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New models for the location of controversial

facilities: A bilevel programming approach

Martine Labbé, Marina Leal! and Justo Puerto?

TUniversité Libre de Bruxelles
YIMUS, Universidad de Sevilla

ABSTRACT. Motivated by recent real-life applications in Location Theory in which
the location decisions generate controversy, we propose a novel bilevel location
model in which, on the one hand, there is a leader that chooses among a number
of fixed potential locations which ones to establish. Next, on the second hand,
there is one or several followers that, once the leader location facilities have been
set, chooses his location points in a continuous framework. The leader’s goal is to
maximize some proxy to the weighted distance to the follower’s location points,
while the follower(s) aim is to locate his location points as close as possible to
the leader ones. We develop the bilevel location model for one follower and for
any polyhedral distance, and we extend it for several followers and any ¢,-norm,
p € Q,p > 1. We prove the NP-hardness of the problem and propose different
mixed integer linear programming formulations. Moreover, we develop alternative
Benders decomposition algorithms for the problem. Finally, we report some com-
putational results comparing the formulations and the Benders decompositions on

a set of instances.

Keywords: Bilevel optimization, locational analysis, combinatorial optimiza-

tion.

1. INTRODUCTION

Location is a research area devoted to the optimal placement of facilities [2, 6,
12, 13, 14, 19, 21], including among many others emergency systems [4, 6, 24], ser-
vice providers [1, 5], infrastructures, etc., and it is a basic building block of most

transportation, communication or logistic problems. An optimal location can be
1
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chosen according to different criteria depending on the rationale behind the consid-
ered model. The most popular ones are the minimization of the total or maximum
transportation cost [2, 6], the maximization of some coverage goal [1, 4, 5, 6], or the
minimization of the undesirable effects induced by the facilities [7, 8, 12].

Location Theory includes a number of real-life applications in which the location
decisions generate controversy. This controversy must be understood as a disagree-
ment among users with different, non-aligned or opposite interests. Examples of this
controversial location can be found in the literature, for example, in the areas of semi-
obnoxious facility location or in problems that involve the location and protection of
critical infrastructures or facilities sensitive to intentional attacks.

In the last decades, the consciousness-raising in environmental issues has grown
substantially, specially in those aspects that affect human health or have adverse
effects on people. As a consequence of this awareness-raising, the location of (semi-)
obnoxious facilities has been extensively studied. Obnoxious facilities are those that
generate a disservice to the people nearby while producing an intended product or
service [10]. However, if only these undesirable effects are taken into account when
locating them, these facilities would never be opened or would be located too far
from the population centers making use of the produced services, thus generating
huge costs. For that reason, in the last years, there has been an increasing focus
in analyzing the problem of locating semi-obnoxious facilities [7, 12, 18]. Semi-
obnoxious facilities has been defined as useful but unwelcome facilities that produce
environmental concerns. That is, facilities that population centers (demand points)
want them away, but there are some interests (political, economical ...) in locating
them close the demand points, generating in this way, location controversy. Classical
examples of this kind of facilities are chemical and power plants, airports, waste
dumps, detoxification centers, etc., as listed in [18].

Another area that has also attracted increasing attention of researchers in the last
years is the location and protection of vulnerable facilities (with high risk of dis-
ruption) and the protection of critical facilities, including not only those related to
disruptions produced by natural disasters or natural failures, but also those referred
to disruptions produced by man-made attacks [8, 9, 23]. Critical infrastructure is a

term to describe assets that are essential for the functioning of a society and economy.
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Most commonly associated with the term are facilities for heating, water supply, pub-
lic health, security services, telecommunication, economic sector, etcetera. Clearly,
the location and protection of these types of facilities generates also controversy,
since the population is aware of the risks that may appear close to those facilities
due to the confrontation between two antagonist parties: attackers and defenders
with visibly opposite goals.

The above-mentioned problems have been usually addressed via biobjective (mul-
tiobjective) approaches, difference of objective functions, maximin optimization and,
if there exists a hierarchical structure in the decision-making process, by means of
bilevel optimization.

Motivated by the increasing interest in real-world applications generating location
controversy, we introduce a new model for its study and analysis.

The situation that we want to address models the existence of two parties acting
sequentially in a decision-making process. On the one hand, there is a leader who
wants to locate some primary facilities and must choose among a number of fixed
potential locations where to establish them. On the other hand, there is one (or
several) follower(s) that, once the primary facilities have been set, chooses the place-
ment of some secondary facilities, in a continuous environment. The leader’s goal is
to maximize some proxy of the overall weighted distance to the follower’s secondary
facility locations. Meanwhile, the follower(s) aim is to locate their secondary facili-
ties as close as possible to the primary ones, minimizing a cost proportional to the
distance from the secondary facilities to the primary ones set by the leader.

The reader may observe that this model fits perfectly to the cases mentioned above.

The paper is structured as follows. The following section introduces the model,
sets the notation and proves the NP-hardness of the considered problem. In Section
3, we develop the mathematical programming formulations and resolution algorithms
for the problem with one follower and any block norm. Two different approaches,
based on the representation of the norms, have been considered. Furthermore, due to
their importance, they have been applied to the case of the ¢; and ¢, norm. In the
next Section 4, we extend the model to several followers and non-polyhedral norms.
Section 5 is devoted to the computational study of the different methods discussed

in the previous sections. Finally, Section 6 concludes the paper.
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2. THE MODEL

We consider a situation with two different types of location entities: the primary
facilities (critical infrastructures, goods to protect, demand-points, etc.), and the
secondary facilities (terrorists nets, thefts, semi-obnoxious facilities, detoxification
centers, recycling or power plants, etc.). The primary facilities wish to be located
as far as possible from the secondary facilities, meanwhile the secondary facilities
aim to be located as close as possible to the primary ones. The model we present
consists in choosing the location of the primary facilities (these are set first), taking
into account that, the secondary facilities will be located afterwards knowing their
location. For the ease of presentation, we restrict ourselves to the case where a
unique secondary facility will be located. The reader is referred to Section 4 for the
extension to several facilities.

