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Abstract Production uncertainty is one of the most
challenging aspects in manufacturing environments in
the 21st century. The next generation of intelligent man-
ufacturing is dynamically depending on the production
requirements, and success in designing agile facilities is
closely related to what extent these requirements are
satisfied. This paper presents the most recent advance-
ments in designing robust and flexible facilities under
uncertainty. The focus is on exploring the way uncer-
tainty is incorporated in facility design, namely dynamic
and stochastic facility layout problems. Recent
approaches are explored and categorized in detail, and
previous approaches are briefly reviewed in the related
categories. Furthermore, research avenues warranting
exploration in the emerging field of facility design are
also discussed.

Keywords Uncertainty - Dynamic facility layout
problem - Stochastic facility layout problem -
Robustness - Flexibility

Introduction

This review paper addresses facility design issues under
uncertainty which are very likely to appear in today’s
intelligent manufacturing and service venues due to the
higher degree of automation. The importance of the
subject and the motivation to write this paper can be
summed up by the following fact: As reported in the flag-
ship textbook on Facilities Planning (Tompkins, White,
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Bozer, & Tanchoco, 2003), in the United States, each
year since 1955, about 8% of the gross national product
(GNP) has been spent on new facilities, and with the
continuous improvement concept that companies have
adopted, it is reasonable to assume that more than $ 250
billion is spent for layout or relayout issues annually.

Two excellent review papers (Kusiak & Heragu, 1987,
Meller & Gau, 1996) present an overview of research on
facility design, namely block layout. An extensive review
of uncertainties in manufacturing is performed by Sethi
and Sethi (1990). According to this survey, there are two
types of uncertainties: the first one is due to internal dis-
turbances, such as equipment breakdowns, variable task
times, queuing delays, rejects, and rework, etc., and the
second one is caused by external forces, such as uncer-
tainties in the level of demand, product prices, product
mix, etc. A classification framework of eleven different
uncertainties is given in Table 1. The bold ones have
been of primary interest for facility layout researchers
in recent years.

By considering future changes in the design step, facil-
ity managers can select designs that do not radically
degrade with production changes (i.e., robust and flexi-
ble facility designs). There are two approaches to design-
ing robust and/or flexible facilities. The first approach,
the dynamic facility layout problem (DFLP), considers
several production periods, and facility layout arrange-
ments are determined for each period by balancing
material handling costs with the relayout costs involved
in changing the layout between periods. The biggest
difficulty in DFLP has been to estimate future produc-
tion patterns and condense them into a few discrete
scenarios. The second approach is the stochastic FLP in
which product mix and demand are assumed to be ran-
dom variables with known parameters (e.g., expected
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Table 1 Types of manufacturing uncertainties

Component or Basic System Aggregate
0 Machine o Process o Program
o Material handling ¢ Routing o Production
o Operation o Product o Market
e Volume

o Expansion

value, variance, covariance and routing information of
products and unit material handling costs). The single
period stochastic FLP is different than DFLP since prod-
uct demand is stochastic in the former rather than only
subject to known changes from period to period as in
the latter.

The rest of the paper is organized as follows: Sec-
tions “The dynamic facility layout problem” and “The
stochastic facility layout problem” collect a state-of-the-
art survey for the DFLP and stochastic FLP, respec-
tively. The solution approaches are also summarized
in tables at the end of each section for easy referenc-
ing. Emerging research directions are given in section
“Research directions”, and concluding remarks are in
section “Conclusions”.

The dynamic facility layout problem

Although the static version of the problem has been
widely studied in the literature, Nicol and Hollier (1983;
178) support the necessity of dynamic treatment of the
problem by concluding that “radical layout changes
occur frequently, and therefore, management should
take this into account in their forward planning.” The
DFLP considers flow over multiple time periods in an
environment where material flow between departments
changes over time. The DFLP analysis focuses primarily
on comparing material handling costs with rearrange-
ment costs (see the formulation of the DFLP in sec-
tion“Formulation™ ). A previous state-of-the-art survey
which mainly focuses on DFLP algorithms can be found
in Balakrishnan and Cheng (1998). This paper herein,
however, broadly surveys different types of uncertainty
in facility design including the recent developments in
this area and introduces emerging research directions as
well.

