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Abstract 

The objective of the facility layout problem is to determine the placement of a group 
of departments within a facility in such a way that, over a given period, the total distance 
traveled by personnel or equipment is minimized. Unfortunately, many layout algorithms 
represent departments in a rather simple way, mostly as cells, Le., squares of equal size. As 
a result, in a real-world application, the dimensions and positions in which departments 
are to be placed must often be figured out by the user on the basis of some cellular 
program output. 

In [14J an efficient heuristic was presented for the green field case (Le., design a layout 
from scratch) in which this shortcoming is overcome. The heuristic allows departments 
of different area and free shape. Each department is represented as a group of connected 
cells. The fixed number of cells used in this representation is a measure for the user defined 
area of the department. During the optimization process, which is based on simulated 
annealing, the department shapes change repeatediy until the final near-optimal layout 
is produced. 

In this paper we consider the brown field case, Le., we modify an existing layout. 
Basically, we use the same heuristic as in [14J. Only now, during the annealing process, 
the motion of the departments is confined to the ground floor of the present layout. In 
practice, apart from the area restrictions, many additional constraints may be imposed 
upon the departments. To show how to deal with such constraints we perform a case 
study based on a real life problem we solved in practice. Here one of the constraints is 
that four of the departments must lie at one particular side of the building. We present a 
series of steps to solve the problem. One of these steps is a Branch-and-Bound procedure 
with approximate lower bounds that are each obtained through an annealing process 
fixing certain departments. In the last step we design a detailed blueprint of the desired 
layout for the building. 

1 Introduction 

In the facility layout problem (FLP) it is required to place a group of departments or ma
chines within a facility in such a way that a user defined objective function is optimized 
(see [2],[5],[6],[8]). Frequently, in a production environment, the objective is to minimize the 
material handling cost, in particular, the total distance over which material must be moved. 
In addition, various qualitative design constraints may have to be imposed due to safety 
regulations, ergonomic requirements, etc. (cf. [10]). 

In this paper we focus on the quantitative aspects: our objective of the FLP is to determine 
the placement of a group of departments within a facility in such a way that, over a given 
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period, the total distance traveled by personnel or equipment is minimized. It is assumed 
that the average number of trips made per period between the various departments is known. 
Furthermore, the departments are considered to be of fixed area but of variable shape. 

Since relevant discretizations of the FLP are N"P-hard [12], exact solutions can only be found 
for very small or oversimplified problem instances. Nevertheless, nearly optimal solutions 
can be obtained within polynomial time through suitable approximation algorithms. Various 
recent heuristic algorithms are based on simulated annealing and tabu search [4]. Optimal 
as well as approximation algorithms are surveyed in [3],[5],[8]. 

Unfortunately, many layout algorithms represent departments in a rather simple way, mostly 
as cells, i.e., squares of equal size. As a result, in a real-world application, the dimensions 
and positions in which departments are to be placed must often be figured out by the user 
on the basis of some cellular program output. 

In [14] an efficient heuristic was presented for the green field case (i.e., design a layout from 
scratch) in which this shortcoming is overcome. The heuristic allows departments of different 
area and free shape. Each department is represented as a group of connected cells. The 
fixed number of cells used in this representation is a measure for the user defined area of the 
department. During the optimization process, which is based on simulated annealing, the 
department shapes change repeatedly until the final near-optimal layout is produced. 

In this paper we consider the brown field case, i.e., we modify an existing layout. Basically, 
we use the same heuristic as in [14]. Only now, during the annealing process, the motion of 
the departments is confined to the ground floor of the present layout. In practice, apart from 
the area restrictions, many additional constraints may be imposed upon the departments. To 
show how to deal with such constraints we perform a case study based on a real life problem 
we solved in practice. Here one of the constraints is that four of the departments must lie at 
one particular side of the building. We present a series of steps to solve the problem. One of 
these steps is a Branch-and-Bound procedure with approximate lower bounds that are each 
obtained through an annealing process fixing certain departments. In the last step we design 
a detailed blueprint of the desired layout for the building. 

