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Abstract

This paper presents a first continuous, linear, conic formulation for the discrete ordered
median problem (DOMP). Starting from a binary, quadratic formulation in the original space
of location and allocation variables that are common in location analysis (L.A.), we prove that
there exists a transformation of that formulation, using the same space of variables, that allows
us to cast DOMP as a continuous, linear programming problem in the space of completely
positive matrices. This is the first positive result that states equivalence between the family
of continuous, convex problems and some hard combinatorial problems in L.A. The result
is of theoretical interest because it allows us to share the tools from continuous optimization
to shed new light into the difficult combinatorial structure of the class of ordered median
problems that combines elements of the p-median, quadratic assignment and permutation
polytopes.

Keywords Discrete ordered median problem - Completely positive reformulation - Conic
linear programming

1 Introduction

The discrete ordered median problem (DOMP) represents a generalization of several well-
known discrete location problems, such as p-median, p-center or (k| + k2)—trimmed mean,
among many others. DOMP provides a very flexible tool in accommodating actual aspects,
as subsidized or compensation costs, in models of Logistics and Location, see Puerto and
Fernandez [22] and Nickel and Puerto [19]. This way different objective functions are cast
within the same framework and similar tools can be used to solve problems with apparently
different structure. The ordered median objective function computes ordered weighted aver-
ages of vectors. In the case when that objective function is applied to location problems
those vectors correspond to distances or allocation costs from clients to service facilities.
The problem was introduced in Nickel [18] and later studied by Kalcsics et al. [13], Nickel
and Puerto [19], Boland et al. [3], Stanimirovic et al. [25], Marin et al. [17], Perea and Puerto
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[21] and Blanco et al. [2] among many other papers. DOMP is an NP-hard problem as an
extension of the p-median problem.

Nickel [18] first presented a quadratic integer programming formulation for the DOMP.
However, no further attempt to deal directly with that formulation was ever considered.
Furthermore, that approach was never exploited in trying to find alternative reformulations
or bounds; instead several linearizations in different spaces of variables (some of them rather
promising) have been proposed to solve DOMP, Marin et al. [17] and Labbé et al. [16].

Motivated by the recent advances in conic optimization and the new tools that this
branch of mathematical programming has provided for developing bounds and approxima-
tion algorithms for NP-hard problems (as for instance the max-cut problem and the quadratic
assignment problem (QAP) among others [8]), we would like to revisit that earlier approach
to DOMP. Our aim is to propose an alternative reformulation of the problem as a continuous,
linear, conic optimization problem. Our interest is mainly theoretical and tries to borrow tools
from continuous optimization to be applied in some discrete problems in the field of Location
Analysis (L.A.). To the best of our knowledge reformulations of that kind have never been
studied before for DOMP nor even in the wider field of L.A.

The goal of this paper is to prove that a natural binary, quadratically constrained, quadratic
formulation for DOMP admits a reformulation as a continuous, linear optimization problem
over the cone of completely positive matrices C*. Recall that a symmetric matrix M € R"*"
is called completely positive if it can be written as M = Zf-‘zl x;x! for some finite k € N
and x; e RY foralli =1,...,k.

The paper is organized as follows. Section 2.1 formally defines the ordered median problem
and sets its elements. Section 2.2 is devoted to describe a folk result that formulates the
problem of sorting numbers as a feasibility problem in binary variables. This is used later
as a building block to present the binary, quadratic, quadratically constrained formulation of
DOMP. Section 3 contains the main result in this paper: DOMP is equivalent to a continuous,
linear, conic optimization problem. Obviously, there are no shortcuts and the problem remains
N P-hard but this new approach may contribute to increase the impact of conic optimization
techniques in combinatorial optimization. The last section, namely Sect. 5 contains some
conclusions and pointers to future research.

2 Definition and formulation of the problem
2.1 Problem definition

Let S = {1, ..., n} denote the set of n sites. Let C = (cj¢); ¢=1,..,» be a given nonnegative
n X n cost matrix, where c;; denotes the cost of satisfying demand point (client) j from a
facility located at the site £. We also assume the so called, free self-service situation, namely
cjj=0forall j =1,...,n. Let p < n be the desired number of facilities to be located at
the candidate sites. A solution to the facility location problem is given by aset X € S of p
sites. The set of solutions to the location problem is therefore finite, although exponential in
size, and it coincides with the (") subsets of size p of S.

We assume that each new facility has unlimited capacity. Therefore, each client j will be
allocated to a facility located at the site £ of X with the lowest cost, i.e.

Cj = C./‘(X) := min Cje-
tex
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The costs for supplying clients, ¢1 (X)), ..., ¢, (X), are sorted in nondecreasing order. We
define ox to be a permutation on {1, ..., n} for which the inequalities

CUX(I)(X) <---= Cax(n)(X)

hold.
Now, for any nonnegative vector A € R, DOMP consists of finding X* C S with
|X*| = p such that:

n

n
MCovi()(X™) = min AkC X).
; kCo s (k) (X7) XC&le:P,; kCox (k) (X)

2.2 Sorting as an integer program and a binary quadratic programming formulation
of DOMP

For the sake of readability, we describe in the following a folk result that allows us to
understand better the considered binary quadratic programming formulation for DOMP.
Let us assume that we are given n real numbers rq, ..., r, and that we are interested in
finding its sorting in nondecreasing sequence as a solution of a mathematical program. One
natural way to do it is to identify the permutation that ensures such a sorting.
We can introduce the following ordering variables

P = 1 if the number r; is sorted in the kth position, j,k=1,...,n,
E=10  otherwise.

Next, we can consider the following feasibility problem:

min 1 (SORT)
n
st Y Pp=1, Vk=1,...,n, 1)
j=1
n
> Py=1, Vi=1,....n, @)
k=1
n n
> Puri < Py, Vk=1,....n—1,
j=1 j=1
Pji € {0, 1}, Vik=1,...,n. 3)

Clearly, the constraints (1) and (2) model permutations and the constraint (3) ensures the
appropriate order in any feasible solution since the number in sorted position £ must be
smaller than or equal to the one in position k + 1.

