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INTRODUCTIGCH

Automatic transfer lines are playing an increasingly important role
in production. Ag procuction rates and capital investment increase,
the cost of line stoppages also increase8. A line steppage of an
automatic transfer line occurs everytime any of the machines stops,
unless there is a sufficient buffer stock between each machine in the
line, Thus there arises the question of how much buffer stock
between each machine is required to optimise line operation in
accordance with some criterion such as maximum output or minimum

cost.

Though it is fairly easy to formulate this problem in mathematical
terms, it has been shovn (Ref.l) that an anzlytical solution is
not possible. The problem can, however, be solved for each
particular case by simulation.

This report describes one suci: soluticn for the case of an automatic
bottling plant in a brewery. The work was carried out as a thesis
project for the college's diploma, by lir. A.C. Roberts, a student in
the Statistics and Operational Research section, School of lanagement,
during the Academic year 1$67/68. Hr. E. Kay of the liaterials
tiandling Research Unit acted as project supervisor,

As a bottling line is a prime example of an automatic transfer line,
we believe that the method here described can be applied te all
similar problems,



2,

SULEIARY

The objectives of the study were to obtain the eoptimum layout

of the bottling line, such that the breakdown of any one machine —
could be isolated from the other machines by the cushioning cffect
of the intermediate buffer stocks, thereby reducing the probability
of 2 line stoppage and ccnsequent loss of production., Owing to

the complexity of a mathematical analysis the problem was approached
by the technique of simulation. his technique - in which we
formulate a model of the reazl system = is described in the main
text.

The results cobtained from the model indicated that the line
efficiency could be considerably improved by enlarging the
capacities of the intermediate conveyor lines, and so increasing
the amount of buffer stock carried on then,

Two alternative modification schemes have been proposed, The
first offers an increase in eificiency of some 127 (equivalent

to 1000 dozen bottles additionai production per day) for an

initial outlay of £300, covering the costs of cdoubling the
capacities of two sections of conveyors. The alternative proposal
shous a mean line efficiency of 86% (a 20% increase over the
current line efficiency) aund involves a more drastic enlargement of
the conveyors, tihe installation costs for the nev system bLeing
correspondingly higher (£3,000). lic production costs are
available with which to derive the mest cost effective layout,

but it is considered tliat the potential increases in production

far outweigh the costs involved in modifying the systen, In
other cases vhere these costs may be significant a rmethod of
obtaining an optimum solution is outline:

2.
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3.

THE PRODLZEM

The automatic transfer line can be considered as a set of

n machines connected in series so that the output cof the ith
machine is the input to the (i + 1;th machine. (i = 1,2,..en~1)._
The machines operate at such rates that unless there is an
intermediate buffer supply between each pair of machines, the
stoppage of any machine will stop the entire set. 1f, Lbowever,
such buffer stocks exist the effect of a breakdown of the ith
machine is cushioned by machine (i + 1) taking its supply
automatically from the ith buffer until either the buffer

becomes empty, when the line stops, or machine (i) is set

operating again, whichever is the earlier, As soon as machine
(i) is repaired it is restarted and operated at a speea (1 + ai)r,
where r is the mean running speed of the line. Thus the

(i + 1) th machine is able to take its input directly and the
buffer stock is replenished at the rate a;r,

In many practical cases the line running spe=d is governed by
the running spced of the slowest machine, “ence a stoppage of
this machine, for vhatever reason, will automatically result in
a loss of production as the machine is incapable of operating

at an excess rate when restarted. The problem then becomes one
of optimising the capacities of the intermediate buffers such
that the bad runcing of any one machine does not result in
adjacent machines having to be shut down, thereby initiating

a chain reaction which resultsz in the slowest machine being
halted - with consequent loss of production. The optimising
criterion nay be purely one of maximising the output from the
line, but mcre usually it will be to minimise the costs of
production,

This report is concerned with a practical case, namely the
bottling plant at a brewery. The bottlinz line ccnsists of
five machines connected by sections of conveyor belt, each
nmachine perforning a different process on the bottles, which
tlien move along the conveyvors to tha next machine on the lines
The layout of the plant is shown diagrametically overleaf.