The paper runs as follows. In Section 2 we tersely survey the penalized simulated annealing 
algorithm. In Section 3 we present a formulation for the FLP. Each department is identified 
with a group of connected cells. The placement surface is considered as a worksheet consisting 
of these same cells. How the annealing algorithm can be applied to the FLP is described in 
Section 4. We specify a configuration space, a cost function and a modification mechanism. 
It is shown how cost differences can be calculated in an efficient way. To this end we apply 
the definition of overlap introduced in [14], which registers the overlap experienced by an 
individual cell. Our basic idea is to store the information concerning overlap in the cells of 
the worksheet, thus saving a lot of computation time. In Section 5 we perform a case study. 
We present a series of steps that eventually lead to a detailed blueprint of the desired layout 
for the building. 
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2 Penalized simulated annealing 

A stochastic local search algorithm that has the power to escape from local optima and to 
deal with infeasibility in an elegant way is the simulated annealing algorithm introduced 
by Kirkpatrick et al. [7J. In fact, simulated annealing is a versatile heuristic optimization 
technique based on the analogy between simulating the physical annealing process of solids 
and solving large-scale combinatorial optimization problems. For a detailed explanation of 
the method we refer to [1 J, [9J. 

In its usual form, when the search process is limited to feasible solutions, simulated annealing 
can be summarized as follows. The algorithm starts off from an arbitrary initial configuration. 
In each iteration, by slightly perturbing the current configuration, a new configuration is 
generated. The difference in objective value is compared with an acceptance criterion which 
accepts all improvements but also admits, in a limited way, deteriorations in cost. 

The optimization process is governed by a so-called cooling parameter c > 0, which controls 
the acceptance criterion. This cooling parameter decreases slowly to zero during the process. 
Initially, for high c values, the acceptance criterion is taken such that deteriorations are 
accepted with a high probability. As the optimization process proceeds, the acceptance 
criterion is modified such that the probability for accepting deteriorations decreases. At the 
end of the process this probability tends to zero. In this way the optimization process may be 
prevented from getting stuck in a local optimum. The process comes to a halt when during a 
prescribed number of iterations no further improvement in the best value found so far occurs. 
When the cooling is done carefully enough, the process ends in a near-optimal solution. 

For many combinatorial optimization problems, a local search procedure can be made more 
flexible by including solutions that violate some of the problem restrictions. To express the 
badness of a particular infeasible solution, the objective function is augmented with a term 
that punishes the amount of violation of the restrictions. 

The simulated annealing algorithm offers a dynamic way to penalize t.he violation of the 
restrictions by letting the penalty term depend on the cooling parameter c. As c decreases, the 
penalty associated with a fixed infeasible solution gradually increases, expressing a growing 
dislike of infeasible solutions towards the end of the optimization process. For details on 
the general behavior of this penalized annealing algorithm and the proof of its asymptotic 
convergence we refer to [13). 

Let us emphasize that a simulated annealing approach can only be successful if the difference 
in cost between the current and the candidate configuration can be evaluated in a simple, 
preferably incremental way. 

3 Formulation of the facility layout problem 

In this paper we consider the brown field case of the FLP, i.e., we modify an existing layout. 
We confine ourselves to layouts on one floor, referred to as the ground floor. Here, we assume 
that management is not satisfied with the existing layout and wishes to replace it by a new 
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layout fulfilling certain requirements, such as efficient internal transport. We assume that the 
present building is used; in particular the total floor space of the new layout is confined by 
the present floor space. On the other hand, internal walls may be broken down unless safety 
aspects explicitely forbid so. Since the departments are considered to be of fixed area but of 
variable shape it would be against all odds if in the new layout the walls would stay intact. 

In this section we present a formulation of the FLP that was developed in [14J for the green 
field case. It is easy to work with in the setting of a heuristic search algorithm. It can be 
seen as a cellular approximation of the real layout problem. The details are as follows. 

Consider a facility layout problem with D departments. Let Ai denote the required area of 
department i in the layout. Let Iij denote the average number of trips made from department 
i to department j during a given time period. 

To start with, approximate the ground floor of the present layout by a geometric shape that 
is easy to work with, preferably a union of rectangles (e.g. an L-shape). Next, equip this 
geometric shape with a grid structure built up out of cells, i.e., identical squares. The area of 
each cell will be considered as a common denominator department area: each department area 
A; is approximately equal to a multiple n; of this cell area. This partition of the geometric 
shape into unit cells must be chosen with care: a small cell size causes a lot of computation 
time, whereas a large cell size makes it difficult to express the department size accurately. 