Now, we can insert in this formulation the elements of DOMP. Indeed, we have to replace
the given real numbers rq, ..., r, by the allocation costs induced by the location problem.
Let X and O be the natural allocation and location variables in the location problem, namely

X = 1 if the demand point j goes to the facility ¢, j, £ =1,...,n,
£=10 otherwise,
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and

1 if anew facility is opened atsite ¢, £ =1, ...,n,
Oy = .
0 otherwise.

Based on the above variables, it follows that the cost induced by the allocation of the
demand point j will be given by Y j_, ¢;j¢X j¢. Thus, if we want a valid formulation of
DOMP we can embed the location elements into the SORT formulation. This results in the
following formulation (see [18]):

n n n
min Y A Y Py cjeXje (MIQP-DOMP)
k=1 =1 =1
n
sty Pi=1, Yk=1,....n, (4
j=1
n
> Py=1, Vi=1,....,n, (5
k=1
n n n n
Z(Zcﬂxﬂ) Pijy SZ(ZCMX]'K) Pigy1,  VYk=1,...,n—1, (6)
Jj=1 \e=1 i=1 \e=1
n
> Oc=p. ™
=1
n
D Xp=1, Vi=1,....,n, (8
=1
O¢ = Xy, Vi, =1,...,n, 9)
Pjr, Xj¢, O € {0, 1}, Vj,k,t=1,...,n. (10)

Clearly, the objective function accounts for the ordered weighted sum of the allocation
costs so that the cost sorted in position k is multiplied by A; for all k = 1,...,n. The
constraint (4) states that each position in the sequence from 1 to n will be occupied by one
of the realized allocation costs; whereas the constraint (5) ensures that each allocation cost
will be in one position between 1, ..., n. The constraint (6) states that the cost in position
k must be less than or equal to the one in position k 4+ 1. The next constraint, namely (7),
sets that p facilities are open. The constraint (8) forces that each demand point is allocated
to one facility and the constraint (9) ensures that the demand points can be assigned only to
open facilities. Finally, (10) sets the range of the variables.

Based on our discussion, the above quadratically constrained, quadratic objective function
formulation is valid for DOMP. We note in passing that one could relax the binary definition of
the variables O; € {0, 1} to simply nonnegativity, namely O; > 0, since boundedness of O is
ensured by (7); and by (9) and the fact that O variables do not appear in the objective function,
there will always exist binary optimal solutions. Therefore, in what follows (unless explicitly
stated) and without loss of generality, O variables will be considered just nonnegative.
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3 A completely positive reformulation of DOMP

The goal of this section is to developed a new reformulation for DOMP as a continuous,
linear optimization problem in the cone of completely positive matrices C*. For this reason,
we consider X, P and O as the original variables of the problem. These variables are standard
in the already known formulations for DOMP.

For the ease of presentation, we use the following convention. We refer to the original
variables in capital letters. The slack variables used to transform inequalities to equations
in the formulations will be denoted by the Greek letters ¢, &, n. Finally, the elements of
the matrix variables will be denoted by small letters. For instance, if U = (u;;) is a matrix
variable we refer to its elements as u;;. In the following the vec operator stacks in a column
vector the columns of a matrix and the rvec operator stacks in a column vector the rows of
a matrix. Clearly, rvec(A) = vec(AT), i.e. rvec acting on a matrix A is equivalent to vec
acting on the transpose of A. The Diag operator maps a n—vector to a n x n diagonal matrix
and the diag operator extracts in a n-vector the diagonal of a n x n-square matrix. We follow
the convention that all single-index variables in our formulations are column vectors.

In the sequel rather than considering the standard version of DOMP in the literature of L.A.,
described above, we will consider an extended version of that problem because it permits to
include more realistic aspects in the model. These modeling aspects come from the interaction
between the different elements in the problems. That is, this extended model includes some
extra interaction terms among the ordering variables (Pjx P;/x/) and the allocation variables
(XjeXpgq)» see e.g. Kalcsics et al. [14,15], Puerto et al. [23,24]. Let D = (djj) € R”zx"z,
where d /- is the interaction cost of sorting the demand point j in position k and the demand
point j’ in position k’. Moreover, let H = (h jepg) € ]R”z X”Q, where £ ¢ g is the costincurred
due to the allocation of the demand points j and p to the facilities £ and ¢, respectively, see
e.g. Burkard [10]. The reader should observe that in the standard version of DOMP in the
literature the cost matrices D and H satisfy D = H = ®, where O is the zero matrix.

In spite of the greater complexity coming from including new quadratic terms in the
objective function of DOMP, our approach can handle this extended version of the problem
with the same effort. Thus, in what follows we consider the following objective function
for MIQP-DOMP.

manKkZP]kZ ][X]g-f—l/ZZZZZd]kj/k/ jkP’k’

j=lk=1ji=1k'=1

+1/ZZZZZhﬂquﬂqu (11)

j=1t=1 p=1¢g=I

Clearly, the objective function (11) accounts for the ordered weighted sum of the allocation
costs so that the cost sorted in position k is multiplied by A; for all k = 1, ..., n, plus the
interaction costs induced by the orderings and the allocations. This objective function replaces
the usual one in MIQP-DOMP and allows us a more general analysis of the problem.

Our goal is to find new ways to represent the problem that may contribute to increase
the impact of conic optimization techniques in combinatorial optimization. We show in
the following that it is possible to cast DOMP within the field of continuous, linear, conic
optimization and we derive an explicit reformulation.