We will model this hierarchical structure using Bilevel Optimization. Bilevel pro-
gramming targets hierarchical optimization problems in which part of the constraints
translate the fact that some of the variables constitute an optimal solution of another
optimization problem. There exist a leader that acts first, and then a follower that
reacts to the leader’s decision.

We assume that there is a leader (setting the primary facilities) that chooses
among a set of potential locations B the placement of some new primary facilities.
We also consider that there is a set NB of primary facilities already established,
and there exists a budget constraint on the overall investment for the location of the
new primary facilities. On the other hand, once the primary facilities are set, the
follower chooses the location of the secondary facility in a continuous framework. The
proximity between the primary and secondary facilities is measured as a weighted
sum of a distance to all primary facilities.

We denote by c; the cost of opening the primary facility j, for all j € B, by C the
maximum budget, by f; € R" the given location point j € BU NB, and by w; the
weight factor that scales the distance from the secondary facility to f; according to
its importance. We define the binary decision variables y; = 1 if f;, j € B, is open,
and y; = 0 otherwise.

For the follower problem we define the decision variable x € R™ that specifies the

location of the secondary facility.
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Therefore, the bilevel problem can be modeled as:

(BLP) max Y wd(x, f;)y; + Y wyd(z, f;)
j€B JENB
(1) st. chyj <,
j€B
(2) y; €{0,1} jE€ B,
T E argmxinijd(x, iy + Z w;d(x, i),
jEB jENB

where d(z, f;) denotes any distance induced by some norm:

d(x, f;) = [l = fill

Observe that BLP is a bilevel max-min problem, in which the objective function
of both levels is a proxy of the distance between the primary and the secondary
facilities. The resulting bilevel problem contains a knapsack problem at the upper
level, and a continuous single-facility location problem at the lower level.

To state the complexity of the problem, we provide the following result.

Theorem 1. The bilevel location model BLP is NP-hard.

Proof. Let us consider the distance induced by a norm || - ||, and an instance such
that [INB| = 1 and wjo > > pw; for j° € NB.

For this instance, we know, using the majority theorem, see for example [15], that
the optimal solution of the continuous location problem is z* = f]Q. Then, if we
denote 75 = || fY — f;||, Problem BLP can be written as:

max Z WY
jEB
s.t.
Z cjy; < C,
jeB
y; € {0,1} Vj € B,

which is a knapsack problem, known to be NP-hard [11]. O
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3. MATHEMATICAL PROGRAMMING FORMULATIONS AND RESOLUTION
ALGORITHMS

This section is devoted to present useful mathematical programming formulations
for BLP in order to solve it with off-the-self solvers. In addition, we will present
alternative add-hoc algorithms, based on decompositions, that prove to be more
efficient than the solvers acting on the Mixed Integer Linear Programming (MILP)
above-mentioned formulations.

For the sake of presentation, we assume in this section that we measure distances
via block norms. The family of block norms, also called polyhedral norms, includes
all norms ||.||p whose unit ball P is a symmetric with respect to the origin, convex
bounded polyhedral set containing the origin in its interior. We will denote then
by ext(P) the set of extreme points of P and by P° : the polar set of P, that is,
P :={zx eR" : (x,p) <1, Vp € P}. The reader may note that the commonly
used /1 and /,, norms belong to this family.

In order to deal with the problem we develop two different procedures: the first
one is based on the evaluation of the norm through its primal expression, using its
unit ball defined by P, and the second one evaluates the norm through its dual
expression, using its dual unit ball P°.

These two different forms used to handle the problem are justified, as we will see,
by the fact that depending on the cases one can be more efficient than the other due
to the structure of the set of extreme points of P and P°. We will illustrate this

behavior in the following sections with the ¢; and /., norms.

3.1. First approach: Evaluating norms with its primal expression. It is

well-known (see for example [20] and [22]), that the value of ||z||p is given as:

(PrimalNormP) ||z||p = min Z L,
beext(P)
st. = Z iy,
beext(P)

>0, b€ ext(P).
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This representation of the norm gives rise to a trilevel problem. Using such repre-
sentation we develop a MILP Formulation and a Benders like algorithm in order to

solve BLP, using off-the-shelf solvers.

3.1.1. A MILP formulation. Let us assume that x = (z1,...,2,), f; = (fi1,--., fin),
forall j € BUNB and b= (by,...,b,) for all b € ext(P). By representing ||z||p as

in PrimalNormP, BLP can be written as the following bilevel problem:

(BLP—P) maXijyjrj + Z w;T;
jeB JENB
(1) s.t. chyj <C,
jeB
(2) y; €{0,1} j € B,
(3) r € arg IgliPijyjrj + Z w;r;,
" jeB JjENB
(4) r; = Z ul, j€BUNB,
beext(P)
(5) vi= >  mbi+fi, jEBUNBi=1_.n,
beext(P)
(6) @) >0, beext(P),j € BUNB,
(7) r; >0, jeBUNB,
(8) r€R, i=1,..n.

In the above formulation, variables r;, defined in constraint (4), represent the
distance between = and f; and constraints (5) set the correct representation of co-
ordinates of the secondary facility in terms of the reference system induced by f;
and the extreme points of P. Constraints (1) and (2), as in BLP, are knapsack
constraints, corresponding to the choice of the location of the primary facilities, ac-
cording to a budget constraint. Constraints (3)-(8) define the lower level problem,
the continuous location problem, in which the representation of the norm has been

included.
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Proposition 1. Problem BLP-P can be reformulated as the following single level
problem BLP-P’.

