machine time cost is a function of the machine
utilisation, and is not affected by the system response rate

or the accuracy of the lead times predicted.



?90

The shortage cost is affected more by the amount of
lateness than the accuracy of the lead times predicted, as
discussed in Chapter 2.

But is it also affected by the system response rate?
And if so, how?

The work in progress cost may be affected by the system
response rate, and/or by the accuracy of the lead times

predicted. But how?

If any of the relationship in question exists, it
would be reflected in Davies' results on costs.

Hence by examining and analysing Davies' results, it
may be'possible to detect if any of the relationships in
question exists, and to establish the exact nature of those

relationships that exist.

1. The Shortage Costs

With reference to Tables 2~1, 2-2 and 2-3: —
Davies' results on shortage costs show that:

(a)(i) Up to (approx) 86% shop utilisation, the adaptive
lead time method produced a slightly lower shortage
cost than the constant lead time method, at the’same

shop utilisation.

(ii) Above (approx.) 86% shop utilisation, the amount

of reduction in shortage cost increased greatly.

(b)(i) Likewise, up to (approx.) 86% shop utilisation, the

adaptive queueing time method produced a lower shortage
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cost than the adaptive lead time method, at the same

shop utilisation.

(ii) Above (approx.) 86% shop utilisation, the amount

of reduction in shortage cost increased greatly.

However, if the means and the standard deviations of
the lead time error histograms are used to deduce the relative
shortage costs, the following are expected:

With reference to Graphs 6~1 and 6-2: —

(a)(i) Up to (approx,) 61% shop utilisation, the adaptive

lead time method will give a higher shortage cost than
the constant lead time method, at the same shop
utilisation,
This is because the standard deviations produced by the
two methods are similar, but the means produced by the
adaptive lead time method are less than those produced
by the constant lead time method, at the same shop

utilisation,

Hence a larger amount of lateness is produced by the

adaptive lead time method.

(Similar reasonings are used to derive the rest of the
deductions).
(ii)  Above (approx.) 61% shop utilisation, the reverse

will be true.
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(b)(i) Up to (approx.) 59% shop utilisation, the adaptive
queueing time method will produce a shortage cost
similar to that produced by the adaptive lead time

method, at the same shop utilisation,

(ii)  Above (approx.) 59% shop utilisation, the adaptive
queueing time method will give a lower shortage cost
than the adaptive lead time method, at the same shop

utilisation.

According to McCallion et al., when a balanced machine
shop is replaced by an unbalanced one, the corresponding

result occurs at a lower shop utilisation,

Hence, it is reasonable to assume that the results up
to (approx,) 59% or 61% shop utilisation, obtained in‘this
research, correspond to the results up to (approx.) 86% shop
utilisation, obtained by Davies; and likewise Tor results

above the shop utilisation figures quoted;

It can be seen that deductions (a)(i) and (b)(i) disagree
with Davies' results (a)(i) and (b)(i) respectively, although
deductions (a)(ii) and (b)(ii) agree with Davies' results
(a)(ii) and (b)(ii) respectively.

In other words, the mean and the standard deviation of
the lead time error histogram above cannot account for the
relative shortage costs obtained by Davies.

Other factors must be operating.
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Obviously, the delay in the loading of a mnew batch will
often result in a shortage, even if the lead time is estimated
correctly when the batch is eventually loaded.

Hence the additional factor is thought to be the ability
to detect the possibility of a shortage sufficiently early, so
that a new batch can be loaded in time to avoid the shortage.

Deduction (b)(i) and Davies' result (b)(i) seem to
suggest that for two lead time prediction methods giving the
same amount of lateness, the method with a faster system
response rate has a better ability to detect possible

shortages early.

To explain Davies' result (a)(i)?

At any one average shop utilisétion, the lead times of
parts fluctuate with time,

The fixed lead time eétimates used in the constant lead
time method may be equal to or larger than most of the actual
lead times, for most of the time. But unless the fixed
lead time estimates used are very large, there are occasions
where the actual lead times exceed the fixed estimates,

Very often, the failure to load new batches immediately
in these occasions will result in Shortagese

The constant lead time method cannot assess shortage/
surplus according to the changing levels of the actual lead
times, and therefore cannot detect possible shortages in
these occasions.