Furthermore, we emphasize that this result is not straightforward. Contrary to the case of
quadratic objective and linear constrained problems with some binary variables, where one
can apply Burer’s results [6, Theorem 2.6]; the above formulation is quadratic in the objective,
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in the constraints and also includes binary variables; and in our case the most recent, known
sufficient conditions for obtaining conic reformulations do not directly apply [1,9,20]. In all
cases, those results require some extra conditions on the considered quadratic constraints
which in our case are not fulfilled: Burer and Dong [9] assume that the nonlinear constraints
are in the form of the intersection of level sets of certain specific quadratic functions (see
[9, Theorem 1]); Bai et al. [1] is applicable if the problem has just one nonconvex constraint
being nonnegative over the domain defined by the remaining conic and linear constraints; and
Pefia et al. [20] require that the nonlinear constraints are nonnegative either on the level sets
of some of the other nonlinear constraints [20, Theorem 4] or over the nonnegative orthant
[20, Theorem 5]. None of those conditions can be ensured by the quadratic constraints (6)
in our problem, namely »_, (Xi_icjeXje) Pix < > (Xi_icjeXje) Pjkgr, Yk =
1,...,n — 1. Moreover, although squaring them would result in nonnegative degree 4 poly-
nomials which may allow to apply the results in Pefia et al. [20], such a reformulation would
require completely positive tensors (not matrices) implying a much larger set of variables
than what it is used in our approach. In spite of that, we prove in our main result that such
a reformulation does exist for DOMP. Thus, it links this problem to the general theory of
convex, conic programming as a new instance of this broad class of problems. As a result,
any new development arising in the field of convex, conic programming, could be readily
transferred to DOMP advancing in its better understanding. The interested reader is referred
to Diir [11], Bomze [4], Burer [7] and Xu and Burer [26] for a list of other examples of
combinatorial problems that also fits to this framework.

In our approach, we first reformulate MIQP-DOMP as another quadratically constrained,
quadratic programming problem that is instrumental in the construction of the final com-
pletely positive reformulation for DOMP. The latter reformulation is the main goal of this
paper.

In our development we follow the approach by Burer [6] but we need to introduce mod-
ifications to go around the problematic quadratic constraint (6) that does not fit within
that framework. In order to do that, we slightly modify the formulation MIQP-DOMP
with the objective (11) and we introduce an additional set of variables Wy, k = 1,...,n
which will represent the value of the cost that is sorted in position k. This means that
Wi = 31 (i1 ¢jeXje) Pjx and although these variables are redundant they will sim-
plify the presentation in our approach. Adding these equations forallk = 1, ..., n, results in
another valid constraint, namely » 5y Wi = >7_| >7/_ ¢;eX j¢, that we will also include
in our formulation.

The following result provides a reformulation of MIQP-DOMP that is an important build-
ing block in the proof of the main result.

Lemma 3.1 Problem MIQP1-DOMP is a reformulation of Problem MIQP-DOMP.

mankka + 1/222 Z Z djxjrw Pjk Pjri (MIQP1-DOMP)

j=1k=1j'=1k'=1

n
+ 1/22 Z Z ZhijquZqu

j=1t=1 p=1q=1

s5.t.(4), (5), (7), (8),
Xjo—Op+¢ie=0, Yje=1,...n, (12)
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n n
Wi —ZCjerz—FZCje(l —Pi) =k =0, Vjk=1,..,n  (13)

ZP]k Zcﬂx,@, Vk=1,...,n, (14)
j=1
ZZ(ij — P}) =0, (15)
j=1k=1
n n
DY Xjie—X3) =0, (16)
j=1¢e=1
Wi — Wip1 +& =0, Vk=1,...,n—1, 17
ZWk —ZZ%XJE =0, (18)
j=1¢=1
Pir, Xje €{0,1}, O¢, Wi, &j.njk, 8je =0, Vj,k,e=1,...,n (19)

Proof In order to get the formulation in the statement of the lemma, we begin by con-
sidering an intermediate reformulation of MIQP-DOMP which results by augmenting the
variables Wj, = Z;f:l Pir Y y_icjeXje forallk = 1,...,n (14). In addition, we add three
redundant constraints. The first two are quadratic, namely Z’}Zl > 1(Pjx — szk) =
(15) and Z?‘:l Yo (Xje — X?z) = 0 (16); and the third one is linear > y_; Wi —
Z’}: 1 ZZ: 1¢je Xje = 0 (18). These three constraints will be instrumental in our devel-
opments. It is clear that augmenting the above variables and constraints to MIQP-DOMP
results in a reformulation (see MIQP2-DOMP below) since from every feasible solution to
one problem one can obtain a feasible solution to the other problem with the same objective
value.

We write the new problem explicitly for the sake of readability. Starting from MIQP—
DOMP, with the new objective function (11), we perform the transformation described above
and the new formulation is:

n n n n

min Z MWe+1/23 33 djgjw Pix P (MIQP2-DOMP)

j=lk=1j'=1k'=1

+ 1/22 Z Z Zhﬂpqlequ

j=1t=1 p=1g=I

s.1.(4), (5), (6), (7), (3), (12), (14), (15), (16), (18),
P, Xje €{0, 1}, O¢, Wi, ¢je = 0, Vi k,e=1,...,n. (20)

MIQP2-DOMP is a mixed-{0, 1}, quadratically constrained, quadratic objective problem.

From this formulation, we can obtain the one in the statement of the lemma by: 1) reformu-

lating constraints (6) as Wy — Wiy — & =O0forallk = 1,...,n — 1, (17); 2) adding to
n n

the formulation the valid inequalities (13),i.e Wy — Y " cje Xjo + Y cje(l = Pj) — nji

=0, Vjk=1,....n
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We observe that the constraint (13) is valid by the following argument. First of all, if
Pj; = 0 then (13) reduces to Wy > ZZ:] cje(Xj¢ — 1) which always holds since Wy > 0
and Xj, < I forall £ = 1,...,n. Second, if Pj; = 1 then by the definition of Wy,
Wie= 27521 2o cjeXje = oy cjeX je-

Augmenting these constraints to MIQP2-DOMP results exactly in MIQP1-DOMP and
the result follows.

O

Additionally and for the sake of readability we will introduce the following notation. We
set the entire family of variables of the problem MIQP1-DOMP as the column vector ¢ given
by

¢T = (rvec(P)T, rvec(X)T, 0T, WT €T, rvec(n)T, rvec(t)T). 1)

Recall that we assume that all single-index variables, namely O, W, &, are column vectors.
Furthermore, to alleviate the notation, we will denote the tuple of vector of coefficients of a
constraint numbered as (#), in the formulation MIQP1-DOMP, by [a,]. For instance, if the
reference (#) defines a set of constraints for all £ = 1, ..., n then we refer to the vector of
coefficients in the £th constraint in that set by [a#)]¢. Analogously, with b we refer to its
right-hand-side. For instance, [a(4)]lT¢ = b(4) | refers to the first equation of constraints (4)
whichis 37 Pj1 = 1.

