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ABSTRACT
Several studies have shown the effectiveness of mammography screening for the early
detection of breast cancer, which is essential for increasing patients’ chances of survival. However,
it is not possible without an adequate distribution of mammography units. In this sense, this work
proposes a two-phase implementation to achieve an adequate distribution of the mammography
units, so that the most significant possible demand is met using both, fixed and mobile units. To
this end, a mixed mathematical formulation is used to locate fixed mammography units, and a
routing algorithm is proposed to distribute and generate the routes of mobile mammography units.
The algorithms are tested with synthetic and real instances, proving that using these two types of
mammography units can lead to better demand coverage.

KEYWORDS. Mammography screening. Vehicle Routing Problem. Constrained clustering.

Paper topics: SA — PO na Area de Sadde, L&T — Logistica e Transportes

DOI: 10.59254/sbpo-2025-212492
https://proceedings.science/p/212492?lang=pt-br


https://proceedings.science/p/212492?lang=pt-br
http://dx.doi.org/10.59254/sbpo-2025-212492

5/°SBPO

P SIMPOSIO BRASILEIRO DE
PESQUISA OPERACIONAL

*RS

DE 5 A 9 DE OUTUBRO DE 2025

1. Introduction

Each year, thousands of women around the world are diagnosed with breast cancer, as this
type of cancer is one of the most deadly. Randomized trials and incidence-based mortality stud-
ies have demonstrated that the mammography screening exam can reduce breast cancer mortality
[Duffy et al., 2020]. There are direct benefits for using mammography exams for countries with
population-based mammography screening programs [Cevik et al., 2018]. So it is essential that
women, who are principally affected by breast cancer, have access to the mammography screening
exam in order to start an effective treatment in case of an early detection of cancer. Thus, this exam
is principally recommended for women over 40 years or women who present a family history of
breast cancer.

However, an effective mammography distribution of mammography units faces different
problems, such as a lack of resources (diagnostic machines), the cost of a trained workforce, among
others Cevik et al. [2018]. In Brazil, a lack of investment exists, making it difficult to achieve a
high geographic coverage of mammography screenings. Also, there exists a poor distribution of
mammography units Rodrigues et al. [2019], while some states have enough mammography units
to cover the demand, others do not have enough, so this generates an inappropriate distribution,
limiting access to the exam [Amaral et al., 2023].

Some work has been carried out in Brazil to address this situation, seeking to model
this real-life problem and find solutions that can offer an alternative to the appropriate location of
mammography units. The Mammography Unit Location-Allocation Problem (MULAP) consists
of deciding in which cities to locate the mammography units in and the percentage of demand
that must be covered. Different methods, such as heuristics and meta-heuristics algorithms, have
been implemented to solve the problem using data from some regions of Brazil, using a mono-
objective and multiobjective approach, as in [De Campos et al., 2020; Souza et al., 2019]. This
approach aims to provide a perspective on the allocation of fixed mammography units, considering
the available number of mammography units in each state and the maximum coverage radius, among
other parameters.

Similarly, with the same objective of improving that coverage of demand, the Mobile
Mammography Unit Routing Problem (MMURP) was proposed by Rosa et al. [2020], where the
objective is to maximize demand and minimize the distance traveled by Mobile Mammography
Units (MMUSs). The use of mobile mammography machines helps to partially or completely meet
the demand in those cities that cannot be covered by fixed mammography machines, for reasons
as a lack of infrastructure to house mammography equipment or because the city is out of the
coverage radius. Da Cunha et al. [2019] researched to analyze the effectiveness of using mobile
mammography units and fixed mammography units and how this could impact the improvement of
the coverage of the demand served, concluding that for the state studied, by using the two types of
mammography units (mobile and fixed) it could meet 100% of the demand and reduce the existing
equipment.

