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Synopsis

An assembly line with no paralleling of work ele-
ments and work stations is called a serial line. The
cycle time of the serial line must be at least equal
to the maximum work element time. To lower the cycle
time beyond the limit and increase the production rate,
one may permit the paralleling of work elements or
work stations.

So in this paper we propose the parallel assign-
ment method for achieving a higher production rate.

In this method, work elements are assigned to work
stations under the multiple upper time limits which
are the products of the various numbers of workers and
the limiting cycle time.

Further we develop the computer program of the
proposed method and provide an illustrative problem

and computational results.

1. Introduction

The typical assembly line is serial with no paralleling of work
elements and work stations [1]. The serial line has one worker in
each work station. And the serial line balancing is to assign the
work elements to the work stations so as to make the work content at
each of the stations as close as possible to one limiting cycle time,
i.e., an upper time limit of the stations. Then the sum of the times
for work elements assigned to any one station (i.e., station time)

does not exceed the upper time limit.
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Therefor the cycle time, which is the largest value among the
stations times, must be at least equal to the maximum work element
time. Hence the productionyrate depending on the cycle time is
restricted by the maximum work element time. This consequently
confines the wide application of line balancing methods.

An alternative way to attack the increase of the production rate
(hence lowering the cycle time) is by assigning the multiple workers
to a definite station, that is, paralleling the station work. The
effect of this assignment is to allow the multiple workers to perform
the same station work, thereby increasing the upper time limit by the
number of workers at the station. 1In this case, the problem is how
to obtain the best possible combination of the number of workers and
work elements in each station so that the efficiency of line balancing
may be maximized.

Then we propose the method of assigning work elements to work
stations under the multiple upper time limits which are the products
of the number of workers and the limiting cycle time. We call this
method the line balancing method under multiple workers in each
station (LBMW).

Further we develop the computer program of line balancing with
the proposed method. And an illustrative problem and computational
results are provided to explain the proposed method.

2. Notations

We use the following notations for the assembly line terminology.

n : number of work elements

Wy, i kth work element in the element list

tk : performance time of wk

Z% : set of work elements preceding to Wy

M% : performance restrictions of Wy

k=1,...,n : work element serial number

T=Zt sk=1,..,n : total work content per unit product
tmax=max{tk,k=l,..,n} : maximum work element time

Pu : limiting cycle time (depending on production rate)
N : number of work stations

n, s number of work elements in the <th station

wij : jth work element in the ith station

tij : performance time ofz%j

J=1,...,n; : work element serial number inlthe ith station
=1, .,NV : station serial number

Ti=2tij,j=1,..,ni : station time of the ith station
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P=max{1%,i=1,..,N} : cycle time of the line
Eb=ﬁ§§ : efficiency of line balancing

3. Method proposed

Work elements are assigned to work stations which have one or
more workers performing the same station work. So we add the other

notations as follows

me number of workers in the Zth station
m=2mi,i=1,..,N : total number of workers on the line
Mimazx : admitted maximum number of workers at the <th station
l=1,...,Mimax : serial number of stages
where
m € {1,...,Mimax}
P=max;Ti /mi »i=1,...,N}
Eb=—rp

In this method the problem is how to obtain the combination of
m, and {wij’jzl""’ni} in each station so that the ratio of Ti/(miXPu)
may be maximized.

Work elements, their performance time, precedence relations, and
other constraints are assumed to be given. Further Pu and Mimax must
be given to execute the proposed method LBMW. The selection of
assignable work elements is based on the preceding relations and the
largest candidate rule [2].

The procedure of LBMW is as follows.

Step 1. Set the initial data.

{wk,k=1,...,n} : set of still unassigned work elements

0 . Go to step 2.

Step 2. Proéeeding to the next station.

i+ 1

0 . Go to step 3.

Step 3. Proceeding to the next upper time limit at <th station.
1+ 1

ni(Z) =0, Ti(Z) = 0. Go to step 4.

