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Abstract— This paper presents a new variant of the p-center
problem that incorporates capacity, stratification and failure
prediction constraints in the context of optimizing the location
of healthcare centers. Here, the demand points are assigned
to a main center but can be served by a backup center if
the main one fails. Additionally, different types of demand,
organized into services, share the same set of p centers. The
objective is to minimize the maximum distance between demand
points and their assigned centers. A mixed integer linear
programming model is proposed and used to solve this problem
with the CPLEX solver. Three objective functions are explored
separately. The first minimizes the maximum distance to the
backup center. The second, minimizes the distances to both the
main and backup centers. The last minimizes the maximum
distance to the main center. The aim of this study is to compare
the structure of the solutions developed and the computation
times between these objectives.

I. INTRODUCTION

The p-center is a well-known NP-hard problem [1] that
aims to locate p centers so as to minimize the maximum
distance between the demand points and their nearest cen-
ter [2]. This is a classical facility location problem which
arises in various domains, but the area of application, with
our primary focus being the location of healthcare cen-
ters. However, in real-world contexts this problem usually
presents additional features. Several studies in the literature
introduce variants [3] that incorporate some of these features,
such as capacity constraints [4], or the inclusion of existing
centers [5]. It is worth noting that these variants typically
incorporate only one additional feature at a time, remaining
far removed from practical needs. In an attempt to get
closer to the complexity found in real-world applications,
we propose a new variant of the p-center problem combining
capacity constraints [6], stratification aspects [7] and failure
foresight [8] ensuring that each demand point is assigned
both a main center and a backup center.

The contributions of this paper is twofold. The first
contribution is a Mixed-Integer Linear Programming (MILP)
formulation of this new problem. The second contribution
is a comparison between different objective functions: the
first, inspired by the work of Espejo er al. [8], aims to
minimize the maximal distances between the backup centers
and demand points; the second is new to the literature
and aims to minimize the sum of the maximum distances
between demand points and both main and backup centers;
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while the last serves as a reference and simply aims to
minimize, for each service, the maximal distance between
a city and its main service center. Our comparative analysis
focuses on two major aspects: the structural differences of
solutions obtained by the introduced approaches and their
computational performances.

The paper is organized as follows. In Section II, we define
the extended variant of p-center, accounting for stratification,
capacity constraints and failure foresight. In section III, we
introduce a MILP formulation of the problem based on
the Daskin [9] model for the classic p-center problem. In
Section IV, we report the experimental results comparing
the objective functions in terms of structure of the solutions
and computational performance. Finally, we conclude and
discuss future work in Section V.

II. PROBLEM DEFINITION AND NOTATIONS

We formalize the problem using the context of locating
healthcare centers within a given region. The region is
modeled as a graph G = (N,E), where the set of nodes
N (with n = |N|) represents cities. Each city has stratified
healthcare demands. These demand strata correspond to
different types of healthcare services, such as pediatrics,
geriatrics, or gynecology. The demand in each city varies
across these services, reflecting diverse population needs.
The set S contains all the possible services (strata). We
denote g;; > 0 the amount of service s € § demanded by
city i € N and S; C S the subset of services such that g;; # 0.

Each city is also a potential healthcare center location
with varying capacities for each service. We denote u;; > 0
the potential capacity of the city i to provide the service s
and C; C S the subset of services such that u;; # 0. The set
N*® C N contains the cities i € N such that g;; # 0, designating
the set of cities demanding the service s. The set of edges
E represents connections between cities, each edge being
assigned a weight representing the distance or cost of travel.
The minimum distance between any two cities i and j is
denoted by d;;. Each city i must be associated with two
centers to satisfy each of their demands: a main center and
a backup center for each of service s € S. Both the main
and backup centers must be able to completely satisfy the
demand of their assigned demand points. Moreover, for each
city, the main center must be closer than the backup center
for all services.

