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Abstract

The single row facility layout problem is the problem of arranging facilities with given lengths
on a line, while minimizing the weighted sum of the distances between all pairs of facilities. The
problem is NP-hard. In this paper we present path relinking algorithms to solve large sized
instances of the problem. We use three different metaheuristics to generate sets of good quality
initial solutions and subject the solutions in these sets to path relinking. We present our
computational experience on 43 benchmark instances with up to 110 facilities.

Keywords: Facilities planning and design; Single Row Facility Layout, Tabu Search, Lin-
Kernighan neighborhood search, Scatter search, Path relinking

1 Introduction

The single row facility layout problem (SRFLP) is a combinatorial optimization problem that has
a large number of practical applications. It has been applied to model the layout of hotel corridors,
departments in offices, warehouses and supermarkets, machines in flexible manufacturing systems,
and assignment of files in computer disks. The SRFLP is described as follows. We are given a set
F =1{1,2,...,n} of facilities, where facility j has length [;, and each pair of facilities (3, j); ¢,j € F
has a transmission intensity. The transmission intensity can be visualzed as the number of times
the facilities in the pair need to communicate with each other. The cost of transmission between
a pair of facilities (i, ) is defined as the product of the transmission intensity for the pair and the
distance between the centroids of the two facilities in the pair. The objective of the problem is to
arrange the facilities in a single row such that the sum of the costs of transmission among all pairs
of facilities is minimized. Therefore a solution to the problem is a permutation of the facilities in F'.
The problem was first proposed in Simmons (1969) and is known to be NP-hard (Beghin-Picavet
and Hansen 1982). It is a special case of the general space allocation problem (see Simmons 1969),
and admits the minimum linear arrangement problem (see Petit 2003, Diaz et al. 2002) and the
linear ordering problem (see Marti and Reinelt 2011) as special cases.

Since the SRFLP is NP-hard, solution approaches to the problem include both exact and heuristic
methods. Exact methods include combinatorial branch and bound (Simmons 1969), mathematical
programming based approaches (Love and Wong 1976, Heragu and Kusiak 1988, Amaral 2006; 2008),
dynamic programming (Picard and Queyranne 1981, Kouvelis and Chiang 1992), cutting plane
algorithms (Amaral 2009), semidefinite programming (Anjos et al. 2005, Anjos and Vannelli 2008,
Anjos and Yen 2009, Hungerlander and Rendl 2011), and branch and cut (Amaral and Letchford
2012). However these methods have not yet been able to solve SRFLP instances with more than 42
facilities to optimality. Heuristics have been used for larger sized SRFLP instances.

The earliest heuristic approaches to solve the SRFLP resulted in the creation of construction
heuristics which build up a solution by determining the location of one facility at a time (Heragu
and Kusiak 1988, Kumar et al. 1995, Braglia 1997, Djellab and Gourgand 2001). However these
heuristics do not perform well for large instances and have been superseded by improvement heuris-
tics. Improvement heuristics start with one or more initial solutions and iteratively improve the
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solution(s) until a stopping criterion is reached. Studies implementing improvement heuristics deal
with simulated annealing (Romero and Sénchez-Flores 1990, Kouvelis and Chiang 1992, Heragu and
Kusiak 1991, Heragu and Alfa 1992), tabu search (Gomes de Alvarenga et al. 2000, Samarghandi
and Eshghi 2010), ant colony optimization (Solimanpur et al. 2005), particle swarm optimization
(Samarghandi et al. 2010), scatter search (Kumar et al. 2008), and genetic algorithm (Datta et al.
2011). Among these, the results presented in (Datta et al. 2011) supersede all others for large sized
SRFLP instances with up to 80 facilities.

Interestingly, the technique of path relinking which has proved effective on other combinatorial
optimization problems (see, e.g., Glover et al. 2000) has not been applied to the SRFLP. In the
current work therefore we form hybrid algorithms of path relinking with local search, tabu search,
and scatter search and test the performance of these algorithms on large SRFLP instances.

