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This paper introduces a tractable methodology for finding practical aisle structures for a facility for a given flexible bay block layout.
The proposed methodology begins with a heuristic to identify candidate horizontal and vertical aisles using user guidance for the
general form of the aisles. There then follows an enumeration algorithm that determines the final aisle structure. Using the calculated
aisle structure, a non-linear programming model adjusts departmental areas and shapes to accommodate straight aisles. Finally,
input/output points are sited using a genetic algorithm. Together, these algorithms specify a reasonable aisle structure and define
the material flow through the facility. Two variations of the problem are solved—one with a limit on the total aisle distance and one
with a cost per unit aisle length. The effectiveness of the proposed methodology is demonstrated on test problems with 20 and 50
departments.
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1. Introduction

Facilities design has three interrelated components; struc-
ture, layout and the determination of a (network) system to
support material flow interaction, e.g., material handling
systems (Chhajed et al., 1992). Many techniques for de-
veloping layouts have been developed and most focus on
minimization of material handling costs—usually in terms
of rectilinear distance between departmental centroids
(Armour and Buffa, 1963; Tam, 1992; Tretheway and Foote,
1994; Tate and Smith, 1995; Tam and Chan, 1998). These
techniques give good results so far as they go, however,
their performance may be poor in terms of applicabil-
ity because the layouts usually ignore aisles. Or, if there
are aisles, they include dead ends, short aisles and other
characteristics that would make them difficult to physically
implement.

In this paper we propose a methodology for generating
practical aisle structures, along with their Input/Output
(I/O) locations, for a given block layout. The methodology

∗Corresponding author

uses a hierarchy of algorithms, each chosen for its specific
properties for the optimization subproblem at hand.

2. Literature review

Research concerning I/O station placement in facility de-
sign includes Das (1993), who introduced a Mixed-Integer
Programming (MIP) approach that locates I/O points in
cells assuming that the I/O points must be on the axes of the
cells. Rajasekharam et al. (1998) adapted the MIP formu-
lation proposed by Das by incorporating a Genetic Algo-
rithm (GA) based two-step heuristic procedure. Other more
general cases involving I/O point locations are considered
by Montreuil and Ratliff (1988), Banerjee and Zhou (1995),
and Kim and Goetschalckx (2005). Arapoglu et al. (2001)
formulated and compared several heuristic approaches to
optimally locate I/Os for each department within a facil-
ity layout such that material handling costs are minimized.
They used contour distance, which is the distance that is ac-
tually traveled between I/Os when going along the perime-
ters of departments.
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1020 Alagoz et al.

None of the previously mentioned research explicitly
considers how to construct actual aisle structures within
a facility. Certainly by using a distance measure in the ob-
jective function, aisles are implied. In the case of rectilinear
distance between centroids, the implied aisles are numerous
and traverse department interiors. In the case of the contour
distance, every path used is an aisle. Because of the com-
putational difficulty in selecting aisles, there are very few
studies that have considered the construction of aisles in the
design phase. The study of Tretheway and Foote (1994) is an
exception. They developed a heuristic able to solve the facil-
ity layout problem including aisle location using the scatter
diagram developed by Drezner (1987) to arrange the fa-
cilities. However, because of computational limitations, the
largest problem they could solve had 12 departments. Addi-
tionally, their paper does not include a cost analysis of dif-
ferent aisle pattern configurations. Benson and Foote (1997)
considered the placement of aisles and I/O locations after
the relative locations of the departments and a general aisle
structure was selected. However, the aisle structures they
proposed include multiple short aisles and aisles with dead
ends. Wu and Appleton (2002a) used a slicing tree layout
and a GA to design floorplans. The shape, size and the I/O
locations for each department were given and fixed prior to
the floorplan/aisle design phase. They minimized material
handling costs between I/Os using the shortest path and
the aisle structure consists of all shortest paths chosen for
use. They demonstrated their method on problems ranging
from four to 11 departments. In a similar study, Wu and Ap-
pleton (2002b) used a simulated annealing algorithm and
a slicing tree layout to design a block layout with an aisle
structure.

There have also been studies that have considered mate-
rial flow networks. In the work of Chhajed et al. (1992), a
flow network was designed for a manufacturing system lay-
out using rectilinear distance between I/Os. They solved the
problem optimally and also developed heuristics. However,
in their methodology they assumed that the I/O locations
are given and their aisle construction does not explicitly
consider important design features such as avoiding dead
ends and aisles that are too short. Other studies concerning
finding material flow paths include the following: Maxwell
and Muckstadt (1982), Egbelu and Tanchoco (1986),
Gaskins and Tanchoco (1987), Sinriech and Tanchoco
(1995, 1997), Liu and Chen (1999), Aiello et al. (2002),
Kaspi et al. (2002) and Ying-Chin and Ping-Fong (2004).
These all focus on automated guided vehicle path design.
These problems usually assume a given block layout and
try to find the shortest route along the aisles along which
the materials should flow. Moreover, they generally assume
that the objective function is to minimize the total travel dis-
tance of the materials transported; therefore, they usually
do not consider the properties of the path, which may result
in impractical aisle structures. For further coverage of ma-
terial flow system design please refer to the review articles
by Sinriech (1995) and Asef-Vaziri and Laporte (2005).