Next, we consider the matrix form ® = ¢¢7 that is symmetric with the upper triangular part
given by:

M e o e ey P e =T
0 v PO PW Pt Py P
U XO XW Xt Xn X¢
Y OW 0t Oy O¢

o= Q We wn we € R@n>+3m)x (4n’+3n) (22)

v &n &¢
I ng

- Z -

Each entry in @ is a block of variables. The different submatrices that appear in ¢ are
described below:
rvec(P) Py
0= rvec(P)rvec(P)T = = (qinje) € anxnz.
rvec(P) Py,
There exist structural conditions on the product of variables P Pj; since diag(Q) =
rvec(P).
The matrix U is analogous replacing P by X. Thus,
rvec(X)X11
U = }’U@C(X)FUEC(X)T = — (uikjé) c anxnz.
rvec(X)Xnn

There are also conditions on the product of variables X;; X j¢ since diag(U) = rvec(X).
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Next, the matrix V is
rvec(X) P11
V = rvec(P)rvec(X)T = : = (vikje) € R xn*
rvec(X) Py

The remaining submatrices that are required because their terms appear in some constraints
are defined accordingly:

T = 00T = (0;;) € R,

Q=WW" = (;) e R™", W= g" = (Yiy) e R

1 = rvec(n)rvec(n)’ = (ikje) € R”ZX"Z, Z =rvec(¢)rvect()T = (zijrs) € R”ZX"Z,
(PO) = rvec(P)OT = ((PO);j¢) € R™ >, (PW) = rvec(PYWT = (pij) € R,

(PE) = rvec(P)ET = ((P&)yje) € R, (Pn) = rvec(P)rvec(n’ = (vijry) € R X",
(P¢) = rvec(Pyrvect(©) = ((P)ijrs) € R,

(XO) = rvec(X)OT = (Xikj) € R xn (XW) = rvec(X)WT = (yire) € R”ZX”,
(Xn) = rvec(X)rvec(m’ = (kijrs) € R” X"z, (X¢) = rvec(X)rvect(¢)T = (Tijrs) € R”zx”z,
(0%) = Orvect(§)" = (Burs) € R,

(W) = We! = 8)) e R, (W) = Wrvee(n” = (eirs) € R

Finally, consider the coefficient matrix G and the vector g indexed in the same basis as

0.

X1 Xo. Xn. a
—_—
A ®Cy. (C] €]
[ D FOOOOO : o
T : : :
FFHOOO066 MR®CL O ... ©
[CHCHCONCONCONCNC) ) AMRCo ... )
G=| 6 OO 606 | where F =
CHCHCNCONCNCONC : : . :
[CHCHCNCONCONCNC ® A ®Co. ... ®
| © 60606060 | ® ® oA QCh
| e ® ... A ®Cy
and
P x o W ¢ n ¢
r H\/\/\"’T‘/\,—/\/\
g =16,0,0,0,0, 0, 0]

Recall that, as already introduced in Sect. 3, ® stands for the matrix of the adequate size with
all its entries equal to zero.
Clearly,

n n n

1/2(G, ®) = 1/2trace(Gd) = ZAkZP,kZC,gX,e-I—I/ZZZZZd]k]/kr Pjx P

j=1k=1j'=1k'=1

+1/2ZZZZhijquZqu, (23)

j=1t=1 p=1g=1
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is the objective function of Problem MIQP1-DOMP. Analogously,

n n n
(F.V)=trace(FV)=Y MY Py Y cieXje=2"W=g'¢. (24)
k=1 j=1 =1

One can check that the above expression is the first term in the objective function of Prob-
lem MIQP1-DOMP.
Let £ be the set defined by the linear constraints of MIQP1-DOMP, namely

L ={¢p > 0: ¢ satisfies (4), (5), (7), (8), (12), (13), (17) and (18)}, (25)

and let Ap = b be system of equations that describes the set £. Now, we consider a new
transformation of MIQP1-DOMP using the matrix variable ®. This transformation requires:
1) the linear constraints, £, that come from MIQP1-DOMP, namely A¢ = b, 2) the squares
of those constraints in the matrix variable ®, namely diag(A®AT) = b o b, where o is the
Hadamard product of vectors, 3) the quadratic constraints of MIQP1-DOMP written in the
matrix variable ®:

n

Wi — Y cjovjeje =0, Yk=1,....n, (26)
j=1
n
> (Pik—qjjp) =0, 27)
jok=1
n
> (Xje—ujeje) =0, (28)
j.t=1

and 4) the matrix

—_(19¢" %
<I>_<¢q)>ec,

where C* is the cone of completely positive matrices of the appropriate dimension (see [6,
Theorem 2.6]). Schematically, we can write that formulation as follows:

n n n n n n n n
min 303> Y digwdgn +1/23 53D Y hiepgtjepg  (CP-DOMP-0)
J=lk=1j'=1k'=l j=11t=1p=1g=1
n n n
F1/2) )Y cjevjne
k=1 j=1¢=1
st.¢p € L,

diag(AT¢>A) = b o b, where A is the matrix of L,

n
Wi — Z cjevjkje =0, Yk =1,...,n,
=1

n
Z (Pjk — qjkjk) =0,

Jk=1

n
Z (Xje—ujeje) =0,

J =1
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- 1¢T *
d>_(¢q>>ec.

It is well-known that CP-DOMP-0 is always a relaxation of MIQP1-DOMP and therefore
it is also a relaxation for DOMP. Our next result proves that actually it is not a relaxation but
a reformulation.