The remainder of the paper is organized as follows. In the next section we present a brief
introduction to the path relinking method. We follow this up in Section 3 with a description of
several hybrid algorithms that we propose, all of which apply the path relinking principle to solutions
obtained by other metaheuristics. We present results of our computational experiments with these
algorithms in Section 4 and compare the results with the published literature. We summarize our
contributions in Section 5 and point out the limitations in the current work.

2 Path Relinking

Path relinking (Glover 1977) is a search technique which starts with a set of good solutions to a
problem and tries to explore the regions of the search space which have not been explored by the
algorithm that generated the initial solutions. Algorithms to generate initial good quality solutions
(like Tabu search, scatter search, GRASP etc.) coupled with path relinking strategies have proved
to be very effective for a diverse set of combinatorial optimization problems.

To understand the concept of path relinking, let us assume that we have a population P of
incumbent solutions, and an algorithm A that generated the incumbent solutions. Path relinking is
a generalized path construction technique which uses strategic design and the attribute information of
solutions in P to generate additional solutions which may not have been considered by the algorithm
A, and which may have better objective function values than the solutions in P. The path relinking
technique chooses two solutions from P, marks one as the initiating solution and the other as
the guiding solution. It then generates a path from the initiating solution to the guiding solution
through a set of moves. A move starts with a solution and generates another solution in which some
attribute of the initiating solution is replaced with some attribute of the guiding solution. The idea
is to introduce attributes of the guiding solution in each move to finally reach the guiding solution
from the initiating solution or to extend beyond it (extrapolated relinking, see Glover et al. 2000).
The new solutions that are generated share a significant subset of attributes of both the initiating
solution and the guiding solution in varying mixes depending on the path selected. Pictorially, this
is shown in Figure 1, where the dots correspond to solutions, IT* is the initiating solution and IT**
is the guiding solution. The solid line shows the trajectory of the algorithm (A) when the initiating
and guiding solutions are generated, and the dotted line shows the path relinked solutions. The roles
of initiating solution and the guiding solutions are interchangeable and interchanging them may lead
to different paths in the search space.

A path relinking algorithm is iterative and proceeds as follows. It starts with a set of solutions.
If all the solutions in the set are identical at the beginning of an iteration, then there is no path to
be relinked and the algorithm outputs a solution in the set and terminates. Otherwise it chooses two
non-identical solutions from the set, marks one as the initiating solution and the other as a guiding
solution. It then generates a path from the initiating solution to the guiding solution (and beyond,
if extrapolated relinking is used), and chooses the best solution encountered in the path. If this

‘W.P. No. 2012-05-01 Page No. 3



IIMA ¢ INDIA
Research and Publications

1=

Figure 1: Path relinking between two permutations on same search path

solution is better than the worst solution in the set, then the worst solution in the set is replaced
with it and the iteration is complete.

3 Our path relinking algorithms for the SRFLP

We present four algorithms which implement path relinking for the SRFLP. The path relinking
mechanism in all the four algorithms is identical, and the algorithms vary only in terms of the
heuristic used to generate the initial solutions for path relinking. In this section, we first present
the path relinking mechanism for the SRFLP and then follow it up with a brief description of the
heuristics used to generate the set of initial solution.

3.1 Relinking paths

Solutions in a single row facility layout problem are permutations of facilities. A solution is said to
be better than another if the cost of the former is lower than that of the latter. In our path relinking
algorithms, the initial solutions generated by a heuristic are sorted in non-decreasing order of their
costs. Every solution in the first half of the sorted list is used once as an initiating solution. For
an initiating solution the guiding solution is that solution in the second half of the list which has
the maximum deviation distance (see Sorensen 2007) from the initiating solution. A path between
the initiating solution and the guiding solution is obtained by executing moves that are necessary to
transform the initiating solution into guiding solution. For example, if in an intermediate solution
in the path, a facility m; is in the i-th position in the permutation, and in the guiding solution ; is
in the j-th position in the permutation, then a move will interchange m; with the facility in the j-th
position in the permutation corresponding to the intermediate solution. We illustrate this method
of path relinking with the following example.