Although the batches in question will be loaded
eventually, the delay of the loading, in ditself, will result

in shortages.
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On the other hand, due to its adaptive nature the
adaptive lead time method is able to detect shortages in
these occasions, as well as in all the other occasions, and
load new batches accordingly.

Hence, although the constant lead time method gives a
smaller amount of lateness than the adaptive lead time method,
the former's inability to load new batches immediately in the
occasions mentioned resulted in an overall shortage cost

higher than that of the latter.

The ability to detect shortages early can also be used
to account for part of the large reductions in fhe shortage
cost results (a)(ii) and (b)(ii). (The rest of the reductions
is due to the differences in the amount of batches finished

late), .

Davies used buffer stock in his research,

However, the buffer stock used is expected to give the
methods, the same degree of prdtection against shortages,

Hence the foregoing reasoning is not affected by the

use of buffer stock in his simulation.

2. Work in Progress Cost

The work in progress cost provided by Davies is the sum
of the cost due to the finished parts in the stores, and the
cost due to the work in progress in the shop.

Since neither of the two costs is given, analysis is

made difficult. .
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The demand on parts is fixed, so the same number of
parts will be manufactured no matter which method is used
to predict'lead times, over a sufficiently long period.,
But if‘ one method gives higher average waiting times than
another, it will produce a larger amount of work in progress
in the shop.,

With reference to Graph 6-5:—

The four methods have very similar average waiting times
per machine group,at the same utilisations.

Hence, the amount of work in progress in the shop is
expected to be the same for the methods.

Davies' result is not expected to differ.

The amountvof finished parts in the stores depends on.
the amount of batches finished late and the level of buffer
stocks.,

The buffer stock used by Davies was two hours per
~operation per part,

Assuming on average, there are four operations per
part, then, on overage, the buffer stock is eight hours per
part.

At a shift length of three hours, on average, the buffer
stock will reduce shortages due to latehess of up to 2.7 shifts,
and at a shift length of two hours, up to 4 shifts.

Thus, the margin of protection against lateness is set
higher at a shorter shift length, where the utilisation is

higher,



As a result, the storage cost will be higher at a higher

utilisation,

With reference to Tables 2-1, 2-2 and 2-3: -

Both the adaptive lead time method and the adaptive
queueing time method produced "work in progress cost" that
increased with increasing utilisation.

This can be explained by the increase in storage cost
due to the increase in buffer stock with increasing utilisation.

Note that the average queueing time increases with
increasing utilisation.

Thus, the cost due to the work in progress in the shop

will also increase with increasing utilisation,

The reversing of this trend found with the constant lead
time method, is thought to be caused by: the rapid decrease
of the mean of the lead time error histogram with increasing
. average shop utilisation from a fairly large positive value,

to a fairly large negative value.,

In other words, with increasing average shop utilisation,
the situation changes from one with a large number of batches
finished early, to one with a large number of batches late.

As a result the storage cost falls rapidly with

increasing utilisation.,
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CHAPTER 7

THE EFFECT OF CHANGING THE JOB MIX ON THE MEAN AND THE

STANDARD DEVIATION OF THE LEAD TIME ERROR HISTOGRAM

7.1 INTRODUCTION

It is possible that the results obtained in Chapter 6
are dependent on the characteristics of the job mix used.

This Chapter will investigate the effect of varying the
characteristics of the job mix, on the mean and the standard

deviation of the lead time error histogram.

7.2 TESTS

Only the adaptive gqueueing time method was used for the

investigation.

The tests involved were very similar to those described

in Chapter 6. The only wvariant being the data set.

Data Sets 1, 2 and 3 were used to investigate the effect
of reducing only the mean, the effect of reducing only the
standard deviatidn, and the effect of reducing both, of the

lead time histogram,

7.3 RESULTS AND DISCUSSTON

The results are shown in Tables 7-1 and 7-2.