(BLP—P,) maXijyjrj =+ Z ’w]'T’j
JjEB JENB
(1) s.t. chyj <C,
JEB
(2) y; €{0,1} jeB,
(9) D_wiymit p wiri =2, >, Bufi
JjEB JENB i=1 je BUNB
(4) rj= Y, W, j€BUNB,
beext(P)
(5) €T; = Z /I,{)bz—f—fﬂ, jEBUNB,izl,...,n,
beext(P)
(6) u) >0, beext(P),j€ BUNB,
(7) r; >0, jeBUNB,
(8) v e€R, i=1,..n,
(10) Q; < W;Y;, J € B,
(11) Q; Sw]', jENB,
(12) Y Bi=0, i=1,..n,
jEBUNB
(13) —Oé]—ZbZﬁ]ZSO, ]EBUNB,bE@ZEt(P)
i=1

Proof. Given a solution y, representing a feasible set of locations for the primary
facilities in BLP-P, the inner problem in BLP-P is a feasible Linear Program (LP)

with finite solution, and its dual is:

(Dual-P) maxi Z Bjifii

i=1 jEBUNB

(10) s.t. a; <wjy;, jEB,
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(11) Q; §wj, jENB,
(12) > Bi=0, i=1..n,
jEBUNB
(13) —a; =Y biB; <0, j€BUNB,DE ext(P).
=1

Then, Problem BLP-P is equivalent to the single level formulation BLP-P’ since
constraint (9) is the strong duality condition stating that the primal and dual ob-
jectives of the lower level problem must be equal, and the blocks of constraints
(1)-(2), (4)-(8) and (10)-(13) represent, respectively, the upper level problem con-
straints, the lower level primal problem constraints and the lower level dual problem

constraints. O

We can observe that the above formulation contains some bilinear terms: 7;y;.
In order to transform that formulation into a mixed integer linear problem, the
bilinear terms can be linearized (see [17]) giving rise to an exact MILP formulation
for the bilevel problem. To this end, we substitute the terms r;y; by the variables
7j; Vj € BUNB and add the following set of constraints:

ijTj, ]GBUNB,
(14) r; < Mjy;, JEBUNB
P >0, j e BUNB.

The previous block of constraints requires to set a valid value for the “big-M7”-
constants. It is easy to observe that M; can be chosen equal to the maximum distance

between f; and any other point in BU NB.

3.1.2. Benders like algorithm for solving BLP. Now, we propose an alternative
method to solve the bilevel location problem under a block norm which is based
on a decomposition of the problem.

For a given solution y, the inner problem in BLP-P is an LP whose set of con-

straints does not depend on the variables associated to the master (leader) problem
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(does not depend on y). Then, if we denote by P the set of extreme points of the
inner problem, solving such problem is equivalent to evaluate the objective function
at the points in P and to take the minimum objective function value. Then, the
continuous location inner problem can be rewritten as the following optimization

problem:

max ¢

s.t. g < Z ijyjr; + Z ijr;, VrT e P.

jEB i=1 JENB i=1
In order to apply Benders decomposition, and using the above formulation, Prob-

lem BLP-P can be reformulated as:

max ¢
s.t. chyj < (|
jEB

yj€{071}7 jGB,

q < Zijyjr;- + Z ijr;, vrT e P.

jeB i=1 JENB i=1

Our approach to solve the above problem is to sequentially identify and add ex-
treme points in P to the problem until a certificate of optimality is fulfilled (eventually
in the worse case after adding all extreme points).

To describe the algorithm, we denote by P a subset of points in P. With the
purpose of obtaining upper bounds for BLP-P, in the algorithm, we define the

following Master Problem:

(MP) max ¢

st. g < Ziw]‘yjr; + Z zn:wﬂ“;, rT €P,

jeB i=1 JENB i=1
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Z ijj S C,

JjEB

Y; € {0,1} Vj e B.

Lower bounds for the Problem BLP-P are obtained in the algorithm by solving
the following subproblem:

(PP-P (y)) q(g) =min Y wgr;+ > wry,

jEB JENB

rj= Y u, j€BUNB,
beext(P)

vi= > mbi+fi, jEBUNBi=1.n,
beext(P)

i) >0, beext(P),j € BUNB,

r; >0, j€BUNB,

re€R, i=1,...,n

If 7 is an optimal solution of the above problem for a given solution ¥ feasible to

the master problem MP, the inequality ¢ < ZZw]—yﬁj + Z ijfj either
jEB i=1 JENB i=1
generates a new lower bound for MP or, if the optimal solution coincides with the

previous one, it is a certificate of optimality. Based on this recursion, we propose the
following algorithm:

ALGORITHM 1: Benders decomposition Algorithm

Initialization: Choose a solution 3° satisfying the knapsack constraint, and
solve the problem PP-P (y) for j = y°. Let r° be an optimal solution for
PP-P (y). Take P = {0} and go to iteration v = 1.

Iteration v =1,2,...: Solve the Master Problem MP. Let y* be an optimal
solution of such problem and ¢* the corresponding optimal value.

e Solve PP-P (y) for y = y*.If ¢* = ¢q(y*). END.
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e Otherwise, let r* be an optimal solution of PP-P (y) . Take r* = r*,
P =P U{r}, and go to iteration v := v + 1.

3.1.3. The case of the 1-norm. In this section, we apply the above reasoning to the
particular important case of problem BLP-P under the rectangular distance, that is,
the distance induced by the ¢;-norm. We take advantage of some specific properties
of this norm to exploit further its algorithmic implications. As before, n denotes the
dimension of the space.

The set of extreme points of the unit ball of the ¢; norm is ext(P) = {e1, ..., €,, —€1, ..., —€, },
where e; the i-th vector of the canonical basis. Further, the /;-norm of a vector x is
given by [lzfl = 320, |wil.

By introducing variables r;; representing the non linear terms |z; — f;;|, we adapt
BLP-P to the ¢;-norm case.

(BLP—/¢,) maxijijTji—i- Z wjzrji

jeB i—1 JENB  i=1
s.t.

