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Abstract. In this paper, a methodology for balancing assembly hil l'S with smoothed
work stat ion assignments IS presented Smoothed wurk sta t ion assignment cons titutes
a n additional criterio n durinJ{ the design and development of assembly lines
characterized by a larg-e nu mbe r of tasks , a small varia tion of task turn-s ancl a small
number nf precedence const raints with regard W the tu tal number IIf tasks tu be
performed . Assembly lines ha ving t he above features an' common III industrial
environments. III those cast' s the application of the :-uggpsted methodology leads to a
rnoro efficient organizanon of the a ssembly line . This IS confir med by the succt'ssfu l
application uf the su ggested met hodology III redesunung the a ssembly line of a jeep

type vehicle in It major Greek company.
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I. INTROD UCTI ON

One of tho problems encou ntered In urg-umzing- assembly line production IS

the assign rneut of tasks tu he performed lit var ious work sta t ions, Ml as to achieve II

des ired production rate. The order in which the tasks can he performed rs restrictod 1.)-'

a set of precedence rcstncnons (5 I. These precedence res trtctnms ar n-e ('Ither from t he
tech no logical co ns t ra mts due 1.0 the s t ructu re of the product or from layout
const raints. im posin g the assignme nt of some work task J..."TO UPS til predetermined Ill-
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cation s alung- the assembly line.

In addition to t.lll' ahoye restrictions , each task is associated with a
performance time . Thus, the su m of task times of 1111 tasks a ssigned to a work s tat ion
f(Jrlll~ its work content. T hl' maximum work content appear-ing among all work
I>tat luns, omsntutes the lower bound (If the assembly line cy cle time . The difference
between t he cyc le t ime and the work content of any line work stat ion is referred tn as
t lll' sl ack time for that work stauun.

Usually , the cnterion used for the optimum assign me nt of tasks to work
stauons is the mmirnixanun of the total slack t ime 1I\'('r a ll work stations of the
ussombly line at 11 givon eyd,-, 111110> T his cr iterion nften leads to solutions with u nequal
IOll(llIIg of the work s ta tions. However. In an industrial em-iron me nt, unequa l loading
of the work stat ions is all undes irable state, s ince smooth ing- the total s lack time to a ll
work stat ions mu st he achieved.

In th is paper , we present a methodology for orglillizmg assembly lim
produc t ion wit h smoothed tota l alack time assigument oyer 11 11 work s ta t ions. Th is
methodology has been successfu lly implemented in II major vehicles a ssembly Greek
compa ny .

2. THE S IMPLE ASSEMBLY LINE BALANCI NG PHOBLEM ISALBJ

2.1. Mathematical ro rmul a ti o n

Let lJ I ' J 2 ' ... ' J" I he a set of tasks to be performed In the assembly line I , the
requ ired t ime for task i u ~ 1.2,...,n ). A t he number of .....ork stat ions and T the cycle
t ime .
Given the cycle t ime T. we St...-k tho assignment of the n tasks tn the work srauons
adopt ing as cr iterio n the mininuzution of the total s lack time d . calculated by using
equation t l ): ,

d =A·T -~1- ,,_I \11

The above fu neunu must he minimized ta kin g" in to conside ra t ion tho
following constraints :

• T he maximum task time I",,,u nvvr nil tasks must Ill' less t. hnn nr equal to the
cycle t ime T

• T he work conte nt uf Pilc h work stauon must be Il-'l>S than or e-qual to the cycle
tune T

• 'l'he essigument of tasks to every work stat ion must not violate the exil>t inR
preced ence restrrcuons.

If the task t im es are independent of task soqucncuur. then the total s lack
t lllU'd IS mininuzcd If the product A • Tis rninunized . S mce the cycle time T is give n.
the total s lack time d IS unniunzed If the number uf work stat ions A is minimized .
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2.2. L iterature r e v i e w

2fil

Seve ral exact so lut um procedures have been sUg'g'('sh'(l hi su l ve the above
prob lem . Most of them UM,.· Inw g'l' r Programming, Dynamic P ro j.,"TamnnnJ.: and Branch
and Bound techniques. Us ing us crnor son the executmn tune limit ...vi t hin which 11

pro ble m can be solved (1). It appears that the prevailing exact so lut ion procedures are
those suggested by Van A.·..scbe and Herroelen (19791, W('l' a nd Mag-azlne 119Hl l.
J onson 119831 and Talbot a nd Pat terson ( 19841.