Formulation
Inavery general Quadratic Assignment Problem (QAP)

form, the DFLP can be expressed as follows by adopting
the notation (except N, which represents the total num-
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ber of departments and locations, instead of »n) used in
Urban (1998):

T N N N N N
Minimize Z Z Z z Zfiktd/’lxijtxklt + ZSityit + rtzl:|
t=1 [i=1lj=1k=1I=1 i=1
Subject to
N
Z Xjjr = 1 vj, t
i=1
N
Z Xijt = 1 Vi, t
j=1

Xijt, Yit» 2t € {0, 1} Vi,j, ¢
where fj;; is the material flow between departments i
and k in time period ¢, dj; the distance between locations
j and [, sj; the variable rearrangement cost of moving
department i at the beginning of period ¢, r; the fixed
rearrangement cost of making any rearrangement at the
beginning of period ¢. x;j, yir, and z, are decision vari-
ables as follows:
1 if department i is assigned to location j

in period ¢
0 otherwise

Xijji =

1 if department i is relocated at the beginning
of period ¢
0 otherwise

Yit =

1 if any rearrangement is made at the beginning
of period ¢
0 otherwise.

it =

Solution methods

Different solution approaches for the DFLP are grouped
into four categories: exact methods, heuristics, meta-
heuristics, and hybrid approaches. Following detailed
explanations about each study, Table 2 is included for
easy referencing. (Nine out of 24 papers in Table 2 have
been published after Balakrishnan and Cheng’s (1998)
survey paper on the DFLP)

Exact methods for DFLP

Pioneering work in dynamic facility layout was under-
taken by Rosenblatt (1986). A deterministic environ-
ment is assumed, where product demands are known for
each period. The major goal is to decide on the layout for
each period given the from-to flow matrices. Rosenblatt
develops both optimal and heuristic procedures based
on dynamic programming (DP) where the objective is
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minimizing the sum of the material handling costs and
the rearrangement costs over all periods. Although a
bounding procedure is used to reduce the number of
possible states, it does not always produce expected
reductions. A heuristic procedure can then be used to
reduce the search space by only looking at a limited
number of good layouts in each period. After Rosen-
blatt’s (1986) paper, Batta (1987) writes a comment on
the dynamics of plant layout that establishes a class of
possible upper bounds for DFLP. In the theorem, he
states that “if the same layout is kept in each time period
t =1...T, DFLP can be solved as static FLP where the
from-to flow matrix is obtained by adding the from-to
flow matrices in periods ¢ = 1...7.” Another comment
on Rosenblatt’s (1986) model regarding an alternative
fathoming procedure to apply which would work best in
situations with relatively low rearrangement costs comes
from Balakrishnan (1993).

Balakrishnan et al. (1992) extend Rosenblatt’s (1986)
study by considering the case where a budget constraint
exists for layout rearrangement. They propose a new
approach to solve the constrained DFLP. As an alterna-
tive solution procedure to DP, the simplex based con-
straint shortest path (CSP) algorithm of Mote et al.
(1988) is used to solve the problem. They conclude that
CSP performs better than DP in most cases, but if the
problem size is small or the constraint is very tight, DP
outperforms CSP.

Urban (1992) evaluates the relative performance of
different lower-bound procedures for the DP solution of
the DFLP. Later, Urban (1998) develops a lower bound
dominating all existing bounds for DFLP. First, an opti-
mal procedure for a special case of the DFLP is pre-
sented where the arrangement costs are fixed. To solve
this problem optimally, an approach similar to Weso-
lowsky’s (1973) incomplete DP algorithm is used. This
algorithm first solves QAP subproblems, and since the
QAP is NP-complete, heuristic solutions are also intro-
duced. Also, much tighter bounds are developed for the
general DFLP where the rearrangement cost is not nec-
essarily fixed.

Different procedures, which have been developed
to solve the modified QAP formulation of the DFLP,
are compared by Lacksonen and Enscore (1993). They
modify five procedures, namely Computerized Relative
Allocation of Facilities Technique (CRAFT), cutting
planes, Branch and Bound (B&B), DP, and cut trees,
and develop a series of test problems to compare the
relative effectiveness of these five procedures. The cut-
ting plane algorithm is found to be the best of the five
algorithms for all test problems.

By considering expansion (or decline) possibilities,
Montreuil and Venkadatri (1991) use a proactive strat-
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egy to design dynamic layouts. The method first esti-
mates probable scenarios of system requirements at
maturity, then designs an optimal mature facility given
the set of scenarios, and finally, by going backwards,
obtains an initial facility design.