Thus, this paper presents a two-phase algorithm for solving the problem of the distribution
of mammography units. In the first phase, the mammography unit location and allocation problem
is solved using a Mixed-Integer Linear (MILP) formulation, with a mono-objective approach, to
maximize the demand served. So, fixed mammography units are allocated based on a set of cities,
demand, coverage radius, among other parameters. The second stage consists of taking the cities
with residual demand, resulting from the first phase, and solving the MMURP problem to maximize
the demand covered by the MMUs and minimize the distance traveled. For this phase, a K-means
constrained algorithm is developed to cluster cities with residual demand and define the depots. A
nearest neighbor heuristic is implemented to create vehicle routes in each cluster. The algorithm
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is tested with synthetic instances for validation of the algorithm’s performance and with the in-
stances belonging to Acre and Amazonas states. The method proposed here also helps determine
the number of mobile mammography units needed to meet 100% of the demand, providing effective
solutions to determine the distribution of mammography units in Acre and Amazonas states.

2. Mathematical formulation

2.1. First stage: Formulation for the MULAP
The first part of this proposal consists of solving the MULAP problem using its single-

objective approach, seeking to maximize the demand resulting from the allocation of fixed mam-
mography units in cities. The formulation presented here fits mainly with the work of De Campos
et al. [2020] and also of De Campos et al. [2024]. Thus, N = {1,...,n} are the candidate cities to
host mammography units; d;; is the distance from city i to city j in km; dem; is the annual demand
for mammography screenings in city j; cap is the annual mammography screenings capacity of a
mammography unit; p is the total number of mammography units to be located; R is the maximum
distance to a mammography unit in km; §; is the set of cities whose distance from city i is less or
equal toR. S; ={j € N | d;; <R}, i € N. Unlike the work of De Campos et al. [2020] it is assumed
that all cities have infrastructure, therefore all cities are candidate to host mammography unit.

The decision variables are: x;; which is a continuous variable into interval [0, 1] that indi-
cates the fraction of from city j, which is served by mammography units in the city i; y; which is
a integer variable indicating the total number of mammography units located at city i. #; which is
a binary variable for demand coverage; t; = 1 if the city i is fully covered by mammography units
hosted itself, otherwise #; = 0; z;, a binary variable for mammography designation; z; = 1 if the city
i hosts mammography units, otherwise z; = 0.

Mathematical modeling

Maximize flx)= Z Z dem; - x;; (1)
iEN jeS;

subject to Y xi;j<1, Vjen, 2)
i€s;
Y yi<p, 3)
ieN
Zdemj-x,-jgcap-yi, VieN, 4
JESi
t; <z, Vi€eN, ®))
t; <xi4, ViEN, (6)
t; > dem;-x;; —dem;+1, Vi€N, (7)
i >xj, Vi,jeN, (i#}]), (8)
yi<p-zi, ViEN, )
7z <y, Vi€eN, (10)
x;j€[0,1], Vi,jeN, (11)
vy, €ZT, ViEN, (12)
€{0,1}, VieN, (13)
z€{0,1}, VieN. (14)

(1) aims to maximize the covered demand for mammography screenings. According to (2), the
demand fraction for mammography screenings of the city j can only be satisfied by mammography
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units located at cities within the radius R, ensuring no over-coverage because the total fraction is
limited by 100%. Not all available mammography equipment must be located by (3). Constraints
(4) are the capacity constraints of each mammography unit. According to (5)—(7), the binary vari-
able #; takes the value 1 if the located mammography fully covers the city i; otherwise, #; = 0.
Constraints (8) ensure that a city i will only serve another city j if its demand has just been fully
served by itself. If mammography is installed in a city i, then z; takes the value 1 by (9) and (10);
otherwise, z; = 0. The sets of constraints (11)—(14) specify the non-negativity and the integrity of
variables for the model.

2.2. Second stage: Characterization of MMURP

The second part of this proposal consists of developing an algorithm for the MMURP. This
implementation aims to minimize the distance traveled by each MMU and meet the highest possible
demand for mammography screenings. To develop the MMURP model, some of the assumptions
made by Rosa et al. [2020] were considered, but some differences are also highlighted: the depots
are not pre-defined, they are defined during the implementation of K-means as is detailed after; the
algorithm also have the flexibility to assign a free quantity of vehicles, this parameter is defined
depending of the instance; each MMU has only a mamography unit inside with capacity of 6.758;
a city can be visited for more than one MMU; finally, the demand can be fully or partially met by
the fixed mammography units and also the mobile mamography units. The following details are
essential to understand how the problem is characterized.