ilachine 1, the decrater, picked the empty bteer bottles out of
the crates and placed them on the ccuveyor feed machine 2,
Stoppages from tuis macuine usually arose from the crates being
broken or otherwise danaged, resulting in the bottles not being
picked up cleanly. The decrater was capable of handling up to
20 crates a minute, representing a bottle suprly to tlie washer
of about 450 bottles/min., well in excess of the running sreed
of 240 bottles/min.
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The washer (machine 2) produced 24 clean bottles once every

5 seconds - an output rate of 230 bottles/min. Stoppages were
usually due to bottles toppling over as they were set down

on the conveyor. Output from the washer could only be
controlled by shutting the machine down for short periods,
thereby reducing the average output,

ilachine 3, the filler and crewner, was the key machine in the
line since its running speed had to be kept coastant (240
bottles/min.) in order that the bottles were completely filled,
and the beer was at the same time adcquately pasturised.
Stoppages with this machine occurred for a variety of reasons,
chief amongst these being a bottle exploding uncer the filling
pressure,

On leaving the filler/crowner the bottles passed down a short
section of conveyor to the labeller (machine 4). Since this
conveyor was so short, the labeller was normally operated at

the same speed as the filler- although it was capable of being
set at faster speeds. Labeller stoppages were very infrequent
and were usually caused by variation in the label gum viscosity,

Finally the finished stock was passed alons further conveyors
to the recrater (machine 5) wilere the bottles were picked off
the conveyor belt and replaced in the crates. Recrater
stoppages were again mainly due to damaged crates, this machine
being similar to th2 decrater.

The buffer stocks consisted of the build-up of bottles in front
of each machine. In this particular case therefore the buffer
stocks wvere in fact the queues of bottles waiting to be
processed, and if one conveyor became empty the following machine
would stop. The maximum buffer capacities were of course the
capacities of each conveyor, and when cne conveyor became full

the preceding machine had to be shut down.

With the exception of the filler and labeller, the other

three machines ran intermittently - the operators running
these machines in short bursts at their pre-set speeds, which
as mentioned before are higher than the operating speed of the
filler.

The average length of a bottling session was 17 hours. The
conveyor betwveen the decrater and washer was always left full

of e.pty bottles so that the washer could be started irmediately
the session commenced. At the end of each session bottles om
the line after the washer were run off to prevent contamination
of clean bottles, and pilferaze of those vhich had been filled.




All machines had efficiencies above 807 (measured as the
ratio of mean breakdown time/mean running time) and the
usual daily output was between 5500 and 6000 dozen bottles,
rapresenting an overall line efficiency of 65% = 70%.
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OBJECTIVES AND HET..OD OF SOLUTION

The primary objectives of the study were to investigate what
effect the capacities of the conveyors had on the output from
the bottling line., In particular we required to know to

what extent the line efficiency could be increased by enlarzing
the capacities of the conveycr lines, and also to obtain the
optimum arrangement regarding the costs of installing and
operating any new system,

The analysis was performed using the technique of simulation,
Essentially 'simulation is a technique for obtaining information
about the performance of a system, in this case the bottling
line, without actualily putting that system into operation.

A model in terms of a computer programae is constructed so
that the results obtained by operating or modifying the model
indicate tihe results to be expected when the corresponding
real system is operated or modified. In particular the
effect of many different approaches or configurations can be
evaluated without implementing new systems or modifying those
already in existence,

Expressed in simpler terms, the computer is programmed in such
a way that it "Pretends" to be the bottling line. Since the
computer, of course, never produces bottles = but numbers
representing the bottle output over a pericd of time - it caa
sirulate a month's production in about an hour. Furthermore
in our computer iodel we can change thc capacities of the
conveyor belts and the machine running speeds quite simply

by feeding new information into the computer.