Represent each department i by a group of n; unit cells. Let N = 'Lg,l n; be the total 
number of department cells. Of course, these N cells must amply fit within the geometric 
shape. If this is 'not the case then either the cell size or the cell allocation to the departments 
must be modified. Let (m, n), with m and n integers, represent the cells associated with the 
grid structure. 

A placement is an allocation of the N department cells to grid cells. In a placement the 
department cells may overlap. Cells belonging to the same department may lie apart. A 
feasible layout is a placement in which the allocated cells do not overlap and all the cells 
belonging to the same department are connected. 

To measure the distance between two departments in a placement p we proceed as follows. 
For each department i we select a fixed department cell e; as entrance (and exit) cell. Let 
p(e;) = (m(e;),n(e;)) be the grid cell to which the entrance cell e; is allocated. As the 
distance d;j (p) between two departments i and j we take the rectilinear distance between the 
centers of the grid cells to which the two corresponding entrance cells are allocated, i.e., 

(3.1) 

The facility layout problem can now be formulated as follows: 

Find a feasible layout p that minimizes the total internal transport distance 

D 

T(p) = L fijdij(p). (3.2) 
i,j=l 
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4 Implementation of the annealing algorithm 

In this section we describe how the penalized annealing algorithm described in Section 2 can 
be applied to the FLP. 

Essential for the implementation of the simulated annealing algorithm is the specification of 
a configuration space, a cost function, and a mechanism to modify the current configuration. 
Of further importance is the choice of the acceptance criterion and the cooling schedule, for 
which we refer to [13). 

4.1 Configuration space and cost function 

As configurations we choose placements. Recall that these are arbitrary allocations of depart
ment cells to grid cells. Below we shall define a cost function in such a way that the quality 
of each configuration is adequately measured. Among other things this means penalizing the 
overlap and the disconnectedness. The sign of the cost function is such that the lower the 
value the better the corresponding configuration. 

Let a particular placement p be given. Usually, the total overlap is determined as follows: For 
all N(N -1)/2 pairs of department cells calculate the area of the intersection and then sum. 
In [14] a new definition of overlap is introduced, which registers the overlap experienced by 
an individual cell. The basic idea is to store the information concerning overlap in the cells 
of the worksheet, thus saving a lot of computation time. To this end a worksheet matrix W 
is defined that stores the overlap information: For each grid cell (m, n) let W(m, n) denote 
the total number of department cells placed on it. Now, the overlap of a grid cell (m, n) is 
defined as the degree of extra covering, i.e., as the total number of department cells placed 
on cell (m, n) counted from 2, in formula 

Omn(P) = max(O, W(m,n) -1). (4.1) 

The total overlap associated with the placement p is now defined as 

O(p) = L Omn(P)· (4.2) 
(m,n) 

The total disconnectedness is determined as follows: Associate each department i with a graph 
Gi(p), such that the nodes of Gi(p) are the department cells and two nodes share an edge if 
and only if the rectilinear distance. between the grid cells they are placed on is at most l. Let 
Gi(p) denote the number of components of graph Gi(p). Then the total disconnectedness is 
'given by 

D(p) = L (C;(p) - 1). (4.3) 

The total cost function now is chosen as 

fc(p) = T(p) + 1'1 O(p) + 1'2 D(p), 
c c 

(4.4) 
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with T(p) the total travel distance given by (3.2), O(p) the total overlap, D(p) the total 
disconnectedness, 'Yj scaling factors and c the cooling parameter. The constants 'Yl and 'Y2 
are determined experimentally in such a way that the department cells are allowed to overlap 
and to lie apart during a major part of the optimization process. Note that, as a result of 
this choice for the cost function, overlap and disconnectedness are increasingly punished as c 
tends to zero. 

To illustrate the concepts introduced above, consider the placement of the two departments 
A and B depicted in Figure 1. For each grid cell (m, n) to which one or more department 
cells are allocated, the value of the worksheet matrix W(m, n) is written in the upper left 
corner. The two entrance cells are denoted by an asterisk. In this example there are N = 9 
department cells, two of which overlap, so that O(p) = 2. Department B is connected, but A 
consists of three components. Hence the total disconnectedness amounts to D(p) = 2. The 
distance between the two departments is equal to dAB(p) = 4. 