 There is a set of n cities with residual demand, where N C N , all of which are candidates to
be served by the mobile mammography units.

* Each city has a residual dem of mammography screenings.
* There is a set V of M mobile mammography units to visit the cities and meet the demand.
The quantity of MMU s available is fixed for each experiment and some variations are of this

parameter are also considered.

* Each MMU has a fixed Q capacity, set at 6.758 mammography screenings. It is assumed that
each MMU has only one mammography unit.

* The MMUs depart from depots, which are defined during the algorithm execution. The depots
are part of the set of cities, so its demand have to be attended too.

* There is a distance d;; between the cities.

e A city can be visited more than once by different MMUs with the aim that the demand is
covered as much as possible.

* The city’s demand can be fully or partially met by the MMU .

The vehicles depart and return to the depot.

The idea here is to minimize the distance traveled by the MMUs while meeting the greatest possible
demand, allowing for partial coverage by more than one mammography unit in each city.

DOI: 10.59254/sbpo-2025-212492
https://proceedings.science/p/212492?lang=pt-br


https://proceedings.science/p/212492?lang=pt-br
http://dx.doi.org/10.59254/sbpo-2025-212492

-57°SBPO

2 SIMPOSIO BRASILEIRO DE
PESQUISA OPERACIONAL

*RS

DE 5 A 9 DE OUTUBRO DE 2025

3. Solution methods

The MULAP is solved by the CPLEX solver, which uses various advanced algorithms inside to
solve the problems. For the MMURP, an algorithm is proposed that involves a restricted K-means
for clustering cities with residual demands and depot definitions, and a nearest neighbor heuristic
for route generation, making the MMURP a multi-depot vehicle routing problem (MVRP). Details
of the methods are presented below.

3.1. K-means Clustering

K-means is a highly efficient clustering algorithm proposed by Lloyd [1982] based on the
standard distance measure, calculating the average distance demand, given a set of k clusters and
thus determining the centroids Chong [2021] So, given a set of points {X,Xy, ...,X, } where x; € RY,
set of S = {81,852, ...,Sk} with k clusters, the objective is to minimize:

k
argmings; Y Y [x—p;l? (15)

j=1 XGS/'

where u; is the centroid of cluster S;:

Z X (16)

Distance-Constrained Variant

For this study, as explained in Rosa et al. [2020], the cities to be served by the mobile
mammography cannot be more than 500 km away from the depot, which is why a distance restric-
tion is implemented. That is, K-means is implemented to define the clusters and centroids. After
that, a verification is performed to ensure that the points are within the coverage radius of the cen-
troid to which they were assigned. If the point does not meet the distance restriction, it is assigned to
the cluster of another depot where it does meet the restriction. With maximum intra-cluster distance
Dmax:

X, = Xg|| < Dmax  VXp,X, €S, A7)

Nearest-Neighbor Heuristic (NNH)

Considering the depots, the set of cities with demand, and the routes, the MMU must start
at the depots, move toward the first customer i, and execute the route, always respecting capacity.
While the candidate cities are yet to be visited, the closest feasible customer must be found, where
the distance is optimal and does not exceed the vehicle capacity. The route and capacity are updated.
The served customer is then removed from the list, and the MMU moves to the next node. Upon
completing the route, it must return to the depot. For a depot d and city set N with demand dem;, R
route, the algorithm:

1. Start at depot: i «— d, R + [d], O < Omax
2. While N # 0:

* Find nearest feasible customer: i* = argmin;cy{d;;j|¢; < O}

» Update route: R < R®i*
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» Update capacity: Q <+ Q — g
» Remove served customer: N <— N\ {u*}

¢ Move to next node: j < i*
3. Return to depot: R <— R d

4. Computational experiments
The algorithms were implemented using Python 3.10 and performed on a personal computer with

an Intel Core 15-1135G7 CPU 2.40GHz and 8GB of RAM running the Ubuntu 22.04 operating
system. Four instances were used; the first one is to validate the proposed algorithms, the second
one is data belonging to Acre state, the third one is for Amazonas state and the last one is also
a synthetic instance. Thus, the MULAP presented in the first stage is developed for the group of
instances containing the information below and presented in Table 1.

