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Abstract

The competitive facility location (CFL) problem has been widely discussed for many
years. In a typical facility location problem, decision makers need to determine the loca-
tions of facilities and allocate which users should go to which facilities. However, when
we discuss CFL problems, we find that the utility of each facility for consumers depends
on the resources allocated by decision makers to the facilities and the distance between
the facilities and consumers. In this case, user behavior cannot be forcibly determined by
decision makers; instead, consumers choose facilities based on their utility. In addition
to increasing attractiveness level of facilities by constructing additional enhancements,
decision makers can allocate different limited resources to the facilities. Different alloca-
tions of resources to different facilities result in varying attractiveness, creating another
source of facility and resource heterogeneity. Considering different resource types in the

allocation process makes our problem more realistic.

In our study, we consider a competitive facility location problem with different re-
source types, limited quantities for each resource type, and varying resource attractiveness
for different facilities. Decision makers need to determine the locations and quantities of
facilities and allocate resource types to each facility, aiming to attract as many served
users as possible to maximize profit. To solve this problem, we developed a mixed-
integer programming model and a heuristic algorithm. Through numerical experiments,
we observed that our algorithm produces results close to the optimal solution within an

acceptable time frame.

il
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Chapter 1

Introduction

1.1 Background and motivation

The problems associated with competitive facility location (CFL) have been extensively
examined over the span of several decades. In a standard competitive facility location
scenario, a decision maker must determine optimal locations for establishing facilities from
a predefined set. Also, the decision maker strategically positions them to rival existing
or future facilities of competing firm(s) in the market. The decision maker aims to gain a
competitive market share while the consumers in the market would choose a facility to be
served. The primary goals of this problem typically encompass profit maximization, cost

minimization, and other related objectives from the perspective of the decision maker.

In many cases, the quantity and placement of facilities frequently influence consumers’
inclination to purchase a product or engage in a service. Indeed, in numerous instances,

consumer demands may surge only when an adequate number of facilities are established.
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The public bicycle sharing systems around the world serve as an example. These systems
can only achieve success once a sufficient number of rental sites have been established

and an ample supply of bicycles has been provided.

In the context of the CFL problem, the cannibalization effect occurs when a company
introduces new facilities to compete with existing facilities for the same market share.
The new facilities attract customers who would have otherwise chosen one of the existing
facilities. Such an effect is also widely discussed in the previous studies (Aboolian et al.,
2007; Kugiikaydin et al., 2011; Yu, 2019). In simpler terms, the cannibalization effect
suggests that the presence of a new facility may draw customers away from the existing
facilities from all firms rather than attracting entirely new customers. This may result
in a shift of market share within the company’s own network of facilities, potentially

diminishing the overall sales or performance growth.

For a decision maker addressing the CFL problem, managing the cannibalization effect
becomes crucial. The decision maker needs to plan on how to introduce new facilities
in a way that minimizes the negative impact on existing facilities, ensuring that the
overall market share is increased rather than just redistributed among the company’s
own facilities. Balancing the placement and characteristics of new facilities is essential to

optimize the competitive position of the entire network.

As mentioned above, the cannibalization effect implies that a new facility may di-
vert customers from existing facilities of all firms, rather than bringing in entirely new
customers. However, we still aim to model the market expansion effect—capturing addi-
tional demand from customers who were not adequately served by the existing facilities.

Several works also mention the market expansion effect (Aboolian et al., 2007; Lin and
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Tian, 2021). We reckon that market demand should be endogenous (dependent on de-
cisions) rather than exogenous, so that the market demand is elastic and increases with

the total attractiveness of all facilities.

Beside all the aforementioned factors, we believe that there is another factor that
should be considered in CFL problems. Take vehicle-sharing systems as another note-
worthy illustration. Unlike public bicycle sharing systems with only one type of bicycle,
there are usually many different types of vehicles for customers to choose from in vehicle-
sharing systems. Customers would only be willing to use the vehicle-sharing service when
there are enough preferred cars nearby and plenty of spaces to park around destinations.
Also, different vehicle types are with varying attractiveness for customers. As a result,

the types of resources significantly influence the decisions made by the decision maker.

For the same vehicle-sharing systems example, the numbers of different vehicle types
are limited for decision maker. Therefore, a decision maker has to not only determine
the number and locations of rental sites but also consider how to distribute all cars
on hand to appropriate locations based on types of cars. This is a problem involving
resources allocation. Here are some other examples of similar scenarios that may involve
resources allocation. When building gyms, we must not only decide on the number and
locations but also allocate limited resources like fitness trainers strategically to attract the
maximum number of consumers. When constructing hospitals, we also have to allocate
specific resources to capture as much demand as possible, given that the numbers of

certain extremely expensive equipment are limited.

Although works of the CFL problem with attractiveness decision are proposed (Kiigiikay-

din et al., 2011; Lin and Tian, 2021), resources allocation is not involved. Therefore, we
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are going to discuss a CFL problem that a decision maker determines the number and
locations of facilities as well as allocates limited resources to them in order to gain a

competitive market share.

1.2 Research objectives

In this study, we explore a competitive facility location problem involving resource allo-
cation. A decision maker first selects locations to build facilities from a set of candidate
locations. At the same time, the decision maker determines how to allocate the available
resources to the established facilities. The total amount of each resource on hand are
limited. There are also upper bounds for the total amount of all resources and the total
amount of each resource for each facility. The resources have varying attractiveness val-
ues when assigned to different facilities. In addition to allocating resources to facilities,
the decision maker can also enhance the attractiveness level of each facility by adding
additional attractiveness. All resources and additional attractiveness enhancements come
with a cost. Groups of customers with varying population sizes are located in different
places. Customers would patronize the built facilities according to Huff’s gravity rule.
The demand from each group of customers would be split to each facility according to
the ratio of facility attractiveness and distance from facility. The goal is to maximize
profit by attracting a maximum number of customers while simultaneously competing

with existing facilities.

We consider a decision maker entering a market with existing facilities built by a single

firm or multiple firms. Customers in the market would choose a facility to be served. The
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gravity rule proposed by Huff (1964) will be employed to model the patronizing behavior
of customers in this research. A customer is more likely to choose a facility based on
its attractiveness, with the likelihood decreasing as distance from the facility increases.
Facilities of all firms are competing with each other to capture as much demand as
possible. Meanwhile, we assume that the competitors already exist and would not react
to the decision maker. We also assume that the decisions are permanent, meaning that

the locations and the distribution of resources would not be changed.

