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The Redundancy Queuing-Location-Allocation
Problem: A Novel Approach

Vahid Hajipour, Vahid Khodakarami, and Madjid Tavana

Abstract—Redundancy queuing-location-allocation problems
(RQLAPs) involve the economical allocation of facilities, each with
a number of servers, to suitable locations with appropriate lev-
els of redundancy or reliability. The goal in RQLAPs is to find the
facilities which are both inexpensive and reliable. We take into con-
sideration the congestion of the system by modeling each facility
as an M/M/m queuing system and formulate the problem as a mul-
tiobjective nonlinear mixed integer programming problem. How-
ever, these problems are nondeterministic polynomial-time hard
(NP-hard) problems where an exact solution cannot be produced
in polynomial time. We propose a novel soft-computing approach
based on the vibration theory called vibration damping optimiza-
tion (VDO) to solve the RQLAP. We develop a multiobjective ver-
sion of the VDO called multiobjective VDO (MOVDO) based on
the fast nondominated sorting and crowding distance concepts in
the literature. The performance of the proposed MOVDO is sta-
tistically compared with two other commonly used metaheuristic
algorithms called the nondominated sorting genetic algorithm and
multiobjective simulated annealing. A comparison of the results
based on different problem sizes favors the MOVDO method pro-
posed in this study.

Index Terms—Computational intelligence, congestion, redun-
dancy queuing-location-allocation problem (RQLAP), reliability,
vibration damping optimization (VDO).

I. INTRODUCTION

HE rglaps involve the economical allocation of facili-
T ties, each with a number of servers, to suitable locations
with appropriate levels of redundancy or reliability. The goal in
RQLAPs is to find the facilities which are both inexpensive and
reliable. We take into consideration the congestion of the system
by modeling each facility as an M/M/m queuing system and for-
mulate the problem as a multiobjective nonlinear mixed integer
programming problem. The objectives of the RQLAPs are to:
1) maximize the system reliability, 2) minimize the system cost,
and 3) minimize the system waiting time, simultaneously.

Manuscript received January 7, 2014; revised March 17, 2014; accepted April
8, 2014. Date of publication July 7, 2014; date of current version July 15, 2014.
Review of this manuscript was arranged by Department Editor B. Jiang.

V. Hajipour and V. Khodakarami are with the Department of Industrial Engi-
neering, Faculty of Engineering, Bu-Ali Sina University, Hamedan, Iran (e-mail:
v.hajipour @yahoo.com; v_khodakarami @yahoo.com).

M. Tavana is with the Business Systems and Analytics Department, Lind-
back Distinguished Chair of Information Systems and Decision Sciences, La
Salle University, Philadelphia, PA 19141 USA, and also with the Business
Information Systems Department, Faculty of Business Administsration and
Economics, University of Paderborn, Paderborn D-33098, Germany (e-mail:
tavana@lasalle.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEM.2014.2317760

Several evolutionary algorithms have been proposed to solve
these multiobjective nonlinear mixed integer programming
models which combine rules and randomness mimicking natural
phenomena. These phenomena include biological evolutionary
processes [18], the genetic algorithm (GA) [25], [30], animal
behavior [24], [46], [39], the physical annealing process [31],
and the musical process of searching for a perfect state of har-
mony [21]. Many researchers have studied these metaheuristics
to solve various optimization problems.

The RQLAPs are nondeterministic polynomial-time hard
(NP-hard) [43], [51], [53]. In this study, we propose a novel soft-
computing approach based on vibration theory called vibration
damping optimization (VDO) to solve the NP-hard RQLAPs.
We develop a multiobjective version of the VDO model called
multiobjective VDO (MOVDO) based on fast nondominated
sorting (FNDS) and crowding distance (CD) concepts in the
literature. The performance of the MOVDO approach proposed
in this study is statistically compared with two other common
metaheuristic algorithms called the nondominated sorting ge-
netic algorithm (NSGA-II) and multiobjective simulated an-
nealing (MOSA).

A. Location-Allocation Problem (LAP)

In the LAP, the question is how to place a number of new
facilities in between a number of customers located at fixed
points in a feasible area such that the total transportation cost
from facilities to customers is minimized, while the customers’
demands are satisfied. An example of a LAP involves the design
of a distribution network where, in addition to the determination
of the locations of the warehouses, determining the allocation of
customers to warehouses is desired. Meanwhile, in a stochastic
LAP, many parameters, such as the customers’ demands, allo-
cations, and even locations of the customers and facilities are
stochastic rather than deterministic.

Although LAP is rather an old field of research, its appli-
cation is still applicable to real-world location planning prob-
lems [12], [17] introduced eight basic discrete location alloca-
tion models called (1) p-median, (2) p-center, (3) p-dispersion,
(4) set covering, (5) maximal covering, (6) fixed charge, (7)
hub, and (8) maximum. Ohsawa [40] provided a single facil-
ity, quadratic euclidean distance bicriteria model defined in the
continuous space, with convex combinations of the minimum
and minimax objectives. Other researchers have proposed var-
ious methods for solving LAPs in the literature (see, for ex-
ample, [19] and [33]). For more details about facility location
problem as well as various solving methodologies, interested
readers should refer to [6] and [15]-[17].
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Farhani et al. [17] showed that modeling and solving multi-
criteria location problems have had a substantial growth in the
pastdecade. Recently, a more realistic hybrid version of the LAP
integrated with other models such as supply chain management
and queuing theory has received considerable attention [5], [37].
As aresult, in this study, we concentrate on a deterministic LAP
combined with queuing theory, called the queuing LAP (QLAP).

