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Abstract: The mudelling and control of a llexihle transfer line is considered in t h is
paper. The trunsfer lim! is ahle to produce a number of various products concurreut.ly:
it involves considerahle set-up times between different product b'1'OUPS lind has limited
interprucess buffer capacity,

TIlt' IJI'olHISt,d control methudulogy is liierurchicul in nature . At uppt'r levels
production orders are aggn'gated in gl'UlipS with tilt' aim of reducing system Sl't-Up
times whik- satisfying deuiund. At lower levels, given a set-up configuration ,
dispatching' of parts into the system is performed based on the concept of periudic
loading,

•

Simuln t I ' In results have shown that when the system is controlk-d hv tilt'• •

s ll gg l's t"d schcuu-, tilt' wurk-in-prug'rcss level is reduced hy 50'}; and part waiting time
by 9:~ ' ;'; us compared to the cunynt system eontrul practices . It was found that
doubling the capacity of two critical workstations may result in a 70'}; increase in
productivity, .
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1. INTRODUCTION

The task of production scheduling is the allocation of the machines, personnel
and su ppor t systems of a manufacturing system over time so as to best meet a set of
objectives . This problem has hecn approached hy a number of methods (inclu d ing hoth
optimisation techniques as well as heuristic approaches) hy the opcrationul research
community. The problem of schedu ling for a flexible trunsfor line, however, is reduced

to dt'signing an e ffec t ive input policy, since tilt' sequence of the jobs may be
dt,t l'rmilll'd unly wlu-n they are loaded into the system. In this paper, a hierarchical
optimal loading policy fill' a real fl exible transfer line is developed and assessed by the

use of sim u la t ion.

2. SYSTEM DESCRIPTION AND PRODUCTION
CHARACTERISTICS

'I'he system under consideration is a flexible transfer line which
•

manufacture-s he-aters of variahlo It'llgth and height. Haw material comes in coils of
s pe-cifie-d width . Heaters of diff erent heights require coils of currcspunding width and
th e- ir longt.h is de tcrminod at tilt' initial stage of the production . A variety of heater
typl'S is prod uced. consi sting of oIll' 01' more basic heater bodies .

In orde-r to produce a basic heater body , the raw material is cut and form ed
I in ti lt' press machine ) so that an elementary part of the heater is created. Then.
s lll'c ia l rings an ' placed in every other pan (a t the ring-placer ) and two parts an'
grou pl'd togt,t hl ' r to form till' main body of a hasic heater (a t the alignment s ta t ion ).
'I'h« IlIldy is consequent ly spot welded (a t the spot wuldor i and hound to a meander (a t
t ill' nu-nndc-r spot wc-ldcr i, fullowc-d hy lengthwise and trunsvc-rsal hinding of t he lmdv

l'dg'('s in two welding machines. Then, each basic heate-r goes through a set of thro«
su bseque n t soco udury opera t ions which an' : dchun-inu, co r ne r roundiru; and fini shing.
Filially . inle-ts and uut.k-ts an ' inserte-d to tho hody to produce till' s im plest type' of
hl' i1 l l' r lil t till' final aSS('llIhly l, Ot.her hentor typl'S may 1)(' produced hy assl'llIhling a
nu iu l n-r ,d' haxic h('a rt'rs at till' final a ssemblv. This is till' e nd of t he nutouiu tic

•

t ra lls l'c' r line : houu-rs art' tlu-n lurwardod to till' testiiur area . whe-re t. hov ar« t e-sted
•

and reworked if it is ne-cessary. 'l'he heaters are painted and packed in the final

production s tagt'o In this pujx-r , however, we will mainly deal with th« automatic
trunsfor line . III l ilt' nutumatic transfer line heaters an' t runsforrcd from one work
s tntinn to till' ne-x t, hy a couvoyur with constant speed and of specific length .

