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Abstract

This paper is focused on the solution quality and computing time requirements of heuristic methods for cost-oriented
assembly line balancing. It is based on a recent paper (Amen, International Journal of Production Economics 68 (2000),
which describes in detail the solution process of existent and two new heuristics. After a short review of the historic origin
and the wideness of assembly line systems in present day industry, the paper emphasizes the economic view of production
in order to cut down production cost. Results of a worst-case analysis concerning the solution quality and the computing
time are presented. An interval for the worst-case-solution quality for most heuristic methods is given. The results of an
experimental investigation show that the new priority rule `best change of idle costa (Amen) achieves signi"cantly better
solutions than the existent priority rules. Furthermore, the new method `exact solution of sliding problem windowsa
(Amen) has been found to be the best heuristic method known so far. ( 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Today in mass production a huge number of
units of the same product is produced. This is only
possible with a high degree of division of labour.
Since Adam Smith (1776) [1] it has been known
that division of labour will train the required skills
of the workers and will increase the productivity to
a maximum. The maximum degree of division of
labour is obtained by organizing production as an
assembly line system.

Even in the early days of the industrial revol-
ution mass production was already organized in

assembly line systems. According to Salveson
[[2], p. 18] the "rst assembly line was introduced
by Eli Whitney during the French Revolution for
the manufacturing of muskets (see also [[3], pp.
24}27]). The most popular example is the introduc-
tion of the assembly line on 1 April 1913, in the
`John R-Streeta of Henry Ford's `Highland-Parka
production plant (cf. [[4], pp. 93}96]), where com-
ponents of the famous `T-modela were manufac-
tured. The decrease of production cost per unit is
derived from the consequent organization of work
and the application of Taylor's [5] `principles of
scienti"c managementa (cf. [6,7]).

Today assembly line production systems are still
`up to datea because the principle to increase pro-
ductivity by division of labour is timeless. The most
known example is the "nal assembly in automotive
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industry. But nearly all goods of daily life are made
by mass production which at its later stages is
organized in assembly line production systems. For
example the "nal assembly of consumer durables,
like co!ee machines, toasters, washing machines,
refrigerators or products of the electrical industry
like radio and TV or even personal computers is
organized in assembly line systems.

The characteristic problem in assembly line sys-
tems is how to split up the total work to be done by
the total system among the single stations of the
line. This problem is called `assembly line balanc-
inga because we have to "nd a `balancea of the
work loads of the stations. First of all we have to
determine the set of single tasks which have to be
performed in the whole production system and the
technological precedence relations among them. The
work load of each station (also: set of task, station
load, operation) is restricted by the cycle time,
which depends on the "xed speed of the conveyor
and the length of the stations. The cycle time is
de"ned as the time between the entering of two
consecutive product units in a station. A task is an
economical indivisible work element. Because of
the indivisibility of the task, the precedence rela-
tions among the tasks, and the fact that the tasks
di!er in their durations the allocation of task to
stations } assembly line balancing } is a combina-
torial problem.

In the literature usually the objective is to minim-
ize the number of stations in a line for a given cycle
time. This is called time-oriented assembly line bal-
ancing. As in recent years the industry was faced
with sharp competitiveness the production cost has
become more relevant. Even in such successful pro-
duction systems like the assembly line system we
have to look for possibilities to cut down produc-
tion cost. As "nal assembly is usually a labour-
intensive kind of production we have to analyse the
existent wage compensation system.

Almost all collective agreements between unions
and employers work with a wage di!erential in
most developed industrial nations, e.g. in German
industry which has been analyzed in detail. The
higher the di$culties to perform a task, the higher
the point value of the task } and the wage rate. As
the tasks in "nal assembly are similar but not of
unique di$culty there exist certain di!erent wage

rates in assembly line production systems. Under
this economic perspective the objective in organiz-
ing work in assembly line production systems is not
to minimize the number of stations, but to minimize
the total production cost per unit. Therefore we have
to allocate the tasks to stations in a way that both,
cost rates and number of stations are considered.
This is done in cost-oriented assembly line balanc-
ing. A formal description of this objective and the
restrictions of this problem is given in [8}10]. As
this paper is directly related to a previous work [9]
the formal descriptions needed are reduced to a
minimum.