1 * 2 1 
A AB B 
1 2 
A AB 

1 1 * 
A B 

FIGURE 1. Placement of two departments. 

4.2 A modification mechanism 

To generate a candidate configuration from the current one we use simple local rearrange
ments, such as horizontal or vertical translations of department cells over a number of cell 
units and swappings of two department cells. Occasionally, blocks of connected department 
cells are translated or swapped. 

We let the ratio between these different types of rearrangements depend on the cooling 
parameter. In the beginning of the process, we frequently use block operations and cell 
translations over several cell units. As the optimization process proceeds, we let the amount 
of block operations diminish in favor of the amount of cell operations. Also we translate less 
far. Towards the end of the process, we merely use cell swappings and cell translations over 
one cell unit. 

Whether we accept a candidate configuration or not depends both on the value of the cooling 
parameter as well as on 6.fc, the cost of the candidate configuration minus that of the current 
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one. By (4.4) one has 
!:::.O !:::.D 

!:::.fc = !:::.T+ 1'1- + 1'2-· (4.5) 
c c 

Here, !:::.T, the difference in total travel distance, is easily calculated incrementally. In the 
previous section, we stored the information concerning overlap in the worksheet matrix W. 
As an immediate result of this information storage, the evaluation of !:::.O, the incremental 
difference in total overlap, becomes extremely simple. Suppose we want to calculate the 
difference in total overlap caused by moving some department cell from grid cell (m, n) to 
grid cell (m',n' ). Using formula (4.1-2) we find for the incremental difference in total overlap 

!:::.O = max(O, W(m!, n')) + max(O, W(m,n) - 2) - Om',n' - Omn. (4.6) 

The evaluation of !:::.D is the most time-consuming. It is obtained by calculating the con
nectivity of the candidate department graph by a standard graph theoretic algorithm (see 
[11]). In [14J tests of the green field version of the algorithm are reported indicating quite 
reasonable performance on a series of random problem instances varying in size from 30 to 
50 department cells. In this paper we focus on the practical applicability of the algorithm. 
In the next section we show how it can be imbedded in the solution strategy of a case study 
problem. 

5 A case study 

The case study problem concerns the layout of a distribution centre by which seven different 
products have to be processed. 

5,1 The present layout situation 

The distribution centre (DC) consists of 13 departments labelled and sized as in Table 1. 

Department code Function Size (m") 
1 Packaging product 1 620 
2 Packaging product 2 1000 
3 Processing product 5 (return cargo) 1271 
4 Packaging product 3 1000 
5 Scanning product 994 
6 Packaging product 4 1924 
7 Warehouse 2824 
8 Storage product 1 845 
9 Shipping product 1/2/3/4/7 1375 
10 Shipping product 6; receiving product 3/6/7 403 
11 Receiving product 4 100 
12 Receiving product 1/2 100 
13 Receiving product 5 50 

TABLE 1. Information about departments 
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The present layout of the DC is given by Figure 2. 

IJ , r-

[ 
I I r I I 4 I , 7 

, n 1 9 
6 

12 third 
parties 

I 10 

II 

FIGURE 2. The present layout 

The flow of the seven products through the DC is displayed in Table 2: The second column 
gives the average number of product items to be transported weekly. The third column 
describes the routing of the products through the various departments. 

Product Number of items Routing 
1 39184 12 -> 8 -> 1 -> 9 
2 29961 12 -> 2 -> 9 
3 5136 10 -> 4 -> 9 
4 3597 11->6->5->9 
5 12323 13 -> 3 -> 7 
6 165 10->5->10 
7 5115 10 -> 5 -> 9 

TABLE 2. Routing of the products through the departments 

Note that Table 2 immediately yields the interaction frequencies ii; for all department pairs 
i,j. 

5.2 The desired layout situation 

There are two reasonS why management is not entirely happy with the present layout. Firstly, 
the size of department 9 is too small for the many shipping activities it must perform. From 
Figure 2 it is clear that there is enough vacant space available in the present DC building to 
enlarge the area of department 9. Secondly, the internal transport costs are rather high, as 
a result of the distances over which products must be transported. 