Opor.n.iun times a\'( ~ propor tional to the' length of ti ll' hea ter in th« press
muchi no, t.he hody and II 1l'H1 H le I' spot weldor and the lengt.h welder. On the nt.hur

ha nd. hl' igh t. affects mainly the t ra ve rsa l welding and the finishing time. Finally . till'
lu-utr-r type affects only t he final a ssembly operation t ime . The tusting area operation
ti uu- is inso nsit iv« to th« kind of hon ter tested .
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Whenever a coil of raw material has been used up or when it is decided to
change the height of the produced heater, a new coil is placed in the press machine ;
th is is a very time-consuming set up activity which is performed manually. In addition,
sl't-up t ime is also required at the final assembly when the heater type changes.

The produced heater bodies are tested in order to identify deficiencies. This is
a manual operation which abo identifies the station from which the deficiency has
originuted, The heater bodies produced from this machine have the same deficiency
until the propel' action of tuning the station is taken. Tuning' of the station means
that production stops, corrective action to remove the cause of the deficiency is taken
a nd all t he defective heater bodies are re-worked.

The cu r rent production schedule attempts to maximise the throughput of the
system hy loading it to its maximum capacity. This is attempted by feeding the system
continuously. The cu r rent production policy is characterised by its fixed planning
hor izon which it; set to a working week and hy the fact that the orders are satisfied
1'1'011I till' stock, i.«. the system produces heaters which an' used to replenish the
inventory. The current production schedule abo attempts to minimise the setup time
by avoiding a s much as possible the operations which require a long setup time . Thus,
heaters of t he sa me height are produced during the planning horizon t i.e . no change of
coil occurs during t he working week ). Instead, changing of the coil is postponed until
the end of t he week and takes place during the weekend when the system is idle.
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Figure 1: Processing time for heaters of height O.6m.
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Static analysis of processing time demand reveals that the required work-load
lin hody and me-under spot welders is greater than that imposed on the rest of the
sta t ions and it increases with higger lengths. As a result, these two stations are the
system's hottlcneck muchines (Fig. 1 I. Higger heights only affect traverse welder and
pres,.; proct'ssing' times, whereas types affect the final assembly machine but not to the
exten t needed fill' chanJ.,ring the bottlenecks of the system, Therefore, balance of till'
current trnnsfer cannot he achieved by designing an appropriate part mix, The work
Iliad Ill' the tt'sting area is fixed and may be the bottleneck of the overall production for

a spr-cific kind Ill' heaters.

a. DEVELOPMENT OF A PERIODIC LOADING POLICY FOR
THE CURRENT SYSTEM

The objective of this study is to develop and assess with the help of a
s im u lut. iun mudd, a system loading' policy which would optimise current system
perforuumce and suggest ami evaluute ways to increase system productivity through
additional investment,

System performance measures are considered to he the system production
rate fill' l'ach kind of heater, the uverage work-in-progress, the average flow time, the
II tilisatinn Ill' tlu- stations and the number of defective parts produced before
idt'lllif~'ing the problem in th« testing area . The policy proposed attempts to optimise
t h« uhuv« IIhjl'cti\'l'S whik- sutisfyiru; demand rcquireuu-nts .

TIlt' mul tiple objt·ctives to he optimised, the existence of the conveyors and
t. lu- s tochast ic nature Ill' the system (hrenkdowns. repairs) do not allow fill' a static and
ck-u-rm in is t ic schedu ling. sinc« these fnctors arc not taken into account in such an
approach . Many uuthors have advocated a hierurchical approach in which tilt' upper
levels of the hierarchy take into account agJ.,'1'egatt· data and act upon longer planning
horizons whereas lower levels deal with short horizons and more detailed data II . 2. .' .
..t ) I,

The proposed production schedule adopts, therefore, a hierarchical structure
with two Il'VI'b to plan the production of the system. The higher level of the policy
considers the problem of sl'tting' up tilt' Ii Ill' for tilt' production Ill' heaters of different
ht'ights and the lowest IeVI'I tilt' problem Ill' decidiiu; the kind (i.«, the length and typt·
of heater) and the time to load the system with a PlII't of the above specified
ella ructe I' is tics,

On a flexible transfer line, where all the parts follow the same route, part
en t ry into the system is considered to he a decision problem that should be solved at
the lowest level. The question of which part to process next at a released machine is
not relevant for this case, because the parts are trunsferred hy a conveyor in which
the heuters keep the sequence specified hy their entry, In any case, since one of the
uhjectivl's is to minimise the work-in-progress, the solution to such a problem is not
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expected to ntfoct performance measures considerably, as the parts waiting in fron t of
a station are very few.