E c;y; < C,

jeB

y; €{0,1}, jeB,

(15) anrgmj}Hijyjzn:Tjﬂr > wji:rji

Jj€B i=1 JENB i=1
(16) rii > xi — fji, jE€BUNBi=1,..n,
(17) Tjizfji_l'ia jEBUNB,i:L...,TL,

As in Subsection 3.1.1, we can derive a MILP by using the primal dual optimality
conditions and then linearizing the bilinear terms y;7;; by introducing new variables
7ji. In this formulation, dual variables «;; correspond to contraints (16). The dual

variables associated to constraints (17) have been eliminated.
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(BLP-¢;-1) maxijifji + Z wjirji

jeB =1 JENB =1
(1) s.t. chyj <C,

jE€B
(2) Yj € {07 1}7 J € B,

DD witit Y D wirp= > Y —fiiagit

jeB i=1 JENB i=1 JEBUNB i=1
(18) + Z iji(wjyj — i) + Z iji(wj — aji),

jeB i=1 JENB i=1

(19) rjini—fji, jGBUNB,i:L...,n,
(20) Tjiiji_xiy jEBUNB,izl,...,n,
(8) v eR, 1=1,..n,
(21) ’f’ji < Mjiyj, je€Bi=1,..,n,
(22) fji < rj, j€Bi=1,..,n,
(23) TA’jZ’ > T4 — (1 — yj)Mjia j € B,Z = 1, .o n,
(24) TA'J»L'ZO, jeB,i:L...,n,
(25) Qj; §wjyj, jGB,izl,...,n,
(26) Qg4 Swj, jEB,izl,...,n,
(27) ajiZO, j€BUNB,1=1,..,n,
(28) > (<205 +wiy) + Y (<205 +w) =0, i=1,.n

jEB JENB

The reader can observe that valid big-M constant in this formulation are M;; =
maxgepuns | fri — fjil, foralli=1,... nand j € B.

An alternative formulation can be derived for Problem BLP—/¢; by using the

fact that the inner location problem can be decomposed into n independent linear

programs, one for each coordinate. Using the optimality conditions for each such

problem and the linearization technique described above, we obtain a formulation
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BLP-/;-2 identical to BLP-/;-1 except that constraint (18) is replaced by the group

of contraints:

D jeB Witsitd ienp Witii = D jepong —Jiiit 2 jep fii(wiyj—ag)+> e np fii(wi—
Oéji), 1= 1,...,7’L.

Algorithm 1 can also be adapted to the case of the ¢;-norm. Then, ¢(y) is obtained
by solving the lower level problem defined by (15) - (17) but it can be solved in
O(n|B U N B|) time since, for each coordinate, it amounts to find the median of a
discrete distribution.

We can also use the separability property in the proposed Benders Algorithm, by
solving in each iteration n subproblems ¢;(y) (one for each coordinate), and consid-

ering the following Master Problem:

max .. G

s.t.
. ¢ < ijyjzfj + Z wiz; VYT E€P, Vi=1,.,n,
(MP-£,-) jeB jENB
chyj <C,
jeB

y; € {0,1} Vj € B,

We will compare the performance of the four approaches in the computational

study presented in Section 5.

3.2. Second approach: Evaluating the norm by its dual expression. Since
the polar set of a polyhedron is a polyhedron, P° induces the so-called dual norm
of || - ||p that can also be used to evaluate || - ||p. In this case, || - ||p is the optimal

solution of the following linear program (see for example [20] or [22]):

(NormP?) ||z||p = min r

n
s.t. Zule < r,u € ext(P)
i=1
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Depending on the number and structure of the set of extreme points of P and P°,
it may be more convenient to compute || - ||p, by using its primal or dual expres-
sion. Fruther, this dual representation leads to different MILP formulations and the

Benders approach can also be adapted.

3.2.1. MILP formulation: Using the dual representation of the norm, BLP can be

formulated as:

(BLP-P?) maxijyjrj + Z w;r;
jeB JENB
(1) s.t. chyj <C,
jeB
(2) y; €{0,1} jeB,
(9) r € arg rglirnijyjrj + Z w;ry,
" jeB JENB
(29) r; > Zul(xl — fii), wu€ext(P’),j € BUNB,
i=1
(7) r; >0, jeBUNB,
(8) Z; ER, 1= 1,...,71,,

where variables r;, defined in constraint (29), represent the distance between x and
fj. Constraints (1) and (2) relate the choice of the location of the primary facilities,
according to a budget constraint, and constraints (9), (29), (7) and (8) define the
inner subproblem, in which the representation of the norm via its dual expression

has been included.

Proposition 2. Problem BLP-P° can be formulated as the following single level
problem BLP-P°’.
(BLP-P?) maXijyjrj + Z w;T;

jeB JjENB

s.t. Z cy; < C,

jEB
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y; €1{0,1} j€ B,

ijyjrj+ Z w;rj = Z Z Z—fﬁuz‘)%j,

jeB JENB u€ext(PV) jEBUNB i=1
;> Zuz 2 — f;), ucext(P%),j € BUNB,

r; >0, jeBUNB,

CCZ‘ER, 2':1,...,77,

Z f}/ujgwjy]ﬁ jEBa

u€ext(PY)

Z quj S wj7 j € NB?
u€ext(PY)

Z Z —ui)v; =0, 1=1,..n,
u€ext(PY) JEBUNB

Yuj >0 u€ext(P’),j € BUNB

The proof of this proposition follows the same lines as that of Proposition 1 and
is thus omitted.

We can observe that in the above formulation there appear the same bilinear terms
that we have already obtained in Section 3.1.1. Therefore, the same linearization (14)

can be applied to obtain the corresponding MILP formulation.