1.3 Research plan

In the next chapter, we will review some relevant literature about competitive facility
location problem. We will discuss the classical CFL problem and the CFL problem with
and without endogenous demands as well as attractiveness decision. In Chapter 3, we
will formulate our competitive facility location problem with resource allocation as an
integer program and prove its NP-hardness. The proposed algorithm will be presented
in Chapter 4. The numerical study and conclusion will be discussed in Chapters 5 and

6, respectively.
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Chapter 2

Literature Review

The Competitive Facility Location (CFL) problem diverges from classical facility loca-
tion problems in the operations research field due to their inclusion of competition among
facilities associated with different firms. The existence of competition is the primary fac-
tor that distinguishes the CFL problem from traditional location problems (Kii¢iikaydin
et al., 2011). The first competitive facility location problem is proposed by Hotelling
(1929). Hotelling considers the problem of locating two competing facilities along a seg-
ment, such as two ice-cream vendors along a beach strip. The distribution of purchasing
power along the segment is assumed to be uniform, and customers choose the closest
facility. In this case, competition exists among different firms. In a more general setting,
competition may also exist among facilities built by a single firm or multiple firms. The
subsequent discussion will cover various examples. Problem categories differ depending on
the objective function and constraints. In the following discussion, we will put emphasis
on whether the CFL problem considers diminishing marginal benefits and attractiveness

decision.
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2.1 CFL problem without diminishing marginal ben-

efit

In classical CFL problems, decision makers typically assume that customers always choose
the nearest facility when seeking optimal locations for opening new facilities. However,
Ljubi¢ and Moreno (2018) claim that customers have a preference for being served by
facilities based on their personal preferences, which may not always be known to decision
makers. Hence, random utility models are commonly employed to predict customer
behavior and the multinomial logit model is used to forecast the captured demand in
their study. Drezner et al. (2018) propose a CFL model that extends the gravity model

by assuming randomly distributed attractiveness of facilities as well.

Kigiikaydin et al. (2011) investigate a scenario in which a company or franchise pen-
etrates a market by establishing new facilities in the presence of existing competitor
facilities. The objective is to determine not only the optimal location but also attractive-
ness level of each facility to maximize the overall profit. Also, the competitor has the
ability to respond by modifying the attractiveness level of its current facilities with the
goal of maximizing its profit. A bi-level mixed-integer non-linear programming model is
introduced to depict this situation. Yu (2019) also proposes a scenario that two com-
peting firms, a leader and a follower are involved, and the leader aims to establish p
chain facilities from a set of potential locations while expecting the follower to respond
by initiating ¢ facilities. Moreover, this study adopts the partially proportional rule

with a threshold instead of Huff ’ s gravity-based rule to characterize consumer behavior
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patterns. A bi-level programming model is formulated to describe this problem.

The works mentioned above do not consider the diminishing marginal benefit in cus-
tomer demand; in other words, they assume market demand is exogenous rather than
endogenous (decision dependent). As a result, we will delve deeper into research regarding

endogenous market demands.

2.2 CFL problem with diminishing marginal benefit

Berman and Krass (2002) propose the spatial interaction model with variable expendi-
tures, and Aboolian et al. (2007) follow the approach to consider the problem of locating
a set of new facilities that compete for customer demand, both among themselves and
with existing facilities, aiming to capture the effects of “ market expansion ” and “ mar-
ket cannibalization. ” Also, Kung and Liao (2018) investigate a profit-maximizing service
provider s CFL problem. The service provider decides where to build facilities by con-
sidering the stand-alone benefit of a single facility and the network benefit between a
pair of facilities. To capture the diminishing marginal benefit property, a consumer ’ s
willingness to use the service is modeled as a non-decreasing concave function of the sum

of all benefits.

Although the works mentioned in this section examine the market expansion effect
and the network effect, none of them consider that the attractiveness level of the facilities
is a decidable factor with an impact on customers’ decisions to patronize. Even the
attractiveness of the facilities is taken into consideration, it is not decidable. They assume

that the attractiveness of the facilities is the same or follows a certain distribution. Yet, as
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the decision maker, we should have the ability to decide how much to invest in enhancing
the attractiveness level of the facilities we build, aiming to attract customers and compete
with competitors. Although the attractiveness decision is considered by the study of
Kigikaydin et al. (2011) mentioned in section 2.1, the market demand is assume to be

exogenous in their work.

2.3 Diminishing marginal benefit and attractiveness

decision

Lin and Tian (2021) try to solve a competitive facility location problem where a com-
pany enters a market with established competitor facilities. The explicit consideration
includes the market expansion effect resulting from the introduction of new facilities and
the supplementary decision on zone-specific attractiveness level aiming at enhancing the
overall attraction of a facility to a specific customer zone. In short, this study allows

decision maker to determine or adjust the attractiveness level of the facilities.

In our study, we also consider diminishing marginal benefit and attractiveness deci-
sion. However, there is one key factor that differentiates our study from Lin and Tian
(2021). In the work of Lin and Tian (2021), the trade-off is solely between investment
cost and attractiveness enhancement. Nevertheless, it may not be sufficiently complex
to model scenarios that involve resource allocation. Therefore, the decision maker deter-
mines the attractiveness level of the facilities by allocating different resources to them,
rather than arbitrarily assigning attractiveness level in our model. There are also relevant

constraints with respect to different resources. In certain instances, the same level of at-
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tractiveness enhancement may be achieved by investing different resources, regardless of
whether the costs of resources are equal. By considering attractiveness of facilities with
resources allocation, we can model a more complex scenario that could not be addressed

in previous research.

10
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Chapter 3

Problem Description and

Formulation

In this section, the problem statement and formation of our competitive facility location

problem with resources allocation are provided.

We consider a decision maker deciding the optimal facility locations to allocate specific
resources, aiming to establish facilities with varying attractiveness level. The goal is
to maximize profit by attracting as many customers as possible while competing with
existing facilities. Let J = {1,2,3,...,|J|} denote the set of locations where a facility
may be built, and K = {1,2,3,...,|K|} represent the set of resource types that the
decision maker could allocate to the facilities. For ease of exposition, we may call the
facility built at location j as facility j from time to time. The decision maker have to
choose locations to build facilities with specific resources. To model this, let y; € {0,1}
be 1 if a facility is built at location j, otherwise y; is 0, and x;; > 0 represents the amount

of type k resource allocated to facility 7. Assume that U ijT is the maximum amount of

11
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resource k could be allocated to facility j. According to above definitions, we have the

constraints

v <ULy VjeJkek, (3.1)

which ensures resources can only be allocated to the facility that is built and the maximum

amount of the allocated resources are restricted as well.

There is also a maximum allocation limit for each resource and a maximum capacity

for each facility, assumed to be U] and UjL , respectively. Then we have

Y wp <U, VkeK (3.2)
jeJ

and ijk < UjL, Vi€ J, (3.3)
keK

which state that total allocation for each resource must not exceed the limit and that

resources for each facility cannot surpass the capacity.

