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Abstract: In many real world assembly line systems which the work-piece is of large size more than one worker work on th
same work-piece in each station. This type of assembly line is called multi-manned assembbAliner( the classical
multi-manned assembly line balancing problem (MALBP) the objective is to minimize the manpower needed to manufactur
one product unit. Apart from the manpower, other cost drivers like wage rates or machinery are neglected in this classic
view of the problem. However due to the high competition in the current production location, sinking the production costs
and increasing utilization of available resources are very important issues for manufacturing managers. In this paper a co
oriented approach is used to model the MALBP with the aim of minimizing total cost per production piece. A mathematica
model is settled to solve the problem. Since the proposed model is NP-hard, several heuristic algorithms are presented
efficiently solve the problem. Several examples are solved to illustrate the proposed model and the algorithms.

Keywords: Line balancing; Multi-manned assembly line; Cost-oriented approach; Heuristic.

e Each task j has a Deterministic and numeral
1. Introduction operation timet}.

Assembly lines are flow-based production systems used to ® No assignment limits alongside precedence
manufacture standardized production units in high volume. constraints.

These systems even gain importance in manufacturing Serial line layout with m stations.

customized products in low volume. Assembly lines consist All stations are similarly equipped with reverence to
of workstations (also called stations) that are arranged along machines and workers.

a conveyor belt or similar material handling system. In each ¢ Maximize the line efficiencyEff = Lsum 0 \which
station a set of tasks are performed on the work-piece. mxC

Beginning form the first station, each work-piece is moved m is_ the number of stations and
from station to station with a constant transportation speed teum = Lj=1d; is the sum of processing time of
throughout the line. The production speed is determined by all tasks.

the cycle time which is the time between completions of two

consecutive production units. The work content of eachhese assumptions are very restricting with respect to real
station in the line is constrained to be less than or equalw@rld assembly line systems. Therefore many researchers
the cycle time. The total work needed to assemble the firtsdve focused on changing or releasing some of these
product is divided into n basic operations |I= {f1,. n}, assumptions to obtain more realistic models. The resultant
these elementary operations are called tasks. Each tashrgblems are called generalized assembly line problem
needsd} units of time to be accomplished; this duration i§GALBPS) [4].

called task time. Furthermore there are some precedeMdgmerous generalizations have been considered for the
relations among tasks. Typically these relations a®BP. Some examples of these generalizations are
accessible in a precedence graph in which each vertegnsidering U-shaped assembly lines balangsjgparallel
presents a task and each arc (i,j) presents a precedewesekstations [6], considering process alternatives [7] and
relation between tasks i and j. two sided assembly lines [8]. Some latest surveys of
The problem of partitioning tasks to stations in order tgeneralized assembly line problems are [2], [3], [9], [10].
optimize some objective functions is called assembly linkd many real-world assembly lines the production unit is of
balancing (ALB) problem. The most studied problem in thirge size and there are more than one operator working on
field of ALB is the simple assembly line balancing problenthe same work-piece in each station. This situation is first
(SALBP) and has the following assumptions [1]-[3]: Mas#dentified and modeled by Dimitriadis [11]. In a MAL more

production of one identical goods. than one operator can be working on the same work-piece in
e Given production process. each station. This results in several advantages over simple
« Paced line with a fixed cycle time C. assembly lines. Some samples of these gains are reducing the
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length of the line and consequently reducing the work ianiversal machinery. The number of special machinery can
process, reducing the costs of tools, machinery améd assumed to be fixed and independent of assignment of
transportation system [12]. tasks to workers in stations. In addition it is assumed all of
Even though MALs are very common in real world assemblfne stations need identical universal machines. Therefore the
line production systems, only a small number of researcosts of capital for all stations are the same.

papers have considered MALBPs. Dimitriadis, introduced the

MALBP and presented a heuristic assembly line balancir@ther costs such as costs of material are assumed to be
procedure to solve the problefil]. Cevikcan et al independent of the length of the line or assignment of tasks
developed a mathematical programming model to credi stations [16]. Therefore the total costs per product unit k
assembly physical multi-manned stations in mixed mod@MU/PU] can be formulated
assembly lines. They also presented a scheduling-basek = E;.; ;€ x 7% 4+ m x k* wherek™ [MU/PU] is
heuristic to solve the problenil3]. Chang & Chang the total cost of capital.

