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a b s t r a c t
A facility layout design (FLD) problem can be generally introduced as assignment of facilities (departments) to a site such that a set of criteria are satisﬁed or some objectives are minimized (maximized).
Hence, It can be considered as a multi-criteria problem due to presence of the qualitative criteria such as
ﬂexibility and the quantitative criteria such as total cost of handling material. This paper aims to incorporate qualitative criteria in addition to quantitative criteria for evaluating facility layout patterns (FLPs).
We present a decision-making methodology based on a simple nonlinear programming model (NLP) and
analytic hierarchy process (AHP). A computer-aided layout-planning tool, Spiral, is adopted to generate
the FLPs, as well as their quantitative data. The AHP is then applied to determine weights of qualitative
criteria. An NLP model is proposed to solve the FLD such that it considers both the quantitative and
qualitative data simultaneously. Finally, the proposed integrated procedure is applied to a real example.
© 2012 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction
After selecting factory location and before implementing operational schemes, the most important duty of managers, engineers
and planners is suitable arrangement of equipments, departments,
etc., by noting statement, goals, strategies, etc., and by evaluating
the most important criteria inﬂuencing different FLPs too. Manufacturing companies spend a signiﬁcant amount of time and money
in FLD since the design of a facility layout has a tremendous effect
on the operation of the system [1]. As stated by Tompkins et al.
[2], the facility planning may include 10–30% of operational cost
due to changes. Not only an inappropriate FLD causes rearrangement of existing facilities or/and material handling system, it will
also undertake its resulting heavy costs. Therefore, the best work at
designing process is to select an optimal FLP under different criteria or objectives, in order to obtain the maximum productivity and
proﬁtability.
During the past three decades, most of literatures as compared
to solving FLD problem concerned with the procedural, algorithmic, approximated and optimization methodologies. Neither of
algorithmic, procedural, approximated and optimal layout design
methodologies might be suitable in practice. Procedural approach
divides a FLD problem into several steps that are implemented
sequentially. Unfortunately, such an approach depends heavily
on designer’s subjective judgments and may determine an inferior solution due to a lack of a sound scientiﬁc foundation [3].
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Algorithmic approaches can efﬁciently generate layout designs,
but the design objectives are often over-simpliﬁed [4], these
approaches have over simplifying assumptions and request overwhelming computational efforts [5] and often do not consider all
the design criteria (particularly, qualitative criteria) when solving
the FLD. On the other hand, learning of approximated methodologies such as simulated annealing, genetic algorithm, tabu search
and ant colony may be difﬁcult for an average manager. Finally, a
FLD problem can be modeled as an optimization problem. It may
not determine any exact solution to the general layout problem,
does not take into account qualitative criteria as objectives and
results in prohibitive computation time for large problems. Thus,
it is necessary to determine the most critical criteria for evaluating FLPs. In a general categorizing, two groups of criteria can
affect a FLD problem. These criteria are: (1) internal criteria and
(2) external criteria. The ﬁrst class involves some important factors
which describe characterizations within the organization’s internal boundaries. External criteria include the shape and location of
road related to loading and unloading the raw material and items
manufactured of receive and dispatch parts in/out of the factory,
respectively, water distribution and disposal system, fuel distribution system, etc. Thus, to cope with the difﬁculties being the cause
of the above research and considering both quantitative and qualitative criteria, this paper purposes a simple integrated framework
based on the NLP and AHP. A software package, Spiral, is adopted to
constitute the layout alternative generation process, as well as the
quantitative performance data such as distances, adjacency scores
and shape ratios. The AHP is applied to collect qualitative performance data such as accessibility, maintenance and ﬂexibility. Later,
a simple weighted NLP is proposed to solve the FLD problem by
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simultaneously considering both the quantitative and qualitative
performance data leading to the determination of the more robust
layout design alternatives. The proposed integrated framework is
successfully applied to a case study.