The objective is to locate p healthcare centers within the
cities (i.e., the nodes of the graph) so as to minimize the
maximum distance between a city and its main and/or backup
centers, while respecting the constraints. We thus define:
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Fig. 1: Example with 6 cities and 2 services

o A® = max;en{di| k is the main center of city i for
service s}, the maximum distance between cities and
their main center for healthcare service s € S;

e B = max;en{dj| k is the backup care center of city
i for service s}, the maximum distance between cities
and their backup center for healthcare service s € S;

Example 1. We consider a graph G composed of 6 cities
and 2 services X and Y. Cities 1,2,3,4 and 5 demand service
X (see Fig. 1a) while service Y is only requested by cities
2,3,4,5 and 6 (see Fig. 1b). The demand for each city in both
services is set to 1, while the capacity of healthcare center
is set to 20 per service. Assuming p = 3, a feasible solution
is shown in Fig. 1 where centers are drawn as squares, an
assignment to a main center is designated by a plain arc and
an assignment to a backup center is designated by a dotted
arc. For instance, for service Y, node 5 is the main center for
city 6 and itself and node 4 is the backup center for cities
2, 5 and 6. In this example, the largest assigned distance
between a city and its main center is 10 for service X and
20 for Y. Besides, the largest assigned distance between a
city and its backup center is 45 for both services.

We consider different objective functions. The first one,
denoted f and defined in equation (1), is inspired from [§]
and aims to minimize, for each service, the maximum dis-
tance assigned between a city and its backup center. Espejo
et al. justify this choice of aiming to minimize the distance
to the second closest center (i.e., backup center) by stating
that ”in case of an accident which produces a damage in one
of the emergency services, all the sites should still be inside
the smallest possible radius around an available center” [8].

f=Y.(8) (1)

seS

The second objective function g is introduced in equa-
tion (2) and aims to minimize not only the maximal distance
between a city and its backup center, but also the maximal
distance between a city and its main center, for each service.
This objective is motivated by the fact that, while the distance
to the backup center is important in the event of failure of the
main center, the distance to the main center also plays a very
important role in everyday life. Therefore, we introduce the

terms A® in the objective function to account for both aspects.

g=) (A"+B) @
seS

Finally, we introduce a third objective function A, defined
in equation (3), which aims to minimize, for each service, the
maximal distance between a city and its main service center.
The function % is introduced solely to provide an additional
reference for comparing the functions f and g, particularly
concerning the lower bounds of the variables A® for each

service s € S.
h=7Y (A% 3)

seS
Example 2. We consider the same graph G as in Example
1 showcased in Fig. 1. Computing the optimal solution
with the objective function f gives us the following values:
Yes(A%) =40, Y cs(B*) =90 and Y g(A*+ B*) = 130. For
the function g, we obtain: Y cg(A*) =30, Y cs(B*) =90 and
Y cs(A*+B%) = 120. As for the the objective function 4, the
results are: Y cg(A*) = 30, Y es(B®) = 105 and Y cg(A® +
B*¥) = 135.

III. FORMULATION

The problem described in Section II can be formulated
by Mixed Integer Linear Programming (MILP), based on
the classic p-center problem model of Daskin [9]. With this
purpose, the following decision variables are defined:

1

Xijs = 0
1

Wijs = 0
_ 1
yj= 0

Besides, we have the secondary integer variables A* and B®
for each service s € S, described previously. Using these
variables, the MILP model is defined as follows:

if j is the main center for city i, for service s,
otherwise. Vi,j €N, s€ S

if j is the backup center for city i, for service s,
otherwise. Vi,j €N, s€ S

if a center is opened in city j
otherwise. Vj € N

Min F “4)
s.Cc
Y vi=p 5)
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xijs € 10,1} Vi,jEN, s€SiNC; (15)
wijs € {0,1} Vi,j €N, s € SiNC; (16)
yji €10,1} VjieN (17)
AS.B°>0 VseS (18)