The computer needs to know the characteristics of each
machine, such as the brezkdewn frequency and average running
and repair times. This information was obtained by a time
study of the line lasting a fortnight, which was carried out
during April, 1968,
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RUL AD STCPPAGE CLARACTERISTICS CF TLI HACUINES IN TLE
BOTTLILG LIk

The study was conducted over a period of two weeks with the
object of obtaining the distributions of rum and stoppage
times for each of the five machines omn the line. Stoppages
wvere only recorded for a machine vhen the machine itself had
Lroken dowm, and not in tue cases where the machine had to
be shut dovm through a lack of supply or when the following
conveyor becaue full,

The machine breakdown times were measured vith a stop=watch
to an accuracy of 1/10th of a minute. FKunning times were
observed by recording to the nearest minute the clocktime at
vhich a brealdoun occurrec. Since the machine efficiencies
were of the order of 90%, the distributions of breakdowm and
running times wvere thus obtained vithk approximately the same
accuracy. Includirg machine halted (slutuovn\ time in the
running time made no appreciable difference to the mean as the
average halted time amounted to only 107 of the running time
of each mcchine.

Characteristics of the observed distributions:

Figures 1 - 10 gives the histograms of breakdown and running

tines obtained in the "tu;y. All the distributions have

shapes sinilar to negative exponential distributions, which
suggests that tne machine brealdouns are randomly occcurring
events, anu the service, or repair time has a constant probability
of being completed at any given instaat,

Lowever, on applying the x? test of significance to the

observed distributions, in many cases thiese were found to be

significantly different from a negative exronential distribution

hav1ng the came mean., In such cases the shape of the hLiistogram
departec trom a negative exponential distribution in the manner

illustrated below,

Such a shape suggests that the observed distrilbution. is the
result of two or more indepently occurring factors, giving a

I u M
i . . =¥, €t where u.,
probability density function of the forn I w;e 1 |

..z

: 2§
is the average rate of occurrence of each factor.
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Significantly better fits vere obtained by using the x2 test
against a hypothesis of a distribution containing two factorswith
parzmeters M1 and Moo (For each new factor of course the

number of degrees of frecedom are reduced by one.)

Physically, these results may be explained in the following way.
Let Py be the probability of a machine breakdown being of

duration t.

Then p; may depend en (i) the operator correcting the jam herself

or (ii) the mechanic being immediately
available to correct the fault

or (iii) the mechanic being sent for if the
operator is unable to correct the
defect,

If each type of repair service has a negative exponential
distribution of service time, then the probability demsity
function for the repair time will be given by,

_Ug:nE it TP SPgs ok | PEPON
o @7, Heiiy® (ii)~ Vs (ii)

H)

1 1 1 .
where ~/ u(i), /“(ii) and /u(iii) are the respective mean

repair times for the three types of service.

Machine breakdowns are largely the result of bottles falling

over or bursting inside the machipes. It would therefore be
reasonable to suppose that these bottles vhich cause any onc
machine to jam arrive at that machire in a Poisson stream, and
thus the running tine intervals would be distributed as a
negative exponential distribution. Illowever, the running times
observed in the study also included the intervals during which
the machines had been shut down, and so the observed distribution
may be modified as,

ut .
ue + fl(L) + fz(t)

where 1/u is the average machine running time and f1 and fZ

are time dependent fuuctions describing the influence of the
buffer stocks which cause the machine to be shut dowm,



The derived cumulative probLability distributions:

For the purposes of using random numbers to sample running and
breakdown times, thc observe distributions were converted to
cunulative probability distributions. These are shown in

Figs.6 - 10 ., In niany cases the tails of these distributions
had to be estimated owing to the lack of sufficient olbservations
for the longer time intervals. However, the rate of change of the
slope in these regions is very small and no significant errors

are likely.

In the computer simulation programs, the sampling procedure

requires that the cumulative probability distributions are

given in an approximate form by a continuous set of straight

line segments. (This approximation is also showmn in Figs .6-10.)
In order to sample a time value from the distribution, a probability
value is selected at random by means of a random number generator,
and the corresponding time is found from the distributionm,
interpolating linearly where necessary.

10.
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RESULTS OF STULATIOW

The program was first run by using the present conveyor
capacities and machine excess running speeds. The simulation
vas run for 100 sessions, each ef 105 minutes duracion = the
average length of a bottling sessiom.