B. Queuing-Location-Allocation Problem

Queuing theory includes some analytical techniques related
to everyday waiting lines. Reduction of the wasted time because
of these waiting lines is the desire of any manufacturer, service
provider, system owner, and the like [11], [26]. This desire can
be achieved by appropriately allocating the necessary resources
to the customers. Some applications of the QLAP model in-
clude healthcare and emergency services, public safety, and
fire-fighting among others [48]. For a two-server network, the
problem of districting using queuing techniques was investi-
gated by Berman and Larson [2]. In order to locate two servers
in a congested network, they developed a nonlinear model and a
heuristic algorithm to determine the optimal service territories
of each server, where each server behaves as an M/G/1 sys-
tem. Berman and Drezner [4] proposed a facility location model
within an M/M/m queuing framework, in which one or more
servers were allowed to be located at any potential location.

Wang et al. [53] proposed a facility location model within
an open finite M/M/I queuing network, in which at most one
server can be located at any potential location. They considered
the sum of the aggregate travel time plus the aggregate waiting
time of customers per unit time as the objective functions in
their mathematical model. Berman et al. [3] proposed a model
similar to [53] model, in which more constraints on lost demand
were considered and minimizing the number of facilities was
the primary objective function. Syam [49] developed a multiple-
server location—allocation model for service system design. He
solved a comprehensive nonlinear location—allocation model for
service system design that incorporated several relevant costs.
Aboolian et al. [1] proposed a multiple-server center location
model, in which each customer selects the nearest facility. Their
objective was to minimize the maximum time spent by any
customer including travel time and waiting time at the server
sites.

Pasandideh and Niaki [41] proposed a biobjective facility lo-
cation model within an M/M/I queuing framework and used
the desirability function technique to solve the problem with a
genetic algorithm. Hajipour and Pasandideh [27] proposed an
adaptive version of a multiobjective particle swarm optimiza-
tion to optimize biobjective facility location models for con-
gested systems. Recently, Pasandideh er al. [43] developed a
novel multiobjective facility location model with batch arrivals.
To solve the model, they proposed two parameter-tuned meta-
heuristic algorithms named simulated annealing and the genetic
algorithm. Following this, Rahmati ef al. [47] developed a mul-
tiserver facility location model and proposed three Pareto-based
metaheuristic algorithms to solve the problem at hand.

C. Redundancy Allocation Problem (RAP)

Fyffe et al. [20] introduced the RAP with weight and cost
constraints and solved it by using dynamic programming. Coit
and Liu [10] presented system designs which consisted of mul-
tiple subsystems by considering a predetermined redundancy
strategy for each subsystem. They used a genetic algorithm to
solve the optimization problem. In another study, Coit [9] pro-
posed a zero-one integer programming method in which the
selection of active or cold-standby redundancy could be selec-
tively chosen for individual subsystems. The proposed method
was specifically developed to accommodate the case where there
was a choice of a redundancy strategy. Snyder and Daskin [51]
proposed models for choosing facility locations to minimize
cost, while also taking into account the expected transporta-
tion cost after failures of facilities. The goal was to choose
facility locations that were both inexpensive under traditional
objective functions and also reliable. They presented an optimal
Lagrangian relaxation algorithm to solve these reliability prob-
lems. For more details about RAP, interested readers can refer
to [7] and [32].

The remainder of the paper is organized as follows: In the
next section, the problem is first described and then the pro-
posed mathematical model is stated. In Section III, three meta-
heuristic algorithms including MOVDO, NSGA-II, and MOSA
are proposed to solve the model. Section IV analyzes the results
and statistical comparisons of the proposed algorithms on sev-
eral problems of different sizes. The conclusions are made and
possible future research works are recommended in Section V.

II. REDUNDANCY QUEUING-LOCATION-ALLOCATION
PROBLEM

In this section, the problem of the redundancy queuing-
location-allocation is first introduced. Then, the parameters and
decisions variables of the model are introduced in Sections 2.2
and 2.3. Finally, the proposed mathematical formulation is pre-
sented in Section 2.4.

A. ROLAP

The problem of redundancy queuing-location-allocation is
introduced to determine:

1) the optimal number of facilities:

2) the optimal allocation process for demand nodes into the

facilities; and

3) the optimal number of servers at each facility.