Consider a SRFLP with seven facilities where IT* = {4,5,3,1,2,7,6} is the intiating solution
and IT** = {2,5,1,3,4,6,7} is the guiding solution. The relinking is done as follows. The first
facility in II** is 2 and it is located at fifth position in II*. So in the first move, we interchange
the facilities in the first and fifth positions in II* to generate the first intermediate permutation
I(1) = {2,5,3,1,4,6,7}. We next consider the facility in the second position in IT**, i.e., 5. This
facility is located at the same position in II(1) and so we do not generate a move to reposition
this facility. The facility in the third position in IT** is 1 and it is located at fourth position in
II(1). So we interchange the third and the fourth facilities in II(1) to obtain the next intermediate
permutation II(2) = {2,5,1,3,4,6,7}. Continuing this process all the intermediate permutations
are obtained till the algorithm obtains IT**. All the intermediate permutations are listed below in
Table 1.
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Table 1: Intermediate permutations in the path from II* = {4,5,3,1,2,7,6} to II*™* =
{2,5,1,3,4,6,7}

No. Name Type Permutation

1. IT* Initiating {4,5,3,1,2,7,6}
2. II(1) Intermediate {2,5,3,1,4,7,6}
3. I1(2) Intermediate {2,5,1,3,4,7,6}
4. I Guiding {2,5,1,3,4,6,7}

Thus, in our algorithms we do not implement extrapolated relinking. This is because we do not
see any method of naturally extending the path that we construct between the initiating and guiding
solutions.

The last step in the relinking process is to choose a solution in the relinked path that can possibly
replace a solution in the set of solutions. In our algorithms this is done as follows. As a first step,
we choose every second solution along the relinked path and subject it to local search using the
insertion neighborhood (see Heragu and Alfa 1992, for an introduction to insertion neighborhoods
for the SRFLP). If the locally optimal solution thus obtained is better than the solution in the path
we replace the solution in the path with the locally optimal solution. This results in a modified set
of solutions “along the relinked path”. We then look at the modified set of solutions and choose the
best solution in the set as the output of the algorithm.

3.2 Generating the set of initial solutions

As mentioned earlier, our algorithms differ from each other in terms of the method used to generate
initial solutions. Our first two algorithms, which we call PR-TS20PT and PR-TSINSERT generate
initial solutions using tabu search with a 2-opt neighborhood and insertion neighborhood respec-
tively. Our third algorithm, which we call PR-LKINSERT generates initial solutions using local
search with an insertion neighborhood structure. Other than these there are four path relinking
algorithms, PR-SS1A, PR-SS1P, PR-SS2A, and PR-SS2P which use scatter search variants SS1A,
SS1P, SS2A, and SS2P reported in Kothari and Ghosh (2012b) to generate the set of initial solutions.
We now briefly describe these methods of initial solution generation.

Tabu search with 2-opt neighborhood A 2-opt neighbor of a solution is one obtained by
interchanging the locations of exactly two facilities in the solution. A 2-opt neighborhood of a
solution is the set of all its 2-opt neighbors. Tabu search using the 2-opt neighborhood has been
reported in Samarghandi et al. (2010) and Kothari and Ghosh (2012¢). Both these studies implement
tabu search in a multi-start manner. Thus both tabu search algorithms terminate with a set of
solutions which can form the set of initial solutions for path relinking. In PR-TS20PT we use
the implementation in Kothari and Ghosh (2012c¢) to generate the set of initial solutions for path
relinking.