4.1. Description of instances
The information for the synthetic instances does not follow a specific source and for real instances is

obtained from DATASUS, which also considers the projected 2020 population census of the IBGE.
Each instance contains the following parameters:

* Number of cities N: this parameter corresponds to the quantity of cities by state;

* Number of mammography units p: is defined as the quantity of equipment that is available to
served the demand in each state;

e Capacity of each mammography unit cap: corresponds to the number of mammography
screenings that can be perform annually by a mammography unit.

* Demand of each city dem;: it represents the demand for mamography screenings in each city;

* Maximum distance R: this value is fixed by SUS as 60km and defines the maximum coverage
radius where a fixed mammography unit can be used to served the demand of some city.

* Quantity of vehicles Qry: represents the quantity of available mobile mammography units.
There is not an specific method to defined this. For this work, were consider 2,3 and 4
vehicles for instances with nearest cities in terms of distance and 5,6,7 for vehicles for cities
with more distance cities.

e Maximum distance D,,,,: represents the maximum coverage distance in which a mobile
mamography unit can be used to meet the demand of the cities. This parameter is fixed
by SUS in 500km.

* Distance matrix d; ;: this is a symmetric matrix with size NxN containing the distance be-
tween cities.

* Coordinates of cities Coor;: this is a list containing the latitude and longitude for each city.

Table 1: Data of instances

Instance N.Cities N.Units Capacity Demand State

Inst 8 15 140 2000 24000 N/A
Inst 22 22 250 6758 453517 Acre
Inst 62 62 72 6758 276343  Amazonas

Inst 184 184 325 8000 4760409 N/A
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The algorithm for MULAP is executed and then returns the cities whose demand was not 100% met
by the fixed mammography units. In other words, any city with residual demand is considered a
candidate for service by the MMUs. This information, such as the coordinates of the cities and the
distances between them, becomes an input for the MMURP algorithm. The second stage algorithm
is executed, and the results for the instances are presented in Table 2. There were performed 12
experiments varying three times the quantity of vehicle for each instance.

4.2. Analysis of results

The solution is analyzed considering the demand coverage in each stage. The information
is presented in Table 2, The first column Cities corresponds to the number of cities in each instance,
the column TotalDem corresponds to the total demand of the cities, the column DemMF is about
the quantity of demand that is covered by the algorithm in the first stage and DemMM is about
the quantity of demand that is covered by the algorithm of the second stage, the column TotalAt
exposed the quantity of coverage demand was fully or partially covered by the two algorithms , and
finally, the last column Qty of vehicles represents the quantity of vehicles for each experiment.

Table 2: Solutions for the algorithms for variations in quantity of vehicles

Cities TotalDem DemMF DemMM TotalAtt TotalAtt/TotalDem Qty of vehicles

8 24000 10000 10748 20748 0.8645 2
8 24000 10000 12758 22758 0.9482 3
8 24000 10000 14000 24000 1.0000 4
22 453517 148676 29233 177909 0.3922 5
22 453517 148676 42749 191425 0.4220 7
22 453517 148676 56014 177909 0.4513 10
62 276343 275500 843 276343 1.0000 2
62 276343 275500 843 276343 1.0000 3
62 276343 275500 843 276343 1.0000 4
184 4760409 2196350 40000 2236350 0.4697 5
184 4760409 2196350 51876 2248226 0.4722 7
184 4760409 2196350 75876 2272226 0.4773 10

In the case of the instance of 8 cities, in the first stage, the demand of cities 3,5,6,7 are fully covered
by the fixed mamography units and the city 8 is partially covered by the city 5 which have all the
quantity of mammography units located. In the second stage, the quantity of mobile mammography
units were varied in 2, 3 and 4 vehicles. For the 4 vehicles, the cities with residual demand were
covered in a 100% for the MMUs. Here, the algorithm allocated one vehicle per cluster, which is
only composed by one city.