Our approach is distinct from the previous ones in that
it uses a flexible cost of aisles, and requires no specific a
priori choice of aisle structure or I/O location on the part
of the user. The user sets two parameters which guide the
selection of aisles relative to minimum aisle length. The
method produces practical facility designs with relatively
few, relatively straight aisles. Tompkins et al. (1996) cite
properties of practical aisles as the avoidance of curves, jogs,
or non-right-angle intersections. They also affirm that aisles
should be straight and lead to doors. Our method adheres
to these principles. Our hierarchy of algorithms is quite
tractable and we have solved problems of 50 departments,
a size which is rarely reached in the facility design literature.

3. Problem description

We consider the problem of constructing an aisle network
for a given block layout assuming that all departments have
rectangular shapes within a rectangular building. We also
assume that each department has a single I/O point and,
using the properties of the contour distance and the flexible
bay construct (Tate and Smith, 1995) I/Os are located op-
timally only where a department intersects another depart-
ment or the facility exterior (see Arapoglu (2000) for proof).
Finally, we assume that aisles take no area in the facility
(that is, the area taken by aisles � the facility area), and
that aisles are undirected and uncapacitated. An overview
of the proposed methodology is provided in Fig. 1 and de-
tails are provided in Section 4.

The objective function is based on the sum of material
handling costs and aisle costs and is as follows:

min
∑
i∈D

∑
j∈D

fijdij +
∑

(m,n)∈A

ym,nam,nC, (1)

where D is the set of all departments, A is the set of all arcs in
the layout, fij is the material flow between departments i and
j and ym,n is a binary variable that is equal to one if arc (m, n)
is used in the final aisle structure and is zero otherwise. In
addition dij is the shortest contour distance using the aisle
structure between the output point (O) of department i and
the input point (I) of department j. Note that dij is a function
of the ym,n variables, that is, once the decision variables ym,n
are determined, dij can be easily calculated. Also am,n is the
length of arc (m, n) and C is the unit cost per aisle length.

The set of departments and material flows are given. Arcs
are all departmental borders (i.e., perimeters) in the layout.
The shortest distances between the departments are calcu-
lated with respect to the aisle distance, i.e., the distance that
the materials actually follow from the output point of one
department to the input point of another department. We
use two cost formulations. In the first, we assume there is
zero cost per unit aisle length (C = 0) but there is a limit
on the total aisle length. In the second, we assume a unit
cost per unit aisle length (C > 0), which is included in the
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Begin with a block 
layout with I/Os and 
optimized contour 

distance.

Assume a partial set of 
final aisles.

Construct other 
candidate aisles using 
the proposed heuristic 

method.

Select the final set of 
aisles using 

enumeration. 

Adjust the areas/shapes 
of the departments by 

using the proposed 
NLP model. 

Resite the I/Os for the 
revised layout with a 

GA. 

Fig. 1. Flowchart of the algorithm hierarchy.

objective function. Depending on the designer’s informa-
tion and preferences, either could be used with equal ease.

4. Hierarchy of algorithms

We start by finding a set of possible aisles. Figure 2 shows
a block layout that has been constructed using the flex-
ible layout methodology of Tate and Smith (1995) and
Norman et al. (2001). (The numbers arbitrarily label the
departments.) We assume that the orientation of the lay-
out is as it is shown in the figure. That is, the boundaries
of the bays are assumed to be vertical and the bottom and
top boundaries of the layout are horizontal. We do not
lose generality with this assumption since we can change
the orientation or assume horizontal and vertical aisles are
interchangeable.

4.1. Heuristic for constructing candidate aisles

The first stage of the hierarchy is a constructive heuristic for
choosing candidate horizontal aisles in the facility. The gen-
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Fig. 2. A flexible bay block layout for the Armour–Buffa 20 de-
partment problem.

eral idea is to examine the layout and identify department
borders that are closely aligned and can be adjusted to serve
as straight aisles. For example, in Fig. 2 the top borders
of departments 8, 19 and 10 are almost collinear and sug-
gest a reasonable horizontal aisle running across the second
through fourth bays. Similarly, the top borders of depart-
ments 1, 3 and 14 suggest a horizontal aisle. We always
assume that any final solution will contain these four aisles:
(i) the right-hand side of the first bay; (ii) the left-hand side
of the last bay; and (iii) and (iv) the two perimeters at the
top and bottom of the facility between the first and last
bays. These are shown with solid lines in Fig. 2(a) to indi-
cate presence in the final design. We choose these four aisle
segments since including them in the final layout reduces
the likelihood that the layout will include dead ends for the
other horizontal and vertical aisles. We further assume that
all vertical bay boundaries are candidate vertical aisles due
to the nature of the flexible bay construct, which inherently
results in straight, long vertical aisles. In Fig. 2(a), we have
a total of three candidate vertical aisles, which are shown
with dashed lines to denote candidate aisles which may or
may not be in the final design.