Theorem 3.1 DOMP belongs to the class of continuous, convex, conic optimization problems.
Problem CP-DOMP-0 is equivalent to MIQPI-DOMP, i.e.: (i) they have equal optimal
objective value, (ii) if (¢*, ®*) is a feasible solution for Problem CP-DOMP-0 then ¢* is in
the convex hull of feasible solutions of Problem MIQP1-DOMP.

Proof Clearly, the objective function of the problem CP-DOMP-0 can be written as a linear
form of ® (see (23)):

(F,V)y+1/2(D, Q)+ 1/2(H,U) = 1/2(G, D).

Define £ as in (25), and let L, be the recession cone of L.

We claim that £, = 0 since £ is bounded. Indeed, we observe that P and X are non-
negative by definition and bounded above by 1 since they satisfy (4) and (8), respectively.
The variables O are also bounded from below by construction and bounded from above by
(7). Finally, for all k = 1, ..., n the variables W}, are also bounded above since they are
nonnegative and Wy < nmax; ¢ cj¢ by (8) and (18). This proves that all variables P, X, O
and W are nonnegative and bounded above. To prove that also the slack variables 7, £ and ¢
are bounded we proceed as follows. We observe from (13) that nj; < Wi + ZZ:] cje, for
all j,k = 1,...,n and thus variables n are bounded. Analogously, from (17), we get that
& < Wiy, forallk =1,...,n — 1, hence & variables are bounded as well. Finally, using
(12), it follows that ;¢ < O, forall j,£ =1, ..., n, and thus using the boundedness of O
the slack variables ¢ are also bounded.

Therefore, it follows that the recession cone of the linear part of the feasible region
of MIQP1-DOMP is the zero vector.

Next, we consider the sets:

L=Ln{p:Wi— Y cuPpuXje=0k=1,...n Y (Py—Pp)=0,
j.e=1 k=1

Y (KXje—X3) =0},

ji=1

- {0 0ee)

R=10= A €C*:Ap=b, diag(APAT)=bob
=1*={s o tAp =b, g = ,

o 1 T n n
R/ =Rﬂ[‘b=<¢,¢¢):Wk— Z cjevjkje =0,Vk=1,...,n, Z(ij—qjkjk)zo,

=1 k=1
n

Z (Xje —ujeje) = 0}-

=1

Recall the A¢p = b is the set of linear constraints that describe the set £, £ is the feasible
region of MIQP1-DOMP and R’ is the feasible region of CP-DOMP-0.

@ Springer



Journal of Global Optimization

We prove, that
conv((LHH) =R/

The inclusion conv((£)') € R’ is clear. For the reverse inclusion, since R’ ¢ R C C*
then for any matrix ® € R/, it is known (see e.g. Burer [6]) that there exists a representation

e O O

rel reJ

where [ and J are finite sets of indices, u” > O forall r € I, Zrel u =1,¢" € L forall
r € landy” € Lo forall r € J. Therefore, since the recession cone L is the zero vector,
the representation above reduces to:

= (1¢T) 2 <¢r><¢r>T’ =

rel

with u” > O forallr € I, Zre[ w =1,and ¢" € Lforallr € I.

We claim that Z?,k:l(ij — qjkjk) = 0, Z?,Z:l(xjf —ujgje) = 0 and Wy —
Z'} (1 Cjevjkje = 0,Vk =1, ..., nimplies that each ¢” with r € I satisfies Z"- k=1(P; Pl —
(P )3 =0, Y em1 (X7, (X;Z)Z)ZOandW,g—zjezl P X5, =0, Vk=1,

ThlS will complete the proof.

First of all, we observe that, by the representation (29), it holds that: Pj; =
Yrer WP Xje = 2o Xy Wi = Zre[ WL qjkjk = Y,e W (Pj)* and
Vikje = Y reg M P’ X’e,forallj k,t=1,

We begin with Z],k:l (Pjk —qjkjrx) = 0and replace the variables P and gk by their
representation in terms of (29) which results in:

0—22(2# = WPy ) ZZ(ZM( P )>. (30)

j=lk=1 \rel rel j=lk=1 \rel

It is clear that Pjrk < 1 and X;z < 1forall j,k,£=1,...,n Indeed, Py = Zre[ n P
with P;k > Oforall » € I and Pj; < 1 since it satisfies (4) and (5). Therefore P’ <1, for
all j,k=1,...,n,then all the addends in (30) are nonnegative and this implies that

—(P[)*=0, Vjk=1...nrel. 31)

The proof for ZJ o= l(X; (sz) ) = 0 is similar, but to prove that X’ < 1 we use
the inequality (8) valid for X j, instead of (4) and (5). This proves the first part of the claim.

Next, we consider Wy — le:l cjevjrje = 0. Then, we replace Wy and v ;¢ by their
representation in terms of (29) which results in

n

n n n
0=D WWi=2 2 > wejePpXj =) w | Wi=2 > cjePsXj|. (32)

rel j=1¢=1rel rel j=1e=1

Now, since W}, X ( and P, satisfy (13) for all € I and P’ > Oforall j, k and r, we
multiply both sides of the 1nequa11ty (13) by P’ This results i 1n

n

n
W{Pl =Y ciX[ Pl — > cjePp(l =P, Vjk=1,...n rel.
= (=1
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We sum the above inequalities for all j = 1, ..., n to obtain:
=14
,-/&, =031
n n n .—/\—
Wi ZP]k> ZchgXS»ZP;k =Y > cje (P —(Pip)Y), Yk=1....n rel
j=1t=1 j=1t=1

Hence, we obtain:

W Z ,gx;gp;k, Vk=1,...,n, rel. (33)

This condition combined with (32) proves the second part of the claim. Therefore, R C
conv((£")") also holds, and thus, R’ = conv((£)").
The above property allows us to rewrite Problem MIQP1-DOMP as an equivalent contin-

. . . . . . . . T .
uous, convex, conic linear optimization problem in the matrix variables (1¢ ¢¢) as described

in CP-DOMP-0. o

The feasible region of the formulation CP-DOMP-0 always has an empty interior [6].
However, we can remove the explicit dependency on the original variables ¢ obtaining a new
formulation that only depends on the essential matrix variable ® and that, according to Burer
[6], may enjoy having a nonempty interior.