The goal is to find the facilities which are both inexpensive
and also reliable. In the problem, we model the congestion of
the facilities by means of multiserver queuing systems. The
proposed RQLAP is a multiobjective mathematical model de-
signed to simultaneously optimize the goal of the LAP, QLAP,
and RAP. A multiobjective optimization problem can be defined
as a vector of decision variables. This vector satisfies constraints
and optimizes a vector function of the objective functions, forms
a mathematical description of the performance criteria that are
usually in conflict with each other, and considers the concept
of the optimization word, which means acceptable values of
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Fig. 1. RQLAP framework.

all the objective functions from the viewpoint of the decision
makers [8]. The three objectives considered here are: maximiz-
ing reliability, minimizing cost of system, and waiting time.
The applications of such a model consist of medical facilities,
post offices, automated teller machines, vending machines, and
intercity service centers [1].

In this model, the customers’ arrivals are assumed to indepen-
dently follow a Poisson process and service times are consid-
ered to follow an exponential distribution. Fig. 1 schematically
presents the RQLAP.

It is also assumed the servers in a given facility to have a
unique service rate, whereas the service rates of the servers
belonging to different facilities are assumed to be different.
Moreover, demand nodes travel to each facility to receive ser-
vice, where each demand node can only be assigned to a single
facility.

B. Parameters

I: Number of customer nodes indexed by ;¢ =1,
2, ..., 1.
J:  Number of service-site nodes indexed by j; 7 =1,
2, ..., d.
P:  Maximum number of servers that are on-duty; (P <
J).
Ai: Demand rate of service requests from customer node .

p;: Service rate of server j.

v;: Scale parameter for gamma distribution in server-site
J-

k;:  Shape parameter for gamma distribution in server-site
J-

w;: Expected waiting time at open facility j.

r;: Reliability of each server in server-site j.

R;: Total reliability of server-site j.

1;:  Demand rate at open facility node j.
t;j: Traveling time of demand node ¢ into facility j.
cj:  Fixed cost of establishing a facility at potential node j.

cs;:  Unit staffing cost at facility j.

u: Maximum number of servers that can be used at each
facility.

& A large number.

mo;: Idle probability of the open facility j.

C. Decision Variables

~_J 1, if customer i is allocated to server—site j
Yii =)0, otherwise
1, if server—site j is opened
hj = .
: 0, otherwise
m;: Number of servers at server-site j

D. RQLAP Model

The parameters v); and m; denote the demand rate and the
idle probability at open facility j, respectively. In an M/M/m
queuing system, let w; be the expected waiting time at open
facility j. These parameters can be obtained as follows [26]:

I
Uy =Y iy j=1.., 0 (1)
i=1
. S\ M "y 1
w; = {WOJ' (dU) R +} NG
my! \ (mjp; — ;)% py

Then, the first objective function of the model (f;), the ag-
gregate waiting times of the customers per time unit (to be
minimized), is obtained as follows:

I J m;
— Ailij M(%) ' MM 1}.
. ;; . [m.ﬂ wi) T — 0

3)
The second objective function considers the goal of the cus-
tomers in which the minimum probability of a facility to fail
(system reliability) is maximized. At each facility, we assume
the servers to be parallel structures. Using this fact and the
gamma distributions, it is possible to compute the reliability of
each server and the total reliability of the facilities [see (5) and
(6) below]. In addition, at each facility, scale and shape parame-
ters are recorded. Larger values of the parameters of the gamma
distribution increase the reliability of the server site. Thus, the

second objective function f2) that needs to be maximized is:

Maxf, = Min {R;(t)} 4)

where

1=0
Rj(t) = (1—(1—7“‘7‘ (t))mj); j: 1,...,J. (6)
The third objective function, presented in (7), considers the

total cost of the system including the fixed costs associated with
establishing facilities as well as the staffing costs that needs to
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TABLE I
SIMILARITIES BETWEEN THE VIBRATIONS DAMPING PROCESS AND THE OPTIMIZATION PROCESS
Vibration damping process Optimization process
System states D —— Feasible solution
Energy <> Cost
Change of state e Neighboring solution
Amplitude > Control parameter
Vibration damping &> Heuristic solution
be minimized: customer must be assigned to one and only one facility. Con-
J straints (13) requires the server-site j to be open for the ¢th
Minf; = Z cjhj 4 csjm;. (7) customer to be assigned to it. Constraints (14) ensure that the

Jj=1

To make the model more realistic, we also consider the con-
straints such as service capacity and nearest facility selection.
As a result, the proposed RQLAP model can be formulated
into a constrained nonlinear mixed integer programming model
which is presented in the next section:

1 J m
. T (Vi) T My 1
MlIlf1 = )\.7y7 |: <> —_— + —
;]:Zl Tlmgt Ny ) (mypg —)?
(8)
Maxf, =Min{l — (1 —r; (¢))"' } 9)
J
Minfs = cjhj + csjm; (10)
j=1
Subject to:
J
> hj<P an
j=1
J
Dyi=1 i=1,...,1 (12)
j=1
I
D kv <mypgy =17 (14)
i=1
1<m; <u (15)

J
Ztijyzj <(tiy —&h;j+& i=1,....,1,j=1,...,J
=1

(16)
h; €{0,1}; j=1,...,J
yi; €4{0,1}; i=1,...,I, j=1,...,J (17)
m; integer; j=1,...,J

I
wj:z:)‘iyij; j:l,...,J.
i=1

Constraint (11) ensures that the maximum number of can-
didate facilities is on-duty. Constraints (12) ensure that each

service capacity is greater than the demand rate of each facility.
Constraints (15) bound the number of servers at each facility.
Constraints (16) ensure that the demand node select the nearest
facility. Constraints (17) impose the range of decision variables
in the model.