•

A':'o mentioned hefore , the planning of heater production of different heigh ts is
perfuruu-d a t the higher level of the hierarchy. Line setu ps are conside rable and
therefore sett ingu p t he line for different heights shou ld be a decision taken less
frequently than system ent ry decisions. Thus, the length and type of the heater are
used as control variables for shor t-term scheduling. while the height is used for
medium-term schedu ling.

TIlt' policy suggestt'd a t t he higher level was to grou p the orde rs by their
de-livery time hy using ag:,,"l'ega ted demand data and then split them in h'1'OUPS of t he
sume height ta l.ing' into account the line productivity. In this paper we will
concent ra te on t he development ofthe policy in the lower level.

There is no reason to load the system with more parts than it is able to
produce because otherwise parts tend to accumulate within the systems resulting in

. systern congestion and blocking of the machines given its limited buffer capacit ies. In
a fl oxihle t r ansfer line with a distinct bottleneck the production rate of the transfer
line equa ls the production rate of the bottleneck machine. Therefore. as far as the
automatic line is concerned, the periodic loading of the line at a period inversely
proportional to the production rate of the bottleneck station for the particular kind of
heater is suggested. As a result . it is expected to reduce t he work-in-progress and flow
ti me of the heaters produced. Table 1 shows the time intervals a t which t he furma t iun
of a new elementary part of the heater has to take place, as well as the bottleneck
stations which determine the productivity of the system.

Table I: Arrival times (in sees) in the system and the bottleneck stations

i nun I CURRE:\T SYSTEM DOUBLE PRODUCTIVITY TRIPLE PRODUCTIVITY

Height = 0.6 Height = 1 Height = 0.6 Height = 1 Height = 0.6 Height = 1
•

500 @ 87 @91 o 5G.6 091 056.6 091

600 H5.29 92 57.6 92 57.6 92

700 99 .5 99 .5 58.6 9:3 58.6 9:3

800 11:3 .72 11:3.72 59.6 94 59.6 94
~jtlO 127.94 127.94 @ G:t9 95 60 .6 95
1000 142.1 4 142 .1 4 ·71 9G 61.6 96

1200 170 .59 170.59 85. :3 98 6)72 98
1400 l~m 199 99.5 100 84 100

1600 227.4 227.4 11:3.7 @ 11:3.7 96 102
•

1800 255 .8 255 .8 127.9 127.9 108 6)108

:2000 284 .:3 284.:3 142.1 142,2 120 . 120

2200 :31 2.6 :312.6 156.3 156.:3 1:32 1:32

2400 :341.2 :341.2 170.6 170.6 144 144

Bottleneck stations: 0 transverse binding @ meander and body spot welder 6) press
machine

,
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'l'h« III I' put rate of the automatic line is the feeding rate of the testing area
which has a fixe-d production rate . As a result, the number of parts accumulated in
frunt of the testing area is a function of the difference of the two production rates.

•

TIl(' policy , although it considers mainly the automatic line , tries to minimise tilt'
,lvI' rag(' number of parts wai ting in the tl'sting area . This is uchievod hy appropriun-lv
com ru lli ug the kind of heater (basica lly its type ) to be produced by mixing the kinds of
heate rs in the line ent ra nce. Kinds of heaters which render the automatic line
dominant are interchanged with the kinds of heaters for which the testing area is the
crucia l stat ion.