Un fortu nately, the efficiency of such exact procedu res IS radically red uced
with the increase in the prubh-m order. This happens bocnuse the line ImJancing:
prob lem. eve n III this s rm plest furm, hl' !onj,,<S to the category of N le-complete prohloms
(1). All exact so lu t ion procedu res developed . need a number of cdcu lat jon steps which
mcroases exponentially with th« order nf the problem. So, IJl rg'(' prob lems are vory
difficu lt t(l solve. Therefore , t he in terest has necessarily turned ttl till' development

I a nd use of heurist ic approaches. A hihliogruphical survey uud compa rison hetwel'll
seve ra l heunsuc methods c an he fou nd in Talbot F.B., Patterson .1 II . and Gehrk-in
W.V. [10 }. According' UI their conclusions, t he most eff icient nf tbc heu r ist ic methods
are thos(' suggested by Huffman T.1t (1963), Dar-E I 119 7:1) and ljar- El lind
Rubinovitch (19791.

3. SMOOTHING T HE TOTAL SLACI< Tl~IE

OVEH ALL WOHI< STATIONS

The met hodology for s rnoorhmg the total slack t ime over all work stat ions of
an assembly line includes two phases.

The fi rst phase doals with the solution nf the SALH usmg a n efficient
heu r istic proced u re. T he st ructu re of th is procedure I!' ha sod nn the heunsuc
proc edure developed by Hoffman T H. 16] , which is cons idered as one of the most
efficie nt [10), ....-i t h on ly H small modificat ion In step 3 tsoe fi/.,'1.ln · 1I. More specifica lly.
t he search for a su bset of tasks wh ich can he ass igned to a work stet son is tl' rnu natl'l l
when t he s lack time of the w.u-k station is less tha n or equal tu 11 prcdotc m uned IllW('r
bound of acceptable s lack t ime / 7' This low er hound a m 1M' c alculated ei ther Il!' a
percentage of the cycle t ime T 171, IIr It S a percentaec of t he theoren ca l minimum total
s lack t ime por work station MTST [41. The MTST ca n hp calculated th ro ugh equation
12 I:

MTST
A

"
J + - '~ t- ,

, . 1
(2)

,

where 1.\1 + denotes th(· Sllllllll'!'ot inu ·ger larger than or equal to .r .

T his modification is cnmpu lsorv si nce H uffman 's heunsuc procedure has
failed to gwe eve n one fenslhlt· soluuon - witlun the «d nnssible limits of compuune
t ime- _ ttl a proble m of assembly hue balancing 111 a specific \'l'h ll:h·s aSSl' mhly company
(7). T his was d ue to the fact that In th ts problem. the mulr uude of fe llsihle su bsets ul'
tasks which cou ld be assigned to the first work stat ion was already proh ibit ive ly la r g-e .
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This case is usual when. in an industrial environment, we solve problems which arc
character ized by a large number of tasks to be pe rformed. a small va ria t ion in the task
t imes, and a relative ly small numher of precedence constraints in t he tasks
sequ encmg.

If the solution obtained from the fir st phase leads to work stat ions with
u nequal loading, then we proceed to the second phase ofthe method .

Given t he minimu m number of work stations A' resu lt ing from the fir st
phase, the second phase deals with smooth ing the total slack time d" ass ignment to all
the work stat ions. Minimization of the smooth index Sf, ca lculated by using the
equation l3 ). constitutes t he criterion (or t he eq ual assignment of t he totnl slack t ime
over all work stat ions:

AO
81 = ~ (T _ 8, )2,.\

where S it is the t ime content of the work stat ion k and k = 1,2 ,....A·.