The objective function F in (4) can be either f, g or h, re-
spectively defined in equations (1), (2) and (3). Constraint (5)
limits the number of open centers to p. To ensure that cities
are assigned to only one main center (resp. backup center) for
each service, we introduce the constraint (6) (resp. constraint
(7)). Constraints (8) and (9) require cities to connect only to
centers that are necessarily open. Constraint (10) prevents
center j from being both a main center and a backup center
for the same city i for a given service s. Constraints (11) and
(12) determine the upper bounds of the distances between
a city and its associated main center (respectively backup
center). Constraint (13) requires the distance to the backup
center to be greater than or equal to the distance to the main
center. Finally, constraint (14) stipulates that the total demand
of service s must not exceed the capacity of a center for this
service. We note that the capacities of the main and backup
centers are combined into a single constraint, otherwise we
would have over-capacities. In this model the number of
variables and constraints is in O(|S|- |N|?).

IV. EXPERIMENTAL EVALUATION

We conducted computational experiments to evaluate both
solutions’ structure and time performances for each objective
function (i.e., f, g and h). The program is coded in C++
and executed on a single thread of an Intel Xeon E5-2620
v4 2.10GHz processor with 64 GB of RAM, running under
Debian 12 (bookworm, 64 bit). IBM ILOG Cplex 22.1.1 was
used to solve the MILP models, with the feasibility-before-
optimality setting enabled. A time limit of 3600 seconds was
set for each test.

A. Benchmark Instances

We considered 5 sets of instances: the first four (D;, D5,
D3 and Dy) are adapted from the literature, and the fifth Ds
is a set of new small instances. Following the literature, in
all the test sets, each vertex is both a demand point and a
candidate location for a center. We have enriched the D,
D,, D3 and D4 instance sets, which initially comprised a
single service sg, by varying the number of services |S| within
{3,5,10,15,20}.

To guarantee service diversity, capacities and demands are

taken from s data, respectively denoted ¢ and 9, . For each

city i € N and each service s € S, gjs = q?s.l,-s and u;; = u?s.mis,
where I;; and m;; are random numbers in [0.8,1.2].

The presence of demand and/or capacity for service s in
city i € N is randomly set. Let @; €]0,1] be a real random
number associated to city i. We independently draw two
random numbers b;; and b, € [0, 1[. If b;; < a;, demand on
service s is present. In a same way, if b} < a; capacity on
service s is present. Hereafter, we summarize the providence
and features of each benchmark set:

e Set D;: Proposed by Lorena and Senne [10] for the
Capacitated p-median problem. This set contains six
instances with |N| varying from 100 to 402 and p
varying from 10 to 40. The capacities of these instances
are homogeneous and the distances are euclidean. In
total, we have 7 feasible stratified instances.

o Set D,: This set comprises eight instances by Scaparra
et al. [6], derived from two distinct graphs containing
either [N| =100 or |[N| = 150 vertices (i.e., cities) and
with non-Euclidean integer distances. From each graph,
four instances with homogeneous capacities and four
with heterogeneous capacities were created by selecting
p in {5,15}. We have a total of 31 feasible stratified
instances.

o Set D3: Set from the OR-Lib (pmed) for the capacitated
p-median problem. The set contains 40 instances rang-
ing from |N| = 100 vertices (i.e., cities) to |N| = 800 and
p ranging from 5 to |N|/3. These instances have edges
weighted according to geometric distances (triangular
inequalities). We have 54 realizable stratified instances.

e Set D4: Set from the OR-Lib (pmedcapl) for the p-
median problem. This set is composed of 2 groups of
10 instances with equal capacities. The first group has
IN| =50 and p =5 while the second has |[N| = 100
and p = 10. We have a total of 99 feasible stratified
instances.

o Set D5: We generate a new set of 42 statified instances
based on the instances in Scaparra et al. [6]. These
instances contain |N| € {20,25,30,35,40,45,50} nodes

and p € {%,@,@} centers. In addition, for each

instance, we consider |S| € {m Ll

10> 5 ) number of different
strata. For each node i € N and for each stratum s € S,
the demands g, are equal to 1 and are the same for every
node. The capacities have different values ranging from

IN| to 2 x |N|.