proposed a mixed-model assembly line balancing probleReviewing the literature of cost-oriented assembly line
with  multi-manned ~ workstations and developed @alancing, Rosenberg and Ziegler, assumed that the
mathematical model for the mixed-model assembly |in§peration of a station k causes a wage ratpeﬂ time unit
balancing problem with simultaneous production (MALBP Sequal to the maximum wage rate of all tasks that are assigned
to obtain the optimal number of workstations. They alsg that station. The objective is to minimize the aggregate
presented a coding system, Four-Position C&RJ, to re- age rate over all stations, while the number of stations is
code the tasks to tackle this issue, and provided \@riable. They described and evaluated priority rule based
computerized coding program written in C++ to generatgeuristics, where some of the rules are available for SALBP-
those FPCq14]. Fattahi et al, developed a mathematical [17]. Amen, extended the problem by considering the costs
programming model for MALBP. They also proposed an ajf capital e.g. cost of machinery or transportation system
colony meta-heuristic approach to solve the proljlEzh [19]. Amen [18] and Amen [19], proposed a branch and
In the literature of MAL usually the objective is to minimizebound a|gorithm to solve the prob|em which app”es a
the number of workers for a given cycle time [1@] station-oriented construction method and laser search
minimizing the idle time [13], [14]. However due to the highstrategy. Amen developed station-oriented priority rule
competition in the current production location, sinking th@ased procedures with cost-oriented dynamic priority rules
production costs and swelling utilization of aVﬁ"ab'Qa_nd compares them to existing ones using a |arge set of
resources are very important issues for manufacturifgoblem instances which is generated randomly. The new
supervisors. Therefore expanding a model to straighfle named “best change of idle cost” had a better
minimize the production costs is of significant interest. "iljerformance than all other rules [20], [2Hor the same
this paper the MAL configuration is considered with a cosiroblem, Amen concentrated on general model formulations
oriented approach. Generally final assembly is a laboufat can be solved by standard optimization tools and
intensive production [15] In the cost oriented approach tl’ilﬁtroduced several improvements to existent mo@]gﬁ
objective is to minimize the total cost per product {]- These models are plannddr both general branch-and-
[19]. Therefore the significant cost drivers should b@ound techniques with LP-relaxation or general implicit
analyzed. enumeration techniques. They also discussed the solution
At first the labor costs are considered. The payment of @ficulty of the problem and showed that the “maximally-
worker is dependent on the “job values” determined by the  |oaded-statiomule” has to be replaced by the “two-stations-
well-known work measurement systems [19]. In an assembyle”. which causes an enormous increase in solution
line there are tasks with different levels of difficulty and jokyifficulty compared to the time-oriented version. Malakooti
values assigned to a worker. For each tasks possible to [22], [23] and Malakooti & Kumar [24] considered a multi-
consider a wage rafd".i € 1 [MU;"TU] (TU time unit,PU  objective ALBP with objectives that are based on cost and

production unitMU monetary unit) which is related directly capacity.

to its job value. Wage rate of an operator working in ¥ this paper a cost-oriented approach is used to model the
station along with other operators on the same work-pieceNSAL which to the best of our knowledge hasn’t been
determined by the most difficult task assigned to him (or hegpnsidered in the literature so far. Then different heuristics

i.e. the task with the highest job value. Therefore wage red€ proposed to solve the problem instances of large and

of worker | in station j is: medium size. The rest of this paper is organized as follows:
Y = max{k™|ieli)j=12.].0= in section 1 the proposed model is described and a
lJ'? M [j,-f,[:i"lzr ] . mathematical formulation is developed to solve the problem.
B o Seven heuristic algorithms are proposed to solve the problem

s . . O

wherelj; is the set of tasks assigned to worker | in stationij sections 2. Computational results are presented in section
andMC is the maximum feasible concentration of workers i, Finally the chief conclusions of the paper and suggestions

each station. It is important to note that the wage rates @& future research are presented in section 4.