(3)

The smaller the smooth index, the more smoothed the a ssignment of the
total slack t ime to the work stat ions. It is obvious from (3 ) that for a given nu mber of
wnrk stations A· , the minimum value of the smooth index occu rs when the work
content of all work stat ions is equal, i.e.

"
~I.

8 e . 8 8 j ..1
1 =U"l = " ' = .=...: A- =Y ( 4 )

This work content in each work stat ion constitutes the lower bou nd that the
cycle time T cou ld theoretically achi eve withou t increasing the number of required
work stations A·. Therefore . if there is a so lution to the SALB problem at a cycle t ime

T = L i, I A· . with the same number of works stations A· , then this so lution is the

optimu m one. Otherwise. we are seeking a solu t ion with the same number of work
stat ions A · . bisecting the interval between the in itial cycle t ime T and its lower bound

L t, JA ' , according to the iterative procedure described in figu re 2.

T he met hodology presented is embodied in a FORT RAN ve r . 4.0 com puter
program which we have developed for this purpose. The computer p rogram ca n be
executed in DOS environ ment on any PC X'T or AT IBM com pa t ible computer.

4. AN EXAMPLE FROM INDUSTRY

The above methodology has been used within a resea rch project of
redesigning the assembly line of a jeep-type vehicle , in a major Greek company (7].
The assembly line consisted of the frame assembly and chassis assembly departments.
When a specific set of tasks was completed on the chassis. then the assembled frame
was transported by means of a bridge crane and placed on the chassis. These operan-
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ons were followed by the final assembly, decoration , painting' a nd final control phase s.
In the following paragraphs. we present the applicat ion of the methodnloJrr for the
chass is assembly.

More spec ifically , figure 3 presents the precedence const ra in ts diagram of the
tasks to be performed for the assembly of the chassis . T he total number of tusks is 99 ,
with 8 total task time of L t, :: 1022.29 minu tes. The multitude of preced ence

constraints existing amo ng tasks amou nts to 125, whereas the des ired cycle time in
the chasssis assembly department is T _ 90 minutes.

Application or the methodology

Phase 1:

Phase 2:

We so lve 8 SALB problem ....-ith the cycle time T _ 90 minu tes , accordmg
to the heuristic procedu re of Ilgu re 1. The resu lts are presented in figure
4. We observe that the minimum required nu mbe r of work stat ions is
A O _1 2 a nd the total s tack t ime is d O ;;;;;; 57 .7 1 minu tes. Thi.. total s lack
t ime is unequally a ssign ed to the work stations with u smooth index S l _
53 .32. III this case. the smooth index value is very largp be cause 92.20% of
the total s lack tune is assu..ned to the last work stau on No. 12.

• \"'(' de termine the lower bound TA of the cycle time for ..\ . - 12 work

stat ions, u sing t he formula TA :: I ,; /A ° :: 1022 29 /1 2 = 85.20 rninu

tel'. We solve the SALH problem with the cycle umc 'J' :: TA :: 85 .20
min utes, according to the heu ris ti c procedure of figure 1. T he results
are presented in figure 5. \Ve observe that the min im u m req u ired
numher of work s tations has increa sed t.o 13.

• \Ve sea rch for a solu t ion to t he SALB problem with t he same number
nf work sta t ions A· - 12, bisect ing the interval between the im tial
cycle T -90 minutes a nd its lower hound TA - 85.20 minu tes according
to the itera ti ve procedure de scribed in figu re 2. Till' optimal solution
wi th a cycle tune Tc-85.3 1 minu tes. is presented m figure 6.

Comparing the initi al solution shown in figure 4 IIlId the optim u m in figure 6,
we observe a s ign ifican t im provement in the smoot hing assignment of total slack time
over all work stat ions.