In our experiments, we solve all the instances described
above with the different objective functions f, g and h
(respectively defined in equations (1), (2) and (3)) and we
compare the computational time and the solution structures
between them. In our following analysis, we distinguish
between instances for which the three objective functions
simultaneously find optimality in less than 3600 seconds and
instances for which they do not (see Tables I, IT and IV ). For
the sake of simplicity, we will denote D™ (i € {1,...,5})
the instances in the set D; for which f, g and & have
simultaneously found optimality and Df’f = D,-\Df"" the
set of instances for which they have not. We note that



Dsli”’ = Di"m = D‘Sﬁf =0, i.e., the three objective functions
did not manage to solve simultaneously to optimality any
instance in D; and D, whereas they managed to do so for

all the instances in Ds.

B. Comparison of Solution Structures

First, we focus on the differences in terms of solution
structure. The results are presented in Tables I, II and III
for each benchmark set and objective function f, g and h.
For these tables, the # function managed to ﬁnd 2 optimums
while f and g did not for D) dif family. For D, dif , ho objective
function found an optlmum in 3600 seconds. For instances
in Dglf , the objective function & managed to find 19 optimal
instances while the function g found 8 and f only one. As
for DZ’f , the objective function 4 found 20 optimal instances,
the function g 10 and the function f none.

In Table I, we firstly focus on analyzing the objective
values, with columns &7, & and &/ + % denoting the average
of the best objective function values per instance family,
ie o = 5 LpYiesA's B = rLpLeesBs o +B =
T DI Y pYes(A®+ B*) where |D| is the number of instances in
the considered instance set D. For example, for the objective
function g, the 42 instances of D‘gim obtain on average,
for each service, a value of 144.3 as the greatest distance
between a city and its assigned main center.

Table I shows the results when the functions f, g and &
simultaneously achieve optimality in 21, 39, 42 instances for
the respective datasets D§im, Df{"" and Dgi"’. We can see that f
obtains the best values of 4, g the best values of </ + 2% and
h the best values of 7. This behavior can be explained by the
fact that for all instances, in the case of optimality, f, g and
h are respectively lower bounds for the values of Y . ¢B’,
Yoes(A*+ B%) and Y gA®. If we go further, the objective
function g is on average 2.91% higher on the value of .27 than
the function % (21.26% for the function f) and is on average
2.19% higher on the value of 2 than the function f (82.69%

Instances | Size | F af B o + B
7| 4212 | 4367 858.0
pim 21 [g | 3575 | 4334 795.9
2 I | 3540 | 9513 13053
2 . | 3862 | 4471 8333
k= Dgm 39 [g | 3046 | 4656 770.6
2 h | 2898 | 8215 11113
3 7 1568 | 1716 3284
Dgim 42 [g | 1443 175.1 3194
h | 140.6 | 2514 392.0
B | 94418 | 128722 | 223139
i 7 g | 4609.3 | 7399.1 | 12008.4
. .| 4030.0 | 19983.3 | 240133
2 - J | 10057 | 10981 | 210338
5 s 31 [g | 8665 | 1029.6 | 1896.1
= I | 86890 | 14350 | 23039
£ , F | 11257 | 12427 | 23685
z DY 33 [g [ 9722 | 12112 | 21834
S I | 9449 | 20882 | 3033.1
- 7 5421 6513 11935
DY 60 [g | 3787 | 583.6 962.2
I | 3502 | 12628 | 1613.0

TABLE I: Comparison of the objective functions for simul-
taneous and non-simultaneous optimal solutions

for the function /). The function g gets the best values for
o/ + %, while f obtains values that are 6.25% higher than
those of g and & gets values that are 43.65% higher than those
of g. The case where the objective functions do not obtain
optimality simultaneously concerns 7, 31, 33, 60 instances
for the respective datasets Ddif Ddif Ddif nd Ddif We can
observe that the objective functlon h generally obtams the
best values for o7, except for D where g obtains slightly
better results.