We also assume that each unit of resource k would yield attractiveness Vj;, when
allocated to facility j. Furthermore, we have the allowance to enhance the attractiveness
level of the built facilities. Let a; represent the additional attractiveness added to facility
J. Then the attractiveness level of facility j would be >, . Vjrjx +a; and the following

constraint

a; < Ay;, VjelJ (3.4)

12
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ensures additional attractiveness can only be added to built facilities, where A is the

maximum amount of additional attractiveness.

To formulate the decision maker * s objective function, we still need to define the
customer set and the competitor set, as well as make some necessary assumptions. We
define I = {1,2,3,...,|I|} as the set of customer locations. Similarly, we call customer
at location 7 as customer 7. The maximum demand for customer 7 is H;. We also define
L = {1,2,3,...,|L|} as the set of existing competitor facility locations and calling the
competitor facility at location [ as competitor [. According to Huff * s gravity-based rule,

the utility of facility j for customer ¢ is defined as

(ZkeK kT ik + ay)
D2 ’

where D;; is the distance between customer ¢ and facility j and function Ej(-) is non-
decreasing, concave, and passes through the origin. The function E;(-) is introduced
here to model the diminishing marginal utility of yield attractiveness. Also, the utility

of competitor [ for customer 7 is defined as

where A; is the attractiveness level of competitor | and D;; is the distance between

customer ¢ and competitor [. The total attractiveness of all facilities to customer 7 is

Z kl’ ik —+ a; ) zzll
TA Z kEK ] J J + Z —=. (37)
jeJ ler i

13
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We assume that the probability of a customer ¢ choosing facility j is

p. - Ej (D ek Viein + aj)/DiZj 38
i = TA , (3:8)

where the denominator signifies the combined attractiveness contributed by both our
facilities and the competitor’s facilities to customer i, whereas the numerator represents

the attractiveness level of our facility j to customer 1.

Furthermore, the effective demand of customer i, H;, is assumed to be elastic and to
increase with the total attractiveness of all facilities to customer 7. Then the effective

demand of customer 7 would be

where function G(-) is a non-decreasing, concave, and non-linear function that passes
through the origin. Next, the total demand from customer ¢ captured by our facilities

would be represented by

> ies Bi( e Vinwji + a;)/ D,

: — H. .G (TA:
Wi(x,a) i+ Gi(TA;) x TA,

(3.10)

We have everything we need to formulate the decision maker * s objective function.

The total profit from attracted customer is

Z Wi(z,a) — Z(ijj + Cja; + Z Bjxx k), (3.11)

il jeJ keK

14
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where Fj is the fixed cost of building facility j, C; is the cost of adding a unit of extra

attractiveness at facility j, and B, represents the cost of allocating a unit of type k

resource to facility j.

Collectively, we may formulate the decision maker ~ s problem as

max Z Wi(x,a) — Z(ijj + Cja; + Z Bjkzi)

iel jeJ keK

st xj < Uj%Tyj Vield Vke K

> wp <U{ VkeK

jedJ

dan<UF Vied

keK

(ljSij VJEJ

rj, >0 VjelJ Vke K (3.12)
a; >0 VjeJ (3.13)
y; € {0,1} Vje (3.14)

Table 3.1 introduces all the decision variables mentioned above, and Table 3.2 intro-

duces all the sets and parameters mentioned above.

Decision variables

Yj A binary variable that verifies whether a facility is built at location j

Tk A non-negative variable that verifies the units of type k resource allocated
to facility j

a; A non-negative variable that verifies the units of extra attractiveness
added to facility j

Table 3.1: List of decision variables

15
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Sets

The set of customer locations, I = {1,2,3,....|I|}

The set of candidate facility locations, J = {1,2,3,...,|J|}

The set of resource type, K ={1,2,3,..., | K|}

The set of existing competitor facility locations, L = {1,2,3, ..., |L|}

Parameters

SIS es

RS

The maximum amount of resources k could be allocated to facility j
The maximum allocation limit for resources &
The maximum capacity of facility j

The yielded attractiveness of a unit of type k resource allocated to facility

J
The maximum demand for customer ¢

The distance between customer ¢ and facility j

The distance between customer i and competitor [

The attractiveness of competitor facility [

The fixed cost of building facility j

The cost of adding a unit of extra attractiveness at facility j

The cost of allocating a unit of type k resource to facility j

Table 3.2: List of sets and parameters

Furthermore, we can show that our optimization problem exhibits some kind of con-

vexity in the following theorem.

Theorem 1. The program defined in (3.1) to (3.4) and (3.11) to (3.14) is a convex

program if variables y; are relazed to be continuous within [0, 1].

Proof. First, all the constraints are linear constraints if variables y; are relaxed to be
continuous within [0, 1], so the feasible region is convex. Secondly, we are going to prove

that (3.11) is a concave function. Let

Tz’:Z [AI/D?zL

leL

16

doi:10.6342/NTU202402305



which implies

TAZ([E,CL):Z E](Zvjkw]qua])/ij +Tz

jeJ keK

Then T'A;(x, a) is the sum of concave functions since E;(+) is non-decreasing, concave, and
passes through the origin. As a result, T'A;(z, a) is concave. We then evaluate W;(z,a).

We define
WiY) = H; x piy = H; - Gy(Y) % (1 - ?> ,

then we have

Wi(x,a) = Wi(TAi(xaa)) = H; x pij = Hi - Gi(TA;) % <1 B Tr;l) '

We may derive the first-order derivative of fVIZ(Y) with respect to Y as

W'(Y) = H, <y<1_ﬁ> (V)]
W) = |61 (1= 5) + G
Given that G;(-) is non-decreasing, concave, and passes through the origin, and that

W!(Y) >0 for Y > r;, it follows that W;(Y') is increasing if Y > r;. Moreover, we have

W) = H, [G;'m (1-%)+Gmm - G*Y’%}

-y [G;'(Y) (1 - T?) + % [GUY) Y — Gi(Y)]] .

17
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Let

n(Y)=Gi(Y)-Y = Gi(Y),

then we know that

and

n(Y)=G/(Y) Y <0forY >0.