3.2.2. Benders like algorithm for solving BLP-P°. The Benders Algorithm proposed
in Section 3.1.2 can also be applied when the norm is induced by the polar polyhe-
dron, with the same Master Problem MP and the following primal problem:

(PP-PY) min ¢(y) = Z w;Y;T; + Z wjry,
jeB JENB
st > Zuk — fi1), u€ext(P°),j € BUNB,

r20,x€R”,

re€R, 1=1,..,n.
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3.2.3. The case of the €, -norm. This is Section, we apply the above results to the
important case of the infinity norm. The set of extreme points of the infinity norm is
ext(P) = {(a1,...,a,) € R" 1 q; € {1,—1},i = 1,..n, }, so that |ext(P)| = 2". Then
formulation BLP-P’ would include 2"(|B| + |NB|) p! variables, and more than
2"(|B| + |NBJ) constraints. However, the number of extreme points of the polar
polyhedron is much smaller: ext(P°) = {ey, ..., e,, —€1, ..., —e,} and |ext(P°)| = 2n.
Further, the {,-norm of a vector z is given by ||z||cc = max;—y __, |z;|. This allows

to adapt BLP-P to the /,.-norm case as follows:

(BLP—/..) maxz w;YT; + Z wjr;

jEB JENB
s.t.chyj <,

JEB

y; €{0,1}, jeB,

T € arg minijyjrj + Z w;r;,

* jen JENB
TjZZL’i—fﬂ, j€BUNB,i=1,..,n,
r; > fii—x, jEBUNB,i=1,..n.

Further, a MILP formulation can also be derived.

(BLP-(-1) maxz w;T; + Z w;T;

JjEB JENB
s.t.chyj <,
JEB
yj€{071}7 jGB,
Sowiti+ Y wiri =Y > fil Ve +V-eii)s
JjEB JENB i=1 jeBUNB
szxi_fjia .]EBUNB,Z:L,TL,
Tjiji_xia je€BUNB,i=1,...,n,
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r; >0, j€BUNB,

Z (Vez'j + 7—€ij)§wjyj7 j S B7

=1
> (e +V=ei)<wj,  jE€NB,
=1
Z (_761‘]' + ’}Leij) = 0, 1=1, . n,
j€EBUNB

v; >0, jEBUNB,i=1,..n,
voo; >0, jEBUNB,i=1,..n,
7y < My;, jeEB

Fjp<r; JEDB,
Fp>ri—(1—y)M, je€B,

7, >0, jeB

Finally, The proposed Benders algorithm can also be applied to the problem under
the ¢, norm. The resulting inner subproblem is given by the lower level problem of

BLP—/.

4. EXTENSIONS

This section is devoted to present extensions of the problem BLP to several sec-
ondary facilities and non-polyhedral norms. We analyze the problem with K > 1
secondary facilities which means to locate K new facilities also in the lower level
problem. Moreover, we extend the problem BLP to deal with norms ¢, for 7 € Q,
7 > 1 which requires to apply conic programming and conic duality to obtain results

similar to the ones presented in previous sections.

4.1. The model with K secondary facilities (independent followers) . We
are interested to incorporate to the problem BLP the possibility to locate several
secondary facilities rather than only one, and the goal of each secondary facility is to

minimize the overall distance to the primary facilities. In the following, we analyze
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problem BLP with K secondary points to be located in the lower level problem,
that is, we consider that instead of locating one secondary facility, K of these points
must be located. For this extension we assume that we are given vectors of weights
wk € R%, for k =1,..., K, and we define K vectors of decision variables zF € R,
for k =1,..., K; where " are the coordinates of the location of the k-th secondary

point. With this notation, the new problem can be written as:

(BLP-K) maxz <Z w;?d(a:k,fj)yj + Z w;?d(a:k,fj))

keK \jeB jENB
s.t. E cy; < C,
j€B

yje{oal}a jEBa
b € argm%nwad(mk,fj)yj + Z wfd(mk,fj) Vk=1,.., K.
* jeB JENB

In the particular case in which w! = w? = ... = w*

, we observe that by symmetry;,
there is an optimal solution where the secondary facilities co-locate.

Coming back to the general problem BLP-K, the evaluation of the norm can
be done via the primal or dual expression. In both cases, in order to develop a
MILP formulation for the model with K secondary facilities, we can apply the same
technique that in the previous section. Given a solution y of the upper level problem,
the continuous location problem of each follower is linear and thus, the strong duality
theorem can be applied as before. This implies that K different one-secondary facility
problems are added to the leader problem. In conclusion, the same approach used
with the one-secondary facility location problem is replicated K times and the same
results follow.

Furthermore, the Benders algorithm can also be extended to the case with K
followers. The Master Problem for this extension must be slightly modified:
(MP-K) max qu

keK
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st. ¢* < ZiwfyjrfT + Z iwfrfT VreP,Vk e K,

JeB i=1 JENB i=1
E cjy; < C,
jeB

y; € {0,1} Vj € B.

In addition, in this formulation, there are K primal subproblems with the same
structure but with different set of w weights. Therefore, in each iteration of this

Benders approach, K primal subproblems must be solved.

4.2. The problem under the /,-norm . This section extends the analysis of the
problem to the case where the inner subproblem measures distances with ¢,.-norms
with 7 € Q, 7 > 1. Recall that ||z||, = (31, J=:]")V".

The problem to be considered in this case is

(BLP-(;) max > wjllz — fill-y; + Y wylle = fll-
jEB JENB
(1) st. Y ey < C,
jEB
(2) y; €{0,1} je€ B,
S argffgnzijx = filly; + Z wjl|z = fill-,
JjEB JENB

Let p € Q be such that 1/7+1/p = 1.
In order to reformulate Problem BLP-/, we give the following proposition, using

the representation given in Blanco et al [3].

Proposition 3. The problem BLP-(. can be reformulated as a the single level mized

mteger conic program.