2. Literature review
The layout design problem is one of the best-studied ﬁelds to
achieve its goal of productivity and proﬁtability. Due to the signiﬁcance of problem in manufacturing organizations, it has been as an
active research area for many decades [7]. A number of formulations have been developed for this problem. When the factory site
is divided into the rectangular grids (discrete) and each of facilities
adopts one or some of these grids, it is often considered as Quadratic
Assignment Problems (QAP). The simplest type of such problems
was ﬁrst introduced by Koopmans and Beckman [8], where the
FLD problem includes the locating the grids cell to the facilities,
by aiming the minimization of the total material handling cost.
Although many heuristic and exact methods have been proposed
to approximate the solutions for these problems, these problems
belong to the class of NP-hard; those do not present any exact solution, particularly, when the important qualitative criteria affect FLD
and also result in prohibitive computation time for large problems [5]. On the other hand, if the factory site is considered as
continual [9], FLD problem is often formulated as Mixed Integer
Programming (MIP). For example, Askin [10] formulated an MIP
mathematical model for integrated production system planning.
His economic decision model integrates product selection, capacity
planning, process planning and facility layout. Also, Montreuil [11]
proposed such a model, where the facility sizes and locations were
variables and binary variables were introduced to impose the nonoverlap constraint. In these formulations, all the facilities may be
placed anywhere within the planar site [12] and must not overlap
each other [11,13].
Xie and Sahinidis [14] introduced a branch-and-bound algorithm for the continuous facility layout (CFL) problem. Despite the
fact that CFL admits inﬁnitely many feasible layouts, it sufﬁces to
enumerate ﬁnitely many candidate solutions to obtain an optimal
solution. Unfortunately, these approaches are not often suitable for
large size problems.
The near-optimal methods can be generally classiﬁed into two
classes, namely heuristics and metaheuristics. Heuristic methods
are grouped into two groups the procedural and algorithmic themselves. The procedural approach such as the systematic layout
planning (SLP) [15] implements the FLD in three stages the analysis,
search, and selection which each of them itself includes sub-stages.
Due to subjectivity of these stages and sub-stages by designer
and lack of a sound scientiﬁc foundation, it has transformed into
an inefﬁcient method [3]. Also, the algorithmic approaches are
divided in two classes, i.e., the constructed and improved. The
constructed algorithmic approaches as ALDEP [16] and COROLAP
[17] and the improved algorithmic approaches as CRAFT [18] and
COFAD [19] are samples of these methods. Note that these methods have some limitations. The most signiﬁcant drawback of these
approaches is that they apply only one objective to FLD, such as
minimization the total material handling cost or the maximization
the total closeness rate. Besides, most of algorithms (e.g., CRRAFT,
COFAD, and PLANET) for FLPs were developed to solve the singleﬂoor facility layout problems in the past [20], however, the many
algorithms (e.g., MULTIPLE [21]) have been recently constructed
to solve the multi-ﬂoor facility layout problems (it encompasses
all aspects of the single-ﬂoor facility layout problem, and in addition, it includes vertical ﬂows and area constraints for individual
ﬂoors [22]).
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Many authors have used the metaheuristics approaches to
obtain the near-optimal designs [23–25]. First, a large number
of studies applied simulated annealing (SA) to solve a FLD problem [12,26,27]. For example, Chwif et al. [12] proposed a solution
approach based on SA in the continual plane to the FLD. It addresses
some practical aspects, including the facilities with different areas,
shapes and orientations, any polygonal format for the border, ﬁxed
facilities and Pick-up and drop-of points. Ulutas and Islier [28] presented a clonal selection algorithm (CSA) for dynamic facility layout
(DFL) problems. For simplicity, they considered machines with
equal area and standardized handling equipments with identical
unit costs in their study. Among the other types of these approaches
can address the genetic algorithm [29–33] for solving the layout and
aisle structure problems concurrently by slicing ﬂoorplan and the
ant colony [34], where single row machine layout problem is ﬁrst
formulated as a non-linear 0-1 programming model. In this model
the distance between the machines is sequence dependent. Hence,
an ant colony algorithm is adopted to solve this model.
The last group of the FLD solution approaches includes multiattribute decision-making (MADM) techniques or integration of
these with other approaches such as genetic algorithm. Cambron
and Evans [35], Foulds and Partovi [36], Yang et al. [37] applied the
AHP to evaluate the design patterns with respect to one or some criteria. The AHP is also employed by Dweiri and Meier [38] to obtain
the weights of material ﬂow, information ﬂow and equipment
ﬂow. A fuzzy approach is used to generate activity relationship
chart, which is input of a revised CORELAP for generation of layout patterns. Then, the distances and the relationships between
departments or facilities are applied to determine the score of each
pattern. Yang and Kuo [3], hereafter the YK-model, introduced an
integrated AHP-data envelopment analysis (DEA) methodology for
ranking FLPs, where the AHP method was used for generating the
performance measures of the qualitative criteria, the Spiral commercial software for determining the performance measures of
the quantitative criteria, as well as the proposed FLPs and ﬁnally
the DEA was applied for solving the layout performance frontiers
problem by simultaneously considering both the quantitative and
qualitative performance data. Whereas, the cost associated with a
change incurred at the layout design stage is usually negligible, they
used a Banker–Charnes–Cooper (BCC) model for solving this problem. Also, Ertay et al. [5] proposed a similar approach to rank the
FLPs. Furthermore, Azadeh et al. [39] adopted an AHP/DEA methodology with computer simulation for railway system improvement
and optimization. Unfortunately, in recent papers, obtaining consistent pairwise comparison matrix (PCM) is difﬁcult, in particular,
when number of the FLPs is quit big. Recently, Yang and Hung
[4] presented the fuzzy technique for order preference by similarity to ideal solution (FTOPSIS) for ranking the FLPs and then the
obtained results were compared with TOPSIS and YK-model. Their
proposed approach depends strongly on the subjective judgments.
Aiello et al. [40] proposed the genetic search algorithm and ELECTRE
method to priority the FLPs in which the Pareto-optimal solutions
are determined by employing a multi-objective constrained genetic
algorithm.