Tabu search with insertion neighborhood An insertion neighbor of a solution is obtained by
removing one facility from the solution and re-introducing it at some other location in the solution.
An insertion neighborhood of a solution is the set of all its insertion neighbors. Tabu search using
the insertion neighborhood has been reported in Kothari and Ghosh (2012¢). This tabu search is
also implemented in a multi-start manner and terminates with a set of solutions that can be used
for path relinking. In PR-TSINSERT we use the tabu search implementation in Kothari and Ghosh
(2012¢) to create the set of initial solutions for path relinking.
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Lin-Kernighan local search with insertion neighborhood The Lin-Kernighan neighborhood
(see, e.g., Lin and Kernighan 1973) is a variable depth neighborhood in which moves are composite
in nature. A composite move in the neighborhood comprises of components which are basic moves
like 2-opt and insertion moves. The number of basic moves that make up a composite move depends
on the improvement in cost obtained by performing the move. A local search algorithm based on
Lin-Kernighan moves called LKINSERT has been proposed in Kothari and Ghosh (2012a). It is a
multi-start local search algorithm which at termination yields a set of solutions which can be used
as starting solutions for the path relinking algorithm called PR-LKINSERT.

Scatter search Scatter search (see, e.g., Glover et al. 2000) is a population heuristic in which a
population of solutions are iteratively improved to generate good quality solutions. In each iteration
of scatter search, subsets of solutions are generated, and the solutions in these subsets are combined
to generate new solutions. These solutions are then examined to see whether their costs allow
them to be introduced in the population of solutions that the next iteration of scatter search will
consider. Four scatter search algorithms called SS1A, SS1P, SS2A, and SS2P have been presented
in Kothari and Ghosh (2012b). We use these implementations to generate initial solutions for path
relinking algorithms called PR-SS1A, PR-SS1P, PR-SS2A, and PR-SS2P respectively. An important
difference between these algorithms and the other three algorithms that we propose (PR-TS20PT,
PR-TSINSERT, and PR-LKINSERT) is that in these, path relinking is carried out after each scatter
search iteration.

In the next section we present results of experiments we performed on the path relinking algo-
rithms on benchmark SRFLP instances.

4 Computational experience

We coded the algorithms presented in Section 3 in C and ran them on an Intel machine with 4GB
RAM and four i5-2500 processors at 3.30GHz running Windows 7. We used the gcc 4.6.1 compiler
to compile our programs. The size of the set of initial solutions were set to |2n/3| for PR-TS20PT,
PR-TSINSERT, and PR-LKINSERT where n is the size of the problem instance, and it was 20
for the other four path relinking algorithms. We used 43 benchmark instances to compare the
performance of our algorithms with the best results known in the published literature.

The first set of 20 instances were first reported in Anjos et al. (2005) and consists of five instances
each of sizes 60, 70, 75, and 80. Computational results for these instances are available in the
published literature (see, e.g., Anjos et al. 2005, Samarghandi and Eshghi 2010, Datta et al. 2011).
Among these, the results in Datta et al. (2011) supersede those in all other studies. We present a
computational comparison of our path relinking algorithms on the Anjos instances in Tables 2 and 3.
In Table 2 we present the results obtained in Datta et al. (2011) and those obtained by the hybrids
of path relinking and tabu search and local search. The first two columns of the table identify the
instances. The third column presents the results reported in Datta et al. (2011) under the label
DA&F. The next six columns report the results obtained by TS20PT, PR-TS20PT, TSINSERT,
PR-TSINSERT, LKINSERT, and PR-LKINSERT respectively. In Table 3 we present the results
obtained in Datta et al. (2011) and those obtained by the hybrids of path linking and various
scatter search algorithms. The first three columns are identical to those in Table 2. The next eight
columns report the results obtained by SS1A, PR-SS1A, SS1P, PR-SS1P, SS2A, PR-SS2A, SS2P,
and PR-SS2P respectively.

From the tables we observe that all the path relinking algorithms produced identical solutions for
all the 20 instances in the set. In six of the instances the solutions by our path relinking algorithms
were better than those in the published literature. However these solutions had costs which were
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already obtained by other algorithms (e.g., the scatter search algorithms in Kothari and Ghosh
(2012b)). Path relinking was able to improve the solutions generated by TS20PT in four of the 20
instances. However, the path relinking algorithms could not improve the best solutions output by
TSINSERT, LKINSERT, and all the scatter search variants on any of 20 instances.