5. CONCLUSIONS

In th is paper, the met hodology fur bala ncing assembly lim's with smoo thed
work stat ion assignment has been presented . Smoothed work station assummenr
const itu tes a n additional Criter ion during- the deslg'll a nd development of as......-mbly
lines character ized by a large num ber of tasks, small va riat ion of task n mes a nd a
sm all number of precedence constra ints with regard to t ill' to tal number of tasks to 1)('
performed. Assembly lines having- the ahove features an' w ry common in a u indust.ri-



' 64 S .G. Dimilraclis a nd P F..<Of'fl rgimli!o I Asspmbly line balancing

III environmen t . In those cases, the application of the su ggested methodology leads to
lin efficient organ ization of the asse mbly line. T his last poin t is con firmed by t he
successfu l application fir this methodology in redesigning the assembly lill(' of jeep
type veh icles in II major Greek company .
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I

step 1. P redetermine the cycle t ime T and the
lower hound of acceptable slack time IT
for any work sta t ion. Star t the assignment
of tasks Irum the first work sta t ion.

s tep 2. Search for a subset of tasks which can be
assigned to t his work s ta t ion and for
which the su m of a ll task t imes dop),; not
exceed the cycle t ime T.

step 3. T he s lack ti me of the work sta t ion is less
than or equal to predeter-mined lower NO
bound of acceptable slack time IT

YES
•

step 4 . Exclude from fur ther consideration the Go to the

tasks which haw been ass igned. Are there YES next work
any tasks which remain unassigned ?

sta t ion

NO

step 5. End of solu t ion procedure

Figure 1. Flow chart diagram for the solution procedure of the SALH problem.
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Set TA =Llj IAOand

step 1.

To . T

YES
step 2. Set Tc ( TA +1'8 ] / 2. Does Tc remai n

approximately constant?

NO

step 3. Solve a SALB problem performing the
procedure shown in figure 1. Use l'c as
the cycle t ime. Let Ac he the total number
of requ ired work stat ions.

step 4. Is A · equal to Ac ? NO Let TA = Tc .

YES

1
step 5. Keep this solu tion as the new bet ter one .

Let T H = Tc .

step 6. End of smoothing procedure

Figure 2. Flow chart diagra m for the smooth ing procedure.
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,

o

Figure 3. Preced ence diagram for chassis assembly

)
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ASSEt\.W LY LlN r~ BAt.ANCING WITH SMOOTHEU STATIONS ASSlfiNMENTS
H EURIST IC METI IOU

PHOHLBM TITLE · Asse mbly line balancing fur chassi s [date: 15 Nov 93)·

TOTALTLME · 1022 .29 No, OF BLEMENTS · 99· ·
CYCLETL\IE · 90.00 No. OF PHEC. HESTR · 137· ·

statinn slack
number- WORK ELEr.lE:\TS t ime

1 01 02 03 n. n6 n. OY HI 12 :11 no no 00 00 on <HI 0.00
2 05 07 11 13 I' 15 16 17 22 23 34 'I IKJ (KJ <HI "J 0.00
3 l' 19 20 21 2' 25 26 27 " 33 00 on (KJ 00 00 '" 0 .00
4 30 32 35 36 42 43 00 00 00 00 00 00 00 (KJ 00 00 0.45
5 29 37 3H 39 , n " 45 .. 47 43 '9 (KJ (KJ 00 00 '" 3.48
6 50 51 52 53 55 59 62 65 .. ee " J 00 (NJ 00 on '" 0.00
7 54 56 57 51! ... 67 9' 00 00 00 00 00 (KJ 00 00 ' KJ 000
8 60 61 79 ~l 00 00 00 00 00 00 (NJ (NJ "J (KJ 00 00 0.00
9 63 69 70 71 73 74 .0 92 00 00 <HJ 00 on (KJ 00 00 0.03

10 72 75 76 77 7R H3 H4 H6 ae '9 Y3 on nn <HI 00 <HI 0.00
11 Hi H2 H5 !10 9' !1I1 97 Oil on on on flO Oil 00 on on 0.55
12 H7 91 95 (KJ 00 Oil 110 <HJ <H' <H' <H' '" (NJ <HI "J <HJ 53.20

f:FFlC1f:NCY~9435% SMOOTII INUEX= 53.32 TOTAL SLACK T1ME =57.71

Figure 4. Computer program resu lts for '1' = 90.00 min lind without smoot hed
s tat ion assum mc rus
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ASS EMBLY LINE BALANCING WITH SMOOTHED STATIONS ASSIGNMENTS
HEURISTI C METHOD