Next, we group the horizontal arcs in the layout to find
candidate horizontal aisles. The notation is given below and
the algorithm is presented in Fig. 3.
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1022 Alagoz et al.

Fig. 3. The heuristic for constructing CHAs.

ALi = potential horizontal aisle i;
k = index of last ALi;
Bi,0 = number of arcs in bay i excluding the arcs at the

bottom and top of the layout;
Bi,j = jth arc in bay i;
hi,j = height of jth arc in ith bay;
wi = total width of ALi;
Avgi = average height of ALi;
AUD = set of undeleted potential horizontal aisles;
WL = width of the facility excluding right-most and

left-most bays;
H = height of the facility;
Allowh = height allowance, percentage of H, which is used

to add an arc to ALi (user selected parameter);
Alloww = width allowance, percentage of WL, which is

used to make a decision about including po-
tential aisles in the final layout (user selected
parameter);

usedi,j =
{

1 if ALi is used in bay j,
0 otherwise.

The algorithm traverses the facility starting from the left
side and groups the horizontal arcs that exist at department
boundaries to create Candidate Horizontal Aisles (CHAs)
considering each arc’s proximity to any existing CHAs. In
Fig. 2(a), there are four CHAs in the left-most bay, arcs (a,
b), (c, d), (e, f) and (g, h). The algorithm begins with the
lowest (closest to the bottom edge of the facility) CHA (a,

b) and selects the closest horizontal arc (which is the top
boundary of department 3) from the set of horizontal arcs
in the next bay to the right. The average height (distance
from the lower edge of the facility) of each CHA is kept at
each step (here, the mean of the heights of (a, b) and top
boundary of department 3). If the difference between the
average height of a CHA and the height of the closest arc is
within a specified range, then that arc is added to that CHA
and the average height of that CHA is updated. If there is an
arc above the current arc whose height is less than the mean
height of the CHA, then we also add that upper arc to the
CHA. Two cases can arise while the algorithm is traversing
the facility.

Case 1: An arc cannot be added to any of the CHAs that
have already been constructed.

In this case, if the total length of the remaining
bays is enough to form a new aisle (that is, if (wbay +
wbay+1+ · · · +wlastbay−1) > WL × Alloww), then a
new CHA is constructed and that arc is the first
element of the CHA.

Case 2: A CHA does not include any arc in the current bay.
In this case, that CHA is checked to see whether

it exceeds the pre-specified threshold width, WL ×
Allowh, for horizontal aisles. If yes, then it is re-
tained as a candidate aisle. Otherwise, it is deleted.
Deletion of CHAs with respect to this threshold
value eliminates aisles with short lengths from the
final solution, thus giving more practical solutions.

The step-by-step execution of the algorithm for the ex-
ample problem in Fig. 2(b) is shown below. Note that the
letters with indices in Fig. 2(b) are the node numbers (ar-
bitrarily assigned) in the network. Allowh and Alloww have
been set by the user at the values below.

H = 2 Allowh = 0.15 H × Allowh = 0.30
WL = 1.9 Alloww = 0.50 WL × Allowh = 0.95

Step 0:

AL1 = {(a2, b3)} Avg1 = 0.6667
AL2 = {(a3, b4)} Avg2 = 0.8889
AL3 = {(a5, b6)} Avg3 = 1.1111
AL4 = {(a6, b8)} Avg4 = 1.5556

AUD = AL1, AL2, AL3, AL4

k = 4

Step 1: bay = 3
B3,1 = (b2, c3) and is closest to AL1 and used1,3 = 0

so Avg1 − h(b2,c3) = 0.1212 < H× Allowh = 0.30
and h(b6,c5) > Avg1 so
AL1 = {(a2, b3), (b2, c3)} Avg1 = 0.5408
used1,3 = 1

B3,2 = (b6, c5) and is closest to AL3 and used3,3 = 0
so Avg3 − h(b6,c5) = 0.0202 < H× Allowh = 0.30
and h(b7,c6) > Avg3 so
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Fig. 4. The layout for the Armour–Buffa 20 department problem
after stage one of the hierarchy.