Lacksonen (1994) describes a two-stage approach to
solve the DFLP, which requires a QAP formulation of
the problem solved by a cutting plane routine in the
first stage and an MIP modeling to find a desired block
layout. Then, Lacksonen (1997) further studies this two-
stage algorithm by integrating a preprocessing method
to predefine certain department pair orientations.

Yang and Peters (1998) propose a flexible machine
layout design procedure which formulates and solves a
robust machine layout design problem over a planning
horizon. It is a construction type algorithm, and it opti-
mizes the trade-offs between material handling costs
and machine rearrangement costs to adapt the layout to
future changes. The model is not restricted to equal size
machines unlike most of the QAP based procedures.
The rearrangement cost is assumed to be independent
of the distance the machine is moved and is defined as a
fixed cost of changing the location of that machine. This
approach also differs from previous methods that either
assume the rearrangement costs are a linear function of
the distance moved (Montreuil & Laforge, 1992) or the
number of square-feet being rearranged (Lacksonen,
1994).

Heuristics for DFLP

Urban (1993) proposes a heuristic approach based on
the steepest-decent pairwise-interchange procedure for
the DFLP. It is a multiperiod equivalent of CRAFT. The
procedure avoids the complexity and intense computa-
tional requirements of the well-known previous opti-
mal methods, the DP and QAP models. This heuristic
performs only slightly worse than optimal procedures,
and is as effective as any existing heuristic method. Bal-
akrishnan et al. (2000) propose an improved dynamic
pair-wise exchange heuristic based on Urban’s (1993)
technique. First, they use a backward pass instead of the
forward pass in Urban’s heuristic because the backward
pass will never generate a worse layout than the forward
pass. Then, they combine Urban’s heuristic with Rosen-
blatt’s (1986) DP procedure. Finally, when they test the
new procedure on different problems, in almost every
case, they show improvements on the results published
by Urban (1993).

Kochhar and Heragu (1999) develop an algorithm,
Dynamic Heuristically Operated Placement Evolution
(DHOPE), for the multi-floor DFLP. Given a layout
for the first period, DHOPE attempts to find a layout
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minimizing the sum of material handling costs and
rearrangement costs for the second period. If the objec-
tive is to find a near-optimal layout for two consecutive
periods given the material flow information for both
periods at the initial design step, DHOPE finds these
layouts in two iterations. By doing so, DHOPE finds the
best combination of layouts for the two periods.

Meta-heuristics for DFLP

Three well-known meta-heuristics, namely Genetic
Algorithm (GA), Tabu Search (TS), and Simulated
Annealing (SA) have been applied as solution proce-
dures for the DFLP.

i) Genetic Algorithm (GA): Conway and Venkatara-
manan (1994) use GA for the CDFLP with a budget
constraint on rearrangement of the departments. This
approach can deal with multiple and nonlinear objec-
tive functions as well as side constraints. They test their
algorithm on two different problems and conclude that
the GA approach performs well in comparison to DP
for the six and nine department problems, though no
computational times are given.

Balakrishnan and Cheng (2000) also develop a very
similar GA approach to the one which Conway and
Venkataramanan (1994) have used. Balakrishnan and
Cheng’s procedure differs in three aspects: (i) a point-
to-point crossover operator is used instead of a single
point crossover to increase the search space, (ii) muta-
tion is used to increase the population diversity, and
(iii) a “generational replacement” approach is used to
increase population diversity. The results show that Bal-
akrishnan and Cheng’s (2000) GA performs better than
Conway and Venkataramanan’s (1994) GA. The differ-
ence in performance of the two GA approaches is more
significant for larger size problems.

Chang et al. (2002) use a Symbiotic Evolutionary
Algorithm (SymEA), which differs from a canonical GA
approach, to solve DFLP. Instead of using a crossover
operation, they use a multi-population approach where
there is a population for each period, and populations
are evolved simultaneously. It has been shown that Sy-
mEA outperforms previously published GA results for
the DFLP.

(i) Tabu Search (TS): Another meta-heuristic
approach for DFLP is TS by Kaku and Mazzola (1997).
In their local neighborhood search, they use pairwise
interchange moves between departments. Their TS heu-
ristic is a two-stage procedure. In the first stage, a num-
ber of different starting solutions are generated using a
diversification strategy to ensure that different regions
of the search space are explored. In the second stage,
neighborhoods around the best solutions found in stage

1 are searched more intensively. At the end of stage 2,
the best solution obtained for the problem is the final
layout found by the TS heuristic. Computational exper-
iments show that the TS solutions are at least as good as
the best solutions found by the different algorithms in
Lacksonen and Enscore’s (1993) study.