Compared to existent balances which were ob-
tained by the use of time-oriented methods neglect-
ing wage rate di!erences, it is possible to realize
savings in production cost up to a two-digit percen-
tage by a cost-oriented reallocation of tasks using
cost-oriented methods. The actual amount depends
on the existent wage compensation system and the
range of possible wage rates in "nal assembly.

2. Heuristic methods for solving the cost-oriented
assembly line balancing problem

In the recent related survey [9] the existent heu-
ristic methods for solving the cost-oriented assem-
bly line balancing problem were described, and two
new heuristic methods were presented: the new
cost-oriented dynamic priority rule `best change of
idle costa and the more sophisticated `method with
exact solution of sliding problem windowsa. The lat-
ter can be taken as a metaheuristic because the
solution principle is not limited to assembly line
balancing.

As heuristic methods do not necessarily "nd the
optimal solution the main criterion to compare
them is the solution quality. Furthermore we have
to consider the computing time needed. In order to
make a fair comparison on the solution quality and
the computing time requirements of the heuristic
methods, one has not only to evaluate the overall
performance, but also the standing of the method in
its class of similar heuristic methods. According to
the similarities of the solution procedures and the
e!ort invested to "nd a solution, the (exact and
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heuristic) methods were grouped into the following
classes:

z Z methods with random choice task assignment,
z P methods with one problem-oriented priority

rule,
z H methods with several problem-oriented prior-

ity rules,
z F methods with exact solution of sliding prob-

lem windows,
z E exact method.

The methods which are included in this study are
abbreviated by a capital letter according to the
class of solution procedures and a short identifying
extension. For a detailed formal description of the
heuristic methods we refer to Amen [9]. The
methods investigated are:

Class Z: Methods with random choice task
assignment

The methods of this class di!er in the number of
randomly generated solutions (cf. [[11], pp. 25}35
and 44}46]).

z Z-1 1 randomly generated solutions,
z Z-10 10 randomly generated solutions,
z Z-100 100 randomly generated solutions,
z Z-1000 1000 randomly generated solutions.

Class P: Methods with one problem-oriented priority
rule

z P-MaxD maximal task duration (cf. [[12],
p. 728]),

z P-MaxR maximal ranked positional weight
(cf. [[13] p. 395; in the modi"ed
version of Hahn [[14],
pp. 44}46]),

z P-MaxF maximal number of immediate
followers (cf. [[12], p. 728]),

z P-MaxKt maximal cost rate (cf. [[15],
p. 481]),

z P-MinKt minimal cost rate (cf. [[16],
pp. 106}107]),

z P-MinKts minimal absolute di!erence to the
current station cost rate (cf. [[16],
pp. 106}107]),

z P-MinKI best change of idle cost (cf. [9]).

Class H: Methods with several problem-oriented
priority rules

z H-Stef heuristic method of Ste!en [[16],
pp. 105}110],

z H-Heiz heuristic method of Heizmann [[17],
pp. 110}124],

z H-WR heuristic method &wage rate' of
Rosenberg and Ziegler [[15], p. 481]

z H-WRS heuristic method &wage rate smooth-
ing' of Rosenberg and Ziegler [[15],
pp. 481}484].

All of the methods of the classes P and H use the
non-problem-oriented priority rule P-MinI (minimal
task number) (cf. [[12], p. 729]) as "nal tie breaker
if necessary.

Class F: Methods with exact solution of sliding
problem windows

The versions of this method di!er in their para-
meter settings: IPW is the maximum number of tasks
in a single problem window. PartM is the proportion
of the number of stations generated in a solution of
a problem window to be "nally established [9].

z F-t20s50: IPW"20
tasks,

PartM"0.5 (50% "nally
established
stations),

z F-t20s70: IPW"20
tasks,

PartM"0.7 (70% "nally
established
stations),

z F-t20s90: IPW"20
tasks,

PartM"0.9 (90% "nally
established
stations),

z F-t30s50: IPW"30
tasks,

PartM"0.5 (50% "nally
established
stations),

z F-t30s70: IPW"30
tasks,

PartM"0.7 (70% "nally
established
stations),

z F-t30s90: IPW"30
tasks,

PartM"0.9 (90% "nally
established
stations).