AL3 = {(a3, b4), (b6, c5)} Avg3 = 1.1010
used3,3 = 1

B3,3 = (b7, c6) and is closest to AL3 but used3,3 =
1 so we cannot add this arc to AL3 hence k = 5;
AL5 = {(b7, c6)} Avg5 = 1.2727 used5,3 = 1 AUD
= {AL1, AL2, AL3, AL4, AL5} w3 + w4 + w5 =
1.49 > WL × Allowh = 0.95 and thus the possible
new aisle, AL5, may be long enough after includ-
ing additional horizontal segments and therefore
it is not removed from AUD

B3,4 = (b9,c7) and is closest to AL4 and used4,3 = 0
so Avg4 − h(b9,c7) = 0.0808 < H× Allowh = 0.30
and h(b10,c8) > Avg4 so AL4 = {(a6, b8), (b9, c7)}
Avg4 = 1.1010 used4,3 = 1

Since used2,3 = 0 and w2 = 0.405 < 0.50, AL2 is
removed from AUD, that is
AUD = {AL1, AL3, AL4, AL5}

The algorithm works similarly for bay = 4 and 5. The final
set of CHAs and Candidate Vertical Aisles (CVAs) is shown
by the shaded (used in the final design) and dashed lines (not
used in the final design) in Fig. 4. The CHAs are the set of all
horizontal aisles that may be included in the final solution.
However, some of these aisles or some of the CVAs may be
eliminated to meet the constraint on the total aisle length
or to minimize the cost of the design. This is determined by
the next algorithm in the hierarchy.

4.2. Enumeration for choosing final aisles

In this stage we find the set of aisles from the CHAs and
CVAs to be deleted by considering the sum of material han-
dling costs and aisle costs, or by imposing a constraint on
the total aisle distance. CHAs and CVAs are either kept
or deleted as a whole. We made this assumption to make
the calculations more tractable and to ensure that we will
not have short aisles in the final solution. The search space
and search effort are small enough so that we can use an

enumerative approach. In order to calculate the effect of
deleting or keeping the aisle candidates in different solu-
tions, it is necessary to resite the I/O points of the depart-
ments since this will affect the distance that material travels.
We use the GA of Arapoglu et al. (2001) for reassigning
the I/O locations and determining the final material han-
dling costs. Deleted candidate aisles are assigned an infinite
distance value. The sections below explain the enumera-
tion under the two alternative formulations to limit aisle
length.

4.2.1. Total Aisle Length Constraint
Let L be the limit for total aisle length in the facility (user
set). Our aim is to find the best combination of aisles to be
included in the final solution given that their total length
does not exceed L. For each aisle segment, we have two
alternatives: include it in the final layout or do not include
it. Thus, if there are k candidate aisles then there are 2k

total possible solutions. The enumeration examines at most
2k solutions, but we can eliminate some of these through
feasibility checks and bounding mechanisms. We applied
three mechanisms to eliminate some candidates.

1. Feasibility check: This check eliminates solutions that are
infeasible. Infeasible solutions occur when a department
has no access to any aisle. For example, in Fig. 4, if all of
the five CVAs and CHAs are deleted, then department
19 does not have access to an aisle.

2. Total aisle length constraint: This mechanism checks
whether or not a solution exceeds the limit on the to-
tal aisle length. If it exceeds L, then that alternative is
discarded.

3. Dominating solutions: If we assume aisles have zero cost,
there is no need to find solutions which have aisle lengths
significantly less than L. In other words, assume that the
total aisle length is L′. If there is an aisle, which is not
included in the current solution, with length less than
L − L′, then if we include that aisle, we still satisfy the
constraint and have an equal or better cost.

4.2.2. Cost per unit aisle length objective
In this formulation, the final solution will make a trade-
off between aisle costs and transportation costs. It may be
argued that transportation costs are operational costs and
aisle costs are strategic, or one time, costs, however, a de-
signer might estimate unit costs appropriate to these two
aspects of material flow. In this case, we can only apply the
feasibility checking mechanism to the problem since the
second and third mechanisms described above do not ap-
ply. In this case, there are more alternative solutions and
therefore more computations to perform.

4.3. Non-linear programming model and I/O resiting

From the enumeration, we know which CHAs and CVAs
to keep and which to delete in the final solution, however,
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Fig. 5. Original and final layouts for five different problems: (a) AB20 01; (b) AB20 20; (c) AA20 03; (d) AA50 01; and (e) AA50 02.
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Aisle structures using a hierarchy of algorithms 1025

the aisles may not be straight. Our next step, is to adjust
the areas and shapes of the departments to correct for this
effect. (Note that departmental shape changes that cause
violation of aspect ratio constraints are not allowed.) A
Non-Linear Programming (NLP) model is used to mini-
mize the maximum area reduction of any department. Al-
though individual departments are adjusted, the bounding
rectangle of the facility is not altered. This objective can be
changed to minimizing the maximum absolute area devi-
ation or minimizing the total area deviation or any other
related objective. However, the minimax objective is prefer-
able because it guarantees restricting the area reduction
in all departments. The increase in areas of departments is
usually less problematic than area reduction because equip-
ment can always fit into a larger space, but not necessarily
into a smaller space.