(iii) Simulated Annealing (SA): Baykasoglu and Gindy
(2001) develop an SA approach to the DFLP. In all prob-
lems they study, the departments are assumed to be of
equal shape and size. The results indicate that, especially
for larger size problems, the proposed SA approach out-
performs the two earlier GA approaches.

Later, McKendall et al. (2006) develop an SA
approach to the DFLP and solve the problems with the
data sets taken from the literature. In most of the cases,
the proposed SA procedure is the preferred heuristics
compared to the previous GA or SA procedures.

Hybrid approaches for DFLP

Erel et al. (2003) propose a new hybrid algorithm with
three phases. First, viable layouts, which are the layouts
likely to appear in the optimal solution to the DFLP, are
selected. Second, a shortest path problem over the via-
ble set found in the first phase is solved by DP. Finally,
DP solutions in the previous stage are improved with
a local improvement procedure. Computational experi-
ments yield the results, showing that the new procedure
is at least as competitive as the previous GA and SA
based procedures

Being aware of the reality that exact solution
approaches are not practical for large problems, Bal-
akrishnan et al. (2003) develop a GA based hybrid algo-
rithm. In the proposed hybrid method, initial population
is obtained using Urban’s (1993) method, the crossover
operator uses DP to find the best combination among
all the layouts, the mutation operator uses Armour and
Buffa’s (1963) improvement-type CRAFT. They
compare the new hybrid method with previous
meta-heuristics approaches. They conclude that the
hybrid approach of combining GA and DP provides
improvements over GA alone, and it also compares
favorably with a previous SA approach.

Rodriguez et al. (2004) develop a hybrid meta-heu-
ristic approach in order to improve the performance of
each individual meta-heuristics on the DFLP. In this
approach, each offspring generated by the crossover
operator of the GA is improved by a TS procedure.
The comparisons of the results of the new hybrid algo-
rithm with DP, GA, and GA based hybrid algorithms
are quite promising.

Another hybrid algorithm combining DP and GA is
proposed by Dunker et al. (2005). The idea and the
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method of combining DP and GA are very similar to
those of Balakrishnan et al. (2003) mentioned above
in detail. Unlike the previous similar hybrid algorithm,
Dunker et al’s algorithm can cope with unequal area
departments, which may also change from period to
period allowing for modeling departmental expansion
or shrinkage. Two examples of Yang and Peters (1998)
are used to evaluate the quality of the algorithm, and
the results show that the layouts found by the hybrid
algorithm are an improvement over the previous ones.

McKendall and Shang (2006) apply Hybrid Ant Sys-
tems (HAS) to the DFLP. This is the first application
of HAS to the DFLP. Three different versions of the
heuristics are tried, and results show that the proposed
procedures perform well for the data sets taken from
the literature.

The stochastic facility layout problem

The second type of uncertainty treatment in facility lay-
out assumes that product demand or product mix is not
known deterministically but stochastically. Since differ-
ent criteria are used as objectives, there is no single
formulation for the stochastic FLP. However, different
criteria used as objectives are discussed in the next sec-
tion and are shown in Fig. 1.

Criteria used as objectives

Most stochastic FLP research focuses on two important
notions: flexibility for future changes and robustness to
uncertainty. A robust facility is one that behaves well
over a variety of scenarios and outcomes. On the other
hand, a flexible facility is one that can readily adapt to
changes without significantly affecting performance. For
example, a layout with some vacant space in strategic
locations could be expanded readily and would be flex-
ible if production increased, but it may not be robust.
To point out the importance of robustness to uncer-
tainty and flexibility for future changes, an IIE Solu-
tions (2001) article, titled “Consortium Works to Design
Factories of the Future,” quotes Dr. Saif Benjaafar, a
seminal researcher in the field: “Relayout can be highly
expensive and disruptive, especially when the entire fac-
tory has to be shut down and production stopped.” In
the following sections, the way different researchers use
these two notions in optimization will be reviewed. Table
3 is structured to cover the research on the stochastic
FLP. (Balakrishnan and Cheng (1998) survey some of
the stochastic FLP research in their DFLP literature
review, and seven out of 17 papers in Table 3 have been
published since then.)