Theorem 3.2 Problem CP-DOMP-0 can be reformulated removing the explicit dependency
on the ¢ variables as:

n n n n

n
min Y Ak Z Zc,gvﬂ(,g F1/2D 33 diw g (CP-DOMP)

k=1 j=14¢=1 j=1k=1 j'=1k'=1

n n n n
+1/2 Z Z Z Z hjepqtjepg
j=1 =1 p=1g=1

s.t. ®lagph € L,
diag(ATQDA) = b o b, where A is the matrix of L,

prk _ZZC/ZU/kjé =0, Vk=1,

j=1¢=1
Z <quklé /kjk) =0,
J.k=1
Z (Zvjllr_ujejf> =0,
j.l=1
® e C*.

Moreover, if disa feasible solution for Problem CP-DOMP then &D[a(4)]1 is in the convex
hull of feasible solutions of Problem MIQP1-DOMP.

Proof The proofis based on finding an appropriate linear combination of the rows of the linear
constraints in £, namely A¢ = b, that allows one a writing of ¢ as a linear combination of ®,
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following an argument similar to the one in Burer [6]. We give full details of this argument
for the sake of completeness.

Let 1C be the index set of the different families of constraints of MIQP1-DOMP and for
eachi € IC, let JC; be the index set of the constraints in the ith family.

Take the first equation in (4), i.e. Z;=1 Pj; = 1. Recall that we rewrite this constraint

as [a(4)]1Tqb = b(4)1. Next, define the vector 8 = (ﬂij)(jfee;g_), as 11 =1, Bij = 0, for all
(@, j) # 1, 1.

Itisclearthat} ;e c > jeyc, Bijlaw]j = lagylr = Oandthat} " cjc 3 e ¢, Bijbayj =
. Letusdenote o =}, .;c > jeyc, Bijlaw]j- Then,

a'op=3" 3 Bilaplie =) > Biba;=1

ielC jelC; ielC jelC;
Thus, since ¢¢T = @, from the above we obtain

¢ o = da = ¢. (34)

On the other hand, 1 = aT¢¢Toz = ol ®a, and hence

— [1eT] [ 1 aT@] T
q)'_|:¢d>i|_|:<l>a @ :|—(Oll) D(al).

Thus, since o > 0, if & € C* then ® e C*. To prove the converse, it suffices to recall that the
principal submatrices of completely positive matrices are completely positive. Therefore, if
® e C* then ® € C*.

To obtain the formulation (CP-DOMP) we only need to replace any occurrence of ¢
in CP-DOMP-0 by @[a(4)]1 and observe that, in terms of @[a(4)]1, Wi = ZZZI P1ek, for
allk=1,....n, Pjx =Y y_yqjiie.forall j,k=1,....,nand Xjo = Y _, vjei,, forall
j.b=1,...,n.

To complete the proof we apply the assertion (ii) of Theorem 3.1.

Summarizing, we have obtained that the formulation CP-DOMP is exact for DOMP and
is linear in ® € C*. O

An explicit reformulation of CP-DOMP, namely (CP-DOMP-Explicit), can be found in
the “Appendix”.

4 Further observations

This section gathers some remarks that show additional properties of the problem MIQP—
DOMP or its reformulations. We start by showing a set of inequalities that can be used to
replace (9), provided that O, are considered binary variables.

Proposition 4.1 Let us assume that the set of inequalities (4)—(10) hold and the variables O,
are binary. Then, the set of inequalities (9) can be replaced by

n
Zxﬂ_(n_p_}_l)oefo, Y¢e=1,...,n (35)
J=1

without affecting the optimal solution of MIQP-DOMP.
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Proof Indeed, let us assume that (9) holds together with the remaining inequalities in the
formulation MIQP-DOMP. We shall prove that (35) also holds. We sum X, < O, for all
j = 1..., n which results in

n
> Xje <n0y. (36)
j=1

We assume free self-service and no capacity constraints for the allocation of the demand
points to the facilities. Therefore, for each O; = 1, among all the feasible solutions with
the same objective value, there is always one satisfying that X;; = 1 as well. That is, the
demand point at £ will be served by the facility at the same location. Since there are p
open facilities, there exist Oy, =1, ..., Oy , = 1. This implies that in any sum of the form
Z;Zl Xjo < nOy there must be at least p — 1 variables Xy o = 0, if £; # £, since by (7)
there are, at least, p — 1 open facilities different from £ (even if facility at £ happens to be
open).

The above argument implies that, whenever Oy = 1 in (36), we can subtract p — 1 units
from the right-hand-side of the inequality, (obviously, this also holds if O, = 0) resulting in
(35).

Conversely, if O are binary the fact that (35) implies (9) is straightforward. O

These constraints could have been used to modified the formulation MIQP-DOMP replacing
the constraints (9) by (35). However, we have not followed this approach because it would
have required to consider the variables O, as binary whereas with our current approach this
can be avoided.

Our second observation shows that the objective function (11) of CP-DOMP admits an
alternative representation. Indeed, by (23)

n n n n

Z)‘kZP]k ZCJZX]K—F I/ZZZZ Zdjk//k’ijP’k/
k=1 j=I

j=1k=1j'=1k'=1
n
+ I/ZZZZZhﬂPqXﬂqu = 1/2(G, ®)
j=1t=1 p=1¢g=1
— (F. V) + 1/2(D, Q) + 1/2(H, U).

Next, using (24) we obtain (F, V) = > 7| Ak 27':1 YiiciePixXje = Y g M Wi =
(g, ¢). Then, for any u € [0, 1], combining both expressions and using that ®o = ¢ and
therefore W;, = Z’Zzl piek, forallk =1, ..., n, we get:
(F,V)+1/2(D, Q)+ 1/2{H, U) =p(F, V) + (1 — n)(g, ¢) + 1/2(D, Q) + 1/2(H, U)
=1/2(D, Q)+ 1/2(H, U) + u(F, V) + (1 — uw){r, W)
=1/2(D, Q)+ 1/2(H, U) + u(F, V)

+ =)y M) Pk 37

In other words, the objective function of CP-DOMP can be equivalently written for any
n e [0, 1] as:

u(F, V>+(1—u)zxk2pwk+1/z D, Q)+ 1/2(H,U). (38)
k=1 =1
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We observe from (38) that the objective function of CP-DOMP is also valid for © = 0 and
© = 1. This makes it possible to avoid V' or p variables in the objective function.