The mean line efficiency was 67% anc the production output
vas approximately ncrmally distributed over a range of 606-70
minutes per session., This corresponds to a daily output

of 5250-06000 dozen bottles, which is consistent with the
production currently achieved in practice. Imploying the x2
test of significance to the histograms of machine breakdown
times showed good agreeuent with tue observed histograms.,

As indicated in Section 5 loss of production will occur if

the filler (imachine 3) is stopped, since this nachine has

to operate at a ccnstant speed, Analysis of the filler
stoppage times shioved that out of an averase total stoppage of
37 wins. per session, only 25% of this time was the result

of the filler itself breaking down. Gf the remainder, 50%
vas cue to tiie preceding buffer (2) being exhausted, and 25%
of the filler stoppage tine was the result of the following
conveyor (buffer 3) beconing full.

In order to investigate the effect of the buffer capacities

on the line output, the simulation was re-run vith the

conveyor sizes increased proportionately by amounts 1.25, 1.5, 2.0,
3.0., 4.0, and 8.0 times their present casacities, The nunber
of sessions simulated for each case was reduced to 12, thereby
considerably recucing the computer running time. Although no
sensible histograms of production output can be obtained Irom
only 10 sample runs, the previous results for 1C0 sessions
shoved the distributions to be quite stalle and have relatively
small variances. Fig. 11 shows how the line efficiency is
affected by tine sizes of the interiediate buffer capacities,

For moderate increments in conveyor size tuere is a drastic
improvement in eZficiency which then tails off as the capacities
are enlarged still further.

The reasons fer this are demonstrated in Figs, 12-15 . Je are
primarily interested in reducing the effects of the bad running
of the otlier machines on the performance of the filler. Thus
the chief concern is the total filler stoppage time due to
Buffer 2 being empty and Buffer 3 being full, To a lesser
extent we also wish to reduce the stoppace time of machine 2
(vhen buffer 1 is eampty), as there is a possibility thet



buffer 2 may then become exhaousted and so also stop the filler.
Likewise, should buffer 4 become full and stop the labeller
(ilachine 4) this may in turn also cause the filler to stop as
buffer 3 becomes full. Figs.12 anal3 show the reduction in
respective irachine halted times as the conveyor sizes are
enlarged. (Fig.12 is plotted against the proportional
increases in buffer capacity, and Fig.13 with the buffer
capacities expressed as the time such buffer stock would last

at the depletion rate of 240 bottles/min. = the line rumning
speed.)

These curves are akin to negative exponential shapes, and

explain why the improvement in the line efficicncy reduces for

the larger buffer capacities, since filler stoppages are then

mainly due to the machine itself breaking down., Figs. l4and 15show
how the probability of the respective machines Balting {due to the
adjacent buffers being eupty or full) is reduced by increasing

the buffer capacities. The reliability of these results is

of course reduced as the probabilities become small, since fewer
observations are reccrded in each ruu.

The above results were obtained by increasing all counveyor

sizes proportionately and the individual effect of the buffers
is not showm., Accordingly a series of runs were rmade with only
the capacity of buffer 2 enlarcel by amcunts 1.25, 1.5 and 2.0
times its present size. The respective machine halted times
are shown in Fig.l7. The filler stoppages due to buffer 2
being empty follow approxzimately the same curve was was obtained
vhen all the conveyor sizes vere increased, and with the
exception of the washer (machine 2) there is little significant
effect on the otier machines. The washer appears to halt

(due to buffer 1 becomirg empty) more freauently, and this is to
be expected since more stock is capable of being transferred to
the larger conveyor between washer and filler,

Fig. 16 shows that the ratios of average buffer stoclk to buifer
capacity remain practically constant as the capacitiec of the

four conveyors are proportionately increased, {her only
conveyor 2 was enlarged (Fig. 10, the other buffer stocks remained
at their existing mean values, vhile buffer 2 again increased

in direct proportion to its maximum capacity,

These results indicate that the effect cf enlarcing any one
conveyor is primarily linited to the buffer supply held on that
conveyor, and the effect this then has on thc machines at
either end of it.