Graph 7-1 shows the mean of the lead time error histogram
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Data Set 2.
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Adaptive Queueing Time Method (¢ = 0.10
Shift length (hours) 8.00 7.50 7.00 6.50 6.00 5.50
rMean(shifts) -0.13 | -0.18 | 0,17 | -0.24 | -0.37 | -0.21
Lead Time
error < 3tandard
histogram deviation 2.37 2,82 3.19 3.57 L, I 5,00
((shifts)
(Mean(shifts)|[10.90 | 12.20| 13.90 [ 16.30| 19.20 | 22.70
Lead time
histogram <« Standard
deviation 3.47 1 3.84) 4,67 5.73| 6.97| 7.89
((shifts)
Average shop utilisation
(%) 4,20 | 48,12 | 51,54 | 55.61 | 60.11 | 65.30
Average queueing time
(shifts) 0.5 0.8 0.97 | 1.14| 1.48| 1.74




TABLE 7-2,

Data Set 3.

Adaptive queueing time method (f = 0.10,
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Shift length

(hrs)

Lead time
error
histogram <

Lead time
histogram <

Mean(shifts)
Standard
deviation
[(shifts)
(Mean (shifts)

Standard
deviation

lshifts)

Average shop
utilisation (%)

Average queueing
time (shifts)

40,36

0.74

7.00
- 0,22
2.58
12,60

3.92

46.15

0.71

6.00

- 0.34

3.33

16,20

5.10

53.73

1.54

5.00

- 0,38

5.02

24,00

8.70

ol by
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plotted against the average shop utilisation, for the three
data sets.

Graph 7-2 shows the standard deviation of the lead time
error histogram plotted against the same, for the three data
sets. |

Graph 7-3 shows the mean of the‘lead time histogram
plotted against the same, for the three data sets.,

Aﬁd Graph 7-4 shows the standard deviation of the lead
time histogram plotted against the same, for the three data

sets.

From Graphs 7-3 and 7-4, it can bé séen that Data Set 2
gives a lower mean and a lower standard deviation of the lead
fimé histogram than Data Set 1, at the same average shop
utilisation.

And Data Set 3 gives a lower standard deviation of the
lead time histogram than Data Set 1, but a similar mean at the
same average shop utilisation.

Also, Data Set 3 gives a highef mean of the lead time
histogram than Data Set 2, but a similar standard deviation,

at the same average shop utilisation.

With reference to Graph 7«1§=m

The three diffefent data sets give very similar means
of the lead time error histograms, at the same average shop
utilisation.

In other words, changing the mean and/or the standard

deviation of the lead time histogram has no effect on the mean
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of the lead time error histogram,

With reference to Graph 7=2} -

Data Set 3 gives a lowerv standard deviation of the
error histogram than Daté Set 1, at the same average shop
utilisation,

The decrease of the standard deviation is caused by the
decrease of the standard deviation in lead time histogram,
since the two data sets give similar means of the lead time

histograms, at the same average shop utilisation,

Data Sets 2 and 3 give very similar standard deviations
of the error histograms, at the same average shodp utilisatiéna

As seen earlier, the two data sets gives very similar
standard deviations, but very different means of the lead time
histograms, at the same average shop utilisation.

Hence,‘changing only the mean of the lead time histograml
has no effect on the standard deviation (or the mean) of the

error histogram.

Like Data Set 3, Data Set 2 also gives a lower sténdard
deviation of the error histogram than Data Set 1, at the same
average shop utilisation.

As seen earlier, Data Set 2 gives a lower mean, as well
as a lower standard deviation,; of the lead time hiétogram
than Data Set 1, at the same average shop utilisation.