In other words, since 7(+) is non-increasing and passes through the origin, n(Y") will be less
than or equal to 0 for any Y greater than or equal to 0. As a result, W”(Y) <0forY >0,
which means W;(Y) is concave when Y is non-negative. Then we can know that W;(z, )
is also concave since it is the composition function of W(Y) and T A;(x, a) where W;(T A;)
is concave and non-decreasing while T'A;(x, a) is concave and greater than or equal to r;.
Knowing that W;(z, a) is concave, we can further infer that (3.11) is also concave since it
is the sum of multiple concave functions if variables y; are relaxed to be continuous within
[0,1]. Finally, the feasible region is proved to be convex, and (3.11) is also demonstrated
to be a concave function. Consequently, we are maximizing a concave function, which

makes it a convex program. [

Before we move to the next section, the solvability of the problem also needs to be

considered. Kung and Liao (2018) establish in Proposition 1 that their facility location

18
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problem is NP-hard under conditions of diminishing marginal benefits, even in scenarios

without network effect. That is,

iTi | — hix; 3.15
sy o (o) - S 15

1€l i€l

is NP-hard as long as g(-) is concave and non-linear. Nevertheless, our competitive facility
location problem with resource allocation can be viewed as equivalent after appropriate
simplification. If we fix the cost of adding extra attractiveness C, the cost of allocating
resources Bjy, the attractiveness of competitor facility 4;, and the units of extra attrac-
tiveness added to facility a; to be 0, and also fix the distance D;; between customer and
facility, the number of resource types |K|, the number of customer location || to be 1,
and set the function Ej(-) as linear and passing through the origin as well as relax all the

constraints without the binary constraint (3.1) while setting U ijT as 1, then our problem

will be

H- vl = ST o 1
w0 G<ZVJ‘%> 2 Fo 310

jedJ j€J

The two problems (3.15) and (3.16) can be viewed as equivalent. If a problem is NP-hard
after being simplified, it indicates that the original, more complex problem is also NP-
hard. Therefore, since our problem is NP-hard after the above simplification, our original

competitive facility location problem with resource allocation is also NP-hard.

19
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Chapter 4

The Algorithm

4.1 Overview

Developing heuristic algorithms is a common approach to solving NP-hard problems.
In this chapter, we propose a Lagrangian relaxation-based algorithm with dimension
reduction (LRADR) for our specific problem. In each iteration of our proposed algorithm,
we obtain the optimal solution under the given Lagrangian multipliers by solving the
relaxed convex programming problem. We then update the Lagrangian multipliers based
on the optimal solution obtained from the relaxed program, aiming to achieve a tighter
upper bound in subsequent iterations. The iterations continue until the termination
conditions are met. However, the solution obtained from the iterations may not be feasible
for the original problem. Consequently, some appropriate adjustments are incorporated
into our proposed algorithm. The details of the Lagrangian relaxation-based algorithm
with dimension reduction will be discussed in the following sections. The flowchart of the

algorithm is in Figure 4.1.

20

doi:10.6342/NTU202402305



START
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§4.2.1
Relaxation of the original problem
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§4.2.2
Simplification of the model
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§4.2.3 P

Yes \HTV‘
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2

[ If n # 0, updating Lagrangian multipliers by calculating the subgrdients

§4.2.3
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Y

[ Solving the subproblem obtained from the simplified model
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§4.2.3
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> §4.2.4
»|  Adjusting infeasible solution

Y

END

Figure 4.1: The flowchart of the Lagrangian relaxation-based algorithm with dimension

reduction
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4.2 The Lagrangian Relaxation-based Algorithm with

Dimension Reduction

4.2.1 Relaxation of The Original Problem

To address the original non-lienar integer problem more efficiently, our approach involves
developing a heuristic algorithm to avoid the time-consuming process of solving problems
with integer variables. As a result, we initially relax constraints (3.1) and (3.4) that
contain integer variables. Furthermore, we observe that constraint (3.2) connects different
facilities and constraint (3.3) connects different resources, which can pose challenges when

devising a heuristic algorithm. Therefore, constraints (3.2) and (3.3) will also be relaxed.

We relax the original problem by introducing Lagrangian multipliers Aj; > 0, p; >
0, pr > 0 and o; > 0 for dualizing constraints (3.1), (3.2), (3.1) and (3.4), respectively.
The method for determining the values of the Lagrangian multipliers will be discussed in

the following sections. Then the relaxed problem can be formulated as

LA p, p,0) = max Y Wi(x,a) = Y (Fjy; + Cja; + Y Bjwje)

iel jeJ keK

202 Uy — ) + DU = Y )
jed kek jed kek

+ Y U =Y wp) + ) oi(Ay; — ay) (4.1)
keK JjeJ jeJ

st.xj, >0 VjeJ Vke K

CLjZO VJGJ
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y; € {0,1} VjeJ

4.2.2 Simplification of the model

To facilitate the observation of the relationships between various variables and coefficients,

we further refined the terms of the model after relaxation as

L(\, i, p,0) = max Z Wi(z,a)

iel
Y | =Fi 4 ) AU+ oAy
JE€J keK

TG o
jeJ

+ Z Z [=Bjk — Ajk — 15 — Pr] Tj
jeJ keK

+ ) U+ U (4.2)
jeJ keK

st.zj, >0 VjeJ Vke K
CLjZO VJEJ

y; € {0,1} Vje

Observing the model above, we find that the value of the decision variables y; is
actually determined solely by its coefficient [—Fj + D kek /\ij 2+ O'JA} since y; is not
part of Wj(x,a). To maximize the objective value, y; should be 1 if its coefficient is
positive, otherwise y; should be 0. As a result, the decision variable y; is no longer

necessary to be included in the optimization model since it can be determined directly
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by observing its coefficients. Let’s define a set Jp to simplify our notation:

Jp = {j:—Fj—i—Z)\ijijT—i—ajAZO}. (4.3)

keK

That is, in the optimal solution, y; = 1 for j € Jp and y; = 0 otherwise. Therefore, the

value of y; is known without needing to be included in the model.

Furthermore, we find that it is actually not effective for the relaxed model to add extra
attractiveness and allocate resources to a facility simultaneously, since the constraints
regarding the maximum allocation limit for each resource and the maximum capacity for

each facility are relaxed. Recall the objective function (4.2) of the relaxed model where

1 ZZGL [Al/Dz'Ql}]

and

TA, = Z ZkeK Jk%k + a;) n Z ﬁ

7
jeJ ler i

We can take —C; — o0; as the unit cost of adding extra attractiveness to facility j and

ik — \ji — 4 — pr. @s the unit cost of allocating type k resource to facility j. At the same
time, the attractiveness yielded by adding a unit of extra attractiveness and allocating
a unit of resource k to facility j are 1 and Vj;, respectively. Because there are no limits
on the amount of extra attractiveness and resource allocation, the model will choose to
achieve the same total attractiveness in the most cost-effective manner according to the
ratio of yielded attractiveness to the cost spent. This can be done either by only adding

extra attractiveness without allocating any resources or by only allocating a single type
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of resource without adding extra attractiveness, depending on which option is more cost-
effective at each facility. Then we can define several sets accordingly to simplify our

notation. More precisely, we define

k; = ar%gl(ax Bt )\j‘]jj_’:_ . Vied (4.4)
and
J=J U Jy, (4.5)
where
Jl:{jEJ:CjiajZ jk;;_‘_’_/\j;jj:ﬂ/j—}_pk;‘}, (4.6)

1 Vi
Iy = {j e < 7 } . (4.7)

Cj+0o;  Bjk: + Njiz + 15 + pie

That is, it is more cost-effective to add extra attractiveness instead of allocating resources
to the facility for j € Ji, and to allocate type £} resource instead of allocating any other

resources or adding extra attractiveness to the facility for j € Js.