4. INCREASED SYSTEM PRODUCTIVITY AND ITS
IMPLICATIONS

In order to increase the productivity of the sys tem, it is necessary and
su fficien t to improve the productivity of the crucial machines: the body and meander
" ! II ,t we lders . Technologically , it is only possible to double or triple their productivity.
Both tlll'se caSt'S wure eva luated wit h the he- lp of a snuu lat ion model .

i t is inte resting' to nu te that tilt' huttleneck stations depend on the length of
the heaters pruducod . Figur« 2 shows the main s ta t ions that are substa n t ia lly affected
by tilt' cha nge of lengtI . and aff('ct productivity when it increases . Thus , in the current
.";,vst t' II I, tho body and monnder spot welders are system bottlenecks (Fig. 2a l. When
IHldy a lld nu-umlur spot weldor productivity is doubled, traverse binding becomes the
iu-w hut. tk-m-ck mnchine of th« system for shor t -lengt h heaters , while the body and
meanck-r spot w,·ldl' rs remain the huttlencck for longer heaters (Fig, 211 1.

When hody and meander spot welder productivity is tripled, traverse binding
is aga lll tilt' hut t.lenuck machine for short-length heaters , while the press machine
beCo llll'S the hut t.lencck for longt!r heaters I Fig. 2c ). _

5. SIMULATION AND RESULTS

TIlt' system was modelled with the use of a domain specific simulation tuul to
t ill' nocossury level of detail. System performance was eva lua ted under the proposed
cun t. rul scht' lI ws a nd Iur va r ious realistic demand and system configu ra t ion scena r ios,
na nu-ly , the PX ist ing syste m and a system with increased (douhie and triple )
productivity of tire crucia l s tations, The obtained s imu latiun results for the existing
sys te-m demonstrn te tha t system productivity and machine utilisation are identical
u iulvr the cu rrent and ti lt' proposed production policy.
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Figure 4: Average number of heaters in the manual and automatic line under the
cu rrent (P O) and the proposed (P 1) policy

Furthermo re , the sa me machines appeal' to be the system bottleneck under
both schemes. T hus, the body and meander spot welders are bottleneck machines
operat ing at full capacity, while the press machine and the traverse binding have a
considerable u tilisa tion rate (about 50%).

T he mean flow time, however, is reduced under the proposed policy by 67(Yt
I Fig. :31 a fact which is attr ibuted to the minimum number of parts on the conveyor.
As a consequence, under this policy, no blockage of machines is observed. Finally, the
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average number of bodies in the system is reduced by 45%, which practically
that the averugo work-in-prugross for the proposed policy is minimised (Fig. 41.

:WOO
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~
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• Figure 5: Mean flow t ime of t he proposed policy under the cu rrent configu ration
(P I ) and the double capacity (P2)

When the productivi ty of the body and meander spot welders is doubled,
system productivity is increased by 70'7('. Du e to the redu ction of the workload on the
body and meander spot welders , their utilisation rates under t his policy are very
sim ilar to that of the press machine and the transverse binding. This fact is in line
with t he observation that now these machines are the bottlenecks for a wide range of
heater bodies (Table 1) . The average flow time is further reduced by 67% (F ig. 5)
while the average work-in-progress is st ill minimum.

When body and meander spot welder productivity is t r ipled, system
productivity is increased by 77% compared to the productivity of the existing
configu ra t ion. Therefore , the productivity of this configuration is just 7% more than
tha t of the double productivity configuration.

6. CONCLUSION

In this paper a real flexible line with limited buffer capacity which produces
different kinds of heaters has been studied through simu la t ion under the current and
a periodic loading policy and different configurations have been eva luated.

•

The way the current system is controlled results in unsatisfactory values of
system performance measures, while the proposed production control policy , which is
hiera rch ica l in nature, optimises these measures.

The periodical input policy respects the line production rates by introdu cing
parts into the system at a rate proportional to the line production rate . Thus , the

•
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policy achieves t he minimisation of the number of heaters in the system and the
defoctivc pa rts .." shown by the s imu la t ion results . Also . simu la t ion findings sugges t
that additio na l invest rne ut is just ified to double the productivity of the curren t
hot.tk-nock s ta t ions of the a uu nuatic t ransfer lin t' .
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