Class E: Exact method

z E-1-3600 exact method of Amen [8,10] with
search for one optimal solution and
a computing time limit of 3600 s per
problem instance.
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The method E-1-3600 is included in the experi-
mental investigation in order to obtain benchmark
solutions of high quality (optimal solutions or
nearly optimal solutions in the case of run time
stops).

3. Comparison of the heuristic methods

In Section 3.1 we present results of a worst-case
analysis of the solution quality and the computing
time requirements. Results of an experimental in-
vestigation with respect to both criteria, solution
quality and computing time are given in Section
3.2. Within both sections the following basic sym-
bols are used:

I number of tasks, dimensionless
i index for the tasks, i"1(1)I
M number of stations, dimensionless
m index for the stations, (m"1(1)M)
Is
m

set of tasks, assigned to station m, m"1(1)M
c cycle time [TU/PU]
dt
i

duration of task i, i"1(1)I, [TU/PU]
ds
m

duration of the operation to be performed in
station m (work content), m"1(1)M,
[TU/PU]

k total cost per unit [MU/PU]
ks
m

cost rate of station m, m"1(1)M, [MU/TU]
kt
i

cost rate of task i, i"1(1)I, [MU/TU]
= number of di!erent cost rates (wage di!eren-

tial), dimensionless

(Note: Dimensions: TU time units, PU product
units, MU monetary units. Labels: s station, t task.)

3.1. Worst-case analysis

3.1.1. Solution quality

For calculating the maximal possible deviation of
the cost of a heuristic solution k from the minimal
cost k015 the following general bounds can be used
(Labels: opt optimum, ub upper bound, lb lower
bound):

k6""M6"ckt,.!9, k-""M-"ckt,.*/,

where kt,.!9 is the maximum task cost rate and
kt,.*/ is the minimum task cost rate of the problem
instance. With this an upper bound for the worst-
case performance can be obtained from the follow-
ing expression (cf. [[15], pp. 485}486]):

k

k015
)

k6"

k-"
"

M6"

M-"

kt,.!9

kt,.*/
.

As kt,.!9 and kt,.*/ are given by the instances the
bound depends on M6" and M-". All of the methods
presented in this paper ful"l the well-known two-
stations-rule: The sum of the work content of two
consecutive stations m and m#1 has to exceed
the cycle time, i.e. ds

m
#ds

m`1
'c, m"1(1)M!1,

where ds
m
"+

i|Ism
dt
i
. Because of this M6"/M-")2

holds. Thus it is well known that 2 is the upper
bound for the worst-case ratio for M/M015 in time-
oriented assembly line balancing for all methods
that ful"l the two-stations-rule. Therefore,

2
kt,.!9

kt,.*/

is an upper bound for the worst-case ratio for k/k015
in cost-oriented assembly line balancing for all
methods presented in this paper.

For the heuristic methods which ful"l the well-
known maximally-loaded-station-rule it is possible
to give a lower bound for the worst-case ratio for
k/k015. A station m is called maximally loaded if
ds
m
#dt

i
'c holds for any available task

i, m"1(1)M!1 (cf. [[18], p. 266]). A task is called
available if it has no predecessor task or only prede-
cessor tasks already assigned to the current or to an
earlier station. The maximally-loaded-station-rule
is used in all heuristic methods presented except the
&exact solution of sliding problem windows': As the
cost-oriented optimum can be missed when the sta-
tions are loaded maximally, any exact method must
not use this rule (cf. [[8], p. 225; [10]]).

As it is shown in Queyranne [[19], pp.
1354}1355] for any polynomial heuristic which ful-
"ls the maximally-loaded-station-rule the worst-
case ratio for M/M015 is within the interval [1.5, 2]
unless PONP. In the next section it is stated that
all heuristic methods presented in this paper have
a polynomial computing time. As a result for all
these heuristic methods except the `exact solution of
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Table 1
Time complexities of the heuristic methods

Heuristic methods Time complexity

Z Methods with random choice task assignment O(I2)
P Methods with one problem-oriented priority rule O(I2)
H-Stef Method of Ste!en O(I2)
H-Heiz Method of Heizmann O(I2)
H-WS Wage rate O(I2)
H-WRS Wage rate smoothing O(=I3)
F Methods with exact solution of sliding problem windows

if the tasks are already numbered topologically b(IPW)O(=I) with b(IPW) exponential
if the tasks are not yet numbered topologically b(IPW)O(I2) with b(IPW) exponential

sliding problem windowsa we can state that in cost-
oriented assembly line balancing the worst-case
ratio for k/k015 is within the interval

C1.5
kt,.!9

kt,.*/
, 2

kt,.!9

kt,.*/D.
A further tightening is not known.