Step 4. Select the maximum work element w, among the ones which

ey}
|

o
I

o
.|

o~
]

satisfy all the following four conditions.
(1) w, € R
w, is one of the unassigned work elements.
(2) {wal PanR=¢}
v, is one of the workable work elements with precedence relations.
(3) {w,| t, < 1xPu - r,(1) }



24 Fumio AKAGI,Hirokazu OSAKI and Susumu KIKUCHI -

w, is one of the assignable work elements with the bound of
slack times.
(4) { W, [(Ma=Mij(Z),j=1,..,ni(Z)) U (Ma=¢) }
v, is one of the assignable work elements with the performance
restrictions.
If wa can be selected, go to step 5. If not, go to step 6.
Step 5. Assign the selected work element w, to 7th station with Ith
upper time limit and the following calculations are done.
ni(Z) = ”i(Z) + 1,
J = ni(Z) B
wij(Z) =w, B tij(l) = ta 5 Ti(l) = Ti(Z) + ta , R =R - {wa} .
Return to step 4.
Step 6. Reset the assigned work elements with Zth limit.
R =R+ {wij(Z),j=z,...,ni(Z)} .
If 1 < Mimax, return to step 3. If 1 > Mimax, go to step 7.
Step 7. Select the best combination of the number of workers and
work elements at <th station. First,
l, = {7 | max {Ti(Z)/ (IxPu),1=1,...,Mimax}
and using ZO’ the following calculations are done.
m, = ZO s My = ni(Zo) R Ti= Ti(la)’
wij= wij(lo), tijz tij(ZO)’ j=1,...,ni(20),
R =R - {wij, J=1,...,m,}
: If R ¥ ¢, return to step 2. If R = ¢, go to step 8.
Step 8. Compute the balance and stop the précedure.
N =1
P max{Ti/mi, i=1,...,N} , Eb = T/(XmiXP) =T /(mxP) .

A

4, Program

The work assignment method under the condition of multiple upper
time limits is programmed in FORTRAN IV. The program is the form of
subroutine and its name is LBMW.

SUBROUTINE LBMW(PU,MIMAX ,NW,NWK, TWK,KINDP ,NAMEP ,MACHIN ,NSTN,T1 ,MI NI ,NWIJ)

4.1. Usage
Argument list

ARGUMENT lig TYPE SIZE DEFINITION
PU | REAL 1 Puy, the limiting cycle time
MIMAX ! INTEGER Z Mimax, admitted number of workers at a station
NW ! INTEGER I 7, number of work elements
NWK I INTEGER NW Vs work element number
TWK | REAL NW tk’ time durations of work element
KINDP I INTEGER NW number of pre work elements
NAMEP I INTEGER NWXKINDP P, , pre work element number
I

MACH N INTEGER NW Mﬁ, performance restriction
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ARGUMENT 1/0 TYPE S1ZE DEFINITION
NSTN 0 INTEGER I N, number of stations
Tl 0 REAL NSTN Ti’ station time
Ml 0 INTEGER NSTN mss number of workers in the station
NI 0 INTEGER NSTN n:s number of work elements in the station
NWIJ 0 INTEGER NSTNxNI work element number in the station
NW < 50, KINDP < 10, NSTN < 50, NI(f) < 10, i=1,...,NSTN, NWIJ €{1,2,..,NW}

4.2. Suggestion on using

‘Subroutine SWWEPR, SAWEBS, SAWMAC and MAXGRP are used in LBMW.
These are used to select the maximum work element wa at step 4 in the
procedure of the method.

The program list of LBMW is shown in Table 1.

5. Illustrative problem and computational results

The assembly work of the small electric switches is used as an
example to illustrate the proposed method. The total assembly work
has been analyzed and divided into work elements. The list of work
elements has been developed and shown in Table 2.

The line balncing consists of two procedures [3];

(1) Minimize the number of workers on the line given the limiting
cycle time.
(2) Minimize the cycle time given the number of workers on the line.

LBMW can be applied to both procedures.

We assume that the production schedule needs two thousands of the
switches per day (420 minutes). So the cycle time of the line must be
lower than 420/2000, or 0.210 minutes, and the limiting cycle time Pu
is 0.210 minutes.

But the work element w, (01) takes 0.323 minutes, which is longer
than Pu. In this case, the establishment of the assembly line is
impossible by the serial balancing methods. So the LBMW will be
applied to solve this problem.

As tmax/Pu=O.323/0.210=1.58, Mimax must be at least equal to 2,

and we set Mimax=4.

5.1. Assignment under the given Pu=0.210

Giving Pu=0.210 and Mimax=4, LBMW is called. The step of obtain-
ing the solution is shown in Table 3. Computational results in this
case are shown in Table 4. The obtained line is constructed by 3 work
stations (N=3) and 5 workers(m=5). The cycle time of that is 0.201 and
the efficiency of line balancing is 0.909 (Z.e., P=0.201 and Eb=0.909)
In detail the Ist station has 3 workers(m1=3), 3 work elements(n1=3,
w]j={01,02,04}), and the station time of 0.602(T1=0.602). The 2nd

station is m2=1, n,=2, w2j={05,03}, and T,=0.184. At the 3rd station
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5.2. Assignment to lower the cycle time for 5 workers

m,=1, n,=1, w3j={06}’ and T3=0.126.