To apply the NLP approach, the departments within the
facility are grouped into “clusters” based on the aisles cho-
sen by the enumeration. The aisles break the facility into
regions with all departments in a region defining a cluster.
There are eight clusters for the example problem shown in
Fig. 4 where the aisles that are solid comprise the final aisle
network. The eight clusters of departments are: (18, 20), (4,
6), (1, 8, 9), (2, 5, 7), (3, 19), (12, 17), (10, 13, 14, 15) and
(11, 16). The areas of the clusters are used in the NLP ap-
proach rather than department areas to simplify the NLP.
Note that the percent area change of a cluster as a result of
the NLP is identical to that of the departments within the
cluster. It can be easily shown that if the area of a cluster is
reduced by α% then to minimize the maximum area reduc-
tion of any department within the cluster each department’s
area needs to be reduced by α%.

Continuing with the example, we need to find the optimal
locations for one horizontal and four vertical aisles. Recall
that the top and bottom horizontal segments will neces-
sarily be aisles and their locations are known so there is no
need to include them in the NLP. In addition, the solid lines
on the far left and far right will also necessarily be aisles
but their location is not preset. They may move left or right
to reduce the maximum area reduction of the departments
in the layout.

The notation used for the NLP model is as follows:

I = set of all clusters;
J = set of all CVAs after enumeration;
K = set of all CHAs after enumeration;
xj = distance between CVAj and CVAj−1, note x1

equals the distance between CVA1 and the left
hand side of the layout and x|J|+1 equals the dis-
tance between CVA|J| and the right hand side of
the layout, (j = 1, .., 5 for the example);

nhk = distance between CHAk and CHAk−1, note nh1
is equal to the distance between CHA1 and the
bottom of the layout and nh|K|+1 is equal to the
distance between CHA|K| and the top of the lay-
out, (k = 1, 2, 3 for the example);
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MAR=0.6%      cost =38.9% increase 

Fig. 6. The effect of changing Allowh from 0.15 to 0.05 on the aisle
structure of the AB20 01 problem (L = 1.6).

Ai,o = original area of cluster i;
SDi = set of departments in cluster i;
xdr = final width of department r ;
hdr = final height of department r ;
AR = maximum aspect ratio for all departments (this

can easily be relaxed to an aspect ratio constraint
for each department);

MAR = maximum area reduction (negative);
H = height of the facility;
W = width of the facility.

The model is as follows:
max MAR

subject to

MAR ≤ nhkxj

Ai,0
− 1, ∀i ∈ I, (2)

max
(

hdr

xdr
,

xdr

hdr

)
≤ AR, ∀r ∈ SDi, i ∈ I, (3)
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Fig. 7. The effect of changing Alloww from 0.50 to 0.30 on the
aisle structure of the AB20 01 problem (L = 1.6).
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1026 Alagoz et al.
∑
k∈K

nhk = H, (4)

∑
j∈J

xj = W, (5)

nhk ≥ 0, ∀k ∈ K, (6)
xj ≥ 0, ∀j ∈ J. (7)

Minimizing the maximum area reduction focuses on find-
ing the least negative (that is, maximum in the numeric
sense) area reduction among the departments, hence the
max MAR objective. Constraint (2) ensures that the maxi-
mum reduction is greater than or equal to the reductions in
all clusters. Constraint (3) guarantees that the aspect ratios
of the new departments do not exceed the original aspect
ratio constraint(s). Note that the hdr and xdr variables are
proportional to the nhk and xj variables with respect to
their original areas through direct geometric relationships,
but to simplify the formulation and focus on its most impor-
tant aspects these are not shown explicitly. Constraints (4)
and (5) state that the total height and width of the clusters
do not exceed the height, H, and width, W , of the facil-
ity, respectively. Constraints (6) and (7) are non-negativity
constraints.

The specific coordinates of the departments are found
by first determining precisely where the aisles are located—
which is done by the NLP. Then the relative positions of
the departments are preserved. For example, in Fig. 5(a)
for the cluster with departments 13 and 17, department
17 remains above department 13. Similarly, in the cluster
with departments 2, 4 and 12, department 12 is to the left of
departments 2 and 4 and department 2 is above department
4. Departments that were in a separate bay prior to the
aisle construction are kept in their bay in the cluster. For
example, in Fig. 5(b) departments 10 and 14 are kept in the
left half of their cluster while departments 13 and 15 are
kept in the right half.