Furthermore, we would like to remark that 7 out of the 21 blocks of the matrix variables
@, namely OW € R, 0g € R™" Oy € R”X”z, W¢ e R"X”Q,Sn € R”X”Z,%‘{ e Rrx
and n¢ € R’ X"Z, never appear explicitly in any constraint of CP-DOMP, except as & € C*.
It is not clear whether these final remarks may help in solving the problem or not.

5 Concluding remarks

The results in this paper state, for the first time, the equivalence of a difficult N P-hard
discrete location problem, namely DOMP, with a continuous, convex optimization problem.
This approach can be used to start new avenues of research by applying tools from continuous
optimization to approximate or numerically solve some other hard discrete location problems.
Some examples are single allocation hub location problems and ordered median hub location
problems with and without capacities, see e.g. Fernandez et al. [12]; Puerto et al. [23,24], to
mention a few. The aim of this paper is not computational but it seems natural to consider
some relaxations of formulation CP-DOMP to analyze the accuracy of their related bounds.
This is beyond the scope of this contribution but will be the subject of a follow up paper.
(The reader is referred to Bomze et al. [5] for further details.)
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Appendix: An explicit formulation of CP-DOMP

First of all, one can check that

(PP) (PX) (PO)
n n n n n n
Plag, =[ D auie s Y Gunies Y V101E s D Vanies Y (PO)iet, oy Y (PO)in,
=1 =1 =1 =1 =1 =1
Pw) (P§) (Pn)
n n n n n n
D PWher, s D (PW)in, D (POt s D (PEens D (PMients - Yy (P0)itn,
(=1 =1 =1 =1 =1 =1
(Pg)

D PO s Y (POt ]T~
=1 =1

Next, we present the explicit formulation of CP-DOMP, which is obtained from the orig-
inal formulation replacing the original variables ¢ by its linear expression in terms of &,
namely ¢ = <I>[a(4)]1 (see theorems 3.1 and 3.2 ).

Indeed, this reformulation requires to include: 1) the linear constraints that come
from MIQP1-DOMP rewritten using that @lagy i = ¢, 2) the squares of those constraints
in the matrix variable ®, 3) the quadratic constraints written in the matrix variables ® and
4) @ € C*, the cone of completely positive matrices of the appropriate dimension.
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In the following we check that the four conditions mentioned above give us the constraints

that appear in the explicit representation of CP-DOMP included below. Indeed,

1.

Constraints (39) are [a(4)]iT ®lag i = 1foralli =1, ..., n. Analogously, constraints
(40) are [a(s)]iTCD[a(4)]1 = 1foralli =1, ..., n;constraint (41)is [a(7)]T<I>[a(4)]1 = p;
constraints (42) are [a(g)]iTCD[a(4)]1 = 1foralli = 1,...,n; constraints (44) are
la17)] @lacg)]1 = Lforallk = 1,..., n—1;constraints (43) are [a 12,17, Plag) 1 = 1
for all j,£ = 1,...,n; and constraints (45) are [a(13)]]rkd>[a(4)]1 = 1 for all
Jj,k = 1,...,n. This proves that the block A¢p = A¢[a(4)]1 = b appears in CP—
DOMP-Explicit.

Constraints (46)—(53) are obtained squaring (4),(5), (7),(8), (17), (12), (18) and (13),
respectively. This proves that diag(A” ®A) = b o b also appears in CP-DOMP-Explicit.
Constraints (54), (55) and (56) are the quadratic constraints (14), (15) and (16) replac-
ing the quadratic terms by the corresponding matrix variables in & (recall that ® was
introduced in (22)). Hence, CP-DOMP-Explicit includes the quadratic constraints in
MIQP1-DOMP written in terms of the matrix variables ®.

4. deC the appropriate dimension of the space of variables.

(4n2+43n) x (4n243n)’

We note in passing that we do not need to add the constraint [a(4)]1T Plagyh = 1since it

is already included. Indeed, it is the first constraint in the block (39).

Based on the above discussion, the explicit reformulation of CP-DOMP as a completely

positive convex problem in the essential matrix variables @ is:

min (F, V) +1/2(D, Q) + 1/2(H, U) (CP-DOMP-Explicit)

n n
sLY Y gijue=1, Vi=1,....n, (39)

j=1¢=1

non
Zqu”g:l, Vi=1,...,n, (40)

k=1 ¢=1
n n
DY (PO =p, (41)
k=1 ¢=1
n n
Y =1, Vi=1...n, (42)
j=1t=1
n n n
D vnje =Y (PO + Y _(POwje =0, YjL=1,..n, (43)
k=1 k=1 k=1
n n n
D ook =Y puksi + Y (PO =0, Vk=1,...,n—1, (44)
=1 =1 (=1
n n n n n
Y ok (Z vlrje> cit+ Y cje (1 - Z%‘kn)
=1 =1 \r=1 =1 r=1
n
+ ) vk =0, Vjk=1,...n, (45)
r=1
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n
Y aiik=1, Vk=1,...n, (46)
i=1
n
> gk =1. Vi=1.....n, (47)
i=k