To lower the cycle time and improve Eb, we use the cycle time of
the previous obtained line for the next Pu. Giving Pu=P=0.201{obtain~
ed in 5.1.) and Mimax=4, LBMW is called. As the obtained line has 5
workers, the higher balance for m=5 is obtained. Computational results
in this case are N=2, m=5, P=0.196 and Eb=0.928. The Ist station has
4 workers(m1=4), 5 work elements(n1=5, w1j={01,02,04,05,03}) and the
station time 0.786(T;=0.786). The 2nd station has m

=1, n,=1, w,,=06

2 2

and T2=0.126. They are shown in Table 5.

Further we use P=0.196 for Pu and perform the same procedure. As
the line has 5 workers, the higher balance for m=5bis obtained.
Computational results in this case are N=2, m=5, P=0.184, Eb=0.991,
shown in Table 6. The Ist station is 4 workers(m1=4), 4 work elements
(n1=4, w1j={01,02,04,05}), and T1=0.728. And the 2nd station is m2=1,
=2, w2j={06’03} and T2=0.184.

Further we use P=(0.184 for Pu and perform the same procedure.

"2
In this case the obtained line has one more workers than the previous
line. This means that the cycle .time can not be lower than 0.184 for
5 workers on the line.

As the results, three different work assignments which satisfy
the production rate 2000 units/day were obtained. One of them may be

selected and adopted by the other measurements except the efficiency.
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Table 2. List of work elements Table 3. Steps of obtaining the

of a switch. solution under Pu=0.210 and Mimax=4.
NWK  TWK KINDP NAMEP MACHIN : TI(L TICL/(LYPU)  wId (L)
. 1
w, by (min.) Py M, 104153 8.72% 2
2 04323 0.759 1
g; g'ggg g 3 «£32 0.95¢6 1 2 4
. 4 3.7356 0.936 1 2 4 5 3
03 0.068 1 02 2
04 0.126 0 1 0.134 0.876 S 3
2 0.317 0.738 s 6 3
05 0.126 0 3 0.31) 0.492 S 6 3
06 _0.126 0 4 0.310 0.3%69 5 6 3
3
a0+ 328, T=0.912 1 0.12% 0. 600 6
2 0.126 0.300 6
3 0.125% 3.200 6
4 0.128 0.150 6
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Table 4. Computational results. Table 5. Computational results.
N= 3 %= § PU= 0210 N= M= PU= 201
I TI M1 W1y THIS 12 7? v M1 WIJ  TWIJ
1 532 3 1 785 ‘
@ 01 4323 o 73! 01 .323
02 4153 32 .153
04 126 .
, 146 1 04 126
- 05 .126 gf o
T ,052
33 .05S » 1% .
3 125 1 =t 0s .12
08 .12 p= 195 E3= .523
p= .201  E3= .909 = 2179 5% .
Table 6. Computational results.
N= 2 w= § PU= «196
1 T1 MI Wiy TWIJ
1 .72% 4
o1 ,323
02 .153
04 .126
5 L1268
2 184 1
96 L1256
93 .0SE
P L34 ESE .991
Table 1. Program list.
£ «¢x CPLAR YNDER THE MULTIPLE W€WORKEXS IN CACH STATION <&
SUSSLIUTINE L3Mi(PU, AIMAX, NW/NAK, TUK,KINDP, NAYER, MACHIN,
[ NSTN,Ti, MI,NI,NWIJ)
DI¥=* STIN NWS{52),TWK{SI) P KINDP(S T, NAMES(STI,L,T1T),YACHIN(SD)
DIMEISISN TIC(SI) 4 I(S3YANI(ISY A NWIS(ED0,13)
DIMENSIZY TILC12),39IL{1),N41JL(13,10),v5(5])
DI*ERSION N3RGUP(S5D),NASSGP(5D)
50 17 I=1,ud
12 ND(I)=NWX (1)
15=5
473 IS=15+1
DO 14 I=1,NW
IF(NDCI) JNE. 3) GO TO 15
14 CONTINUZ
60 Y& 537
15 CONTINUZ
LS=0
370 LS=LS+1
IFCLS .3T<MIYAK) GO TO 315
TREST= UxFLOAT(LS)
TIL(LS) =343
NIL(LS'=0
MALZRES=D
N0 CIONTINUE
' CALL SWHZOP(NW,\ND,KINDD,NANEP, NJUGRFP,NGROUP)
IFQuI*3R JLEL 9) GO T3 319
CALL SAJESS(iNAGFRP o NSROUD,TREST,TWK,NU¥ASS,¥ASS5P)
IFCNu%455.L5.7) GC TO 319
CALL SAWAL(YACRIS,NUMAS3I,NASSG?»MACHIN)
EFCuW¥as3s JLEL 1) 30 TI 310
MAXET=MAXIIP(NUMASS,NASSGP, TWK)
TILCLS) =TIL(LS)+TWK(MAXET)
NILC(LS)-“IL(LS)=+1
NWISLCLS,NILCLS) ) =MAXST
NDI{*AXET)=)
TREST=TIEST-TH< (MANET)
NTRE3T=TREST*13050.0
TRLST=NTREST
TREST=TREST/10000.3
IF(YASHIN(YAXET) ,iife J) MACRES=YACHIN(MAXET)
62 T2 2y
310 IFCNIL(LS)LLE,D) GO TD 330