III. NOVEL METAHEURISTIC ALGORITHM

In this section, we first introduce a multiobjective version of
the VDO algorithm that we will use to solve the proposed mul-
tiobjective optimization problems. We will then employ two
well-developed Pareto-based MOEAs, namely, NSGA-II and
MOSA, to demonstrate the performance of the MOVDO ap-
proach.

The VDO algorithm was first introduced by Mehdizadeh and
Tavakkoli-Moghaddam [35] to solve parallel machine schedul-
ing problems. It is a stochastic search method based on the con-
cept of the vibration damping in mechanical vibration. VDO
is a neighborhood search technique that begins with an initial
solution, initial amplitude, and an iteration number. The ampli-
tude controls the possibility of the acceptance of a deteriorating
solution, and the iteration number determines the number of
repetitions until a solution reaches a stable state under the am-
plitude. The vibrations damping process and the optimization
process are similar in the sense that: 1) the states of an oscil-
lation system represents feasible solutions of the optimization
problem; 2) the energies of the states correspond to the objective
function value (OFV) computed at those solutions; and 3) the
minimum energy state corresponds to the optimal solution to the
problem and rapid quenching can be viewed as local optimiza-
tion. Tablel highlights the similarities between the vibrations
damping process and the optimization process.

In vibration theory, the concept of vibration is identified with
the one of oscillation. If the damping is small, it has very little
influence on the natural frequencies of the system, and hence
the calculation of the natural frequencies is made primarily
on the basis of no damping. In the VDO algorithm, a scope
of a solution is bigger and the probability of obtaining of a
new solution is greater at high amplitudes. In other words, in
the VDO algorithm, the damping coefficient has influence on
the maximum amplitude. At high amplitudes, the scope of a
solution is larger and the probability of obtaining a new solution
is higher. When the amplitude is reduced, the probability of
obtaining a new solution decreases. This process is similar to
the simulated annealing algorithm where instead of amplitude,



we deal with temperature. Therefore, when the amplitude is
reduced, the solution space and consequently the probability of
obtaining a new solution decreases. Finally, the algorithm stops
when the amplitude reaches zero [35], [36], [38].

In the analogy between an optimization problem and the vi-
bration damping process, the states of the oscillation system
represent feasible solutions of the optimization problem, the en-
ergies of the states correspond to the OFV computed at those
solutions, the minimum energy state corresponds to the optimal
solution to the problem, and rapid quenching can be viewed as
local optimization.

The VDO algorithm starts by generating random solutions
in the search space. Then, the algorithm parameters including
initial amplitude (A ), max of iteration at each amplitude (L),
damping coefficient (), and standard deviation (o) are initial-
ized. The solutions are then evaluated by means of the OFV. The
algorithm consists of two main loops. The first loop generates
a solution randomly and then using a neighborhood structure
a new solution is obtained and chosen as the best solution.
The neighborhood structure is based on the swap strategy [28].
However, similarly to the SA algorithm, the solution with a
lower OFV can be selected with respect to the Rayleigh dis-
tribution function [38]. In fact, the new solution is accepted
if A = OFV (New Solution)—OFV (Current Solution) < 0.
Besides, if A > 0, we generate a random number 7 between
(0, 1) [31]. The current solution is selected with respect to the
following criterion:

AQ
r< 1—6Xp(—22>.
o

The second loop reduces the amplitude in each iteration.
The algorithm is stopped when the amplitude (A) reaches

Z€ero:
t
A; = Apexp (—é) .

After the above brief illustration of the VDO algorithm, we
introduce the first procedure for applying a multiobjective ver-
sion of the VDO algorithm called MOVDO to solve and manage
Pareto-optimal solutions. To do so, we apply two main concepts
of multiobjective metaheuristics; namely, FNDS and CD, to
compare the solutions. In FNDS, R initial populations are com-
pared and sorted. The chromosomes are chosen and evaluated
using the concept of domination [13]. In order to do this, all
chromosomes in the first nondominated front are first found.
Then, in order to find the chromosomes in the next nondomi-
nated front, the solutions of the previous fronts are disregarded
temporarily. This procedure is repeated until all solutions are
set into fronts.

After sorting the populations, a CD measure is defined to
evaluate solution fronts of populations in terms of the relative
density of individual solutions [13]. To do this, consider Z and
feik =1,2,..., M as the number of nondominated solutions in
a particular front (F') and the objective functions, respectively.
Besides, let d; and d; be the value of the CD on the solution ¢

(18)

19
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Evolution process in the proposed MOVDO approach.

Fig. 2.

and 7, respectively. Then, the CD is obtained using the following

steps:

1) setd; =0forv=1,2,...,7;

2) sort all objective functions fy; k= 1,2,..

ing order;

3) the CD for end solutions in each front (d; and dz) are

dy =dyz; — oo;
4) the CD for d;; j=2,3, ..., (Z—1) are d; =d; +
(fryor = Jr,0)-

To select individuals of the next generation, the crowded
tournament selection operator > is applied [13]. In order to do
that, the following steps are required.