The NLP gives the new heights and widths of the clusters
and the departments. For the largest layout problems that
we solved (50 departments), the NLP has at most 82 con-
straints and 11 variables, in other words, a modestly sized
model. After revising the department areas using the NLP,
we need to resite the I/O points since the areas and the lo-
cations of the arcs have been changed. For this purpose, we
again use the GA of Arapoglu et al. (2001). Alternatively
an exact algorithm such as that from Kim and Kim (1999)
might be used if the problem size and computational re-
sources allow. At each step of the enumeration (Section 4.2),
we run the GA using the original areas and shapes of the
departments. If we had to run the GA after the area/shape
adjustments are done (earlier in this section), we would have
to run the NLP model for each alternative, which would in-
crease the CPU time drastically. Furthermore, as we show
in the computational results, running the GA before or af-
ter performing the area/shape changes generally gives the

same decision (with regard to adding/deleting arcs) because
the two are so similar.

5. Computational tests

Several unequal area problems of 20 and 50 departments
with flexible bay layouts are solved with the method de-
scribed in Section 4. The problems are from Armour and
Buffa (1963) and Arapoglu et al. (2001). The GA settings
used for I/O resiting are the same as in Arapoglu et al.
(2001). All algorithms were coded in C and the computa-
tional experiments were conducted on a Pentium III 864
MMX computer.

5.1. Constraint on total aisle length, L

Figure 5 shows the before and after layouts for five different
problems, three of 20 departments and two of 50 depart-
ments. The following values for the aisle algorithm param-
eters are used: Alloww = 0.50 and Allowh = 0.15. The value
for L is found by multiplying the total outer aisle length,
perimeter, (which is composed of the four aisle segments
shown in bold in Fig. 2(a)) with a parameter called coef;
thus, L equals perimeter multiplied by coef. The value for
L changes slightly for different problems and is indicated
in Table 1. The resulting designs are practical with straight,
long aisles enabling material flow throughout the facility
for most types of material handling systems. The magni-
tude of the area changes is small in all cases. In practice, the
aisle structure selection process would be performed by de-
cision makers examining alternate layouts that result from
different values of L, and perhaps Alloww and Allowh.

The results in Table 1 also show that our methodology can
be used to construct good aisle structures while not signifi-
cantly changing the material handling costs used in the orig-
inal block layout optimization for the problems considered.

Table 1. The final solutions for the test problems when Alloww =
0.50, Allowh = 0.15

Problem
L

value
MAR∗

(%) FCb−OC
OC (% ) FCa−FCb

FCb
(%) FCa−OC

OC (%)

AB20 01 1.6 2.6 9.4 −2.5 6.7
AB20 20 1.6 4.9 13.7 −6.7 6.1
AB20 03 1.6 3.1 1.3 0.5 1.8
AB20 04 1.8 3.6 0.6 0.0 0.6
AB20 05 1.6 4.1 0.8 5.4 6.3
AA50 01 2.4 8.2 6.2 −4.3 1.7
AA50 02 3.0 14.4 2.4 −3.6 −1.3

∗is the maximum percent area reduction of any department (also, any
cluster).
OC is the original cost of the given layout.
FCb is the interim cost calculated after enumeration but before making
the area changes by NLP.
FCa is the final cost calculated after making the area changes by NLP.
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Fig. 8. The effect of changing L on the aisle structure of the AB20 20 problem: (a) L = 1.4; (b) L = 1.6; (c) L = 1.8; and (d) L ≥ 2.0.
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Fig. 9. The effect of changing C on the aisle structure of the AB20 20 problem: (a) C = 0; (b) C = 8; (c) C = 16; and (d) C = 24.
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1028 Alagoz et al.

Table 2. The effect of change in the value of L on the performance of the enumeration, maximum area deviation and costs (Alloww =
0.50 and Allowh = 0.15)

Problem
L (coef)

value
CPU time

(min)∗
Total

nodes#
Percent of

nodes calculated
MAR
(%)

Cost change
(%)∗∗

AB20 01 1.4 1.7 64 21.9 3.3 20.2
1.6 2.1 64 28.1 2.6 9.4
1.8 1.2 64 14.1 6.1 8.0
2.0 0.9 64 14.1 6.1 8.0

>2.0 0.3 64 1.6 6.3 3.8
AB20 20 1.4 0.9 32 21.9 4.9 34.6

1.6 1.1 32 28.1 4.9 13.7
1.8 0.8 32 15.6 7.6 0.9

>1.8 0.4 32 3.1 7.8 0.0
AB20 03 1.4 2.1 64 29.7 1.5 3.4

1.6 1.3 64 18.8 3.1 1.3
1.8 0.8 64 9.4 3.1 0.6

>1.8 0.3 64 1.6 4.1 0.0
AB20 04 1.4 1.5 64 18.8 3.2 7.4

1.6 1.8 64 23.4 3.2 7.4
1.8 1.6 64 21.9 3.6 0.6
2.0 0.9 64 9.4 7.5 0.0

>2.0 0.4 64 1.6 7.5 0.0
AB20 05 1.4 0.6 16 25.0 3.7 2.1

>1.4 0.3 16 6.3 4.1 1.6
AA50 01 1.4 4.6 512 1.2 0.0 36.5

1.6 6.4 512 1.8 5.5 17.2
1.8 14.9 512 5.1 6.1 13.1
2.0 37.9 512 13.5 7.8 8.0
2.2 35.1 512 11.7 8.2 7.7
2.4 25.5 512 9.0 8.2 6.2
2.6 21.1 512 7.0 10 4.5
2.8 7.5 512 2.3 10.2 4.7