The second set of benchmark instances also consists of 20 instances. These were first reported in
Anjos and Yen (2009) and consist of five instances each of sizes 64, 72, 81, and 100. The connection
data in these instances are from the sko benchmark instances for the quadratic assignment problem
and hence these instances are known as the sko instances. In the published literature, results from
computations on these instances have been reported in Anjos and Yen (2009), Amaral and Letchford
(2012). Among these, the results in Amaral and Letchford (2012) supersede the other. In Tablea 4
and 5 we present a comparison of the results obtained in Amaral and Letchford (2012) under the label
A&L and those obtained by the path relinking algorithms presented in this paper. The structure of
Table 4 is similar to that of Table 2 and the structure of Table 5 is similar to that of Table 3.

The results in these two tables show that most of the path relinking algorithms obtained solutions
that were better than those reported in the literature for 18 of the 20 instances. In the other two
instances the costs of the solutions from the path relinking algorithms matched the costs of the
best solutions known in the literature. The hybrid algorithm PR-TS20PT improved the solutions
output by TS20PT in 16 instances, PR-TSINSERT improved the solutions output by TSINSERT
in 15 instances, PR-LKINSERT improved the solutions output by LKINSERT in 11 instances, and
PR-SS1A improved the solutions output by SS1A in two instances. The solutions output by the
other three hybrid path relinking algorithms matched the solutions output by the original scatter
search heuristics in all the 20 instances. However, the path relinked heuristics were not able to
output solutions that were superior to the best ones from the scatter search algorithms on any of
the instances.

The last set of benchmark instances consists of three instances of size 110. These were proposed
in Letchford and Amaral (2011), where upper bounds to the costs of optimal solutions were reported.
In Tables 6 and 7 we compare the results obtained by the path relinking algorithms on these problems
to those reported in Letchford and Amaral (2011). The structure of Table 6 is identical to that of
Table 4 and the structure of Table 7 is similar to that of Table 5.

We see from these tables that the path relinking algorithms output solutions whose costs are lower
than those reported in Letchford and Amaral (2011) on all the three instances. The hybrid path
relinking algorithms using tabu search with 2-opt and insertion neighborhoods, and local search using
the Lin-Kernighan neighborhoods output better solutions than those output by the corresponding
tabu search and local search algorithms. However, they were not able to improve any solution output
by any version of scatter search for these instances.

Based on all the computational experiments, we conclude that path relinking is a possible method
for improving solutions obtained using tabu search and local search algorithms. However they are
not very effective in improving solutions obtained using scatter search algorithms.

5 Summary of the work

In this paper, we examined the possibility of using path relinking combined with other metaheuris-
tics to obtain good quality solutions to large instances of the single row facility layout problem. In
particular, we used two multi-start tabu search algorithms, TS20PT and TSINSERT (see Kothari
and Ghosh 2012¢), one multi-start local search algorithm LKINSERT using a Lin-Kernighan neigh-
borhood (see Kothari and Ghosh 2012a), and four variants of scatter search SS1A, SS1P, SS2A,
and SS2P (see Kothari and Ghosh 2012b). We compared the solutions output by the hybrid path
relinking algorithms with the best available in the published literature.
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We performed experiments using 43 benchmark instances for the SRFLP with sizes varying
between 60 and 110. These are the largest size benchmark instances available in the literature. Our
experiments showed that the path relinking algorithms produced solutions that were better than
those in the published literature for 25 of the 43 instances. Most of these instances were the larger
sized ones among the benchmark instances. In the others, the solutions they produced had costs
equal to those of the best known solutions from the literature. We observed that path relinking was
effective in improving solutions obtained using tabu search and local search, but were not effective
in general for improving solutions obtained using scatter search algorithms. The solutions that they
output when they form hybrid algorithms with tabu search and local search are those that scatter
search normally outputs without path relinking. Hence path relinking is a good strategy to hybridize
with heuristic algorithms other than scatter search for the single row facility layout problem.
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