(ConicP)  max Y wjllz — fill-y; + Y wylle — fill-

jeB JENB
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s.t. chyj <,
jEB
y; €1{0,1} j € B,

ij||$—fj||79j+ Z wjllz = fill- = Z Zvjz‘fju

jeB jENB JEBUNB i=1
-2 —-Z;=f;, Vj€BUNB,
Z;l|- <r;, VjeBUNB,
st eRY, Z; e R", r € R,
S o VitAl=0, Vi=1,...n,

jEBUNB
- ) Vit+A =0, Vi=1,...n,

JjEBUNB

—Vii+pni=0, Vje BUNB,i=1,...,n,
ujlly <5 VJj€BUNB,
v = w;y;, if 1 € B,
v, = wj, ifi € NB,
AN eRY, u; € R, Vje BUNB, v €R™
Proof. We observe that the inner location problem can be formulated as the following

conic linear program in standard form [16]:

mlng w;Y;r; + E (I

jeB jENB

st.at —a~ —Z;=f;, Vj€BUNB,
||Zj||T§ij Vj€BUNB,
T2 eRY, Z; e R", r e R™

Therefore, its conic dual can be written in the following form:

max Z Z ‘/ﬂfﬂ

JEBUNB i=1
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st > Vit A =0, Vi=1,...,n,

JEBUNB

— > Vit+A=0, Yi=1,...,n,
jEBUNB

—Vji+p;i =0, Yj€BUNB,i=1,...,n,
il <75, Vi€ BUNB,

v = wyy;, it j € B,

v; = wj, if j € NB,

AN eRY u; € R, Vj € BUNB, v € R™

Clearly, the inner primal and dual problems satisfy Slater condition so that strong
duality applies. This allows us to insert the optimality conditions in BLP-/, to

obtain the final single level program ConicP. U

5. COMPUTATIONAL RESULTS

In the following we report some numerical results conducted to compare the effi-
ciency of the different methods proposed to solve BLP, and to check experimentally
their scope.

The computational experiments were carried out on a personal computer with Intel
B. Core (TM) i7-4720HQ, 2.60 gigahertz with 16384 megabytes RAM. The MILP
formulations and algorithms were implemented and solved by using Xpress Version
8.0.

The distances considered for the numerical experiments were computed using the
(1 and 4, norms. Therefore, we implemented the MILP formulations and algorithms
proposed in Sections 3.1.3 and 3.2.3, in which we adapted the general methods in
Section 3 to the models with these two particular distances.

For the computational study we generated different random instances taking into
account the following factors: the dimension of the space, n, the cardinality of B
and N B, which are the set of potential locations for the new primary facilities and
the set of existing primary facilities, respectively, and also the maximum budget C'.

We considered the following levels for each factor:
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o n=23,10,20,
e | B| = 1000, 2000, 5000, 10000,

1 1 1
hd |NB|:Z|B|> §|B|’ _|B|v
1 1

2
1
o O=5IBl=7IBl, 5IBl.

3|

The weights w; were generated randomly in the interval [0, 1], and each coordinate,
fji, of the location of the primary facilities f; was generated randomly in the interval
[—1000, 1000], for all the instances.

For each combination of levels, 5 different instances were generated and solved.
The CPU time limit to solve the problems was set to 1800 seconds.

In Figures 1 and 2 we show the performance profile graphs of the number of
solved instances for the different proposed models for the ¢;-norm (Figure 1) and
l~o-norm (Figure 2). We represent in the abscissa axis the time (in seconds) and in
the ordinate axis the number of solved instances. Figure 1 reports the results for the
f1-norm and it compares the two MILP formulations BLP-¢;-1 and BLP-/,-2, the
basic Benders algorithm, that we denote by Bend-/;, and the Benders algorithm
using the separability property, denoted as Bend-/;-sep. Figure 2 shows the results
for the fo-norm and it compares the MILP formulation, BLP-/,.-1, and Benders
algorithm, denoted as Bend-/ ..

We can observe in Figures 1 and 2 that the Benders algorithms are more efficient
than the MILP formulations, in both cases with the ¢;-and-{,-norm cases. The
Benders algorithms solve all the instances in very short time, whereas none of the
MILP formulations could solve to optimality all the instances. We can see in the fig-
ures that the formulations BLP-¢;-1 and BLP-¢;-2 solve around 300 out of the 480
instances in 1800 seconds, and formulation BLP-/..-1 solves around 400 instances
in the same time.

The average number of cuts added in the Benders algorithm is 5,03 for Bend-/;,
4,75 for Bend-/;-sep and 4,28 for Bend-/,,. The maximum number of Benders
cuts, 14, was added for the Bend-/¢;-sep for an instance with n = 10, |B| = 5000,
|INB| = 6667 and C = %|B|

For the /1-norm case, in Figure 1, we can see that the Benders algorithm Bend-/¢;

solves all the instances in approximately 200 seconds, whereas the Benders algorithm
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using the separability property, Bend-/;-sep, needs a bit more time. Nevertheless
the performance of both methods is very similar. The same trend can be observed
for the MILP formulations, the one without the separability property could solve
in the end more instances within the same time limit. However, BLP-/;-2 works
better for the big instances, n = 10,20 (see Figure 3 in the Appendix).

With respect to the /.-norm case, Figure 2 shows that the Benders algorithm
solves all the instances in less than 51 seconds, meanwhile BLP-/,.-1 only solves, in
the same time, approximately one half of the instances.

More details about the Computational Results can be found in Tables 1 and 2
in the Appendix. We report the average CPU times (CPU), and the numbers of
problems,; out of 5, solved to optimality (#OPT), for each type of instance and each

formulation or algorithm.

400
g
z |
- 300 + -
= | R
] o
= | o
;W0 -
Ls | ’//—V — BLP-ZI-I
* 100 + /,n P
‘/ --—- Bend-¢;
:: Bend-/;-sep
‘, | | |
0 500 1,000 1500
Time(s)

FIGURE 1. Performance profile graph of #solved instances for the
different proposed models for the ¢; norm.