Step 1) choose n individuals in the population randomly.

Step 2) the nondominated rank of each individual should be
obtained and the CD of the solutions having equal non-
dominated rank is calculated.

Step 3) the solutions with the least rank are the selected ones.
Moreover, if more than one individual share the least
rank, the individual with the highest CD should be se-
lected.

In other words, the comparison criterion of MOVDO al-
gorithm’s solutions can be written as follows: If ¢, < g, or
(¢ = gy andd, > d,) thenx > y where ¢, and g, are the ranks
and d, and d, are the CDs. In this paper, a polynomial neigh-
borhood structure for the selected chromosome is performed.

After operating the aforementioned concepts and operators,
the parents and offspring population should be combined to
ensure the elitism. Since the combined population size is nat-
urally greater than the original population size N, once more,
nondomination sorting is performed. In fact, chromosomes with
higher ranks are selected and added to the populations until the
population size becomes N. The algorithm stops when a pre-
determined number of iterations (or any stopping criteria) are
reached.

Fig. 2 illustrates the evolution process of the proposed
MOVDO schematically. The process is started by initializing
the initial population of the solution vectors P;. Then, the new
operators are implemented on P; to create a new population ;.
The combination of P; and @; creates R; for keeping elitism
in the algorithm. In this step, vectors of R?; are sorted in several
fronts based on FNDS and CD. Using the proposed selection
method, a population of the next iteration P; is chosen to
have a predetermined size.

., M in ascend-



HAJIPOUR et al.: REDUNDANCY QUEUING-LOCATION-ALLOCATION PROBLEM: A NOVEL APPROACH 539

Begin;
Input: nPop, y, o, Ag, L
Initialize (X A: L; and ¢, t=1);
Evaluate Solutions

Perform fast non-dominate sorting (FNDS) and calculate ranks
Calculate crowding distance (CD)
Sort population according to ranks and CDs

For j=1: nPop
P;= population
For i=1:L

¥ =PERTURB(X); % Generate Neighborhood Solution
A= E(Y) — E(X);

A
If AS00r(1—e %) >rand()

X=Y: % Accept the Movement if Dominated Final Pareto Solution
End if

¥t
Update (4 and ¢ ; A=A;*e” z,1=1t+1)
Until Stop Criterion
End for

;= New Population

R; = P;wQ;

Perform FNDS on R; and calculate ranks
Calculate CD of R,

Sort Population according to ranks and CDs on R,
Create P;.; as Population Size

End for
End

Fig. 3.  MOVDO pseudocode.

In the main loop of the MOVDO algorithm, the parents and
offspring populations should be combined to ensure the elitism.
Since the combined population size is naturally greater than
the original population size (N), the nondomination sorting op-
erator is applied. In fact, solutions with higher ranks are se-
lected and added to the populations until the population size
becomes N. The last front also consists of the population based
on the CD. The solutions that are excluded are called rejected
habitats.

It is worthwhile to mention that using Pareto dominance so-
lutions, the algorithm is a computationally efficient algorithm
implementing the idea of a selection method based on classes
of dominance of all the solutions. In order to improve the clar-
ity of the proposed algorithm, we present the pseudocode and a
flowchart for the MOVDO method in Figs. 3 and 4, respectively.
The chromosome structure is based on the chromosome pro-
posed by Hajipour and Pasandideh [27] and Rahmati et al. [47].

To demonstrate the performance of the proposed MOVDO,
two Pareto-based MOEAs, that is, NSGA-II and MOSA are
applied. The main difference between these two MOEAs and
MOVDO is in the evolution process of the algorithms from
P, to Q;. Furthermore, NSGA-II and MOSA are different in
their selection strategies. NSGA-II uses a binary tournament
selection and MOSA uses the roulette wheel selection strat-
egy. Accordingly, after generating or modifying populations by
means of single-objective operators of the algorithms (e.g., GA,
SA, or VDO), the population is dealt with in a multiobjective
way in a similar fashion in all the algorithms. Besides, to mini-
mize the impact of using different operators on the performance

| Initialize nPop, A,. L, y, o |

¥

| Generating initialized solution (X) and set ¢ =/ |

I Perform fast non dominating sorting (FNDS) and calculate ranks |
¥

I Calculate crowding distance (CD) I
¥
I Sort population based on ranks and CDs I

Create | as size as population size

: P = population I
population = P, | o

Cienerate new i solution
X, =PERTURB(X )

r

Sort population based on
ranks and CDs on_ &

Perform CD operatoron R,

i

Perform FNDS operator on

i

f

R =008 |

-

|I:‘.I|'1i5m

Toumament selection
Q, = new population

Fig. 4.  MOVDO flowchart.

comparison process of the algorithms, operators are designed
identically.