12.
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OPTIMISATION OF Tiit SYSTELL

If the only criterion is to maximise output from the lines,then
obviously using the largest possible buffer capacities would
provide a solution. liowever a more sensible method would be

to enlarge each conveyor until machine stoppages due to the
effect of adjacent buffer stocks were reduced to negligible
proportions, Alternatively, the sizes of the conveyors could
be increased until further increments offered little improvement
in efficiency - as indicated by the flattening off of the curves
in Figs. 12-15,)

Where the costs of installing and operating larger conveyors are
significant compared with the cost benefits obtained from

increased line efficiency then different techniques must be
employed., One method is to employ the "hill climbing"

technique, Using this the buffer giving the greatest potential
improvement in efficiency is enlarged until the rate of improvement
becomes less thar that offered by increasing the size of another
conveyor. This conveyor may then be enlarged up to the point when
mother alternative shows a greater potential improvement. The
process continues until the cost of any further modification
becomes greater than the extra benefit achieved.

Regarding the bottlins; line here considered, installation of 7"
width conveyor track costs approximately £10 per foot and this
can carry about 3 bottles/foot., Thus doubling the capacity

of the conveyor between the washer and filler, and also between
the filler and lateller (these buffers having the greatest
influence on the running of the filler) would involve an initial
outlay of £300. With this layout the program showed a mean line
efficiency of 80%, representing an increased output of approximately
1000 dozen bottles per day. Lo production costs are available =
but the cost of new conveyors is considered negligibie in the
light of the expected improvenent in line efficiency.

Enlarging conveyors 1,2 and 3 by 4.0, 4.0 and 8.0 times their
present respective capacities gave a mean line efficiency of 87%.
(The present conveyor between labeller and recrater is considered
adequate) . This is felt to be the “best" layout in terms

of maximising the preduction output, as machine stoppages due to

the bad running of other machines are then neglizible. Installaticn
costs for this system are in the region of £3,000.

13,
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COLICLUSIOLS

The sinulation programe has given an accurate representation

of the bottling plant. Loss of production on the line will
occur if the filler stops, as this maciiine camnot be speeded up
vhen it is restarted. The filler may stop for one of three
reasons:

i) The machine itself breaks down

ii) The supnly of bottles to the machine
becomes exhausted.

iii) A stoppage further down the line causes
a build up of bottles which eventually
reach back to the filler, causing it tc be
shut down.

Uith the present layout of the line only 257 of the total filler
stoppage time is the result of the filler itself breaking down,

By enlarging the size of the buffer capacities the simulation has
shown that the remaining filler stoppages can be considerably
reduced, as this machine is then cushioned from the effects of
the bad running of the other machines.

Two alternative mocdification schemes are feasible. The first
involves doubling the capacity of the conveyor between the

washer and the filler, and alsc that between filler and labeller,
With this layout the simulation has shown & mean line efficiency
of 80%, an increase of some 12.% over the currently achieved
efficiency - or, in terms of production, an increased daily

output of about 1000 dozen bottles. Installation costs for this
scheme are in the region of £300, and no significent extra running
costs are anticipated.

The second proposal is that the capacities of conveyors 1,2 ..aud 3
are increased by 4.0.4.0, and 6.0 times their present sizes = such
a layout giving a mean efficiency of 806%, at which point filler
stoppages are almost entirely caused by the machine itself, In all
cases the variance in the production outnut is small enough to
guarantee the mean line efficiency to * 5%z with 957 coniidence.

The second scheme would involve an initial outlay of £3000, ilo
production fizures are available, but in the opinion of the company
these installation costs are insignificant compared with the
indicated additional output,

14,
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The above resalts apply ounly to the botiling line stucied.
They indicate, however, that simulation by corputer is
capaule of increasing operating efficiency in similar
situations.

The M.H.R.U. intends to carry out further studies aimed to
produce nore generally valid results,

It is by request of the company, in whose brewery the study
described in this report was carried out, that the name of
the brewery is withheld.

15,
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