In conclusion, in the optimal solution, the model would choose to add extra attrac-
tiveness without allocating any resources to the facility for all j € J;, and it would
choose to allocate resource £} without allocating any other resources or adding any extra
attractiveness to the facility for all j € J;. Consequently, we can further simplify the

variables and refine the model to facilitate the solving process. The aforementioned (3.7)
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and (3.10) will be refined as

where

TA =Y [Eja;)/D?)] Z[ Visjus)/ D ]+Z A,/D?] (4.9)

JjeN JEJ2 leL

and the relaxed model (4.2) and the constraints (3.12), (3.13) will be refined as

el

+ Z [=C; —aj]a,
Jjeh

+ Z [_Bjk’.‘ — Ajkz — 1y — sz*] Ljks
JEJ2

+ZﬂjUJL+Z/)kUE (410)
jeJ keK

s.t. Q. Z 0 VJ € Jl (411)

According to Theorem 1, this is also a continuous convex program so that can be solved

by a typical solver. We summarize the above relation in the following theorem.

Theorem 2. The optimal solution to the program defined in (4.2) and (3.12) to (5.14)
is equivalent to the optimal solution to the program defined in (4.10) and (4.11) to (4.12)

while y; =1 for all j € Jg and y; = 0 otherwise.
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4.2.3 The Iteration Process for Optimizing the Lagrangian Mul-

tipliers

In the iteration process of Lagrangian Relaxation (LR), we are trying to solve the problem

w* = min L(\, 1, p,0). (4.13)

A>0,1>0,p>0,0>0

Since L(\, pu, p, o) is the upper bound of the original problem given the positive La-
grangian multipliers according to weak duality of Lagrangian relaxation, w* represents the
tightest upper bound that is closest to the original optimal value among all L(\, i, p, o).
The algorithm we use to find w* is called the subgradient algorithm. That is, in every
iteration, we solve the optimal L(\, p, p, o) value by the solver given Lagrangian multipli-
ers \, i, p, o and find a subgradient of L(\, i, p, o) to update the Lagrangian multipliers
accordingly. This process aims to make the L(A, p, p, o) value smaller and smaller in the
following iterations. The whole process continues until the termination conditions are

met. The steps of the subgradient algorithm are as follows:

1. Let n = 0. Get the initial Lagrangian multipliers \°, p°, u% and o, where

p° = [l

' = [l ]
= [0%0%].
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0o 0 ,0 0 :
The Xji., py, p5, and o above can be any non-negative value.

2. Check if n reaches the predetermined maximum iteration number N. If it does,

stop.

3. Ifn#0, let

ik = )‘?k:_l - RLM ‘ h?k(y(n_l),:r(n_l)),
n_ om0

Pk =P = g (@ (n-1)),

i ==~ i 1 @e-n),

n n—1 5 o

=9~ ara W, ae-):

The step size, %H, will decrease as the iteration number increases where ¢ should be
non-negative. h*(-), h?(-), h*(-), and h?(-) are derived form the relaxed constraints

(3.1), (3.2), (3.3), and (3.4) where

W @-n) = @i = US
jeJ

L

W (2n) = > wk = Uf,
keK

h?(ly(n—l)u a’(n—l)) - aj - Ay]

4. Solve L(A"™, ™, p™,0™) and get Yy, Ay, and x(,).

. . . . n o ,,n n Ln\__ n—1 ,n—-1 n—1 -n—1
5. Ifn # 0, check if the improvement is too small, that is, ZA™ ’Lp(/’\i,)l fﬁ‘l ST Ty ) <

€, where € is the predetermined threshold. If this condition is met, stop.
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6. Let n=n+ 1.

7. Repeat steps 2 through 6 until the termination conditions are met.

After completing the steps above, the minimum value L(A™, u™", p" , 0™ ) is the closest

value we can obtain to w*, and the corresponding ¥+, a(,+), and x(,«) is the solution.

4.2.4 Adjusting Infeasible Solutions

The solution obtained from the iteration process, which we call the initial infeasible
solution, may not be feasible for the original non-lienar integer problem. As a result,
some necessary modifications are needed. The initial infeasible solution may be infeasible
due to violations of constraints (3.1), (3.2), (3.3), and (3.4). The details of the violations

are as follows:

 Violation of constraint (3.1): The type-k resource is allocated to facility j while

facility 7 is not built, or the amount of allocated resource exceeds the limit.

« Violation of constraint (3.2): The total amount of type-k resource allocated to the

facilities exceeds the limit.

« Violation of constraint (3.3): The total amount of resources allocated to facilities

j exceeds the capacity.

« Violation of constraint (3.4): The extra attractiveness is added to facility j while

facility 7 is not built, or the amount of added extra attractiveness exceeds the limit.

The process of adjusting the initial infeasible solution to make it feasible will be divided
into two stages. In the first stage, we will obtain several fundamental feasible solutions,
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which will be further combined and improved in the second stage to get the final solution.

The flowchart of the adjustment process is in Figure 4.2.

In the first stage, we will obtain two fundamental feasible solutions. These solutions
are named Solution Reduced and Solution Erpanded. The only difference between these
two fundamental feasible solutions lies in the first step of the obtaining process. Steps 2

to 5 are identical for both solutions. The detailed steps are as follows:

1. (a) For Solution Reduced: For each facility j, if resources are allocated (z;;, >
0 for any k € K) or extra attractiveness is added (a; > 0) to an unbuilt one
(y; = 0), the amount of allocated resources or added extra attractiveness to

the facility will be set to 0 (i.e., zj; and a; will be set to 0).

(b) For Solution Ezpanded: For each facility j, if resources are allocated (xj, >
0 for any k € K) or extra attractiveness is added (a; > 0) to an unbuilt one

(y; = 0), the facility will be set as built (i.e., y; will be set to 1).