After some consideration management decides that the time has come for a new layout 
fulfilling the following requirements: 
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1. The present DC building is used; in particular the total floor space of the new layout 
is confined by the present floor space. 

2. The area of department 9 is enlarged from 1375m2 to 1875m2 . 

3. The area of the other departments stays the same. 

4. Department 7, the warehouse, stays allocated at the present location (to prevent high 
investment costs). 

5. Apart from department 7, the shape of the departments is free - between certain function 
dependent limits -, as long as they are not split up. 

6. In view of the present location of the loading docks, the shipping/receiving departments 
9, 10, 11 and 12 must be located at the south or east-side of the DC. 

7. Transport costs should be small; in particular, the new layout ought to minimize the 
total weekly transport distance associated with the product flow. 

5.3 Designing a new layout 

To obtain a new layout fulfilling the above requirements we perform the following six steps 

Step 1: Definition of a worksheet 

The ground floor of the present layout can be approximated by the L-shape displayed in 
Figure 3. 

60 ... ~ 

120 

60 

.240 

FIGURE 3. The size of the distribution centre (distances in m) 

To convert this L-shape into a worksheet we have to define cells. We opt for a cell size of 
15m by 15m. This leads to the L-shaped worksheet of 80 cells shown in Figure 4. 
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FIGURE 4. The L-shaped worksheet 

Step 2: Determination of the number of cells per department 

For each department i the required area Ai, as given by Table 1 and by requirement 2, would 
- at first sight - lead to a number of A;/225 cells. However, we have to account for space for 
the aisles. To do so, we look what happens if we round this number upwards and augment 
it with one. In that case we would end up with a total of 77 department cells, which is a 
bit large to manoeuver with in our algorithm. Therefore we randomly choose 3 departments 
where we leave out the augmentation with one. We thus obtain 74 department cells allocated 
as in Table 3. 

1 Department 1 1 12 13 1 4 5 6 1 7 1 8 1 9 
1 Number of cells 1 4 16 1 6 1 6 6 10 1 14 1 4 1 10 

TABLE 3. Allocation of cells to departments 

Step 3: Simplification of the worksheet 

10 1 11 1 12 1 13 1 
2 1 2 1 2 1 2 1 

In view of requirement 4, department 7 stays allocated at the present location. Therefore, in 
our worksheet we fix department 7 as indicated in Figure 5. 

77,7* 7. 

FIGURE 5. The effective worksheet 
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From Table 2 we see that the departments 13, 3 and 7 form a functional unit: they interact 
with each other, but there is no interaction with the other departments. In view of the 
fixed position of department 7, one would intuitively place the departments 13 and 3 above 
department 7 as in Figure 5. In fact, this intuitive choice is the right one: in any optimal 
layout the departments 13 and 3 are located above department 7. To see this, suppose there 
exists an optimal layout such that some department X different from 13 and 3 is located 
above department 7. Due to its size department 9 does not lie above department 7. From 
Table 2 we see that there is a product route from department X ending at department 9. 
Since the departments X and 9 are at opposite sides of department 7, this product route has 
to traverse department 7 causing a considerable transport distance. By swapping department 
X with department 13 and/or 3 the total transport distance is decreased in contradiction 
to the supposed layout optimality. In view of the above we allocate the departments 3 and 
13 as in Figure 5. From now on we consider the shaded region of Figure 5 as our effective 
worksheet for locating the remaining 10 departments. 

Step 4: Introducing plausible scenarios for the departments 9 10 11 and 12 

In view of requirement 6, the departments 9, 10, 11 and 12 must all be located at the south 
or east-side of the DC. Note that department 9 consists of 10 cells, whereas each of the 
departments 10, 11 and 12 requires only 2 cells. For the position of department 9 relative to 
the other three departments 10, 11 and 12 there are four possibilities leading to the plausible 
position scenarios depicted in Figure 6. 

{/.; I 7/ 
19 19 19' 9 9 . 

~~. 
9 9 9' 9 9 . 