paid for the total cycle time and not only for the sum of

duration of tasks performed by the worker. 2. Proposed model and mathematical

Furthermore costs of capital should be considered. Exampﬁﬁ‘mulation

of this kind of costs are machinery and material handling

system e.g. conveyor. It is assumed that the costs of capitalthis paper the paced assembly line with multi-manned
are directly dependent on the length of the line i.e. numberwbrkstations is considered which is very common in real

stations. The machinery needed to perform the operationsrid assembly lines but a small number of research papers

can be special machinery to perform a special task bave considered this type of assembly line. The work-piece
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stays at each station for a certain amount of time called cydentinuously if the precedence relations are observed. But in
time. In each station there are several workers performimgulti-manned lines some tasks assigned to a worker may be
different tasks on the same work-piece. Every employekelayed by the tasks assigned to other workers in the same
starts the tasks given to him (or her) as soon as it werkstation this delay is called unavoidable delay.
technically possible. The main objective in this type oThe objective is to minimize the total cost per production
assembly line is to reduce the length of line whileinit and the decisions involved in cost-oriented MALBP
maintaining the effectiveness of the line. This type dahclude the followings: (1) first how many workers should be
multiple workers working on the same work-piece at thassigned to each station then (2) which tasks to be performed
same time requires the work-piece to be of large size ely which worker. The notations used in the mathematical
vehicle final assembly. Traditionally in simple assemblynodel is presented in Table 1.

lines all of the tasks assigned to a worker can be performed

Table 1 Notations used in the mathematical model

i.h Task
i Station
| Worker
| Set of tasks
L Set of workers
J Set of workstations
Pi ( i* ) Set of direct (all) predecessors of task i
(

= ) Set of direct (all) successors of task i
|

C Cycle time(TL [ PL)

m Number of stations

M A big positive number
MC Maximum concentration of workers in a station

N Number of tasks

d,t Duration of task i when there are k workers in the station (TU)
k SC
SwW

Cost of capital per staticfdlf / PLT)

kil Wage rate of worker | in station(fML / TL)
kitW Wage rate of task [MLU / T}
Xii E{ 0 ]} Equals 1 if taski iz assigned to worker 1 in station j.
Equals to 1 iftaskiand h is assigned to the same worker
Yin E{ Q ]} and task i is performed earlier than task h.
st Start time of task i

The problem under consideration is formulated as follows:

min (ZZ Xy jx k= J{ZZ k;ijc

jed leL lel j &

ZZX”, =1 Vi el

jed leb

Zijthl SZZ]XXm Viel,heP

jed leL jal lel

st +d' <C Vielj el

st —st + Mx[l—thjlj+Mx(l—thj,j2q: Viel,heP  jel

l el (R=R

St M1, )+ Mx(1x, )+ Mx(1y, ) 2 veu e =

st —st + % )+ —X )+ —y )> .

o~ St X=Xy X=X (3%, )24 hefrr el-(P, UR ) ai<r}
Vieljed,l el

St —sf, + Mx (1- X )+ Mx(1-x; )+ Mx(y, )24, he{ilr e -(P’ UF ) ai<r}
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2 X1 N =YX, Vj edlelL
iel id
k™ xx <k Vi el,j edl eL
st >0 Vi el
kﬁWZO Vjedlel
Xiii {013 Vi el,j €J,l eL
Vi el
Yine{03 he{r|rel «(P UF )nir}
In this formulation equation (1) indicate the objective e Max_R: maximum ranked positional weight which is
function to be minimized which is the total cost per max{r;|i € I} where
production unit. The first term presents the cost of capital : . N
which equals to the number of stations multiplied #5§ = di + Xjer 1y, if F; # 0 [26], [27].
(cost of capital per station). It is assumed that the task N is ' df ifF,+0 ’

successor of all of the tasks in the precedence graph; if that’s
not the case a fictitious task with zero duration and wage rate *
must be considered. Therefore task N is always assigned to the precedence graph [25].

the last station. The second term in equation (1) present the ¢ Max_Kt: maximum cost rate [17].
costs of labor which is the sum of wage rates of all workers ¢ Min_Kt: minimum cost rate [16].
in all stations multiplied by cycle time. Constraints (2) imply

Max_F: maximum number of immediate followers in

¢ Min_Kts: minimal absolute difference to the workers

that each task must be assigned to exactly one worker in N ¢ ] .
one station. Constraints (3) ensure that precedence relations current cost rate |.e1-r1m{|ki - k}'! |l € ‘T}' This
are observed. Equations (4) imply that all tasks must be rule is a modification of the rule proposed by

finished before the cycle time. Equations (5) indicate that if Steffen [16].
taskh is a direct predecessor of task i and they both assigned « Min_Ki: best change of idle cost i.e
to the same station then starting time of task i must be a1 e
greater than or equal to the finish time of task h. Constraint min{Ak|i € I}; where

pair (6) and (7) is disjunctive for large enough values of M —dfkt, if ki = k3"

this means that only one of the is active at the same time. Ak; = { b ew D, ’;.“ .