@ Springer

Flexibility

Shore and Tompkins (1980), who are the first to consider
facility design under uncertainty, focus on the flexibility
concept in facility layout under the stochastic environ-
ment. They define flexibility as the ability of layouts to
respond to current and future product mixes. Then, they
present a methodology incorporating flexibility into the
facility design phase. They quantify flexibility by defining
a facility penalty, a measure of the effectiveness of the
adaptability of different layouts to the changing demand
pattern of the products.

Gupta (1986) uses simulation to solve the FLP by
considering the flexibility concept. Instead of assuming
that flows between department pairs are deterministic,
he obtains the flow matrices by using Monte Carlo sim-
ulation to randomly generate the flow between all pairs
of departments. Square shaped and equal size depart-
ments are used in Gupta’s study. Individual flow volumes
are assumed to be independent and normally distrib-
uted with known mean and standard deviation. Using
the CRAFT heuristic, a layout for each generated flow
matrix is derived. Then, for each layout, the distance
between all department pairs is computed and the aver-
age distances between department pairs over the set of
all generated layouts are calculated. Similar to Shore and
Tompkins’ (1980) definition, the layout with the small-
est penalty value is considered the most flexible layout.
However, future relayout costs are not considered.

Bullington and Webster (1987) propose a procedure
to evaluate layout flexibility based on cost estimation
of a future relayout of the facility rather than based
on changes in material handling cost. They use this
approach to measure adaptive flexibility as opposed to
measures of reactive flexibility, such as those based on
material handling cost.

Savsar (1991) develops a simulation algorithm which
is used as a general procedure to generate and evalu-
ate different layouts in the flexible stochastic FLP. The
objective function in this approach includes a weighted
sum of total material handling costs, total closeness rat-
ings between departments, and expected future relayout
costs. Therefore, this approach serves to find a layout
with both reactive and adaptive flexibilities. Simulation
is used to generate random flow volumes, closeness rat-
ings, and possible future layouts to evaluate randomly
generated alternative layout designs.

Kulturel-Konak et al. (2004) consider the product
routing flexibility which results from changes in the
design or the demand of products in the stochastic FLP.
Therefore, routing flexibility of a layout is its ability to
produce a part by alternative routes through the sys-
tem. Both production uncertainty and routing flexibility
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Fig. 1 The stochastic FLP
research classified based on
the criterion considered
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Table 3 Different approaches for the stochastic FLP

‘I Dominance B Flexibility O Robustness

Criteria
Flexibility Dominance (Optimality) Robustness
Approach Author (Year) Approach Author (Year) Approach Author (Year)
Equal Monte Carlo Gupta (1986) DP (Markov Kouvelis and Laplace and Rosenblatt and
area Simulation Processes) Kiran (1991) Minimax Regret Lee (1987)
approaches
A simple proce- Bullington and  Weighted aver- Rosenblatt and Branch and Kouvelis et al.
dure measuring ~ Webster (1987) age flow matrix Kropp (1992) Bound (B&B) (1992)
adaptive flex- approach finding not nec-
ibility essarily optimal
solutions
Simulation Savsar (1991) DP (Markov Palekar et al. Integer Pro- Benjaafar and
measuring both chain) and (1992) gramming or a Sheikhzadeh
adaptive heuristics heuristics proce- (2000)
and reactive dure
flexibilities
GA and simula- Azadivar  and
tion Wang (2000)
Fuzzy Theory Cheng et al
(1996), Aiello
and Enea (2001)
Simulation/flow Braglia et al
matrix and ana- (2003, 2005)
lytical approach
Unequal COFAD-F Shore and GA Smith and Nor-
area Tompkins man (2000)
(1980)
TS Kulturel-Konak TS Kulturel-Konak

et al. (2004).

et al. (2004).

are considered concurrently, and an efficient simulation
approach to find flow values and a TS based heuristic as
a solution approach are developed to find flexible bay
structured layouts (Tate & Smith, 1995).

Dominance (Optimality)

Kouvelis & Kiran (1991) incorporate changes in product
mix, part routings, and process plans into single and mul-
tiple period stochastic layout models. After assigning a
probability to each production scenario and developing
dominance conditions to determine efficient alternative

layouts, a modified QAP formulation (Kouvelis & Kiran,
1990) is used to solve the stochastic single period version
of the problem. A DP formulation is also developed for
the stochastic multiple-period version of the problem.
Rosenblatt and Kropp (1992) focus on improving an
optimal solution procedure for the single period stochas-
tic FLP. They show that their procedure only requires
solving a deterministic from-to flow matrix which is the
weighted-average of all from-to flow matrices. There are
a finite number of possible scenarios which can occur,
and for each one, the flow matrices and probability of
occurrence of each scenario are known. They also show
that the solution of the deterministic version of the flow
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matrix will result in minimizing the expected material
handling cost. Since they randomly generate the prob-
ability that each scenario occurs, a simulation model is
developed to test the robustness of their approach.