3.1.2. Computing time
The worst-case analysis of the computing time

depends on the data structure which has been used
in the implementation of the methods (cf. [[20],
pp. 21}33]). In our implementations of all heuristic
methods the data type `seta is used to store any set
of tasks (e.g. station loads, sets of preceding tasks).
With this data type computing time is saved be-
cause it is possible to use elementary bit operations.
The time complexities (cf. [[21], p. 6]) which have
been calculated for the heuristic methods are
shown in Table 1.

For most of the heuristic methods the worst-
case-computing time is restricted by a quadratic
function of the number of tasks I (problem size).
The wage rate smoothing method has a time com-
plexity of O(=I3) which is much higher. Its worst-
case-computing time depends on the number of
di!erent cost rates = and the number of tasks
I and thus is restricted by a polynom of degree 4.

For the `exact solution of sliding problem win-
dowsa the O-notation is shown together with a fac-
tor b(IPW). The main procedure of this metaheuristic

itself has a linear worst-case-computing time O(I).
As the worst-case-computing time for solving
a single problem window by the exact method de-
pends linearly on the number of di!erent cost rates
= and exponentially on the maximum number of
tasks in a problem window IPW, the total worst-
case-computing time can be written as b(IPW)O(=I)
if the tasks are already numbered topologically and
b(IPW)O(I2) if they have to be renumbered "rst. In
order to make a fair comparison the dependency of
the total worst-case-computing time on IPW must
not be neglected. The total worst-case-computing
time increases exponentially when the value of the
parameter IPW increases. On the other hand, the
total worst-case-computing time b(IPW) is constant
for a given value of IPW.

As a result all heuristic methods are `ezcienta
[[20], p. 39; [21], pp. 8}9] because of their poly-
nomial worst-case-computing time. Note that the
methods are `provable ezcienta except for two: The
`wage rate smoothinga method is not provable
e$cient because its computing time is bounded by
a polynom of degree 4. The `exact solution of
sliding problem windowsa is not provable e$cient
as its computing time is bounded by a polynom
with extreme large coe$cients.

3.2. Experimental analysis

3.2.1. Design of the experiment
For evaluating the performance of the heuristic

methods test problem instances have been generated
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independently and randomly using the following
parameters:

(1) Number of tasks I,
[dimensionless]:

50, 75, 100

(2) Order strength OS,
[dimensionless]:

0.7, 0.8, 0.9

(3) Cycle time to maximal
task duration c/dt,.!9,
[dimensionless]:

2, 3

(4) Maximal to minimal task
duration dt,.!9/dt,.*/,
[dimensionless]:

5, 10

(5) Maximal to minimal task
cost rate kt,.!9/kt,.*/,
[dimensionless]:

1.25, 1.50, 2.00

The importance of these parameters for character-
izing cost-oriented assembly line balancing prob-
lem instances is evident. By de"nition assembly line
balancing is the assignment of a given number of
tasks (I) with di!erent durations (dt,.!9/dt,.*/) to
a not yet known number of stations under certain
restrictions: The technological precedence relations
(OS) must not be violated and the sum of the
durations of the tasks must not exceed the cycle
time (c/dt,.!9). In cost-oriented assembly line bal-
ancing we have to cope with di!erent cost rates
(kt,.!9/kt,.*/) } caused by wage rate di!erences (ac-
cording to the di!erent point values of the tasks) in
order to minimize the total cost per product unit.
Therefore the parameter set describes the size of the
problem instances (I), the set of restrictions (OS,
c/dt,.!9 and dt,.!9/dt,.*/) and the objective function
characteristics (kt,.!9/kt,.*/). These or quite similar
parameter sets were used in several experimental
investigations done by other researchers (e.g.
[15,22,23]).