Only when tasks i and tion’t have any precedence relation {ki N k.:"f }C —dik;, ifk; > k.i"f

and are both assigned to the same worker in the same station This rule is a modification of the rule proposed by
this pair becomes active. Ify,y0 equation (6) becomes Amen [20].

redundant and equation (7) implies tsgtz st + df

implying that task i must be scheduled after tasbriithe The first five rules are static; this means that the priority of
other hand if y=1 equation (7) becomes redundant anghsks doesn’t change throughout building a solution. All of
equation (6) implies that; = st; + df indicating that task h the static rules use a main procedure to assign tasks to

must be scheduled after task i. Constraint (8) indicate thatyfbrkers in each station. This procedure is as follows:

each station, workers are used in an increasing order of thgjep 1: Set the current station Sc=1, and available tasks
indexes. Equation (9) imply that among all tasks assigned 4Qqi/ task= {1, 2... N}. Available tasks are the tasks that
worker | in station j the maximum wage rate is set to be th@ven’t been assigned to any worker in any station.

wage rate of the worker. Equations (10) and (11) ensure tt&ép 2: Set the number of workers in the statdnr1 and
start times and wage rates are non-negative. Equations (Admber ofTc=0.

and (13) indicate thaxand y, are binary variables. Step 3: Among tasks of Avail_task, ones that are assignable
to station Sg select the task with the highest priority,
3. Heuristic algorithms developed according to one of the priority rules which will be presented

. . . . . later in this section. Assign it to the worker that starts the
Since the traditional cost oriented assembly line balancing ¢y eaiier ties are broken in favor of the worker that is not

problem is NP-hard [17], [19] and the problem considered idle i.e. assigning the task to the worker does not lead to

here i$ a generalization of it, the prqb!em.c.:onsidered in thiSunavoidable idle times. The final tie breaker is the index of
pper IS also l\_IP-hard. Ther_efore itis jus_tn‘led_ to develop the worker and the worker with lower index has more
heuristic glgorlthms to obtain good SOIUt'OnS. ina . priority than the one with higher index. Delete the task from
computational time short enough to be applied in industrial Avail_task then seTc=Tc+1. If the selected worker is empty
real instances. -

. . I . then set Wn=Wn+1. Repeat this step until there is no task
In this paper seven priority rule based heuristic algorithms P P

are presented to solve the problem under consideration assignable to statiotsc Then go to step 4. A task is
re pres SOV pr under sideration. assignable to a station if it has no predecessor in Avail_task
These rules are as follows:

. . and assigning it to the station doesn’t violate the cycle time
e Max_D: maximum task duration [25]. constraignt g Y
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Step 4: A statioMWn number of workers is completed. If number of workers in each station does not change this
Avail_task is empty end the procedure, otherwise sealue. Thus, the formulation for lower bound is:

Sc=Sc+1 and go to step 2. _ l:_i'Efi’itirEEpEtF: £ a

The last two rules are dynamic and the priority of tasks mg)‘i/'? station = c (2

change throughout building a solution. These rules are algfierefore a lower bound on the costs of capital is obtained
dependent on the worker to _Whlch the task_ls as&gnqgjsing the following formulation:

Therefore another procedure is needed to build a solutigg .~ —1p . xk* (3)

with the_se rules. This procedure IS as_follows: . o obtain a lower bound on the costs of labor at first a lower
Step 1: Set the current station Sc=1, and available ta%?ﬁmd on the number of workers is calculated using the
Avail_task= {1, 2... N}). Available tasks are the tasks thatformulation 11];

haven’t been assigned to any worker in any station. L
Step 2: Set the number of workers in the statrl and LB vper = f)% 4

number ofTc=0.