6. CONCLUSIONS

This paper considers models for the location of controversial facilities. Controver-
sial facilities must be understood as those facilities such that their placement induces
a disagreement among users with different, non-aligned or opposite interests. Semi-

obnoxious facility location and the location and protection of critical infrastructures
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F1GURE 2. Performance profile graph of #solved instances for the
different proposed models for the ¢, norm.

or facilities sensitive to intentional attacks are typical examples of this area of re-

search.

We model these situations by a bilevel optimization problem. The first level locates
primary facilities trying to be as far away as possible from the secondary ones,
which in turns, wish to be as close as possible to the primary ones. We develop
mathematical programming formulations for the above mentioned bilevel programs
as well as some algorithms that perform very-well in all our experiments that range
from small problems on the plane (n=2) with up to | B| = 10000, possibilities for the

primary facilities until dimension n = 20 and |B| = 10000.
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INSTANCES BLP-/-1 BLP-/,-2 Alg-t; Alg-(;-sep BLP-/,-1 Alg-l,
n |B| INB| C’|#0PT CPU |#OPT CPU |#OPT CPU | #0PT CPU | #0OPT CPU |#0PT CPU
2 1000 250 3 5 10,82 5 10,36 5 041 5 0,50 5 2,13 5 0,56
2 1000 250 4 5 4,80 5 5,89 5 0,62 5 0,52 5 2,22 5 1,03
2 1000 333 3 5 13,39 5 10,07 5 0,35 5 041 5 2,19 5 0,65
2 1000 333 4 5 7,57 5 4,98 5 0,55 5 0,62 5 2,47 5 1,05
2 1000 500 3 5 11,70 5 12,76 5 0,38 5 043 5 8,53 5 0,81
2 1000 500 4 5 7,86 5 6,35 5 0,54 5 0,52 5 3,02 5 0,95
2 2000 500 3 5 36,59 5 37,27 5 0,75 5 1,44 5 6,34 5 0,79
2 2000 500 4 5 13,36 5 11,66 5 0,65 5 0,73 5 9,15 5 1,36
2 2000 667 3 5 217,01 5 152,79 5 0,68 5 0,85 5 7,20 5 092
2 2000 667 4 5 20,58 5 14,54 5 045 5 0,60 5 6,14 5 1,17
2 2000 1000 3 5 56,48 5 78,63 5 045 5 0,61 5 15,29 5 081
2 2000 1000 4 5 29,85 5 20,60 5 0,52 5 0,65 5 12,74 5 1,56
2 5000 1250 3 5 204,62 5 508,34 5 1,19 5 1,58 5 4851 5 1,62
2 5000 1250 4 5 124,68 5 97,10 5 1,49 5 2,36 5 52,24 5 1,70
2 5000 1667 3 5 381,53 5 268,18 5 1,03 5 1,32 5 45,06 5 147
2 5000 1667 4 5 135,94 5 198,89 5 2,08 5 1,66 5 37,01 5 1,96
2 5000 2500 3 5 416,01 5 369,43 5 0,80 5 1,12 5 139,15 5 234
2 5000 2500 4 5 107,17 5 405,78 5 1,23 5 1,89 5 38,32 5 192
2 10000 2500 3 4 708,80 3 95521 5 1,68 5 257 5 137,97 5 3,29
2 10000 2500 4 5 325,03 5 355,51 5 244 5 3,75 5 81,66 5 3,72
2 10000 3333 3 5 390,82 5 296,18 5 194 5 2,78 5 121,14 5 342
2 10000 3333 4 5 329,09 5 439,71 5 3,09 5 3,46 5 159,98 5 3,16
2 10000 5000 3 5 506,03 4 671,22 5 2,16 5 2,09 4 530,49 5 3,38
2 10000 5000 4 5 516,73 5 416,86 5 2,83 5 327 5 141,33 5 3,77
3 1000 250 3 5 9,67 5 19,03 5 0,21 5 0,27 5 5,95 5 0,70
3 1000 250 4 5 58,74 5 43,20 5 0,63 5 0,71 5 3,09 5 1,18
3 1000 333 3 5 21,51 5 50,24 5 0,36 5 037 5 6,99 5 0,60
3 1000 333 4 5 29,05 5 32,52 5 0,65 5 0,90 5 4,68 5 121
3 1000 500 3 5 26,14 5 28,70 5 0,34 5 0,49 5 10,17 5 057
3 1000 500 4 5 33,46 5 47,28 5 0,38 5 0,52 5 6,86 5 0,73
3 2000 500 3 5 120,41 5 144,41 5 0,38 5 0,53 5 63,77 5 1,19
3 2000 500 4 5 389,05 5 301,49 5 0,76 5 1,22 5 21,33 5 141
3 2000 667 3 5 316,33 5 232,75 5 1,04 5 0,92 5 31,18 5 1,04
3 2000 667 4 5 129,52 5 22455 5 047 5 0,56 5 21,81 5 148
3 2000 1000 3 5 113,90 5 261,64 5 0,65 5 0,53 5 81,42 5 1,38
3 2000 1000 4 5 179,31 5 24942 5 0,62 5 0,71 5 11,05 5 0,88
3 5000 1250 3 4 1014,05 3 1310,24 5 1,95 5 1,85 5 131,33 5 194
3 5000 1250 4 3 1352,73 2 1442,08 5 243 5 224 5 106,38 5 212
3 5000 1667 3 4 763,66 4 669,57 5 1,14 5 1,28 5 180,78 5 194
3 5000 1667 4 3 1102,02 4 1047,36 5 1,56 5 1,91 5 213,59 5 2,08
3 5000 2500 3 5 636,19 5 689,33 5 0,76 5 1,14 5 391,97 5 207
3 5000 2500 4 5 592,53 2 1223,05 5 1,42 5 1,58 5 77,89 5 1,90
3 10000 2500 3 1 1778,05 1 1800,00 5 242 5 3,38 5 899,86 5 3,09
3 10000 2500 4 1 1727,79 0 5 5,59 5 516 5 198,48 5 4,18
3 10000 3333 3 3 112745 1 173291 5 267 5 391 5 832,12 5 3,17
3 10000 3333 4 3 1253,69 2 1321,56 5 4,79 5 6,15 4 797,61 5 391
3 10000 5000 3 3 1379,12 1 1771,16 5 2,86 5 441 4 470,05 5 4,01
3 10000 5000 4 0 0 5 4,18 5 5,79 5 325,39 5 487