To do so, the neighborhood structure of the proposed
MOVDO is designed similar to the mutation operator of NSGA-
IT and the neighborhood structure of MOSA. Moreover, in
NSGA-II, the crossover operator is also designed similarly using
a uniform crossover operator [28]. A flowchart of the proposed
NSGA-II is depicted in Fig. 5. Moreover, to clarify the process
of the proposed MOSA, Fig. 6 represents a pseudocode of this
algorithm.

In the next section, we solve the RQLAP. We analyze the re-
sult and demonstrate the effectiveness of the proposed MOVDO
in the area of multiobjective optimization problems.

IV. RESULT ANALYSIS AND COMPARISONS

In order to solve the proposed RQLAP, we implemented three
multiobjective Pareto-based metaheuristic algorithms. The al-
gorithms are calibrated by statistical approaches in the litera-
ture including response surface methodology and the Taguchi
method which are provided in Table II. In a single objective
algorithm, the objective function is the representation of the ef-
ficiency and the computational (CPU) time is the representation
of the effectiveness, although in a multiobjective algorithm for
assessing the efficiency, different metrics such as: mean to ideal
(MID), diversity, and spacing metrics can be applied to develop
a good measure of performance [56]. Meanwhile, time can be
still used as a good metric for evaluating the effectiveness. To
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Parameter setting: T;, Ty, nGen, £, frontmax

SO Initialization: Generate initial solutions
amgaizaton Evaluation: Evaluate initial solutions
Perform non-dominate sorting and calculate ranks

Calculate crowding distance (CD)
Sort population according to ranks and CDs

Chromosome Evaluation

l

Calculating FNDS & CD of the individuals

P,= population

For it=1: num.it

l if T< T}
> break
Front determination i end
i for i=1:popsize
S, (i)= perform neighborhood structure on the solution 7 of

the population based on swap strategy
end

Stop criterion is met

Pareto Optimal Front
Perform non-dominate sorting and calculate ranks (S,)
Calculate crowding distance (CD) (S,)

Sort population according to ranks and CDs (S))

Binary tournament fm: =1 :pOP,SiZC - P
alooting |f-Don"|mates‘(P,(:). S ()
O, (=5, (D)
¥ else
Crossover & Mutation delta=Cost P, (i)- Cost S, (i)
p=exp(-delta/T{(it))
v if rand<p
Chromosome Evaluation O, (=S, (i
end
¥ end
Elitism end
v Ri=P,uQ
1 = i’ w ’
Sl Perform non-dominate sorting and calculate ranks (R;)
v Calculate crowding distance (CD) (R)
Sort Population & choose N Sort population according to ranks and CDs (R))
individual
if size( Rt )> frontmax
Pr=Select frontmax number of the solution
non-dominate sorting and calculate ranks ( Pr)
Fig. 5. NSGA-II flowchart. Calculate crowding distance ( Pr)
else
Pt= Rt
end
evaluate the performances of the proposed MOVDO, we ap- g‘:g""’ T

plied four standard metrics including spacing, number of Pareto
solution, computational time, and the multiobjective coefficient iz 6. MOSA pseudocode.

of variation.
TABLE I
L . o PARAMETER VALUES OF THE ALGORITHMS ALONG WITH
A. Multiobjective Coelfficient of Variation (MOCYV) THEIR TUNING PROCEDURE
Measures the di\{isioq of diversity into MID. which considered Multi-Objective | Algorithm | Optimum R
convergence and diversity of the Pareto solutions [47]. Algorithms | Parameters | Amount .
nPop 25
' P. 0.6 vasandideh et al., 201
B. Spacmg - o RSM (Pasandideh et al., 2013)
Measures the standard deviation of the distances among solu- "“3;"" ;gg
tions of the Pareto front in which smaller values are better [56]. e -
MOSA ': — RSM (Pasandideh et al., 2013)
Ngen 500
C. Number of Found Solutions (NOS) B 0.99
nPop 5
Counts the number of the Pareto solutions in Pareto optimal Ay 6
front in which bigger values are better [56]. MOVDO L 40 Taguchi by (Mousavi et al., 2013)
1) Computational Time (CPU): he CPU time of running the “ 0]'055
¥ a