9 19 19 
1

9 ! 9 ' I' , , 9 9 9 ·9 9 , m > " 

a) b) 

c) d) 9 -------

FIGURE 6. Plausible positions of department 9 relative to 10, 11 and 12 

In this way, for the position of the departments 9, 10, 11 and 12, no less than 4! = 24 
different scenarios are introduced. To ascertain which scenario is best one could evaluate each 
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scenario separately. This amounts to fixing the locations of the departments 9, 10, 11 and 
12 and performing the annealing process discussed in Section 4, where now the departments 
1, 2, 4, 5, 6, 8 move across the effective worksheet. Though, at first glance, it may seem 
advantageous to have so many departments fixed, in practice these fixations act as barreers 
in the neighborhood structure of the annealing process. Convergence is slow and often to a 
local, nonglobal optimum. Moreover, we have to repeat this 24 times. Therefore, we take a 
different approach: 

Step 5: Branch-and-Bound with approximate lower bounds 

In the first level of our Branch-and-Bound procedure we branch on the four possible positions 
of department 9. For each of these positions we perform an annealing process to obtain a 
near-optimal allocation of the remaining 9 departments. This annealing process converges 
still rather slowly, but the neighborhood structure is now rather flexible. In this way we 
obtain in each of these four annealing processes a near-optimal value for the total transport 
distance associated with the 10 departments on the effective worksheet. This value is regarded 
as an approximate lower bound. We choose the most promising lower bound and branch -
we are now in level 2 - on the 3 possible positions of department 12. For each of these 
three positions we perform an annealing process to obtain a near-optimal allocation of the 
remaining 8 departments. We thus obtain three approximate lower bounds. Next, we choose 
the most promising approximate lower bound that appears as a free node in the tree and 
branch from there. Proceeding in this fashion we obtain the Branch-and-Bound tree given in 
Figure 7. 

Level 0 

4 Levell 
9 

2 Place (9) 

II 5 Level 2 
9 12 12 9 

f.<5:':!0~0 ""3 9:!::0-l f.<~~,.-j l-"",="'="~ 490 145 
9 12 

Place (12) 674991 

16 17 
r.;12!;b9 "'1 ""1'""1 12 9 1 1 I 

Level 3 

496799 5 90 3 Place (10) 

FIGURE 7. Branch-and-Bound tree 
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We use the following notation: *191 * 1* means: fix department 9 in second position *191121* 
means : fix department 9 in second position and fix department 12 in third position The 
layout in Figure 8 would be noted as 1219110111. 

Step 6: Selecting and blue printing the best layout 

From the Branch-and-Bound tree in Figure 7 it is obvious that the best layout corresponds 
to the scenario 1219110111 with total weekly transport distance (for the 10 departments on 
the effective worksheet) 496799. The corresponding grid configuration is given in Figure 8. 

3 3 1 3 i 13 1 

3 3 13* i 13*1 

7 7 7* I 7 

7 7 7 i 7 
i 

12 12 8 2 2 2 5 5 5 7 7 6 I 
! 8 2* i 1 1 1 4 4 4 4 5 6 7 7 6 ! 6 I 

8 8* 11* 9 9 9* 9 9 4 5* 5 6 7 7 6 III 
12*/ 12 9 9 9 9 9 4* 10* 10 6 6 61 6* ill*i 

FIGURE 8. The best layout we could find 

In order to complete the process of designing a facility layout Figure 8 is translated into a 
real-world layout design. As mentioned in requirement 5, the shape of the departments is free 
between certain function dependent limits. In reality this means that some departments or 
parts of them have not a variable shape. So, first, these have to be fit in the contours of the 
distribution centre. The departments or parts with variable shapes are fit in next. Figure 8 
gives an indication for the exact position of the departments. The aisles can be designed at 
the left over space. Figure 9 shows the new layout design that we propose. 

13 
J r-

[ 
I 2 I 4 I 7 

8 

lil 'I 9 

12 , 
10 

FIGUR E 9. New layout design I II 

The conclusion can be made that an increase of the area requirement of department 9 (ship
ping product 1/2/3/4/7) has a large impact on the layout design. This increase results in a 
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switch of the location of packaging product 1 and 2. Furthermore it causes a reallocation of 
the departments 5 (scanning product), 4 (packaging product 3) and 10 (shipping product 6; 
receiving product 3/6/7). Last but not least third parties can not rent space anymore. The 
detailed sketch is shown in Figure 10. 
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FIGURE 10. Blueprint of the new layout design 
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