3. The proposed model
3.1. The AHP methodology
There exist a total of 18 MADM methods, e.g., AHP, ELECTRE,
TOPSIS, and outranking methods [41]. The AHP is one of the most
popular MADM techniques in which problem is converted to a
hierarchic structure and then the alternatives are ranked based on
the decision-maker’s judgments [42]. The hierarchy of a usual AHP
model is as follows: the overall decision goal (the bestalternative)
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where Aij = 1/Aji for i, j = 1, ..., R. If in this matrix for i, j, k =
1, ..., R, Aij = Aik × Akj hold true, then A is said to be perfectly consistent.
In matrix A, the weights can be determined by solving the following equation:

Prioritization of
FLPs

Qualitative
criterion 1

Qualitative
criterion c

....

....

FLP 1

FLP r

....

Qualitative
criterion M

....

AW = max W

where max is the maximum eigenvalue of matrix A. Obviously,
it is impossible to obtain a perfectly consistent matrix with many
FLPs. Hence, we can adopt an acceptable consistency limit by the
following consistency ratio (CR):

FLP R

CR =

Fig. 1. A hierarchical structure of AHP for FLD.

is at the top level, criteria (if necessary, sub-criteria) lie in the middle level(s), and alternatives are at the bottom level. The reason
of adopting AHP especially for the qualitative performance data
is the fact that qualitative criteria are not stateable as quantitative data. Also, the decision-maker acceptability and conﬁdence
in the analysis provided by the AHP methodology is high when it
is compared with other multi-attribute decision approaches [43].
The other advantages of the AHP include: providing a systematic
methodology for subjective decision, applying in sensitivity analysis, presenting information about the evaluation criteria’ weights,
and providing better understanding and participation among the
members of the decision-making group and hence a commitment
to the chosen alternative [44].
In this study, the goal of the AHP usage is to obtain the weights
indicating the relative importance of the FLPs (as alternatives)
under each criterion. At the bottom level, the decision-maker will
be asked to determine a comparison matrix by comparing pairs
of the FLPs against the criteria. Analytic aspect of rating method
enables decision-makers to evaluate a large number of alternatives
easily. Since in this paper, the performance measures of the qualitative criteria are generated by the AHP, thus a hierarchy structure
for FLD problem is proposed, as shown in Fig. 1.
In the following hierarchical structure, for example, the weights
in the bottom level are determined by the PCM based on the
designer’s point of views. In other words, the raw data in this matrix
include the designer’s evaluations as compared to the importance
of a FLP against the other FLPs with respect to each qualitative criterion which are selected using 1–9 scales in Table 1. Let Aij (i, j =
1, ..., R) be the comparison of ith FLP against jth FLP generated by
the commercial software. By constructing the PCM for comparing R
FLPs regarding to each the qualitative criterion C, C = 1, ..., M, we
have:

⎡
⎢

A11

A = (Aij )R×R = ⎢ ..
⎣ .
AR1

···

A1R

···

..
.