Palekar et al. (1992) solve the stochastic DFLP, which
is the most complex of all cases, and all other models
can be viewed as special cases of this problem. The sto-
chastic DFLP is formulated as a quadratic integer pro-
gram. Uncertainties associated with product demands
are classified as optimistic, most likely, and pessimis-
tic levels of production for each product and associ-
ating a probability of occurrence for these outcomes.
Using these estimates, it is possible to create a num-
ber of interdepartmental flow matrices for each period,
and then, from the probabilities associated with the
forecasts, the likelihood of each interdepartmental flow
matrix in each period is estimated. Conditional changes
from one period to the next one are then modeled as a
Markov chain. As an exact method, the DP approach
is used. Approximate solution methods have been suc-
cessfully tested for larger problems.

Robustness

Rosenblatt and Lee (1987) first develop the idea of
robustness in the single period plant layout problem
under stochastic demand. After declaring that finding
the exact values of the joint probabilities of the different
states is impractical, they suggest representing demand
as a three-point random variable, similar to that used
in PERT/CPM models. Robustness is defined as the fre-
quency that a layout falls within a pre-specified
percentage of the optimal solution for different sets of
production scenarios. With this definition, although a
particular layout may not be optimal for any given sce-
nario, it can be the most reliable one for all states. They
demonstrate the procedure on a small QAP problem.
Kouvelis et al. (1992) also study single and multiple
period layout problems under demand uncertainty to
find a robust layout. Although Kouvelis & Kiran (1991)
deal with the same concept, they are not concerned with
robustness, only optimality. Kouvelis et al. (1992) also
use the QAP formulation and their contribution is to
provide a systematic way to generate robust layouts
for single and multiple period problems under demand
uncertainty. To do this in a single period case, they simply
modify the B&B procedure for the QAP formulation to
generate many robust layouts within a pre-specified per-
centage of the optimal solution for all demand scenarios.
With the multiple period case, it becomes more difficult
to define robust layouts since relocation should also be
considered. The equipment which is difficult to relocate
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is often referred to as monument. Locating these monu-
ments in a way that they will minimally restrict the relay-
out options is a desired property of a robust layout. They
propose a systematic approach which performs well for
medium size problems and can be used as a heuristic for
larger problems.

Benjaafar and Sheikhzadeh (2000) present an
approach for FLP in stochastic environments. In addi-
tion to variability of product mix and product demand,
duplication of the same department type may be allowed
within the same facility. In fact, disaggregation and dis-
tribution of a department throughout the facility is not a
new idea. Montreuil et al. (1993) introduced the concept
of holographic layouts for systems operating in highly
volatile environments. A holographic layout allows
machines of each type to be spread throughout the
facility. Benjaafar and Sheikzadeh have applied this to
stochastic environments by allowing for the possibility
of partial disaggregation (i.e., each subdepartment may
consist of more than one machine and all subdepart-
ments of the same type may not necessarily have the
same capacities). Their procedure is scenario-based and
the objective is to design a layout that performs well over
the set of possible scenarios. The problems are solved
either optimally or heuristically. They show that dupli-
cates of the same departments can significantly reduce
material handling cost while effectively coping with fluc-
tuations in flow patterns and volumes, although most of
the cost reduction occurs with relatively few duplicates.

Azadivar and Wang (2000) solve the FLP by taking
into account stochastic characteristics, such as interar-
rival times of parts into the system and varying part
routes, and operational constraints of the system, such
as departmental area requirements. They use GA to
optimize the layout for manufacturing effectiveness and
simulation to evaluate system performance. The pro-
posed approach integrates GA and computer simula-
tion; therefore, this combination is capable of solving
very general types of layout problems. However, a costly
simulation is performed for each candidate
solution which makes the process computationally
challenging.

Cheng et al. (1996) introduce fuzzy numbers as uncer-
tain flows between department pairs. Then, they solve
this hard fuzzy combinatorial problem using GA. Aiello
and Enea (2001) also utilize a fuzzy approach to find
the robust facility layout in uncertain production envi-
ronments. A ranking method, which considers the level
of decision makers’ pessimism, is used to determine the
optimal layout.