If we now look at the values of % and o/ + %, the
function g always obtains better results than the objective
functions f and h. Going further, the objective function g
exceeds the function & by an average of 6.35% on the value
of o/ (and 56.07% compared to function f). However, for the
values of # and .o/ + 2, the function g consistently yields
the best values. In contrast, the function f exhibits a 23.71%
increase for the value of % and a 32.32% increase for the
value of &7 + 2. For the values % of the function A, the
function 4 is 99.56% higher, while for the values &7 + £ it is
57.01% higher on average. In both cases of simultaneous and
non-simultaneous optimality, it is obvious that the function
h always obtains the worst results on the values of % and
o/ + 9. This outcome naturally arises for this objective
function since the values B® are not constrained.

Next, we focus on the number of times the objective
functions f, g and & obtain the best objective values for each
set. To this end, we study the objective values A =) A%,
B=Y,sB* and (A+B) =Y cs(A*+B*) and we particularly
introduce the measure #Best(Z) which denotes the number
of times where an objective function gets the best value of Z,
with Z € {A,B,A+ B}. Table II shows the #Best(Y) values
for each objective function f, g and /& in both cases of simul-
taneous and non-simultaneous optimality. We can observe
in the case of simultaneous optimality that the performance
of the objective functions varies significantly. The function
h consistently dominates the #Best(A) category, particularly
in Dgim, where it achieves 42 occurrences. This indicates
that & is highly effective when focusing on A® variables. In
contrast, f does not perform well in this category, achieving
a count of zero in almost all simultaneous cases. However,
f performs strongly on #Best(B), particularly for D§™ and
Dg””, where it respectively achieves 39 and 42 occurrences.
In the case of #Best(A+ B), g always manages to get the best
results, notably in Dgi’" and fom with 21 and 39 occurrences
respectively. regarding #Best(B), g performs comparatively
worse, but these results remain reasonable, especially for the
D§™ and D™ benchmark sets with 16 and 12 occurrences
respectively.

For non simultaneous instances, a different trend emerges.
The function & remains dominant in #Best(A), particularly
in Ddif (30 occurrences) and Ddif (58 occurrences), showing
its effectlveness in these case even though g managed to
have better results for the D, dif family. On the other hand, g
achieves significant performance in #Best(B), w1th particu-
larly strong results in D (28 occurrences), D (26 occur-
rences) and Dg’f 49 occurrences). In terms of #Best(A+B),



TABLE II: Comparison of the number of times an objective
function obtains the best objective value for simultaneous
and non simultaneous optimal solutions

g remains the most effective function, especially for the sets
D‘zhf (30 occurrences), Dg’f (32 occurrences) and Dﬁflf (60
occurrences), demonstrating its capacity to optimize both A*
and B® simultaneously. Furthermore, if we focus exclusively
on the objective functions f and g and compare the number
of times they obtain the best results on Best(A), we can
observe that the objective function g totally dominates the
function f. In fact, the g function obtains the best value 233
times out of a total of 233 instances, whereas the f function
only manages to match g 8 times.

In the following, we will look at how assignments between
cities and their centers are organized. In the Maximal section
of Table III, we focus on the largest assignments between
each city and its centers. In particular, we study, for each
instance, the following measures: maxscsA®, max,csB® and
avgsesA®, avgsesB®. As for the Average section of Table III,
we present the results associated to the average assignments
between each city and their centers for every service. So, for
each instance, we define the following MA* and MB* values
for each service s € S:

o MA* = ﬁi(i,k)eszvdik " Xiks

e MB' = ‘,\}j Y (i k)ens xn dik - Wiks
As before, we consider the maximum (max;csMA?®,
maxycs MB®) and average (avgsesMA®, avgsesMB®) of these
values.