However since:

(i) the reduction in the standard deviation of the lead

time histogram by Data Set 2 is similar to the
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reduction by Datfta Set 3, and

(ii) the reduction in the standard deviation of the error
histogram by Data Set 2 is similar to the reduction by

Data Set 3,

it is the reduction in the standard deviation, not the mean,
of the lead time histogram that has caused the reduction in

the error histogram,

It was found that with the reduction in the standard
deviation of the lead time histogram, the standard deviations
of the service time distributions at the machine groups were
reduced,

Hence, it can be further concluded that a reduction in
the standardkdeviation of the lead time histogram caused a

reduction in the standard deviation of the error histogram.
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CHAPTER 8

THE DYNAMIC BEHAVIOUR OF THE ADAPTIVE QUEUEING TIME METHOD

8.1 INTRODUCTION

The four lead time prediction methods have been tested
for their system response rates and accuracy in Chapters 5
and 6,

The test for accuracy was performed using a machine shop
in a steady~state condition,

However, in real life, due to fluctuating demands and
other disturbances, a steady-state condition is seldom
achieved in a machine shop. |

Therefore, before any of the methods can be implemented
for a real life machine shop, its performance in a dynamic

situation must be tested, and found acceptable.

Of the four methods tested, the adaptive queueing time
method has shown to be the most promising.

Under a steady~state condition, it produced very
accurate lead time estimates,

Even at very high shop utilisations, where all the other
methods performed badly, the adaptivé queueing time method

still produced very accurate lead time estimates,



7.

Further, in terms of the total operating cost of a
machine shop, Davies has shown that the adaptive queueing
time method performed better than the constant lead time

method and the adaptive lead time method,

Hence, the adaptive queueing time method is investigated
further, for its performance in the dynamic operation of a

machine shop.

In this chapter, a machine shop using the adaptive
queuveing time method will be subjected to different types of
fluctuéting demands., |

The means and the standard deviations of the lead time

error histograms obtained will be analysed,

8.2 THE ADAPTIVE RESPONSE RATE

in forecasting systems using exponential smoothing, it
is customary to use a small value (e.g. 0.2 or less) for the
exponential smoothing constant, ’ to filter out the major
part of the noise in‘the input.

However, when the system encounters a sudden genuine
change in the underlying process, with a low value of (1 ;
it will take a considerably long time to home in to the new
level, Biased forecasts will occur, and will continue for
some time,

Trigg11 proposed a method which will automatically
increase the value of ¢ , when forecasts go out of control.

This gives more weight to recent data, and hence more rapid
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homing in to the new situation.
Once the system has homed in, it will also automatically
reduce the value of (¢ , in order to filter out the noise,
Trigg's method is known as the "Exponential Smoothing
With Adaptive Response Rate'.

It computes ( as follows:

( Smoothed error . 5

A = modulus Smoothed absolute error

where: new smoothed error
= Yx error +(1-Y)x(old smoothed error)
new smoothed absolute error

Y x(absolute error)+{1-Y)x(old smoothed absolute error

1l

B}

and error (actual value of series at time t)

- (predicted value of series for time t),

il

an exponential smoothing constant with a fixed
value, '
Y is another exponential smoothing constant, (Oﬁ\’§1)

It is felt that for a dynamic situation, it is more
beneficial to use the adaptive respomnse rate than the fixed,

Hence,.the adaptive response rate will be incorporated
into the adaptive gqueueing time method.

And this version of the adaptive queueing time method
will be tested against the original version, under identical
dynamic conditions,

A test under identical’steadymstate conditions at a shift

length of 8,00 hours will also be performed,
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By using the adaptive response rate instead of the
fixed, the system response rate of the adaptive queueing
time method will be increased.

To show the increase in the system response rate, a
first generation simulation run for the modified wversion of
the adaptive queueing time method was performed, using.
conditions identical to those used for testing the original
version in Chapter 5.

The value used for Y was 0.05.

Graphs 8-1 and 8-2 show the actual and the predicted
lead times of twovtypical parts.

It can be seen that the lead time of Part A is
estimated correctly at the 8th attempt, which is the same
as for the original version.