Taking a different approach, Smith and Norman (2000)
study production uncertainty in block layout design with
unequal area departments. Uncertainty is measured by
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an expected value and variance for the forecasted
amount of each product to be processed in the facility.
The basic concept of their study is the minimization of
a statistical percentage of total material handling costs.
Since they assume independent products, it is easier to
utilize a summation formula. In other words, the proba-
bility distribution of the total material handling cost is
normal when a large enough number of products are
involved. This approach also differs from most of the pre-
vious work since it uses the more realistic unequal area
formulation. GA is used as an optimization tool.

Braglia et al. (2003) analyze the effects of uncertain-
ties in production rates. Similar to Smith and Norman
(2000), they assume normally distributed product
demands with expected values and variances. They use
simulation to come up with flow values between mach-
ines. They focus on finding the most robust layout (i.e.,
machine sequence). Although the proposed procedure
has only been tried on a single row layout, it seems
promising on a loop layout. Since they assume indepen-
dent products, Braglia et al. (2005), in their later work,
use the summation of averages and variances of demand
variables over the number of periods considered (The
Central Limit Theorem). This analytical approach has
assisted planners and designers of layouts by suggesting
a robust layout.

Kulturel-Konak et al. (2004) study production
uncertainty in block layout design with unequal area
departments similar to Smith and Norman’s (2000)
study; however, product demands are not limited to be
independent by allowing correlated product demands.
Moreover, the product demand can follow any general
form and is not limited to certain classes of distributions.
Unlike many studies in the literature, which try to opti-
mize for a few discrete scenarios, this study optimizes
for all possible scenarios in the predefined continuous
range by integrating the robustness function in between
lower and upper bounds. TS is used as an optimization
tool.

Research directions

So far, this paper has focused on identifying and com-
paring previous research on uncertainty in the FLP.
In addition, these previous efforts have been summa-
rized in two very user friendly tables (i.e., Tables 2
and 3). As can be seen, most previous research efforts
are limited in applicability because of the underlying
assumptions, such as equal department areas, determin-
istic flow, or independent stochastic flows. Therefore, at
the beginning of the 21st century, the trend is toward
relaxing these assumptions and solving problems with

unequal departmental area requirements and depen-
dent stochastic product demands. As economies become
ever more volatile and product life cycles constantly
shorten, incorporating uncertainty in product require-
ments into facility design models is very important for
the applicability of these models in real life scenarios of
the global economy. However, such enhancements may
require more than simple modifications to the mate-
rial handling cost function. The challenge is to develop
comprehensive stochastic models to capture the dynam-
ics of the global economy. For example, the traditional
objective function based on the material handling cost is
inadequate to model many scenarios and complexities
in the growing service industry. Benjaafar et al. (2002),
in “Next Generation Factory Layouts,” also assert that
most existing layout configurations do not meet the
requirements of a volatile production environment, and
there is an emerging need to design layouts which are
more flexible, modular, and easily reconfigurable. They
explore distributed, modular, and agile layouts- the so
called next generation factory layout. Their work raises
the interesting research question of how to quantify
abstract concepts such as modularity and agility of a
facility design in the objective functions.

Researchers have also focused on solving bigger-size
problems which carry more practical meanings; there-
fore, Meta-heuristics or hybrid methods have recently
been receiving a great deal of researchers’ attention. As
can be seen from Fig. 2, in recent years, researchers are
approaching uncertainty in FLP by using hybrid algo-
rithms (i.e., 67% and 57% of recent work are dedicated
to solving DFLP and stochastic FLP, respectively, using
hybrid algorithms). Meta-heuristics and hybrid meth-
ods, which overcome the drawback of a purely stochas-
tic or deterministic heuristic, also are powerful in terms
of incorporating complex objective functions and con-
straints.