2. For the built facilities, if the extra attractiveness added to it exceeds the limit A,

the amount of the added extra attractiveness will be set to the value A.
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Initial infeasible solution

Y A4
Step 1 (a) Step 1 (b)
For Solution Reduced: For Solution Expanded:
Setting resources and extra attractiveness Setting unbuilt facility with resources
of unbuilt facility as 0 and extra attractiveness as built
Step 2
Dealing with excessive extra attractiveness in built facilities
— v
Step 3

Dealing with excessive resources of built facilities due to facility capacity

v v

Step 4
Dealing with excessive resources of built facilities due to resources limit
Step 5
Solving the reduced original problem to get the fundamental feasible solution

ﬁolutiom Reduced/ ﬁﬂution ExpandeV

L I he First Stage

v The Second Stz ge

Step 1
Let the current solutlon Solution Reduced, and Solution Expanded be (y© , ,a%), (y®, 2
and (y%, 2F, a®) respectively then setting (3%, ¢, a%) = (y*, 2%, a ) initially.

ya't),

Step 2
[ Ranking the differing facilities of two fundamental feasible solutions by their yielded attractiveness

¥

Step 3
[ Solving the reduced original problem by including the highest-ranked facility as built

Step 4
Objective value is higher?

£ Yes

[ Updating the solution ]

| !

Step 5 Yes
Removing the highest-ranked facility from
the ranking set

Step 6
Ranking set is empty?

No

Figure 4.2: The flowchart of the infeasible solutions adjusting process

3. For the built facilities and all types of resources, if the amount of type k resource
allocated to facility 7 exceeds the limit U ijT or the facility capacity U ij the amount
of type k resource allocated to facility j will be set to min(U/", U}).

J
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4. For all types of resources, if the total amount of allocated type k resource, denoted
as Totaly, exceeds the maximum allocation limit for type k resource U}, the amount
of type k resource allocated to each facility will be reduced proportionally. This

T
reduction is achieved by multiplying the allocation amount at each facility by %’;lk

5. Finally, we solve the reduced original problem by the solver given the built facil-
ity. That is, we solve the original problem but fix the built facilities as the ones
obtained from step 1, instead of allowing the model to determine which facilities to
build using integer variables. The reduced original problem will then be an convex
program with significantly fewer variables, making it easier to solve. Ultimately,

the fundamental feasible solutions are obtained.

After the steps above, the obtained solutions are already feasible. However, the solutions

can be further improved to get a higher objective value in the second stage.

Next comes the second stage. Between the two methods mentioned in stage 1, Solution
Expanded is expected to build no fewer facilities than Solution Reduced. The facilities
built in Solution Reduced will also be built in Solution Ezpanded. In stage 1, the stations
that differ between the two methods will either be fully built (Solution Expanded) or not
built at all (Solution Reduced). However, the decision of whether to build the differing
facilities should be more flexible. As a result, we propose a selection algorithm with the

following steps.

1. Let the current solution, Solution Reduced, and Solution Expanded be (y©, z, a®),

(y®, 2f) aft), and (y¥, 2, a¥) respectively. Set the starting current solution as

Solution Reduced. That is, set (y©, 2, a®) = (y#, 2%, a®) initially.
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2. We define the set of differing facilities as

Jag={jeJ:yF=0y =1}. (4.14)

For all j € Jgg, we rank the facilities by their ratio of yielded attractiveness and

Pker VikTiktay
Fy

building cost, which is , in descending order. The rank of the differing

facilities is further defined as a set
R={R;|j€ Jan}, (4.15)

where R; = 1 for the facility with the highest yielded attractiveness and R; = |Jag|

for the facility with the lowest yielded attractiveness.

3. Solve the reduced original problem mentioned in the first stage by including the
highest-ranked facility as built. That is, we solve the original problem but fix the

built facilities as the ones in the set

N:{jGJ:yle}U{argminRj}. (4.16)

JE€Jaifr

4. Check if the objective value increases. If it does, update the current solution (3,

29, a®) as the one obtained from step 3.
5. Remove min(R) from R.
6. Verify if R = ¢. If so, the final solution is achieved, which is (y“, ¢, a“); otherwise,
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return to step 3.

After completing the two-stage adjustment process, we obtain the final feasible solu-

tion.
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Chapter 5

Numerical Study

5.1 Experiment Setting

To demonstrate the experimental results of the algorithm under different problem scales,
we evaluate its performance by considering the size of several factors. The factors include
the number of customer locations |I|, the number of candidate facility locations |J|, the
number of resource types |K|, and the number of existing competitor facility locations

|L|. We define the instance sizes as Table 5.1.

Instance size |I| |J| |K]| |L]

Small 3 25 1 4
Medium 6 225 3 9
Large 9 625 5 16
Extra Large 12 1225 7 25

Table 5.1: Instance size definition

At the same time, the aforementioned functions G;(-) and E;(-) are set as G;(x) =
1 —209022) yj ¢ [ and E;(z) = 40 — 40 x 2(092) vj ¢ J.
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The problem sizes above represent the four scenarios of our experiment, and we gen-
erate 100 instances for each scenario. The experiments were conducted on a MacBook
Pro equipped with an Apple M1 Pro chip, a 10-core CPU, and 16 GB of unified memory.
The Lagrangian relaxation-based algorithm with dimension reduction for all instances
and the original non-lienar integer problem for small instances were implemented and

solved using LINDO API 15.0 via Python 3.10.

5.2 Benchmarks

Besides the Lagrangian relaxation-based algorithm with dimension reduction, we also
develop two other methods to get the benchmarks of the solution. We solve the contin-
uous relaxation of the original problem to obtain the upper bound value. Additionally,
we designed a greedy heuristic to attempt solving the problem, aiming to compare its

performance with our Lagrangian relaxation-based algorithm with dimension reduction.

5.2.1 The Continuous Relaxation of The Original Problem

To better evaluate the performance of our Lagrangian relaxation-based algorithm with
dimension reduction, we aim to obtain the upper bound value of the problem by solving
the continuous relaxation of the original problem (CROP). That is, by relaxing the only
integer variable y; from the original problem to be linear within the interval [0, 1], the
problem becomes a convex programming without integer variables that is easy to solve by
a typical solver. However, the feasible region of the continuously relaxed problem expands

after the relaxation. Consequently, the objective value of the problem increases, making
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it a suitable candidate for an upper bound. We also solve CROP using LINDO API 15.0
via Python 3.10. The detailed results of this benchmark will be further discussed in the

next section.

5.2.2 The Greedy Heuristic Algorithm

The greedy heuristic algorithm (GHA) we propose is a relatively intuitive yet not opti-
mized solution. It employs the concepts of greedy search and iterates until convergence.
According to the experimental results, GHA can serve as a benchmark for comparison
with LRADR we proposed. The main concept of GHA is to build the currently most ef-
fective facility with a certain level of resources and extra attractiveness in each iteration.
Despite its relative intuitiveness, the process of GHA is not simple. The flowchart of the

GHA are divided into two stages as Figure 5.1 and Figure 5.2.