(1) Number of tasks I. It is well known that when
the number of task increases it becomes more di$-
cult to "nd good solutions. The chosen values of
I (50, 75 and 100 tasks) are representative of small-
and medium-sized problem instances which occur in
industrial practice. The actual number of tasks in
large practical industry problem instances can be
several hundreds or even thousands (cf. [[24],
p. 157]). Experiments in time-oriented assembly

line balancing also work with a maximum of 100
tasks (cf. [[22], p. 438; [15], p. 487]). By the way it
is very important how to de"ne a task. Usually
a task consists of a variety of `atomica work ele-
ments which are already combined together be-
cause dividing them among several workers will
cause additional work. For example, the worker
who puts a screw into a hole should be the same
who "xes it.

(2) Order strength OS. The order strength OS is
a global measure for the strength of the connection
of the total set of tasks. It is calculated as the
number of existing direct and indirect precedence
relations divided by the theoretical maximal number
(cf. [[25], pp. 735}736]). With F!

i
set of all tasks,

which can be performed if and only if the task
i has been performed (set of technological direct
and indirect followers) the formula is:
OS"+I

i/1
DF!

i
D/1
2
I(I!1). The more the tasks are

connected, the higher is the order strength and the
lower is the number of possible assignments of
tasks to operations. Therefore, it is much more
di$cult to obtain a good solution for problem
instances with low order strength than for problem
instances with high order strength. In academic
investigations the order strength is usually much
lower as in this investigation (cf. [[23], p. 233]). For
example, Talbot et al. [[22], p. 439] take order
strengths of 0.2, 0.3, 0.5 and 0.8. But as in industry
the tasks are strongly connected the actual order
strengths are usually very high (cf. [[26], p. 41]).
Therefore, the values 0.7, 0.8 and 0.9 were chosen
for this problem parameter.

(3) Cycle time to maximal task duration c/d t,max.
This measure provides a simple lower bound for the
minimum number of tasks in a station. In other
experiments ratios between 1.0 and 2.0 [[22],
p. 439] or ratios of 2.0, 2.4 and 3.0 [[15], p. 487]
were used. Because in German industry there is
a tendency to increase the number of di!erent tasks
in each station to prevent taylorism the higher
ratios 2.0 and 3.0 were chosen. An illustration for
this tendency is that several collective agreements
between unions and employers (e.g. in the metal
and electrical industry } which covers such impor-
tant branches as the automotive industry and the
consumer durable industry } in Niedersachsen
(Lower Saxony), Sachsen-Anhalt (Saxony-Anhalt)
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and NordwuK rttemberg/Nordbaden (North WuK rt-
temberg/North Baden)) limit the cycle time by
a lower bound of 90 seconds.

(4) Maximal to minimal task duration d t,max/d t,min.
The ratio dt,.!9/dt,.*/ is a simple measure for the
homogeneity or heterogeneity of the task dura-
tions. If there are no di!erences the assembly line
balancing problem is trivial. The higher the ratio,
the more di$cult is the assignment process. For the
experiment values of 5 and 10 were taken (same
values as in [[15], p. 487]). The task durations of
the problem instances were equally distributed be-
tween dt,.*/ and dt,.!9. Talbot et al. [[22], pp.
438}439] use a ratio of 30 where the task durations
follow the binomial distribution. Sometimes much
higher values of dt,.!9/dt,.*/ are reported (cf. [[23],
p. 233]). It is clear that the values of this parameter
depend on the de"nition of the term `taska used.
For "nal assembly which is usually a labour-inten-
sive kind of production it can be assumed that there
are no extreme di!erences in the task durations
because of the similar nature of work.