Most of the literature on facility layout focuses on
greenfield design, which is a design of a new facility
without influence or constraint of an existing facility. In
practice, however, the facility relayout problem (FRLP),
which is a special case of the DFLP, is more common
than the greenfield design since both service and man-
ufacturing industries operate in highly volatile environ-
ments which motivate them to redesign their layouts.
Nicol and Hollier (1983) surveyed 33 companies of aver-
age size, and nearly half of these companies reported
that they had an average layout stability of two years
or less. Although the greenfield design problem and the
FRLP have common characteristics, the FRLP requires
additional constraints and objectives. Hence, relayout or
reconfigurability began to receive a higher attention in
facility layout literature at the beginning of this century
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Fig. 2 Solution approaches
to DFLP and stochastic FLP
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(Heragu, Zijm, van Ommeren,& Meng, 2001; Benjaafar,
Heragu, and Irani, 2002). Until then, it has been stud-
ied in DFLP research (Kouvelis & Kiran, 1991; Lackso-
nen, 1994). A slightly different approach to relayout is
applied by Lacksonen and Hung (1998). They develop
a project schedule where the objective is to reduce the
overall cost for relayout. Then, a two-criterion mixed-
integer programming model is employed that finds the
schedule minimizing costs for rearranging departments
subject to precedence constraints. However, recent stud-
ies address finding a balance between the material han-
dling and relayout costs and planning for future relay-
out requirements. Kulturel-Konak, Smith and Norman
(2007) address the stochastic FRLP by also prescribing
an approach for facility expansion. The facility expan-
sion problem can be simply defined as: given an existing
facility and expansion plan, which includes addition of
a new department and/or enlargement of an existing
one, what is the best relayout of the facility? While rear-
ranging the departments, consideration must be given
to the departments with fixed locations such as ovens,
furnaces, or receiving/shipping areas. The idea of fixed
departments is used in the QAP formulation for sto-
chastic FLP (Kouvelis et al., 1992) as follows: once the
location of a fixed department is set at the first period, it
is not allowed to be changed in the subsequent periods.
This approach actually simplifies the problem. In Bozer
etal. (1994), a whole department, which is located on the
outer perimeter of a plant, is assumed to be fixed and not
allowed to be relocated. In Kulturel-Konak et al. (2007),
a more flexible and realistic fixed department concept is
used. A fraction of a department, which is called a mon-
ument, is fixed, and fixed departments are allowed to
change shapes as long as they maintain the locations of
their monuments. Furthermore, fixed departments can
be located anywhere in the layout. Therefore, the pre-
vious procedures may need to be applied with more
realistic assumptions.

The concept of block layout, which deals with siz-
ing, shaping, and locating departments, has received a
great deal of coverage in the facility layout and relayout
literature. However, due to formulation and computa-
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tional difficulties, integrated block layout with detailed
layout has not been studied well enough. Therefore,
the concept of detailed layout (i.e., machine placement
within each department and selection of location of
Input/Output (I/O) points, aisles, and material flow
directions) needs to be further investigated while con-
sidering uncertainties in facility design, and knowledge
based systems or expert systems as discussed in the con-
cept of Intelligent Manufacturing (Kusiak, 1990) might
be adopted. It is possible that facilities may respond to
changing demand dynamics by modifying the I/O points,
aisles, and material flow directions while keeping overall
department locations intact. This observation is partic-
ularly important for the FRLP. Moreover, the previous
algorithms which were developed to handle stochastic
demand flows may be applied in different manufactur-
ing environments such as flow shop layout, multi-line
layout, semi-circular layout, etc., similar to the work by
El-Baz (2004) with static demand flows.

In recent years, there has been increasing attention
to the application of mathematical models to solve facil-
ity layout problems optimally (Meller, Narayanan, &
Vance, 1998; Sherali, Fraticelli, & Meller, 2003; Ko-
nak, Kulturel-konak, Norman, & Smith, 2006). Unfor-
tunately, due to the complexity of the problem, these
models are only used to solve the static version of the
FLP. Therefore, the applicability of the mathematical
models when uncertainty is considered in the FLP is an
important area to be explored.

Finally, the stochastic DFLP, which was studied ear-
lier by Palekar et al. (1992), needs to be further investi-
gated with the recent advancements. Models that
account for fixed departments, dependent product
demands, and routing and expansion flexibilities in the
stochastic DFLP are needed to represent the complex
status of real world situations.

Conclusions

With the emergence of a new generation of facility
design at the beginning of the 21st century, there is a



J Intell Manuf (2007) 18:273-284

283

growing need to configure robust and flexible layouts
for both manufacturing and service industries. There-
fore, different approaches to the FLP under uncertain
environments, namely DFLP and stochastic FLP, were
surveyed and categorized, and also listed (in table for-
mat) for easy reference. Directions for future research
in areas such as the relayout problem, the concept of the
detailed layout, the application of mathematical models
in the case of uncertainty, and the stochastic DFLP were
also discussed.
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