However, the lead time of Part B is estimated correctly
at the 2nd attempt, a reduction of seven attempts over the

original version.
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8.3 TESTS

To subject the machine shop to dynamic changes, the

following patterns of demands on parts were used:

(a)  STEP DEMAND

With a step increase of: (i) 20%, (ii) 40% and (iii) 60%
on the original demand of each part.
The step demand was applied at the start of the

simulations,

(b)  SINUSOIDAL DEMAND

With a period of: (i) 20 shifts, (ii) uorshifts,
(iii) 120 shifts and (iv) 240 shifts,

On the basis of five shifts a week, these correspond
to (approx.) (i) monthly, (ii) 2 monthly, (iii) half-yearly
and (i&) yearly cycles respectively.,

The (peak-to-trough) amplitude was 120% of the original
demand. This was superimposed on the demand, so that the
highest and the loweét demands in the simulations were 160%
and 40% respectively of the original demand.

The sinusoidal demand was also applied at the start of

the simulations.,

The initial state for each simulation run was - steady-
state obtained as described in Chapter 4.

Each test was run for 800 shifts, at a éhift length of
8.00 hours.

Data Set 1 was used.
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For the adaptive queueing time method with fixed
response rate, ¢ = 0.10 was used.
For the version with adaptive response rate, Y= 0.05

and Y= 0.10 were used.,

8.4 RESULTS AND DISCUSSION

The results are tabulated, as in Table 8-1.

With reference to the results for the adaptive queueing
time method with fixed response rate, in Table 8-13% —

As the step size is increased from 20% to 60% of the
original demand, the mean of the lead time error histogram
decreases from -0,.38 shift to ~0.82 shift. 7

’ For the‘60%'step size, the most heavily loaded machine
had a utilisation of 96% averaged over the whole simulation
period, !

The dynamic disturbances caused by such a violent step
increasg in demand must be considerable.

Yet the adaptive gqueueing time method was able not only
to remain stable, but also to predict lead times quite
accurately, as indicated by the mean obtained.

For any of the sinusoidal demand simulated, the mean
obtained is very close to zero.

At the peak of the demand, the demanded utilisation of
the most heavily utiliséd machine was about 96%; and at the
trough, about 24%,

Thus, despite the sustained large disturbances, the

method again remained stable, and produced very accurate

lead times.



TABLE 8=1.

The adaptive queueing time method with fixed and adaptive response rates.

Shift length = 8.00 hours.

Demand Step increase (%) Fixed Response Rate Adaptive Respense Rate Adaptive Response Rate
or Period = 0.10 Y= 0.05 V= 0.10
z;i§£§3;:€%§gh (shifts) Lead Time Error Lead Time Error Lead Time Error
< Histogram Histogram Histopgram

Mean Standard Mean ~ Standard Mean Standard

deviation deviation deviation

(shifts) (shifts) {shifts) {shifts) {(shifts) {shifts)
Constant - 0.27 2.23 0.17 2.23 0.31 2.47
"20 - 0,38 2.85 0.10 ‘ 3.00 0.40 3,12
Step 40 = 0.51 3.13 0.18 3.49 0.47 3.53
60 - 0.82 . 3.59 70,70 - 3.85 1.26 L2k
20 - 0.20 2.20 0.11 2.4y 0.38 2.90
- 0. ' .1 .75 0.22 Sk
Sinuscidal 120 ko . .23 2.81 .16 2-75 3.51.
: 120 - 0.35 3.71 ~0.28 3.93 =0,15 4,07
240 - 0,17 3.68 0.02 3.68 0.30 3.33

‘O |
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Hence the adaptive queueing time method with fixed

response rate can be used for a dynamic real life job shop.

With reference to the results for the adaptive queueing
time method with adaptive response rate: Y = 0,05 in Table
8-1:- The means produced by this version are higher than the
corresponding ones produced by the version with fixed response
rate.,

The means are also closer to zero, Thus, the lead
times produced are more accurate,

As the step size is increased from 20% to 60% of the
original demand, the mean increases from 0.10 to 0.70 shift,.

From a manufacturer' point of view, these increases in
the mean wifh increasing step disturbance are preferable to
the reverse, as it is with the version with fixed response
rate.

For the sinusoidal disturbances, all the means (except
one)'are slightly positive,

For the constant demand or steady-state case, the mean

is also slightly positive.