Example 3. We consider the same graph G as in Example
1, showcased in Fig. 1. We thus have maxzcsA® = 20 and
avgsesA® = 15. Furthermore, knowing that (0,0,0,10,10)
are the assigned distances between each city and its main
center for service X, and (0,0,0,10,20) are the assigned
distances for service Y, we thus have MAX =4 and MAY =6.
As for the assigned distances between each city and its
backup center, we have the distances (13,23,23,30,45) for
service X and therefore MBX = 26.8, while the distances

Tnstances | Size | F | #Best(A) | #Best(B) | #Best(A+ B) Tnstances (s1z¢) DY (21 Dy (39) DY @2)
f 0 21 0 F S 8 h f 8 h Fi g h
D;r;im 21 g 14 16 21 = #Best (max,cg Af) 4 21 21 5 19 29 9 22 29
” : h 21 0 0 E #Best (avg,csA”) 0 16 | 21 0 6 39 1 16 | 29
2 - 5 5 % | #Best(maxesB') | 21 | 20 | 0 | 34 | 14 | 0 | 39 | 24 | 2
5 . f = [ #Besi(avg,sB") | 21 | 16 | 0 [ 39 | 4 | 0 | 42 | 12 | 1
< Sim
g D 39 s 6 4 39 o | #Best(max,.sMA*) | 10 | O | 2 | 1T |16 [22 [ 7 | 19 | 19
g h 39 0 0 2 [ #Best(avg,esMA) | 5 | 13 | 3 | 1 [ 20 | 18 | 5 | 17 | 23
& _ ¥i T 2 5 S [ #Best(max,csMB*) | 11 | 10 | 0 |31 | 8 | 0 | 28 | 16 | 2
Dgm 42 [g 6 2 2 < [ #Best(avg,.sMB) | 10 | 11 | 0 |31 | 8 | 0 | 27 | 18 | 1
h 42 1 2
7 0 1 1 TABLE III: Comparison of performance on the maximum
! 7 |8 2 6 6 and mean service center distances for functions f, g and h
h 5 0 0
H _ ¥ 0 4 T
5 s 31 [ g 5 28 30
= h 0 0 16 (13,23,23,25,45) for service Y entail MB' = 25.8. There-
E Diif 3 ‘; 2 296 312 fore, we have max;csMA® = 6 and avg,esMA® =5 while
28 3 7 30 0 0 maxs,es MB® = 26.8 and avg,esMB® = 26.3.
gif S 0 ‘1‘; 0 The Maximal section of Table III shows #Best(Z) val-
D, 60 ﬁ 548 - 6(;) ues, where Z € {max;csA* max,csB*,avgscsA®,avgsesB},

for instance families where the three objective functions f,
g and h simultaneously achieved optimality. We can observe
significant differences for the objective functions f, g and
h. Firstly, the function f achieves the best results on all
measures concerning B® values, while 4 stands out partic-
ularly on the measure associated with A* values. However, f
performs poorly on A*’s measures, while 7 shows very bad
performance on B*’s measures. As for the objective function
g, although it dominates neither measures on A® nor measures
on B®, it proves to be the most balanced and shows very
satisfying performance in both A and B* values.

The  Average section of Table III  shows
#Best(Z)  values for each function on the
simultaneously  solved instance sets, with Z €
{max;cs MA®, avgscsMA® , max,cs MB*,avg,esMB*}. The

observed differences are much less pronounced than in the
previous table. The f function, as expected, shows lower
performance on the MA® values, although these results
are better than expected, reaching in particular the best
score for #Best(maxses MA®) with a value of 10. At the
same time, the same function scores best overall on the
MB?® values, particularly on the fo”’ family of instances.
Concerning the A function, it shows significant weaknesses
on the three criteria associated with values of MA* for the
D“3'i’" instance family, although it remains a good option for
the other instance families on the values of MA®. Moreover,
it performs comparatively worse on criteria related to the
MB® values. The objective function g, on the other hand,
presents a balanced profile. Without being systematically
dominant, it repeatedly achieves the best values for the
indicators #Best(minges MA*) and #Best(avgsesMA®) in the
D%im and D§™ families of instances. For criteria relating to
the MB® values, the g function also maintains satisfying
performance.