PROBLEM TI TLE · Assembly line balancing for chassis (date: 15 Nov 93}·

TOTAL T I.l\.1E · 1022.29 No. OF ELEMENTS · 99· ·
CYCLE TIM E · 85.2 0 No. OF PREC. RESTR. · 137· ·

stat ion s lack
nu mber WORK ELEMENTS time

1 01 02 03 04 06 O. 26 34 00 00 00 00 00 00 00 00 0.00
2 05 07 09 10 11 12 13 14 15 I. 20 21 22 25 00 00 0.00
3 17 l' 23 24 27 28 29 31 35 00 00 00 00 n(l 00 00 0.05
4 19 30 32 33 3. 37 42 00 00 00 00 00 (~ ()(J 00 ()(J 0.50
5 aa 39 40 41 44 45 4. -ts 5(l 00 00 (l0 00 00 00 00 0.08
6 43 47 49 51 52 53 59 65 96 96 00 00 00 00 00 00 0.00
7 55 56 67 64 66 58 69 00 00 00 00 00 00 00 00 on 0.00
8 54 62 63 67 70 71 76 ,. 00 00 00 00 00 00 00 00 0.01
9 72 73 7. 77 78 79 99 00 00 00 00 00 00 00 00 00 0.00

10 ss 60 74 81 '3 84 85 87 00 00 00 00 (10 00 00 00 0.03
11 51 ' 0 " 92 95 ()(J 00 00 00 00 00 00 00 (10 00 00 0.09
12 58 '9 90 93 94 97 00 00 00 00 00 00 00 00 00 00 3.95
13 91 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 80.60

EH ' ICIENCY=9 1.66% SMOOTll INDEX=80.70 TOTAL SLACK T IME = 85.31

Figure 5. Computer program results for 1'- 85 .20 min and without smoothed
stat ion assignments
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ASSEMBLY LINE BALANCING WITH SMOOTHED STATIONS ASSIGNMENTS
HEURISTIC METHOD

PROBLEM T IT LE · Assembly line balancing for chassis (date: 15 Nov 93)·

TOTAL TIME · 1022.29 No. OF ELEMENTS · 99· ·
CYCLE TIME · 85.3 1 No. OF PREC. RESTR. · 137· ·

station slack
number WORK ELEMEXTS time

I 01 02 08 22 26 34 41 00 00 00 00 00 00 00 00 00 0.01
2 09 12 13 20 21 23 25 30 32 00 00 00 00 00 00 00 0.0 1
3 03 04 05 06 07 27 31 33 36 37 00 110 110 110 110 110 0 .01
4 10 II 14 16 17 18 I' 35 38 42 43 •• 00 00 00 00 0.26
5 15 24 28 29 3. 40 44 47 48 50 00 110 110 00 00 110 0.0 1
6 45 46 51 52 63 68 5. 63 86 00 00 110 00 00 00 0<1 0.01
7 50 65 66 67 6. 70 80 .8 00 00 00 110 00 00 00 00 0.01
8 60 62 64 71 Il8 95 00 00 00 00 00 00 00 00 00 00 0.01
9 55 73 74 76 77 82 87 .2 00 00 00 00 00 110 00 00 0.00

10 61 75 78 79 81 85 8. 96 00 00 00 00 00 00 110 00 0.01
11 5' 67 68 83 93 9' 110 00 00 00 00 00 110 00 00 110 0.08
12 72 84 90 . 1 97 99 110 00 110 00 IlII 110 00 00 00 110 1.01

EFFICIENCY= 99.86% SMOOT H INDEX = 1.05 TOTAL SLACK TIME = 1.43

Figure 6 . Final computer program resul ts with smoothed stat ion assignments