The standard deviations produced by this version are,
in general, slightly higher than the corresponding ones
produced by the version with fixed response rate.,

However, this version is preferred to the version with
fixed response rate, because of the better accuracy of the
lead times predicted, and the preference of a slight earliness

to a slight lateness,
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- With reference to the results for the adaptive queueing’
time method with adaptive response rate: Y= 0.10, in
Table 8~1;:~

The means and the standard deviations are higher than
the corresponding ones for Y = 0.05,

Thus, should higher means be preferred, Y could be
increased to achieve it, at the expense of increasing the

standard deviations,



107,

CHAPTER 9

CONCLUSTIONS AND RECOMMENDATTIONS

9.1 CONCLUSIONS

The conclusions reached in this research may be

summarised briefly as the following:

1. Testing under similar steady-state conditions shows
that: of the four lead time prediction methods
reported by Davies and McCallion et al., the adaptive

queueing time method gives the best accuracy,

2. Its system response rate is at least as fast as that
of the queueing theory with forward load method;
and is faster than that of the adaptive lead time

method,

3. Testing under dynamic conditions, created by varving
the pattern of demand, shows that it is able to remain
stable and to give very accurate lead time estimates,
even when subjected to very large and sustained

disturbances.

L, By changing the response rate of the exponential
smoothing, used in the adaptive queueing time method
from fixed to adaptive, the system response rate is

increased.,
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The mean of the lead time error histogram is also
increased at the expense of increasing the standard
deviation slightly, This is true for the steady-state

conditions as well as the dynamic conditions.

For the adaptive queueing time method using adaptive
response rate, the increase of the mean of the lead
time error histogrém (and the accompanying increase of
the standard deviation), depends on the value chosen
forY : the larger the Y , the larger the increase of

the mean,

By changing from fixed to adaptive response rate, the

accuracy of the adaptive queueing time method is
improved,
RECOMMENDATIONS

Based on the findings of this research, the author

recommends that the mext stage of the research be the

implementation of the adaptive queueing time method with

adaptive response rate in a real 1life machine shop, for the

accurate prediction of lead times,
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APPENDIX 1

Since the following informations for the parts used
by Brittain was not available, it was generated randomly

as below:

(a)(i) The Random Generation of the Total Number of
Operations for a Part.
Graph 4-1 is the distribution of the total number of
operations for a part, reproduced from Brittain's
thesis,
The cumulative distribution of the distribution was
plotted, as in Graph Al-1,
The right hand side of the distribution was assigned
a linear scale of between 0 and 1. |
A random number generator, which generafed random
numbers on the scale 0-~1, was used to produce random
numbers,
For each random numbef generated, a line was drawn
horizontally to intersect with the distribution, to

determine the total number of operations for a part.

(ii) The Random Generation of the Operation Time for
FEach operation.
Graph 4-2 is the distribution of the service time
for an operation, reproduced from Brittain's thesis.
The cumulative distribution of the distribution was
plotted as in Graph Al1-2,

Then the operation time for each operation was
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determined from the cumulative histogram, in the
same manner as the total number of operation for a

part,

(b) The Selection of Parts For Data Sets 2 and 3.

To investigate the effect of job mix on the lead time
error histogram, two sets of data, with characteristics
different from that of Data Set 1, were generated.

Data Set 2 has a lower mean, as well as a lower
standard deviation, of the lead time histogram, than Data
Set 1;

Data Set 3 has a lower standard deviation, only, of
the lead time histogram, than Data Set 1,

To select parts for Data Sets 2 and 3, the total
operation times of the parts in Data Set 1 were averaged,
and the value obtained used as a reference.

New parts were generated, and their total operation
times were compared with the referencef

The new parts, wheose total operation times were
smaller than the reference, but were fairly close to each
other, were selected for Data Set 2.

When 20 parts were selected, a simulation run was
performed to see if the reductions in the mean and the
standard deviation of the lead time histogram were achieved.
If not, some parts were replaced by more suitable ones,
until the simulation run showed that the reductions were

achieved,



The new parts, whose total operation times were
slightly larger or slightly smaller than the reference,
were selected for Data Set 3.