Step 3: Among tasks of Avail_task, ones that are assignapigerefore at leasts,,.-y.r workers are needed. The lower
to stationSg select the task with the highest priority. Thid?ound on the costs of labor can be computed using the
involves selecting a paiii. [} of task i and worker | which following formulation:

has the highest priority. Ties are broken in favor of the paiFsBEcignr cost — 'f_x MWR ) (3
that don’t create idle times; second level ties are broken in N this formulationMW# is the sum 0LE,; ;. smallest

favor of lower worker indexes. Finally the third level ties ard/age rate values. Therefore the lower bound on the costs of
broken in favor of lower task indexes. Delete the task froRfoduction is computed using the following formula:
Avail_task then sefc=Tc+1. If the selected worker is empty L5 = LBcapitarcost + LBigbor cose (8]

then set Wn=Wn+1. Repeat this step until there is no task

assignable to statiolBc Then go to step 4. A task is 4. Computational results

assignable to a station if it has no predecessor in Avail_t
and assigimg it to the station doesn’t violate the cycle time
constraint.

Step 4: A stationWn number of workers is completed.
Avail_task is empty end the procedure, otherwise s

a]ﬂ(this section computational experiments are presented. In
the first experiment the motivation is comparing the cost-
If oriented model with the traditional time-oriented model.
gperefqre an example is_ presented and solved with both
Sc=Sc+1 and go to step 2. time-oriented and_ cost—orlentgd approaches. The precedence
Therefore five static and two dynamic rules are presented%aph and t"’.‘Sk times for this examplg are taker! from the
this section to solve the problem. well-known instance of Mertens which is availableée a

Algorithm;y is the solution obtained by a given algorithwvayv.assemblv-line—balancinq.d_En th_e _“”?e oriented mo_del
] t first the number of workers is minimized as the primary

on a given instance, LB is the lower bound for the instanc@r ""St . SR
To calculate a lower bound on the total costs lower bounag’Jecuve and then the number of stations is minimized as the

on the costs of capital and the costs of labor is needed. condary_ objective. The precedence_ graph Of.thi$ example
first the lower bound for the costs of capital is explained. Td' h du_ratlon and wage rate Of. tasks is shown in f'g".l' The
calculate a lower bound on the costs of capital a lower bouﬁ}ﬁc'e t|mg and maximurm feasmle worker concentration in
on the number of stations is needed. It is assumed that ch s?atlon for this instance is gssumed to be 8. and 3
first task in the precedence graph is predecessor of all Otﬁ%§pectlvely. Also total cost of capital per statibif) is
tasks. Similarly it is assumed that the last task in the graph §sgmed to be_ equal to 5. . . .

successor of all of the other tasks. If there is no such tasktimum solutions for cost-oriented and time-oriented

fictitious tasks is to be considered. To obtain a lower boun@ >'°NS of this p“’b'em are presented in f|gures_ S and 6
%spectwely. In these figures for each task, starting time and

on the number of stations, the longest path, also called’t "~ - L
g P Emshmg time are shown alongside its bar. Shaded rectangles

critical path, from the first task to the last task is considered. idle ti h dof th le i
The length of this path is a lower bound on the time need gsignate idle time at the end of the cycle time.
to produce one commodity, lessening or increasing the

2 3
5| 6 4 5
-
1 p 6 Task i
1 5 5 4 “el|s Wage rate
of task i
Duration
of task i
%
4 L
s|= 5 1

Fig. 1 example of a problem instance

Station 1 Station 2 Station 3
w22 3 [ 4 [ wa2 7 I
0 4 7 8 0 5 8
w1 |1 2 | \ w21 5 | wa1 6 | ]
0 1 6 8 8 5 8 0 6 8

Fig. 2 The optimum solution for cost-oriented approach
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Station 1 Station 2 Station 3
w22 | 4| | |
0 3 8 0 3 8

w11 |1 3 [ \ w21 | 5 \ | wan 6 | |
0 1 6 8 8 5 8 ° P 8

Fig. 3 The optimum solution for time-oriented approach

Table 2 shows the cost calculations for the optimal solutiossations are calculated as 5 and 3 respectively. These
obtained by time-oriented and cost-oriented approaches. Asmbers are the same with the ones obtained by the time-
seen from this table a total of 199 monetary units are needmiented model, which means that the solution is also optimal
to produce one production unit are being used in the terms of number of workers and stations. Consequently,
traditional line balancing model, while this number could bthe solution is the best in terms of the total cost, and while
reduced to 183 with the proposed model. Thus, 16 monetagaching this best, the best number of stations and workers
units are saved. Besides, the required number of workers ad also achieved.