ERL=TIL(LS) /(LS *PU)
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DY 3. I=1,NILLILS)
NET=NJIJL(LS, 1D
X5 NDINET) =NWK(NET)
36 VI %33
315 E5MAX-T.T
00 TJ I=1,MIMAX
E3L=TIL(I)/ (120D

IF{E3L.LELEBYAX) GO TO 30
E3MAX=E3L
LS=1

T3 CoNTINyS
TICIS)=TILC(LS)
MI(IS)=L3
NIEIS)=NILILS)

DR d=1.NIL(LS)
ND{NwIJL(L3,1))=]

T4 NWIJ{IS,SYNWIILILS #d)

NSTw=1%

57 Ty 433

ET2

IND

SILELT THF
3UES0UTING

DIYINSION

NY*5RDET

DI 13 I=1,%W

IF(NN(I) LES. D)
KP=KINDA(I)
D3 25 4=1,KP

0 20 K=1.NW

F{N)(K) LEQ. D) S5O

TS LELY S PFD) .

22 CONTINUE
NUUGRO=NIMGRP +1
NGROUBLNUMGRP) =T

TINUE

RETIIN

£4D

SELICT THE ASSIANABLE

s

*x K

~0RKASLE

GC T2 13

T2 27

[T

LR

WIRK L -
SWNWIP RN, NI KINDB, NAMEO, N INMGIB, NGR01)
NO(EDY 4 KINIP (3D A %AMIR (5D, 10),NGRNURL5T)

wOIK CLEMANTS WITH THT

EUINTS

WITY 2Rz7€DE%cC

aE3a ND(X)) &2 TO 19

SUBTIIUTINE SAWEIS{NUMGRP,NERIUP,TREST,TWK,NUMAST,NASST?)

DIM

NUYA5S=0

D0 10 I=1,NUMGRP
NAS=N3I3UPK(I)
IFCTWX(NAS) LGE.
NUMISS=NUMASS+1
NAS5E(NUMASS)=NGROUP(I)

1) CONTINUE
RETUIN
END

TREST)

*xs SSUTCT ASSIGNARLE WORKS WITH

FNSIIN NEROGUR(STI),TWK(50) »NASSGP(SD)

53¢ T0 19

THE MACHMINE RESTRICTIONS

SUZROUTINE SAWMAC(MACRES,NUVASS ,NASSCP,MACHIND
DIMENSICN NASSIP(SD),MAHIN(5C)

IF(®aLReS
N=C

DO 10 1=1,NUMASS
NAS=NASSGRP(I)
I- (RATHIN(NAS)

«E3. 0) RETUIN

«LEa

Gl 32

ITF(4ACRIS.NE.MACHIN(NAS)Y) &0

13 N=N+9
NASSGP(H)=NASIGP(]I)
13 C2INTINUE
NUVASS=N
RETURN
END
4% LARGEST CANDIDATE RULE ###

T0 15

T0 10

FUNCTION ®AXGRP (NUMASS,NASSGP,TWK)

DIMENSION NASSGP(50),TWK(50)
MAXGRF=NASSG (1)
SIC=TWAK(MAXGRP)
DD 150 I=1,NUMASS
N=NASSG®(I)
IF(TWK(N)
MAXGRP=N
3I6=TWK(N)
CONTINUE
RETURN
END

olEe

BIG) G2 TO 100

thn

FOUND OF SLACK TIM™ES w#x