Similarly, when 20 parts were selected, simulation
runs were performed and parts replaced by more suitable
ones, until the reduction in the standard deviation, only,

of the lead time histogram was achieved.

1173,



114,

APPENDIX 2

KEY TO THE SIMULATION PROGRAM

ALPHA Exponential smoothing constant

AVEQT ( ) Real array containing exponentially smoothed
queueing times

AVEUTL ( ) Real array containing average utilisations
of the machine groups (%)

BDATA ( ) Integer array containing batch details BDATA(1)
contains number of works currently used
in array., The remainder is divided into
eight word blocks:

i) Batch number
ii) Location in PARTT ( )
iii) (Not used)
iv) Remaining machining time of current
operation
v) Initial float
vi) Time elapsed since batch was placed
into the machine shop
(vii) Queueing time of batch at the current
machine group
(viii) Lead time to which batch was originally
loaded, ’
BDL Length of BDATA ( )
BNUM Number of batches completed so far
BQ Batch quantities
FIN Upper limit of the LQE ( )
FLOAT Fioat on a batch
PLT Float on a batch

FPO : Float per operation



e (

FWU (

LCN

. LE
LQE (

LQEINT
LT

LTE

MAXQ

MACHS (

MCs
MCSET

MIN

)

)
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Integer array containing waiting times at the
machine groups as predicted by the forward
load program

Integer array containing utilisations of the

machine groups as predicted by the forward
load program

Clock counter, in hundred hour steps.

Location in BDATA ( )

Location used in LQE ( )

Load factor 0O a change of state

1 no change of state

it

Integer array containing histograms of lead
time, queueing time and of their errors

Time interval used in LQE ( )
Lead time

Lead time error

Location in PARTT ( )
Maximun number allowed in any queue

Integer array containing six items of informa-
tion for each machine:

gi) Machine set number
ii) Total machining time done by the
machine
iii) = 0 if no Jjob is on the machine
iv) Operation number of current job
v) Ploat of current Jjob
vi) Machining time left on current job
since the start of the current
operation
Counter
Counter

Time increment in the machine shop



MPRO
MTIME

MN

NO
OPNO
oPs

OoPT

PARTT ( )

10 sets

of 3

PRD

QSET ( )

QT
QTE

QUEUE

RULE
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Maximum period of forward loading
Machining time done on each group

Mean of the lead time histogram, queueing
time histogram, or their error histograms

Location of machine set in PARTT ( )

Number of parts used in each simulation

The number of an operation
Total number of operations of a part

Operation time

Integer array containing the information
about the parts, divided into blocks of

35 words:

i) Part number

ii) Total number of operations

iid) Batch quantities

iv) Raw batch value

V) Finished part value

vi) Machine group number for 1st operatlon
vii) Operation time per piece

viii) Cost of machining time on the machine
) group

Counter

Queue location for each of the machine groups.
Each location contains three items of
informations:

i) Location in BDATA ( )
ii) The number of current operation
iii) Current float

Queueing time
Queueing time error

The length of the queue at a machine group

Rule number



SCr (

SETNO

SFWQ (
SH
SL
ST

STD

STSET (

TOTMCS

USE

wIiP

)

)

)

Stock control file - eight items of information
for 20 parts

i) Location in PARTT ( )

ii) Shortage cost

iii) Current stock level

iv) Shortages

v). Usage or demand

vi) Lead time

vii) Finished batch value

viii) Quantity in work~in-progress

Total number of machine groups

Integer array containing smoothed waiting
times obtained from the forward load
predictor

Shortages

Stock level

Lower limit of LQE ( )

Standard deviation of the lead time histogram,
gueueing time histogram, or their error

histograms

Integer array containing information about
each machine group:

i) (not used)
ii) Total number of machines in the group
idii) Load factor = 1 all machines occupied
= 0 not all machines
‘ occupied
éiv) (not used)
v) " Queue length

Total number of machines

Demand or usage of stock

Quantity in work in progress
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APPENDIX 3

LISTING OF THE STMULATION PROGRAM
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