>2.8 1.7 512 0.2 11.4 3.4
AA50 02 1.4 1.5 1024 0.1 0.0 47.7

1.6 6.7 1024 1.2 4.6 26.7
1.8 20.5 1024 4.0 4.7 15.0
2.0 55.6 1024 11.6 6.7 12.5
2.2 76.4 1024 15.9 8.4 8.6
2.4 67.4 1024 14.3 12.8 7.6
2.6 37.5 1024 7.8 9.5 6.7
2.8 9.5 1024 1.9 13.3 4.7
3.0 5.5 1024 1.0 14.4 2.4

∗CPU time includes only enumeration.
∗∗The costs are at the end of enumeration, the change is calculated with respect to the original cost of the given layout.
#Total number of nodes in the enumeration tree.

As shown in Table 1, the differences between the final costs
using the optimized aisles and the original costs using all
department perimeters as aisles are less than 7%. Another
aspect is that the largest cost difference between FCa and
FCb is less than 7%, which shows that the costs before and
after the department area changes are similar. This is im-
portant because it indicates that block layout can be done,
using the contour distance metric, prior to aisling, resizing
and I/O resiting without significantly sacrificing the overall
solution quality. Additional computational work is needed
to verify or dispute whether this is a general property of typ-

ical flexbay block layouts and their subsequent aisle design.
This also supports the decision to simplify the aisle struc-
ture evaluation procedure and not require recalculation of
the area changes for each alternative.

5.2. Effects of altering parameter values

We next consider the effects of changing the user set param-
eters on the final designs. If we increase Allowh > 0.15, the
results are unchanged. On the other hand, if we set Allowh
= 0.05, we obtain fewer and shorter horizontal aisles. This
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Aisle structures using a hierarchy of algorithms 1029

Table 3. The effect of change in the value of C on the performance of enumeration, maximum area deviation and costs (Alloww =
0.50 and Allowh = 0.15)

Problem C value
CPU time

(min)∗
Total
nodes

Percent of
nodes calculated MAR (%)

Final
cost∗∗

AB20 01 0 5.1 64 68.8 6.1 358.1
8 5.1 64 68.8 2.6 473.5

16 5.1 64 68.8 2.6 569.6
24 5.1 64 68.8 3.3 650.6

AB20 20 0 2.6 32 71.9 7.8 334.9
8 2.6 32 71.9 7.6 445.1

16 2.6 32 71.9 7.6 552.0
24 2.6 32 71.9 5.4 656.0

AB20 03 0 5.4 64 81.3 4.1 330.5
8 5.4 64 81.3 1.5 411.0

16 5.4 64 81.3 1.5 475.8
24 5.4 64 81.3 1.5 540.6

AB20 04 0 5.4 64 75.0 7.5 340.6
8 5.4 64 75.0 3.2 445.0

16 5.4 64 75.0 3.2 524.2
24 5.4 64 75.0 3.2 603.4

AB20 05 0 1.7 16 93.8 4.1 287.7
8 1.7 16 93.8 3.7 347.3

16 1.7 16 93.8 3.7 405.6
24 1.7 16 93.8 3.7 454.6

AA50 01 0 157.6 512 54.5 11.4 39,418.4
121 157.6 512 54.5 7.8 52,049.0
242 157.6 512 54.5 5.5 60,889.5
363 157.6 512 54.5 5.5 68,875.5

AA50 02 0 233.3 1024 47.7 23.6 40,461.2
121 233.3 1024 47.7 4.7 60,795.3
242 233.3 1024 47.7 4.7 75,254.8
363 233.3 1024 47.7 0.0 88,364.0

∗CPU time includes only enumeration.
∗∗The costs are calculated at the end of enumeration and the costs of the aisles are included in the objective function value.

lessens the running time because there are very few hor-
izontal aisle options to consider, reducing the size of the
enumeration tree. The effect of decreasing Allowh on the
aisle structure of the AB20 01 problem is shown in Fig. 6.
As Allowh decreases, the number of deleted arcs increases.
Therefore, material handling costs increase dramatically
due to the circuitous routes that ensue from the limited
number of horizontal aisles. On the other hand, the final
solution MAR is nominal. Increasing the value of Alloww

above 0.50 also produces fewer horizontal aisles but the
change is not as dramatic and the design is not signifi-
cantly different. However, when we decrease Alloww from
0.50 to 0.30 we obtain more candidate horizontal aisles and
shorter aisles, creating a layout impractical to implement.
Additionally, because of the increase in the number of can-
didate aisles, running time increases. This effect is shown in
Fig. 7.