algorithms to reach near optimum solutions.
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TABLE III
MULTIOBJECTIVE CALCULATIONS OF THE ALGORITHM METRICS
Problem mMocv NOS Spacing CPU Time
No.  INSGa-11| MOSA| MOVDO | NSGA-11| MOSA|MOVDO| NsGa-11 | Mosa | MOVDO |NsGa-11| Mosa |movDo
1 9.93 [17.12| 7.19 2l 9 9 3.21E+08 [ 3.12E+08 | 2.78E+07 | 21.81 | 19.81 | 12.91
2 332 [16.84| 4.83 22 8 9 4.12E+08 [ 4.82E+08 | 4.01E+07 | 31.84 | 22.81 | 21.93
3 3.81 29l 6.93 24 9 10 4.74E+08 | 9.18E+09 | 7.16E+08 | 32.81 | 28.71 | 22.91
4 1.10 | 8.48 | 591 23 7 11 |3.76E+09 | 3.40E+09 | 4.18E+08 | 39.91 | 31.84 | 29.81
S 7.50 |11.87| 7.93 21 3 4 6.57E+08 | 5.88E+08 | 3.17E+08 | 41.99 | 38.81 | 38.71
6 543 1292 6.94 24 6 5 3.17E+08 [ 3.79E+09 | 5.19E+07 | 41.19 | 3491 | 31.91
7 12.76 | 9.19 | 5.83 19 5 4 |3.11E+10|3.31E+09 | 3.15E+09 | 50.11 | 45.91 | 44.91
8 29.7311122:911|°25.93 25 7 6 3.17E+10 | 5.40E+08 [ 4.14E+08 | 51.75 | 44.18 | 31.91
9 2.81 5.09 | 2.85 23 9 7 5.18E+09 | 2.10E+07 | 8.42E+06 | 49.52 | 39.01 | 30.01
10 1.98 | 498 | 9.60 21 3 8 4.43E+09 | 7.56E+07 | 5.68E+07 | 62.05 | 38.91 | 31.91
11 061 | 3.82 | 3.11 19 6 4 |4.19E+08 |3.16E+09 | 5.14E+07 | 68.94 | 41.74 | 32.28
12 4.11 9.10 | 6.91 21 6 5 6.52E+08 [ 3.13E+10 | 4.14E+08 | 66.91 | 48.94 | 39.01
13 191 | 392 | 183 24 5 7 |3.49E+09 |3.98E+10|3.32E+07 | 80.51 | 51.74 | 41.84
14 13.91 [19.95] 22.91 23 8 6 5.18E+08 [ 4.17E+09 | 3.18E+07 | 88.01 | 52.74 | 47.81
15 849 [14.84| 7.86 25 8 6 | 6.49E+10 | 6.42E+09 | 2.44E+07 | 99.81 | 65.83 | 49.81
16 1.83 |10.04| 4.83 19 7 7 2.13E+09 | 5.19E+07 | 2.18E+08 | 91.91 | 71.91 | 52.81
17 4.93 |1593| 5.92 25 4 8 3.11E+10 | 7.67E+09 | 5.45E+10| 110.85 | 77.81 | 61.81
18 498 | 893 | 9.83 18 3 4 1.42E+10 | 7.42E+09 | 5.64E+10 | 120.95 | 81.74 | 65.32
19 NAS |1295| 11.94 | NAS | 5 7 NAS | 4.15E+10 | 6.45E+10 | 205.73 | 101.84| 82.91
20 NAS [ NAS | 12.85 | NAS | NAS 8 NAS NAS |6.34E+11] 319.74 [204.81 | 137.73
As mentioned before, the proposed multiobjective algorithm TABLE IV
is applied to solve the multiobjective facility location problems ANALYSIS OF VARIANCE RESULTS
in the literature [43]. The experlm.enFs are 1mplemeqted on 20 MOCYV Metric
test problems. Furthermore, to eliminate uncertainties of the
solutions, each problem is analyzed three times under differ- DourcellinE 85 MS b LS
’ ' Algorithms | 2 2152 107.6 2.81 0.069
ent random environments. Then, the averages of these three B 54 | 20662 383
runs are treated as the ultimate responses. The MOVDO algo- Total 56 | 2281.4
rithm compares with MOSA and NSGA-II as most applicable
Pare.:t.o—based MOEAs in the l'iterature to demonstra?e the ca- NOS Metric
pabllht'y o'f the proposed algorithm to solve the multiobjective Source | DF SS MS F P
optimization problems. Algorithms | 2| 2987.87 1493.93 328.13 | 0.000
To evaluate the performance of the proposed MOVDO, Ta- i 54 | 245.85 4.55
ble III reports the multiobjective metrics results on the 20 test Total 56 | 3233.72
problems, in which “NAS” indicates that the algorithm can-
not find the Pareto front in the reported time. MATLAB Soft- Spacing Metric
Ware.[34] has been used to code the proposed metaheuristic T SS MS F P
algorithms, and the programs have been executed on a 2 GHz Algorithms | 2 1257876422 | 6.28934E+21 | 0.88 0422
laptop with an 8 GB RAM. Error 54 | 3.87529E+23 | 7.17646E+21
The algorithms are statistically compared based on the anal- Total 54 | 4.00108E+23
ysis of variance (ANOVA) test. These outputs are reported in
Table IV in terms of the defined metrics. In order to clarify our CPU Time Metric
statistical results, Box-plots are represented in Figs. 7-10. Source | DF SS MS F P
Based on the statistical outputs presented in Table IV and Algorithms | 2 15482 7741 321 0.048
Figs. 8 and 10, NSGA-II shows better performances in terms Error 57 | 137322 2409
of NOS, while MOVDO has better performance in terms of Total 59 | 152804

the CPU time. In addition, according to MOCYV and spacing,
we represent the comparability of MOVDO in comparison with
NSGA-II and MOSA, in which the algorithms have no signifi-
cant differences and are statistically equivalent. We should note
that this conclusion is confirmed at the 95% confidence level.
Moreover, the graphical comparisons of all the metrics on 20
test problems are shown in Fig. 11. Based on these graphical
outputs, by increasing the size of the problems, the MOVDO

algorithm performs well especially in the terms of the NOS
and CPU time metrics. Furthermore, in test problems 19 and
20, NSGA-II and MOSA could not find the Pareto front. How-
ever, in these large size problems, MOVDO can find the Pareto
front. These features conclude the robustness of the proposed
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Boxplot of MOCV by Algorithms
304 *
25 i
*
204 |
g ]
— |
104
[ —
—e
i I
ol |
MOSA MOVDO NSGA-II
Algorithms