Before elaborating on the detailed steps of GHA, we first define the "maximum ef-
fective attractiveness” as 6, where E(6) reaches 99% of the maximum value of the E(-)
function since the growth of the function E(x) becomes negligible as = increases. In our
experimental setting, the maximum value of the function E(z) = 40 —40-27°92 is 40, so
0 should be the value that makes F(0) = 40 x 0.99 = 39.6. Numerically, we can calculate
the value of # is around 132.877. As a result, 6 will be considered the maximum level of

allocated resources and additional attractiveness for each facility.

Furthermore, we introduce the concept of “completely built”. Given an starting solu-
tion (y°, 2°, a”), to build an additional facility ; completely with attractiveness m, we

follow this procedure:
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Step 1
Initializing all decision variables of the current solution
(¥%,2%,a%) to 0 and set OBJyes; to 0

v

Step 2
Ordering all unbuilt facility (i.e., yjc =0VjeJ)in

increasing order of j as
J1s Jos -+ ., ji and defining 6™ = 6, 65 = 1¢

l

Step 3
Initializing n = 1,m = 1, Statusupdated = 0 and set Setm=m+1,

Yes _
| (ys,wsvas) _ (yc,mc)ac) J ® n=1

|

Step 4
Calculating the objective value OBJ and solution
(y, z, a) of setting facility Jn as an additional
completely built facility with attractiveness 85" given
the starting solution to be (y%, 2%, a®)

No

A

A

Step 9

Step 8 N The solution of the first
Statusupdatea = 1 ° stage (yFist gFirst | gFirst
Updating = (y¢,2C, aC)_
Step 5 ves —»| (#5209 = (3,2,0),
OBJ > OBJyest OBJyest = OBJ ,

and Statusupdated = 1 Yes @

Figure 5.1: The flowchart of the first stage of GHA

Set y = y° and update y; =1

Allocate as much resource k£ with the highest V5, to facility }\ as possible , stop-
ping when one of the constraints (3.1), (3.2), or (3.3) is not satisfied, or until the
attractiveness of facility j reaches the value 7. That is, let k% = arg max Vi (A];LkT

keK 7

be the remaining resources k:;k could be allocated to facility }, U L. be the remaining
J

allocation limit for resources k§’ and U;L be the remaining capacity of facility 3,

Ve

then set z = z° and T will be updated as min LT U,z;, Uf,
7 7 Jk%
J

gk
Add as much extra attractiveness to facility 3 as possible until the the constraints
(3.4) is not satisfied, or until the attractiveness of facility j reaches the value 7.
That is, set a = a® and update a; to be min { A, 7 — xﬁ%VA

i
%5
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Step 1
Initializing the current solution (¥°, 2%, aC)
as (yFst, 2t oFirst) and set OBJyest to OBJirss

v

s \

Step 2
Ordering all unbuilt facility (i.e., y]C =0VjeJ)in
increasing order of jas ji, jo, ..., Jn and defining
gSecond — 20 g 1y 193 7

100

Step 3 Yes No
Initializing n = 1,m = 1, Statusypgatea = 0 and set
(y°,2%,05) = (y°,2,a°)

|

Step 7
Statuspdated = 1

Step 4
Calculating the objective value OBJ and < No
solution (y, z, a) of setting facility Jn as an additional |—
completely built facility with attractiveness #5econd [
given the starting solution to be (y°,z%, a”) A v

Step 9

The solution of the first stage
(ySccond’ zSccond’ aSecond) — (yC’ $O’ aC).

Updating
(¥°,2%,a%) = (y,z,0),
OBJypest = OBJ

and Statusypated = 1 @

Step 5
OBJ > OBJyest

Figure 5.2: The flowchart of the second stage of GHA

(d) (y,z,a) will be the solution of building an additional facility J completely with

attractiveness 7 given an starting solution (y°, 27, a”).

Then the detailed steps of the first stage of GHA are as follows.

1. Initialize all decision variables of the current solution (y©, 2%, a®) to 0, and set the

best objective value currently found OB Jy,e as 0.

2. For each unbuilt facility (i.e., y]C =0Vj € J ), we order them in increasing order

of j and rename them as ji, jo, ..., jn. Also, we define ¥t = ¢ and g5t = 16.

3. Initialize n = 1, m = 1, Statusypaatea = 0, and set (y°,2°,a%) = (y, 2%, a").

4. We calculate the objective value of setting facility En as an additional completely
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First
Qm

built facility with attractiveness given the starting solution to be (y°, 2%, a”).

The corresponding objective value and solution are OBJ and (y,z,a) .

5. Check if OBJ > OBJyes. If it does, update (y©,2%,a%) = (y,2,a), OBJpest =

OBJ, and Statusypdated = 1.

6. Check if n < N. If it does, set n = n + 1 and go back to step 4; otherwise, proceed

to step 7.

7. Check if m < 2. If they do, set m = m+1,n = 1 and go back to step 4; otherwise,

proceed to step 8.

8. Check if Status,pdated = 1. If it does, go back to step 2; otherwise, move to step 9.

9. The first stage of GHA ends. The solution of the first stage is (y"st, p¥irst qFirst) —

(y°, 2%, a%) and the objective value is OBJpis; = OB Jpest-

However, the solution obtained from the first stage can be further improved by con-
sidering to build additional facility completely with more detailed maximum effective
attractiveness level. Nevertheless, it would be very time-consuming unless we simplify
the stopping condition to make the process stop earlier. As a result, we just update the
solution for one more detailed maximum effective attractiveness level in the second stage.

Then the steps of the second stage of GHA are as follows.

1. Initialize the current solution (y“,z%,a%) as (y™!, ¥t qFst) and the best ob-

jective value currently found OB Jyest as OB Jpist.
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2. For each unbuilt facility (i.e., yjc =0Vj e J), we order them in increasing order

. ~ ~ (7—m)
of j and rename them as ji,7jo,...,jn. Also, we define g5econd = 2100 9. S

1,2,3,....7.
c ,Cc.C

3. Initialize n = 1, m = 1, Statusypaatea = 0, and set (y°,2°,a%) = (y, 2%, a%).

4. We calculate the objective value of setting facility an as an additional completely

built facility with attractiveness 65°°°*d given the starting solution to be (y*, 2%, a®).

The corresponding objective value and solution are OBJ and (y,z,a) .

5. Check if OBJ > OBJypes. If it does, update (y©,2%,a%) = (y,2,a), OBJyesy =

OBJ, and Statusypdated = 1.

6. Check if n < N. If it does, set n = n + 1 and go back to step 4; otherwise, proceed

to step 7.

7. Check if Status,pdatea = 1. If it does, move to step 9; otherwise, proceed to step 8.

8. Check if m < 7. If it does, set m = m + 1,n = 1 and go back to step 4; otherwise,

move to step 9.