The effect of altering the value of L on the layout of
the AB20 20 problem is shown in Fig. 8. As L increases,
there are more aisles in the final solution and the magnitude

of the maximum percent area reduction increases because
there are more clusters, each with smaller area, and more
departmental areas are changed.

We next measure the effects of changing L on the perfor-
mance of the enumeration and the bounding/dominance
mechanisms used to eliminate some of the candidate aisles.
As shown in Table 2, an increase in L changes the perfor-
mance of the bounding mechanisms and the correspond-
ing CPU time. While there is not a clear-cut relationship, in
general, as L increases the percentage of the total possible
nodes that must be evaluated is reduced.

5.3. Using a unit cost per aisle length, C

We also considered the same set of problems using the sec-
ond objective function, minimizing total cost given a unit
cost, C, for aisles. Results are shown in Table 3 for different
values of C. As shown in Fig. 9, as C increases, the total
length of the aisles decreases and therefore, the magnitude
of the maximum area reduction decreases. The objective
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1030 Alagoz et al.

function values increase but this is due to the reduction in
aisles, creating greater travel distances, plus the effects of the
aisle cost increasing due to the cost per unit aisle changing.
Changes in C had no effect on the CPU time because we
can apply only the first of the bounding mechanisms in this
version of the problem. All of these effects are logical and
consistent with what would be expected. A user could run
the algorithm multiple times with different values of C to
see how the aisle network changes and then choose the final
design based on the results.

6. Concluding remarks

In this paper, we have presented a hierarchy of algorithms
for finding practical aisle structures for a given flexible bay
block layout without significantly changing the areas of the
departments or the material flow costs. A heuristic is used
to find CHAs and candidate aisles are reduced to the fi-
nal aisle set through enumeration. The areas and shapes of
departments are adjusted to create straight aisles by apply-
ing a NLP approach. Finally, I/O points are resited using
a previously developed GA. The method, therefore, uses
exact optimization where tractable (selection of final aisles
from candidates and adjusting department size and shape)
and heuristics where necessary (identifying candidate aisles
and resiting I/Os). Computational effort is manageable
even for large problems. Overall, the CPU times for the
different problems range from a few minutes for the 20-
department problems to a few hours for the 50-department
problems. This includes identifying candidate aisles, select-
ing optimum aisles, adjusting department areas and resiting
I/Os.

The method does depend on a few values set by the de-
signer and we have tested the effects of these values. We
envision a designer trying several sets of parameter values
to develop a suite of candidate designs. It is also possible for
a designer to look at both objectives—adhering to a maxi-
mum aisle distance or setting a unit cost per aisle length. In
summary, this approach is not designed to act as a black-
box tool. Useful interaction with the designer is expected
as (s)he explores a variety of designs. At the end, the design
selected will be implementable and fairly complete, with
departments shaped, sized and located, aisles specified and
I/O locations for each department situated. It will also be
an optimal or near-optimal design with respect to material
handling costs and aisle consideration (either length limit
or unit cost). Additionally, the material handling costs will
use the actual distance traveled from an output station of
one department along the aisle to the input station of the
next department in the routing. Given this envisioned use of
the approach, the computational effort of the entire design
process (after block layout) is probably in the range of half a
day to a day. Since facility design is a strategic endeavor that
is done infrequently and not under great time constraints,
these computational times are well within reason.

Although the examples in this paper are based on a flex-
ible bay representation, the method could be modified for
use on a non-flexible bay layout, but in that case the candi-
date aisle construction heuristic would need to be modified
to first create aisles running horizontally or vertically and
then to create aisles in the other direction. A potential prob-
lem with starting without any vertical aisles is that there is
no guarantee that there will be a feasible layout with rea-
sonable aisle structures. In particular, if the user chooses
high values for the Alloww parameter, our method may not
be able to generate a sufficient number of aisles to permit
flow of materials between all departments.

The current research could be extended by incorporating
several modifications. First, penalty costs for half-length
aisles can be used so solutions with longer aisles are se-
lected. Second, different objective functions can be used in
the NLP model such as minimizing the total area devia-
tion or minimizing the maximum area change rather than
minimizing the maximum area reduction. Third, alternative
manners to site I/Os other than the GA or siting multiple
I/O points for each department could be considered. Fi-
nally, deletion of a portion of the horizontal and vertical
aisles can be considered, such as having a vertical aisle that
runs only halfway through the facility, which may give dif-
ferent solutions. These latter two alterations would increase
the search space and computational time fairly significantly.
Of course, future work could also consider the aspects of
the aisles themselves in terms of area, direction and capac-
ity. These will complicate things significantly, but are still
workable within the framework defined in this paper.
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