⎤

⎥
⎥ , i, j = 1, ..., R,
⎦

(1)

· · · ARR

Table 1
The 1–9 scales proposed by Saaty [42] for pairwise comparisons in the AHP.
Importance intensity

Deﬁnition

1
3

Equal importance
Moderate importance of one pattern as compared to
another
Strong importance of one pattern as compared to
another
Very strong importance of one pattern as compared
to another
Extreme importance of one pattern as compared to
another
Intermediate values
Reciprocals for inverse comparison

5
7
9
2,4,6 and 8
Reciprocals

(2)

(max − n)/(n − 1)
RI

(3)

where RI is a random inconsistency index whose value are determined according to the size of matrix A. The interested readers
can refer to Saaty [42] for more detailed for determining the RI. If
CR ≤ 0.1, then A is said to has acceptable consistent limit; otherwise, the pairwise comparisons should be revised.
3.2. A weighted NLP model for ranking FLPs
In this section, we propose a weighted NLP model for ranking
the FLPs against the performance measures of both qualitative and
quantitative criteria. Let there are R FLPs generated by commercial
software. Also, let xrc denotes the measurement of performance of
rth FLP (r = 1, ..., R) under cth criterion (c = 1, ..., M). Then, the performance measures of criteria are transformed within a 0–1 scale
using transformation (xrc − minr=1,2....,R {xrc })/(maxr=1,2....,R {xrc } −
minr=1,2....,R {xrc }). To facilitate the ranking, let wc be the relative
importance weight attached to the cth criterion (c = 1, ..., M). The
proposed model is as follows:
Sr max

M


wc xrc

c=1
M

s.t.



(4)
wc2 = 1

c−1

wc ∈ 
where  shows the signiﬁcance level of the criteria which is determined based on the designers’ decisions. For example, the criteria
may be ranked in a descending order such that w1 ≥ w2 ≥ . . . ≥ wM .
Note that since the objective function of the proposed model
is maximization, hence for cost criteria such as material handling
distance, we can consider negative or reversing of performance
measures.
In general, we can obtain the score of each FLP by the following
stages:
1. Transform the measures xrc using transformation (xrc −
minr=1,2....,R {xrc })/(maxr=1,2....,R {xrc } − minr=1,2....,R {xrc }) within
a 0–1 scale.
2. Solve the model for each FLP by a nonlinear optimizer.
3. Sort the scores Sr values in the descending order.
4. Case study
We apply our method, to the same FLD problem as discussed
in literature by Yang and Hung [4] in an IC packaging company.
The interested reader can refer to Yang and Kuo [3] and Yang and
Hung [4] for more details as compared to name and area of departments, the FLPs generated by commercial software Spiral and the
deﬁnitions of criteria. Six criteria were taken into account in their
proposed FLPs. Table 2 shows the performance measures of FLPs
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Table 2
The measures of the FLPs with respect to different criteria.
Layout alternatives

Distance (m)

Accessibility

Shape ratio

Maintenance

Flexibility

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.00537
0.00482
0.00484
0.00527
0.00472
0.00378
0.00438
0.00538
0.00538
0.00423
0.00545
0.00489
0.00443
0.00493
0.00587
0.00462
0.00556
0.00538

Adjacency score
8
9
8
8
8
5
8
9
9
8
8
8
8
8
9
9
8
10

0.0260
0.0260
0.0519
0.0779
0.0390
0.0519
0.0390
0.0130
0.0260
0.0779
0.1169
0.0390
0.0390
0.0779
0.1169
0.0519
0.0779
0.0519

0.1207
0.2666
0.1273
0.1207
0.1290
0.4830
0.0714
0.1600
0.1273
0.1273
0.5000
0.0751
0.1228
0.1250
0.1207
0.1297
0.0970
0.0984