9. The final solution is obtained, which is (y%, 2%, a®) with objective value OB Jyes.

5.3 Solution Performance Evaluation

As mentioned in the previous section, we solve the continuous relaxation of the original

problem to obtain the upper bound value since it’s difficult to find the solution of the
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original problem, especially for the larger instances. However, if we can assess the differ-
ence between the objective values of the original problems and the continuously relaxed
ones, we will have a better understanding of the solution’s performance. Therefore, we
solve both the original problems and the continuously relaxed ones for the small-sized
instances to calculate the integrality gap. For the 100 small-sized instances, the average
value of the integrality gap is approximately 10.6%. That is, the objective value of the
continuously relaxed problem is about 10.6% higher than the objective value of the orig-
inal problem on average. Having this information, we will gain a better understanding of
the comparisons for the performance among the algorithms and the continuous relaxation

of the original problem discussed below.

In Table 5.2, we evaluate the solution performance of LRADR by comparing it with
benchmarks GHA and CROP. Define i as the objective value obtained by LRADR,
¢ as the objective value obtained by GHA, and v¢r as the objective value obtained by
CROP. Then we define the average value of jyé_i as AVGpr and the minimum value as

MINpg. Similarly, we define the average value of JC—GR as AV G and the minimum value

as MINg.

LRADR GHA

Instance size

AVGrr MINp AVGg MINg

Small 0.8790  0.4360 0.7466 0.2455
Medium 0.8404  0.6778 0.7796 0.5486
Large 0.8350  0.6493  0.7728 0.6254

Extra Large 0.8149  0.6885 0.7774 0.6704

Table 5.2: Solution performance of different problem sizes

Considering the existence of the integrality gap, we can infer that the solutions ob-
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tained by LRADR are very close to the optimal solution. The integrality gap provides a
measure of how much the solution to the relaxed problem deviates from the solution to
the integer problem. In our experiments, we observe that the integrality gap is around
10.6%. Additionally, AV G values are greater than 0.81 for all instance size, which sug-
gests that the solutions found by LRADR are not only feasible but also highly efficient,
aligning closely with the optimal solutions. Consequently, LRADR proves to be a robust
method for tackling our competitive facility location problem, offering solutions that are

both practical and near-optimal within a reasonable computation time.

Moreover, we observe that both the average and worst-case performance of LRADR
are superior to GHA across all instance sizes. This consistent performance highlights
the effectiveness of LRADR, demonstrating its robustness in various scenarios. Thus,
LRADR proves its utility despite our extensive efforts in developing GHA. The relatively
intuitive greedy heuristic algorithm falls short in effectively addressing such a complex
problem, failing to provide solutions with the same level of quality and efficiency as
LRADR. This underscores the importance of LRADR in solving our competitive facility

location problems.

5.4 Time Performance Evaluation

In this section, we assess the computational time of our algorithm across various problem
sizes. For the small-size instances, the original problem remains solvable, and thus, the
computational time for solving the original problem is included as a result. For the rest

of the instance sizes, only the computational times for solving LRADR and GHA are
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presented, as the original problem cannot be solved within a reasonable time frame. Ta-
ble 5.3 displays the mean and median of the computational time across different problem

sizes.

OPT LRADR GHA
Mean Median Mean Median Mean  Median

Instance size

Small 8.75 7.43 53.92 71.36 0.15 0.14

Medium - - 101.35  72.01 23.08 22.77
Large - - 344.31  289.56  333.16  338.88
Extra Large - - 1023.39  869.25 2394.76 2107.28

Table 5.3: Time performance of different problem sizes (in seconds)

We find that the computational time for solving the original problem is acceptable
for small instances, with GHA performing even faster. However, this is primarily due to
the small size of the instances. Indeed, LRADR may not be as useful for small instances.
Nevertheless, its advantages become more apparent for larger instances, which typically
represent more realistic scenarios. For medium instances, while the computational time
of LRADR is longer than that of GHA, it remains acceptable, taking no more than a few
minutes. Concurrently, GHA’s computational time grows much faster as the instance size
increases. For large instances, the computational times for LRADR and GHA are nearly
identical. For extra large instances, the computational times for GHA are more than
double those of LRADR. Consequently, in terms of time performance, LRADR appears

more suitable for larger, more realistic scenarios.

Moreover, we also conduct an experiment to compare the computational time of the

iteration process in our LRADR under the condition of whether the model simplification
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is applied. We calculate the average time of the iteration process under three conditions:
simplification is fully applied, simplification is applied to y; only, and simplification is
totally not applied. We name the three conditions as full simplification, partial simplifi-
cation, and no simplification, and we let AV G, AV Gpartial, and AV Gyone represent the

average time of the iteration process under these conditions, respectively, in Table 5.4.

Instance size  AVGpn AV Gpartiat - AV Ghone

Small 40.99 43.54 39.06
Medium 107.44 150.90 182.84
Large 221.44 353.93 679.57

Extra Large  549.35 1211.80 -

Table 5.4: Computational time of the iteration process in LRADR (in seconds)

In small instances, the average computational time is similar since the instance size is
too small to show the difference. However, the average computational time for full sim-
plification (AVGyyy) is nearly half of that for no simplification (AVGyope) in medium-sized
instances and one-third in large-sized instances. Additionally, the average computational
time for full simplification (AVGyy,y) is significantly shorter than that for partial sim-
plification (AVGypartial). Although the average computational time for no simplification
(AVGione) is too long to be calculated for extra large instances, the average computational
time for partial simplification (AVGypastial) is still more than double that of full simpli-
fication (AVGgu). Therefore, we can conclude that simplification is indeed effective in

reducing the computational time of the iteration process in our LRADR.
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Chapter 6

Conclusion

This research tackles the challenge of determining optimal facility locations in a compet-
itive facility location problem while considering resource distribution. We formulate the
problem as a convex non-linear integer program with the objective of maximizing profits
by attracting the highest possible number of customers in competition with existing fa-
cilities. Recognizing the problem’s NP-hard complexity, we devise a heuristic algorithm
that utilizes Lagrangian relaxation, iteratively fine-tuning Lagrangian multipliers to find
solutions. Furthermore, we propose a straightforward greedy heuristic algorithm trying to
address the issue. Our numerical study show that our approach can achieve near-optimal

solutions in a reasonable time frame.

However, there are some factors that are not considered in our research, which can
be a starting point for future studies. For instance, we do not consider the reactions of
competitors. Including competitors’ behaviors in the model would make it more complex
but also more realistic. Drawing inspiration from existing research, bi-level models are

likely to be useful in addressing such types of problems. Another research avenue involves
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exploring customer preferences. In our model, customers are drawn based on the attrac-
tiveness of the facility and their closeness to it. If customer preferences are included, the

model can be applied to a more complex and realistic scenario.
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