(5) Maximal to minimal task cost rate k t,max/k t,min.
This parameter is speci"c for cost-oriented assem-
bly line balancing. By de"nition kt,.!9/kt,.*/ has to
exceed 1, otherwise the instance is a time-oriented
assembly line balancing problem. The higher
kt,.!9/kt,.*/, the more important it is to allocate
only task with no or only moderate di!erences in
their cost rates to the same station. Note that in
manual assembly, di!erences between the task cost
rates are only due to wage rate diwerences according
to the point values of the tasks. Rosenberg and
Ziegler [[15], p. 487] take ratios between 1.25 and
5.00. In fact a ratio of 5.00 will never occur in
practice to our knowledge. In our experiment the
upper limit is given by 2.00. With this value it is
assumed that the most skilled worker at the assem-
bly line earns twice as much as his lowest skilled
colleague. This may happen if there are certain
di$cult tasks which require special abilities of the
worker, e.g. a high degree of knowledge of the
product and the production process is needed for
quality control at the end of the line. In several
important collective agreements between unions
and employers the wage di!erential between the
lowest and the highest wage rate is somewhere
within the range of kt,.!9/kt,.*/"1.50 and

kt,.!9/kt,.*/"2.00. If the cost of capital is also con-
sidered this ratio decreases. Therefore it is justi"ed
to include kt,.!9/kt,.*/"1.25 into the investigation.
In fact the absolute amounts of the cost rates are of
no interest, neither for studying the problem struc-
ture, nor for solving a problem instance. Wage
rates/cost rates are speci"c prices, and prices are
only exchange ratios for resources and goods.

In each of the resulting 108 test "elds (22]33
experimental design) 50 problems were generated
randomly and independently. This totals to 5400
test problems. Each test problem has been solved
by each of the heuristic methods.

All methods have been implemented in BOR-
LAND PASCAL 7.0 (protected mode) under the
operating system MS-DOS 6.22. The computing
times have been standardized on a 133 MHz Intel-
Pentium PC with 16 MB RAM (60 ns).

3.2.2. Solution quality
To compare the solution quality of the heuristic

methods a benchmark is needed. Therefore, all of
the test problem instances were solved by the exact
method (E-1-3600) suggested by Amen [8,10].
The run time of this method was restricted to
3600 seconds. As it was not possible to solve all test
problem instances optimally within this time limit,
and as there is a systematical deviation of the lower
bound for the cost per product unit from the opti-
mum, we have to use an alternative benchmark:
For each heuristic solution we calculate the percent-
age increase of the total cost per product unit over the
best solution found by all methods included in this
investigation. As we have used the exact method we
know that the benchmark is the optimal value for
at least 86.48% of the test problem instances.

In Table 2 the methods are ranked according to
the mean value of their percentage increase over the
benchmark. Table 2 shows the mean, the standard
deviation, the maximum deviation, and the per-
centage of best heuristic solutions found. Further-
more, the result of a multiple z-test is presented. For
a single comparison we used a4*/'-%"0.0001. The
total error of the multiple z-test therefore amounts
to a505!-"0.02284. The critical value for each single
comparison is z

#3
"3.89059. As a4*/'-% has a small

value only those di!erences for which there is
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Table 2
Solution quality of the heuristic methods

Rank Method Increase over benchmark Best solutions
found (%)

Level of signi"cance
a505!-: 0.02284
a4*/'-%: 0.0001
z
cr
: 3.89059

no signi"cant di!erence

Mean
(%)

Standard
deviation
(%)

Maximum
(%)

1 E-1-3600 0.0465 0.3172 4.9 96.96

2 F-t30s50 2.8394 2.3424 14.6 16.85
3 F-t30s70 3.0029 2.4385 21.4 17.15
4 F-t30s90 3.0251 2.3212 14.1 15.22
5 F-t20s50 4.3742 2.7335 19.1 6.72
6 F-t20s70 4.7128 2.7346 19.1 5.35
7 F-t20s90 5.4423 3.0171 21.4 4.52

8 Z-1000 6.8867 3.3094 17.7 2.04
9 H-WRS 7.7618 3.4812 24.7 0.80
10 Z-100 8.4090 3.6109 19.6 0.98
11 H-Stef 8.7092 3.6671 25.9 0.56
12 H-Heiz 9.3014 3.9297 27.6 0.43

13 P-MinKI 9.6731 3.8708 27.6 0.33
14 Z-10 10.5305 3.9705 24.1 0.35
15 P-MinKts 10.6063 3.9670 27.4 0.26
16 P-MaxD 10.8954 4.1164 31.0 0.24
17 P-MaxR 12.1654 4.3029 27.9 0.17
18 H-WR 12.3155 4.4601 28.2 0.11
19 P-MaxKt 13.4885 4.5761 34.8 0.13
20 P-MaxF 13.7132 4.5824 31.2 0.04
21 P-MinKt 13.7937 4.7429 33.7 0.22
22 Z-1 14.0914 4.6521 34.5 0.09

Note: 5400 test problem instances per method. z follows the standardized normal distribution.

a high probability that they exist in reality are
found to be signi"cant.