0.0690
0.0575
0.0345
0.0460
0.0460
0.0690
0.0230
0.0575
0.0575
0.0690
0.0920
0.0575
0.0345
0.0575
0.0920
0.0690
0.0345
0.0345

0.0119
0.0595
0.0714
0.0714
0.0714
0.0357
0.0476
0.0476
0.0357
0.0595
0.0952
0.0357
0.0714
0.0357
0.0952
0.0476
0.0476
0.0595

Max
Min

0.00587
0.00378

10
5

0.1169
0.0130

0.5000
0.0714

0.0920
0.0230

0.0952
0.0119

with respect to these criteria. In this table, material handling distance, adjacency score and shape ratio are the quantitative criteria,
which are determined using commercial software Spiral. Besides,
since material handling distance and shape ratio are loss-type criteria, i.e., they are negatively related to the importance level of a
FLP, their reciprocal values are considered. The measures of the
qualitative criteria (accessibility, maintenance and ﬂexibility) have
obtained by the AHP.
Table 3 displays the transformed measures within 0–1 scale
using transformation (xrc − minr=1,2....,R {xrc })/(maxr=1,2....,R {xrc } −
minr=1,2....,R {xrc }).
Now, we solve the following nonlinear model for each FLP based
on data in Table 3 using Microsoft Excel Solver or the LINGO software package.
Sr = max
s.t.
w1
w4
w3
w5

6


6


wc xrc

c=1

wc2 = 1

c=1

= w2 = w3 ,
= w5 ,
> w4 ,
> w6 ,

where the ranking order of criteria are stated as in Yang and Hung
[4] and all weights are nonnegative. Namely material handling
distance, djacency score and accessibility criteria have the equal
importance and their importance is more than shape ratio and
maintenance. Additionally, the importance degree of these recent
two criteria is also equal and these are more than ﬂexibility, based
on designers’ decisions.
By solving the proposed model for each FLP, the eighth column
of Table 3 shows the score of each FLP. Also, Table 3 shows the
FLPs ranking results using the proposed model, fuzzy TOPSIS [4]
and YK-model. For comparison purpose, we consider the best 5
FLPs as there were 5 FLPs identiﬁed by the fuzzy TOPSIS, using
the same dataset. The top 5 FLPs identiﬁed are FLPs 11, 15, 18, 4
and 17, respectively. These FLPs are the good FLPs in fuzzy TOPSIS
too, due to similarity of ranking order of the criteria in the both
models. Comparing the remaining FLPs shows many differences
between our method and fuzzy TOPSIS, the reason is that FTOPSIS depended hardly on subjective judgments at drawing stages
of membership functions and selecting the linguistic variables by

designers, while in our model, these stages are obtained endogenously and by solving a weighted nonlinear optimization model
and without interfering subjective judgments in scoring scheme
and it is based on performance measures.
The above example has been solved by Yang and Kuo [3] as well.
For comparison purpose, we consider the best 5 FLPs as there were
the 5 efﬁcient FLP identiﬁed by the YK-model in Yang and Kuo [3].
The top 5 FLPs identiﬁed are the FLPs 11, 15, 18, 2 and 16. The FLPs
11, 15 and 18 are the optimal FLPs in both YK-model and the proposed model. The FLPs 4 and 17 were not identiﬁed as the good
FLPs in the YK-model. On the other hand, the FLPs 2 and 16 were
identiﬁed as the good FLPs in the YK-model but were not identiﬁed
by our proposed model. The reason of these differences is due to the
incorporation of relative importance level of the criteria. Although,
the FLPs 2 and 16 are the suitable FLPs in YK-model, the distance of
these two FLPs are only 0.4975 and 0.4019, which are relatively low
compared to other FLPs. When the distance is considered as a relatively important criterion, these two FLPs are eliminated. The FLPs
4 and 17 with relatively low adjacency score, 0.6 and 0.6, respectively, were rated high because of the advantage of relatively higher
distances and accessibility.
5. Discussion and conclusion
The proposed approach in this paper gives an NLP model to FLD
problem in the area of prioritizing the FLPs generated by Spiral tool.
This model concurrently takes into account knowledge of experts
with regard to weights obtained by the AHP for qualitative criteria, as well as performance measures of quantitative criteria. It is
capable to consider the ranking order of criteria. The data needed
for comparing the FLPs regarding to the qualitative criteria for constructing the PCM and determining the ranking order of criteria on
a real case study are extracted through interviewing with design
experts of a factory. It depends severely on judgments of designers for the ranking order of criteria and it might occasionally be
resulted in inconsistent and contradictive knowledge. For example, although in this research, the ranking order of criteria is based
on additive alliances as discussed in Section 4, it may be possible
to propose different order by designers. Also, in this paper the traditional AHP was applied for comparing the FLPs with respect to
each qualitative criterion in the PCM using crisp ratios (the 1–9
scales proposed by Saaty [42]). But since in world real, evaluating and comparing criteria (particularly qualitative criteria) are
stated as linguistic expressions and judgments, it is better to use
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Table 3
The measures of scale transformation, ranking the FLPs by our model and compared with the fuzzy TOPSIS and YK-models.
Layout alternatives
11
15
18
4
17
2
16
14
10
8
9
3
1
5
6
12
13
7