Boxplot of Spacing by Algorithms
7.0000E+11 4
®
6.0000E-+11
5.0000E+11+
2 4.0000E+11
v
& 3.0000E+11
2.0000E-+11 4
1.0000E+11
_&/L\é
0 o
MOSA MOVDO NSGA-TI
Algorithms

Fig. 7. Box-plot of the algorithm comparisons based on the MOCV metric.
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Fig. 8. Box-plot of the algorithm comparisons based on the NOS metric.

MOVDO in solving large-size multiobjective optimization
problems.

To increase the readability of the proposed MOVDO ap-
proach, Fig. 12 is used to represent the nondominated solutions
of a single run of the proposed MOVDO algorithm at the final
iteration.

In summary, a decision maker can select the best algorithm
based on his/her preference(s). MOVDO is the best method if
computational time is the most important metric for the decision
maker. In addition, MOVDO is more effective than NSGA-II and
MOSA in solving large problems. NSGA-II is the best method
if the NOS in the most important metric for the decision maker.

V. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

In this paper, we introduced the RQLAP in the literature and
formulated the problem as a multiobjective nonlinear integer
mathematical programming model. The congestion and relia-
bility concepts were considered in the problem formulation.
The RQLAP was solved to determine the number of optimal
facilities, the optimal allocation of the demand nodes into the
facilities, and the optimal number of servers at each facility.

Fig. 9. Box-plot of the algorithm comparisons based on the spacing metric.
Boxplot of CPU Time by Algorithms
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Fig. 10. Box-plot of the algorithm comparisons based on the CPU time metric.

The goals were to optimize the waiting time, costs, and relia-
bility, simultaneously. Due to the complexity of the problem,
we developed the multiobjective version of a novel metaheuris-
tic algorithm based on vibration theory called MOVDO. We
used NSGA-II and MOSA, two common metaheuristic algo-
rithms, to optimize the model and demonstrate the performance
of the algorithm. We developed three metaheuristic algorithms,
including MOVDO, NSGA-II, and MOSA to solve this NP-hard
problem. We used the standard metrics for multiobjective com-
parison to show that the MOVDO approach works better than
the other two algorithms, especially for larger size problems and
the metric of computation time.

For future research, the model can be extended by consid-
ering capacitated queue as M/M/m/k queuing systems. In the
proposed model, the service capacity is unlimited, while, in real
world situations, the service may be capacitated. The perfor-
mance of the proposed MOVDO can be evaluated in differ-
ent optimization problems. We also propose the application of
the proposed method to real-world problems including auto-
mated teller machines location, police department stations, and
telecommunication switching centers, among others.
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Fig. 11.  Graphical comparison of the algorithms based on the four metrics.
[2] O. Berman and R. Larson, “Optimal 2-facility network districting in the
presence of queuing,” Transp. Sci., vol. 19, pp. 261-277, 1985.
Fy [3] O.Berman, D. Krass, and J. Wang, “Locating service facilities to reduce
lost demand,” IIE Trans., vol. 38, pp. 933-946, 2006.
10000 [4] O. Berman and Z. Drezner, “The multiple server location problem,” J.
Oper. Res. Soc., vol. 58, pp. 91-99, 2007.
8000 [5] B. Boffey, R. Galvao, and L. Espejo, “A review of congestion models
in the location of facilities with immobile servers,” Eur. J. Oper. Res.,
e 900 vol. 178, pp. 643-662, 2007.
§ A [6] B.A. Arabania and R.Z. Farahani, “Facility location dynamics: An
#4300 $ overview of classifications and applications,” Comput. Ind. Eng., vol. 62,
i ; pp. 408-420, 2012.
[71 A. Chambari, S. H. A. Rahmati, A. A. Najafi, and A. Karimi, “A bi-
o objective model to optimize reliability and cost of system with a choice of
1 redundancy strategies,” Comput. Ind. Eng., vol. 63, pp. 109-119, 2012.
4 [8] C.A. Coello, G. B. Lamont, and D. A. Van Veldhuizen, Evolutionary
05 2 Algorithms for Solving Multi-Objective Problems, 2nd ed. Berlin, Ger-
0 % 10° many: Springer, 2007.
reliability 0% [9]1 D. W. Coit, “Maximization of system reliability with a choice of redun-
Quaue dancy strategies,” IIE Trans., vol. 35, no. 6, pp. 535-543, 2003.
[10] D.W. Coit and Liu, “System reliability optimization with k-out-of-n
subsystems,” Quality Safety Eng., vol. 7, no. 2, pp. 129-143, 2000.
Fig. 12.  Pareto solutions obtained from the proposed MOVDO approach. [11] R. B. Cooper, Introduction to Queuing Theory, 2nd ed. New York, NY,
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