Table 2 Optimal solutions to the example

Station Worker Time-oriented Cost-oriented optimal
optimal solution solution
j | I K I; K
1 1 {1,2} 6 {1,2} 6
2 1 {5} 4 {5} 4
2 {4,7} 3 {3,4} 5
3 1 {6} 5 {6} 5
2 {3} 5 {7} 1
Z Z ki 23 21
[eL jeJ
m 3 3
k:zzc}{ kﬁh-l-mx ka 199 183
leL jeJ

In the second experiment the act of the suggested algorithsystem the same number of workers can be allocate to fewer
is illustrated. To do so, each of the 25 different precedenstations comparing to the traditional approach. In Table 2, in

graphs available atww.assembly-line-balancing.de used many instances the space utilization factor has improved and
to generate an instance. For each task in each instancefireall examples the average space utilization factor is 45.95

wage rate of task i is assumed to &E" = df.,_; . The percent. This means that the required space has reduced to

cycle time is generated randomly between maximum taglk.95 percent of its previous value for the traditional

time tnax and 2* .. The cost of capital for each station isapproach.

assumed to bek™ =<, Each instance is solved by the

proposed algorithms and the relative deviation is computgd Conclusions and futureresearch

using equation (1) in section 3.6. The results are presentedMALs are a new type of lines in which there can be more
fig. 7. than one worker in each station working on the same work-
As seen in fig. 7 the two dynamic priority rules, Min_Ktspiece. This type of line is very common in manufacturing of
and Min_Ki, have a better overall performance comparing targe-sized products e.g. vehicle final assembly. MALs have
other priority rules. This highlights the importance okeveral advantages over the traditional lines which include
considering the current cost rate of the workers whileeducing the length of the line and better utilization of the
building the solution. For this experiment another data settisols and machinery in stations. On the other hand this type
generated using a selection of well-known instances fof lines results in reducing the work in process and
SALBP-1. In order to facilitate comparison of the proposethroughput time which is of high priority for production
algorithm with other future algorithms, the wage rates fahanagers.

each taskk["™ = d£r+1_g and cost of capital for each stationin the classical MALBP the objective is to minimize the
is set to bek® == manpower needed to manufacture one product unit.tApar
z from the manpower, other cost drivers like wage rates or
ﬁ1achinery are neglected in this classical view of the
problem. But due to the high competition in the current

_factor rang_e;s hbetween 1 ahfw ar_ld IS 0; specc:jlal _%fduction environment, reducing the production costs and
Importance I there are space constraints In the produclipgheasing utilization of available resources are very

floor which may happen because of the building design %portant issues for manufacturing managers.

redesigning the line to produce anew product. ~  Ajthough minimizing the costs of production is of major
The multi-manned system results in a shorter physical line importance in practice, there has not been sufficient

length and improves the space utilization. Because in this consideration in the literature of MAL. In this paper the
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MALBP is considered with the aim of minimizing the total Balancing Problem. Tamkang Journal of Science

costs of one production unit. For this aim a mathematical and Engineering, 13 (3), 327_336.

formulation is presented. Furthermore in order to be able to [15] Amen, M. (2006). Cost-oriented assembly line

solve the medium- and large-size scales of the problem, balancing: Model formulations, solution difficulty,

several heuristics are proposed. Several examples are solved upper and lower bounds. European Journal of

to show the effectiveness of the proposed model and Operational Research, 168, 2006, 7A470.

proposed algorithms. [16] Steffen, R. (1977). Produktionsplanung bei

However, since the tasks are performed by human being, it is Fliebbandfertigung, Gabler, Wiesbaden.

reasonable to assume task times be stochastic. Therefore the[17]Rosenberg, O., Ziegler, H. (1992). A comparison of

current research can be extended to the stochastic heuristic algorithms for cost-oriented assembly line

environments in MALs and incompletion costs can be balancing, Zeitschrift fur Operations Research, 36,

additionally considered. Also developing other heuristic or 477-495.

meta-heuristics such as Tabu search or ant colony [18] Amen, M. (1997). Ein exaktes Verfahren zur

optimization to solve the introduced model is recommended kostenorientierten Fliebbandabstimmung, in: U.

for future research in this area. Zimmermann et al., (Eds.), Operations Research
Proceedings 1996, Springer, Berlin, pp. 2248-

[19] Amen, M. (2000a). An exact method for cost-
oriented assembly line balancing. International
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