C. Comparison of Computational Times

Finally, we focus on differences in terms of computation
time. The solving times in seconds are presented in Table IV
for each benchmark set and objective function. We report the
average, minimum and maximum times respectively in the
colomuns Tg¢, Tyin and T,y For example, the 39 instances




Instances | Size | F | Tue(s) | Tuin(s) | Twax(s) | Nodegyg

71 1196.1 146 | 35165 | 8363

Dsim 21 [ g | 664.6 85 2890.0 461.4

2 L | 4671 102 | 19134 343
g _ F | 9105 | 120.8 | 34429 | 167573
g Dgim 39 [g | 1662 112 4878 | 52440

2 | 433 45 209.3 502.7
3 7| 1350 0.1 3102.1 | 44293
Dgm 42 [g | 488 0.1 7834 | 25252

h 9.7 0.1 163.9 746.0

_ 7 [ 3600 3600 3600 34341

pi! 7 [g | 3600 3600 3600 4582.9

. n | 27444 | 3292 3600 2126.6
2 _ 7| 3600 3600 3600 2852.8
5| by 31 [g | 3600 | 3600 | 3600 | 34208
e L | 3600 3600 3600 1876.8
£ , F | 35644 | 24203 | 3600 61912
z i 33 [g | 30842 | 3763 3600 | 11868.0
S L | 2295.7 | 876 3600 33217
. 7| 3600 3600 3600 5789.1

i 60 [ g | 32779 | 860.0 3600 62822

L | 27022 | 423 3600 35732

TABLE IV: Comparison in terms of solving time for simul-
taneous and non-simultaneous optimal solutions

of the D{™ family take an average of 166.24 seconds to solve
for the objective function g. Column Node,,, indicates the
average number of nodes in the solving tree, developed by
CPLEX over all instances.

In Table IV, in both cases of simultaneous and non-
simultaneous optimality, function % reaches the best solution
faster on average than f and g. This is obviously related
to the number of nodes developed by CPLEX to reach these
best solutions and to the fact that the distances to the backup
centers are not constrained in % unlike the functions f and g.
In case of simultaneous optimality, compared to the function
h, the acceleration factors on average time with function f
are 2.6 for the set Dﬂim, 21 for Df("” and 13.9 for D;i”’, while
with function g, the acceleration factors are 1.42 for D™,
3.8 for D™ and 5 for D™, It is also noticeable that the
sum of solving times are really lower for 4 than both f and
g. Furthermore, when comparing only the functions f and
g, it is surprising to observe that, even though g directly
imposes constraints on the A® variables unlike f, it solves
the problem faster than f, with average acceleration factors
of 1.8, 5.5, and 2.8 for the D§™, D§™, and D™ families,
respectively. In case of non-simultaneous optimality, we can
observe that function 4 obtains better solving times in terms
of average and minimum for the sets D§™ and D§™. These
results are due to the fact that function /4 obtained more
optimal solutions than f and g. Besides, we can observe in
Table IV that, in the case of simultaneous optimality, function
g always obtains fewer developed CPLEX nodes than f. As
for the opposite case, we can observe that g has more CPLEX
nodes developed than f, showing that g traverses the solution
space faster than f in the same limited time.

V. CONCLUSION

In this paper, we presented a new variant of the p-center
problem that incorporates capacity constraints, stratification,
and failure foresight in the context of optimizing the location

of healthcare centers. We proposed a MILP formulation in
which we compared three objective functions both in terms
of solution structure and computational efficiency. The exper-
imental analysis shows that the simultaneous minimization
of distances to main and backup centers (i.e., function g) is
more effective in our context than the single minimization of
distances to main or backup centers performed by f and h.
Moreover, the g function allows us to have both satisfying
assignments of cities to their main center and also to their
backup center, which the f and % functions do not allow. In
addition to having better quality solutions, g also achieves
better solving times compared to the objective function f.
Furthermore, g enables to better reflect real-world scenarios
by emphasizing proximity to main centers, while also taking
serious account of the placement of backup centers in the
event of failure, which is not the case with f and h. As
future work, we would like to take into account an overload
coefficient for the backup centers instead of considering that
they must take on all demands when main centers fail. We
also plan to give different priorities to services.
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