DY o =% (48)

i=1 j=1

n n
D> uje=1, Vj=1,...n, (49)

k=1 =1
Okk — 20k k41 + 28k + O 1 k1 — 20k k41 + Ve =0, Ve=1,...,n—1, (50)
ujeje — 2xje0 +2t050 — 2Beje +owe +zjeje =0, Vji,&=1,...,n, (5D
n n n n n
chrsumrs + Z CijCrsUijrs — 2 Z ncij Zyijl + Z wps =0,
r=1s=1 ijor.s=1 i,j=1 =1 rs=1
@, J) # (r,s)
(52)
n 2 n n n
(Z c;z) qjkjk + ZC?K”JU@ -2 ch@> ch@vjkﬂ
=1 =1 (=1 =1
n n n n
+ ZZCjz,Ojkk +2 che Vikjk + ZZerstMjrjs - ZZC]'K)/]'U(
=1 =1 r<s =1
n n 2
- ZZCjeKjejk + 2€xjk + wrk + Tk = Zc,'e , Vi k=1,....n, (53)
=1 =1
n n n
prk—zzcj'evjkaz(), Vk=1,...,n, 54
(=1 j=1¢=1
n n
Z ZQIij —qjkjk | =0, (55
jk=1 \t=1
n n
Z Zvjur —ujeje | =0, (56)
jl=1 \r=1
&
e C(4n2+3n)><(4n2+3n)' (57
References

1. Bai, L., Mitchell, J.E., Pang, J.-S.: On conic gpccs, conic qeqps and completely positive programs. Math.
Program. 159(1), 109-136 (2016)

2. Blanco, V., Ali, S El Haj Ben, Puerto, J.: Revisiting several problems and algorithms in continuous location
wih /r —norm. Comput. Optim. Appl. 58(3), 563-595 (2014)

3. Boland, N., Dominguez-Marin, P., Nickel, S., Puerto, J.: Exact procedures for solving the discrete ordered
median problem. Comput. Oper. Res. 33(11), 3270-3300 (2006)

4. Bomze, I.M.: Copositive optimization—recent developments and applications. Eur. J. Oper. Res. 216(3),
509-520 (2012)

@ Springer



Journal of Global Optimization

10.
11.

19.
20.

21.

22.

23.

24.

25.

26.

Bomze, .M., Cheng, J., Dickinson, P.J.C., Lisser, A.: A fresh CP look at mixed-binary QP’s: new formu-
lations and relaxations. Math. Program. 166, 159-184 (2017)

Burer, S.: On the copositive representation of binary and continuous nonconvex quadratic programs.
Math. Program. 120(2), 479-495 (2009)

Burer, S.: Handbook on Semidefinite, Conic and Polynomial Optimization. In: Anjos, M.F., Lasserre,
J.B. (Eds.) Copositive Programming, chapter 8, pp. 201-218. Springer, Berlin. ISBN 978-1-4614-0769-0
(2012)

Burer, S.: A gentle, geometric introduction to copositive optimization. Math. Program. 151(1), 89-116
(2015)

Burer, S., Dong, H.: Representing quadratically constrained quadratic programs as generalized copositive
programs. Oper. Res. Lett. 40(3), 203-206 (2012)

Burkard, R.E.: Quadratic assignment problems. Eur. J. Oper. Res. 15(3), 283-289 (1984)

Diir, M.: Recent advances in optimization and its applications in engineering. In: Diehl, M., Glineur, E.,
Jarlebring, E., Michiels, W. (Eds.) Copositive Programming—A Survey. Springer, Berlin. ISBN 978-3-
642-12597-3 (2010)

Fernindez, E., Puerto, J., Rodriguez-Chfa, A.M.: On discrete optimization with ordering. Ann. Oper. Res.
207(1), 83-96 (2013)

Kalcsics, J., Nickel, S., Puerto, J.: Multifacility ordered median problems on networks: a further analysis.
Networks 41(1), 1-12 (2003)

Kalcsics, J., Nickel, S., Puerto, J., Rodriguez-Chia, A.M.: Distribution systems design with role dependent
objectives. Eur. J. Oper. Res. 202, 491-501 (2010)

Kalcsics, J., Nickel, S., Puerto, J., Rodriguez-Chia, A.M.: The ordered capacitated facility location prob-
lem. Top 18(1), 203-222 (2010)

Labbé, M., Ponce, D., Puerto, J.: A comparative study of formulations and solution methods for the
discrete ordered p-median problem. Comput. Oper. Res. 78, 230-242 (2017)

Marin, A., Nickel, S., Puerto, J., Velten, S.: A flexible model and efficient solution strategies for discrete
location problems. Discrete Appl. Math. 157(5), 11281145 (2009)

Nickel, S.: Discrete ordered Weber problems. In: Operations Research Proceedings 2000, pp. 71-76.
Springer, Berlin (2001)

Nickel, S., Puerto, J.: Location Theory: A Unified Approach. Springer, Berlin (2005)

Pefia, J., Vera, J.C., Zuluaga, L.F.: Completely positive reformulations for polynomial optimization. Math.
Program. 151(2), 405431 (2015)

Perea, E., Puerto, J.: Revisiting a game theoretic framework for the robust railway network design against
intentional attacks. Eur. J. Oper. Res. 226(2), 286-292 (2013)

Puerto, J., Ferndndez, F.R.: Multi-criteria minisum facility location problems. J. Multi-Criteria Decis.
Anal. 8(5), 268-280 (1999)

Puerto, J., Ramos, A.B., Rodriguez-Chia, A.M.: Single-allocation ordered median hub location problems.
Comput. Oper. Res. 38(2), 559-570 (2011)

Puerto, J., Ramos, A.B., Rodriguez-Chia, A.M., Sdnchez-Gil, M.C.: Ordered median hub location prob-
lems with capacity constraints. Transp. Res. C Emerg. Technol. 70, 142-156 (2016)

Stanimirovic, Z., Kratica, J., Dugosija, D.: Genetic algorithms for solving the discrete ordered median
problem. Eur. J. Oper. Res. 182, 983-1001 (2007)

Xu, G., Burer, S.: A Copositive Approach for Two-Stage Adjustable Robust Optimization with Uncertain
Right-Hand Sides. ArXiv e-prints (2016)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	An exact completely positive programming formulation for the discrete ordered median problem: an extended version
	Abstract
	1 Introduction
	2 Definition and formulation of the problem
	2.1 Problem definition
	2.2 Sorting as an integer program and a binary quadratic programming formulation of DOMP

	3 A completely positive reformulation of DOMP
	4 Further observations
	5 Concluding remarks
	Acknowledgements
	Appendix: An explicit formulation of CP-DOMP
	References