Distance (m)

Adjacency score

Accessibility

Shape ratio

Maintenance

Flexibility

Score

Fuzzy TOPSIS

YK-model

0.7990
1.0000
0.7655
0.7129
0.8516
0.4975
0.4019
0.5502
0.2153
0.7655
0.7655
0.5071
0.7607
0.4497
0.0000
0.5311
0.3110
0.2870

0.6
0.8
1.0
0.6
0.6
0.8
0.8
0.6
0.6
0.8
0.8
0.6
0.6
0.6
0.0
0.6
0.6
0.6

1.0000
1.0000
0.3743
0.6246
0.6246
0.1251
0.3743
0.6246
0.6246
0.0000
0.1251
0.3743
0.1251
0.2502
0.3743
0.2502
0.2502
0.2502

1.0000
0.1150
0.0629
0.1150
0.0597
0.4554
0.1360
0.1250
0.1304
0.2067
0.1304
0.1304
0.1150
0.1343
0.9603
0.0086
0.1199
0.0000

1.0000
0.0920
0.1666
0.3333
0.1666
0.5000
0.6666
0.5000
0.6666
0.5000
0.5000
0.1666
0.6666
0.3333
0.6666
0.5000
0.1666
0.0000

1.0000
1.0000
0.5714
0.7142
0.4285
0.5714
0.4285
0.2857
0.5714
0.4285
0.2857
0.7142
0.0000
0.7142
0.2857
0.2857
0.7142
0.4285

2.2115
1.7579
1.3155
1.2958
1.2508
1.1964
1.1457
1.1426
1.1389
1.1113
1.1037
1.0262
1.0153
0.9978
0.9470
0.9125
0.8861
0.6934

11
15
18
4
17
8
10
14
2
16
9
5
1
3
12
6
7
13

11
15
18
2
16
6
8
9
17
1
4
10
14
5
3
13
12
7

the fuzzy sets theory for comparisons. Besides, it is impossible to
construct a consistent PCM with respect to each qualitative criterion when the number of the FLPs is quite big. On the other hand,
the criteria under consideration in this paper according to considerations of experts participating in assessment include three
quantitative criteria (distance, adjacency score and shape ratio)
and three qualitative criteria (accessibility, maintenance and ﬂexibility). However, if necessary, design experts can consider other
qualitative and quantitative criteria in FLD problem, depending on
nature of FLD problem, type of used commercial software or proper
interpretations by experts. For example, Ertay et al. [5] consider
another quantitative criterion (material handling vehicle utilization) in addition to the above criteria together with the qualitative
criterion such as quality instead of accessibility and maintenance
for evaluating the FLPs. Also, we can view the other criteria, e.g.,
construction cost of width walls due to difference in printed FLPs,
speed of helping, facilitation of handling, etc., in FLD problem. But
despite all these limitations, by means of the proposed robust facility layout framework, the ﬁrms can provide efﬁcient solutions for
their layout problem. Moreover, the framework presented in this
paper can be easily implemented on a personal computer and offers
a systematic guidance to the decision makers in planning the layout
design.
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