For the case of Acre state, just 2 cities were fully covered for the fixed mammography
units, 9 cities were partially covered, and 11 were not covered, so all these residual demand passed
to the MMRUP algorithm. Here in order to achieve and equilibrium, were determinate 1 vehicle per
cluster, so the five vehicles achieved cover an additional percentage of the demand as is shown
in Figure 1, where (a) represent the percentage of coverage for fixed mammography units and
(b) represents the percentage of coverage for mobile mammography. In total, 47 MMUs will be
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necessary to cover all the demand, especially considering that the city of RIO BRANCO has a
considerably high demand compared to the other cities in this state. As the number of vehicles
available in the second phase increases, so demand covered also increases.

0.7 0.8 1.0

Ucayali

Riberalta C
o

Madre de N\

Dios \

(a) Acre state, fixed mamography

oo 0.3 0.7 08 10

Ucayali

Riberalta
i

Madre de N\

Dios \

(b) Acre state, mobile mamography

Figure 1: Percentage of demand coverage for Acre state

For the instance of 62 cities, corresponding to Amazonas, 59 cities were full covered
for the mammography fixed units. Here, the MULAP allocates mammography units in most cities,
allowing for full coverage in most cases due to low demand. The remaining cities have full coverage
for the mobile mammography units too, achieving a 100% of demand coverage in all cases when
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the different quantity of vehicles are considered as is shown in Figure 2 where (a) represent the
percentage of coverage for fixed mammography units and (b) represents the percentage of coverage
for mobile mammography.
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Figure 2: Percentage of demand coverage for Amazonas state

Finally, for the synthetic instance of 184 cities, 101 cities were fully covered by the fixed
mammography units and the remaining demand of the other cities were passed to the second stage,
where the demand coverage was about 47% for all the variations of quantity of vehicles. Here,
demand coverage is not significantly affected by the number of vehicles. Most cities were not
covered by the MULAP and were passed as candidate cities for the MMRUP. However, the 500km
distance restriction significantly affects the vehicles’ ability to cover the cities, as well as their

DOI: 10.59254/sbpo-2025-212492
https://proceedings.science/p/212492?lang=pt-br


https://proceedings.science/p/212492?lang=pt-br
http://dx.doi.org/10.59254/sbpo-2025-212492

SIMPOSIO BRASILEIRO DE
PESQUISA OPERACIONAL

57°SBPO

*RS

DE 5 A 9 DE OUTUBRO DE 2025

limited capacity.

5. Conclusions

The demand coverage rate is one of the main problems facing the distribution of mammog-
raphy units in Brazil, so alternative solutions are needed to address this situation. Currently, both
fixed and mobile equipment are available in several states across the country, making it important
to decide how to use them to achieve the greatest possible coverage.

Thus, the results demonstrate that mobile mammography units can help increase coverage
in cities that fixed mammography units cannot reach. However, restrictions such as the coverage
radius of fixed mammography units and the distance from the depot to candidate cities that a mobile
mammography unit can cover reduce the possibility of meeting the demand in a larger number of
cities, especially in states where the distances between cities are very large.

Some limitations of the study are based on the impossibility of comparing it with the
actual situation of demand management in the states considered, since DATASUS does not have
yet a record of the number of mobile mammography units currently serving the states’ demand,
the routes they follow and also information related to the depots of MMUs. Additionally, random
values are considered for variations in the number of vehicles, for example, which also limits the
comparison of the problem with reality.

As future work, it would be interesting to implement the algorithms for other states in
Brazil. Likewise, it would be important to consider additional objective functions and perform
multiobjective approaches.
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