In Table 2 the data for the computing-time-
bounded exact method (E-1-3600) are included.
For 96.96% of all test problem instances the E-1-
3600 has found the best solution known. The data
in Table 2 show that there exist signi"cant di!er-
ences between the classes of the deterministic
heuristic methods. The best results were obtained
by the **exact solution of sliding problem windowsa
(class F). The version F-t30s50 has a mean increase
of only 2.8394% over the lowest cost per product
unit found by all 22 methods.

Almost all methods which use several problem-
oriented priority rules (class H) dominate those
which use only one problem-oriented priority rule

(class P). The only exception is the `wage ratea
method (H-WR). The new priority rule `best change
of idle costa (P-MinKI) signi"cantly dominates all
other single priority rules (class P).

The random choice task assignment (class Z)
achieves considerable good results when the number
of balances is high. With 10 balances (Z-10) it
achieves a better solution quality on an average
than all single priority rules (class P) except the new
`best change of idle costa (P-MinKI). With 100
balances (Z-100) the results are signi"cantly better
than all of the heuristic methods which use several
problem-oriented priority rules (class H) except the
`wage rate smoothinga (H-WRS). Only the
new `exact solution of sliding problem windowsa
(class F) has a better performance than the random
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choice method with 1000 balances (Z-1000). It can be
expected that the solution quality of the implemented
versions of this new method can only be achieved
by random choice task assignment with a much
higher number of randomly generated balances.

Furthermore, the rank order of the deterministic
methods remains almost stable when variations of
the problem parameters occur. It has been found
that the seldom pairwise changes in the rank order
of the deterministic methods occur only when the
methods involved have no signi"cant di!erence in
their solution quality.

3.2.3. Computing time
For all methods which use only one problem-

oriented priority rule (class P), for H-Stef, for
H-Heiz, and for H-WR a maximum computing
time of only 0.05 seconds has been measured. This
is the shortest possible duration which can be mea-
sured by the PC. The maximum computing time for
H-WRS was only 0.99 seconds. For the random
choice method Z-1000 a maximum of 35.40 seconds
has been measured. The computing times for H-
WRS and Z-1000 have been analysed in detail. As
there is no signi"cant di!erence between the solu-
tion process of these methods in the average case
and in the worst case the measured computing
times comply with the corresponding O-notations
which are listed in Table 1 (see [[20], p. 42]).

For the `exact solution of sliding problem win-
dowsa (class F) a maximum computing time of
4795.11 seconds has been measured for a problem
solved by the version F-t30s50. The maximum mean
computing time was 128.04 seconds and occurred
for I"100, ="5 and the version F-t30s50. As
there is a huge number of di!erent possible runs of
the exact backtracking method which is used to
solve a single problem window, it is not possible to
see that the measured data follow the O-notation.

Since balancing an assembly line is a long-term
decision the computing times of all heuristic
methods presented in this paper are neglectable.

4. Conclusion

In this paper a comparison of existent and new
heuristic methods for solving the cost-oriented as-

sembly line balancing problem is presented. To
draw a conclusion the new methods `best change of
idle costa and `exact solution of sliding problem
windowsa can be strongly recommended to solve
the cost-oriented assembly line balancing problem
within acceptable computing time. The priority
rule `best change of idle costa works signi"cantly
better than any other priority rule. The `exact solu-
tion of sliding problem windowsa is the best heuristic
method known. Furthermore, an interesting result
is that the rank order of the deterministic heuristic
methods remains almost stable when changes occur
in the characteristics of the problem instances.
Because of this the new methods can be strongly
recommended to solve problem instances that oc-
cur in practice, regardless of the characteristics of
the actual real-world problem.
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