TABLE 1. Numerical results for BLP under the [; and ell,, norm.
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INSTANCES BLP-(;-1 BLP-(,-2 Alg-(, Alg-(1-sep. BLP-(.-1 Alg-(.

n [B] |NB|[ C|#O0PT CPU |#OPT CPU |#OPT CPU |#OPT CPU | #OPT CPU |#OPT CPU
10 1000 250 3 5 175,60 5 262,45 5 0,52 5 0,84 5 2353 5 0,73
10 1000 250 4 5 286,71 5 199,67 5 0,58 5 1,02 5 10,04 5 0,60
10 1000 333 3 5 170,27 5 168,75 5 0,29 5 057 5 50,58 5 0,68
10 1000 333 4 5 380,23 5 308,91 5 0,79 5 098 5 16,31 5 0,66
10 1000 500 3 5 365,20 5 41248 5 0,56 5 0,64 5 40,66 5 0.0
10 1000 500 4 1 838,00 5 608,46 5 0,74 5 1,17 5 206,14 5 1,16
10 2000 500 3 3 153842 3 1310,11 5 081 5 1,00 5 104,57 5 131
10 2000 500 4 3 1197,88 1 1020,28 5 1,04 5 1,44 5 64,34 5 1,62
10 2000 667 3 2 1406,31 2 1365,28 5 1,23 5 1,20 5 123,13 5 1,22
10 2000 667 4 3 1092,84 1 92863 5 1,01 5 1,24 5 58,13 5 1,16
10 2000 1000 3 4 115524 1 112538 5 0,72 5 0,33 5 18355 5 159
10 2000 1000 4 3 980,54 3 1215,99 5 1,11 5 184 5 91,77 5 1,66
10 5000 1250 3 1 167356 1 179625 5 2,66 5 3,00 3 126541 5 480
10 5000 1250 4 0 - 0 - 5 946 5 14,29 5 421,92 5 5,76
10 5000 1667 3 0 0 5 508 5 10,21 1 840,57 5 3.6
10 5000 1667 4 2 1430,78 2 1690,69 5 277 5 3,19 1 62748 5 5,12
10 5000 2500 3 1 1568,60 0 - 5 391 5 534 4 754,36 5 544
10 5000 2500 4 1 172735 1 164957 5 6,04 5 831 3 1125,20 5 597
10 10000 2500 3 0 - 0 - 5 937 5 17,15 2 121156 5 10,24
10 10000 2500 4 0 - 0 - 5 16,19 5 26,46 1 955,69 5 848
10 10000 3333 3 0 0 5 17,88 5 20,49 1 1649.16 5 13,44
10 10000 3333 4 0 - 0 - 5 19,62 5 18,73 3 115258 5 10,75
10 10000 5000 3 1 1800,00 0 - 5 11,24 5 23,00 2 1800,00 5 10,91
10 10000 5000 4 0 - 0 - 5 28,00 5 16,26 2 131408 5 1430
20 1000 250 3 1 79787 5 477,74 5 0,70 5 1,38 5 41,66 5 125
20 1000 250 4 5 852,01 5 548,28 5 0,64 5 131 5 20,22 5 0,88
20 1000 333 3 4 608,99 5 296,04 5 054 5 1,03 5 29,01 5 0,99
20 1000 333 4 1 102653 1 77341 5 1,01 5 1,03 5 39,01 5 155
20 1000 500 3 4 881,29 5 41255 5 051 5 1,13 5 55,68 5 142
20 1000 500 4 2 149936 3 147833 5 093 5 1,55 5 36,02 5 148
20 2000 500 3 1 162943 2 1800,00 5 103 5 221 5 212,07 5 208
20 2000 500 4 1 162338 2 1634,03 5 301 5 2382 5 217,86 5 242
20 2000 667 3 2 1612,20 3 1801,02 5 1,78 5 2,05 5 22330 5 240
20 2000 667 4 3 1421,62 2 1416,62 5 134 5 2,44 5 134,67 5 2,64
20 2000 1000 3 0 - 2 1800,00 5 245 5 1,86 5 181,95 5 3,02
20 2000 1000 4 1 1800,00 1 1800,00 5 509 5 3,08 5 345,70 5 344
20 5000 1250 3 0 - 0 - 5 720 5 937 3 118815 5 8,67
20 5000 1250 4 0 - 0 - 5 14,87 5 17,02 5 868,00 5 9.05
20 5000 1667 3 0 - 0 - 5 7,02 5 30,75 2 151357 5 888
20 5000 1667 4 0 - 0 - 5 728 5 18,85 5 1034,49 5 046
20 5000 2500 3 0 0 5 16,23 5 13,53 2 244737 5 15,67
20 5000 2500 4 0 - 0 - 5 20,15 5 10,45 2 158553 5 13,13
20 10000 2500 3 0 - 0 - 5 52,42 5 65,91 2 174536 5 23,08
20 10000 2500 4 0 - 0 - 5 96,02 5 63,30 1 1800,00 5 27,02
20 10000 3333 3 0 - 0 - 5 2803 5 2517 2 1750,37 5 2232
20 10000 3333 4 0 - 0 - 5 125,00 5 93,66 0 - 5 2079
20 10000 5000 3 0 0 5 40,39 5 85,61 2 1800,00 5 38,66
20 10000 5000 4 0 0 - 5 88,29 5 167,54 1 1800 5 2776

TABLE 2. Numeric

al results for BLP under the ¢; and [, norm.
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