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Abstract. Health service access and delivery are hampered during humanitarian crises due
to disrupted health systems, damaged infrastructure, and healthcare worker shortages, this
particularly in conflict zones. Mobile clinics are a strategy used to reach populations cut off
from local health services, and organizations commonly rely on them during relief and
recovery humanitarian efforts to deliver primary healthcare. In this study, we present a
multiperiod location-routing problem (MLRP) with benefits for the tactical planning of mobile
clinic deployment. Our set-packing formulation was developed and solved as part of a
collaboration with Premiére Urgence Internationale (PUI). The proposed model aims to
select communities to be served and design routes to be performed such that health
benefits, measured by means of coverage and continuity of care functions, are maximized
throughout the planning horizon. Results are presented for an application based on PUI's
operations in Iraq, including sensitivity analyses on the parameters used to model the
healthcare benefits. Managerial insights on the impacts of organizational strategic and
tactical decisions, such as the number of mobile clinics and the relative importance given to
coverage and continuity of care, are presented.
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1 Introduction

Humanitarian crises induce challenges for health service access and delivery, including
disrupted systems, damaged infrastructure, sudden changes in the nature and extent of
the disease burden, restricted access to services, displaced populations, and healthcare
worker shortages (McGowan et al., 2020). Such challenges are exacerbated in conflict
zones partly due to security issues threatening both the beneficiaries and healthcare
workers. Humanitarian standards, e.g., the Sphere standards (Sphere Association, 2018),
advocate that people should have access to safe and integrated quality healthcare, with
at least 80% of the population accessing primary healthcare within one-hour walk from
dwellings. However, between 37% and 61% of the population is estimated to be with-
out access to essential health services in 2030 (United Nations, 2018). As part of the
most recent Sustainable Development Goals, the United Nations (UN) pledged to “en-
sure healthy lives and promote well-being for all at all ages” (United Nations, 2022), but
despite the progress made to improve health worldwide, the rate of improvement has
slowed, especially during COVID-19 due to its threats to health and consequent over-
whelmed health systems (United Nations, 2019). Outreach services, i.e., health services
provided by health workers away from the locations where they are usually delivered
(e.g., hospitals and health centers), are one of the possibilities to improve health access
to populations living in underserved areas (de Roodenbeke et al., 2011). In areas af-
fected by a disaster or a conflict, and in many remote rural areas, mobile clinics are one
of the only outreach strategies to deliver healthcare services (Blackwell and Bosse, 2007;
Du Mortier and Coninx, 2007; Fox-Rushby and Foord, 1996; Gibson et al., 2011).

Mobile clinics (a.k.a. mobile health units and mobile hospitals) are an intermittent
modality used to provide ambulatory health services and improve access to the health
system (Du Mortier and Coninx, 2007; McGowan et al., 2020). They consist of vehicles
transporting equipment and healthcare providers who deliver health services at prede-
termined outreach posts (McGowan et al., 2020). They typically offer a combination
of primary healthcare services, including preventive actions (e.g., vaccination, screening,
and health education) and curative services (e.g., obstetric, medical, and mental health
interventions). They allow for quick response and flexibility due to their ability to move
(Wray et al., 1999), and they can be equipped to respond to different issues (Blackwell and
Bosse, 2007). They can also be used to prevent hospitalizations (Guo et al., 2001). During
crisis responses, the World Health Organization (WHO) and its implementing partners
often resort to mobile clinics to reach isolated and vulnerable groups (World Health Or-
ganization, 2019), e.g., displaced population in Syria and Iraq (UNICEF, 2018; World
Health Organization, 2018). Lately, mobile clinics have been used to reach COVID-19
vaccination goals in countries around the world, including Canada and the United States
(CBC News, 2021; Hauser and Fremson, 2021). Despite the benefits of mobile clinics
and their usage endorsement by governments and non-for-profit organizations during hu-
manitarian crises, they involve several logistics challenges (e.g., limited resources and
security issues) and are expensive to operate (ICRC, 2006). This motivates the need for
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the development of better analytical tools to facilitate the deployment and management
of mobile clinics in the field, which is the aim of this study.

1.1 Context and problem description

This paper presents an optimization model and managerial insights to support mobile
clinics deployments and utilization in the context of humanitarian relief. Although our
contribution and methodology are of general applicability to capacitated mobile health
units, it is inspired by a real application of a mobile clinic deployment in a conflict zone
(Iraq). Indeed, the proposed approach is the result of a collaboration with Premiere
Urgence Internationale (PUI), an international non-governmental organization (NGO),
that provides relief response to the basic needs of populations affected by humanitarian
crises around the world. PUI intervenes in Iraq by assisting vulnerable refugees, internally
displaced people, and host communities to improve their access to primary healthcare
services (e.g., vaccinations, disease screening, prenatal consultations, and curative care)
through mobile clinics (PUI, 2016).

In situations of humanitarian crises, local authorities and the Ministry of Health often
lack the means to meet needs in their countries. In such cases, humanitarian organiza-
tions should consider providing assistance directly to people with no access to healthcare
services. When planning for such assistance programs, important strategic decisions have
to be made by analyzing the political and health situations. These decisions imply deter-
mining which regions to cover (e.g., countries or districts), the type of healthcare services
to offer, the most appropriate delivery mode (e.g., mobile clinics, material support, and
training activities), the number of resources, and the time frame of the humanitarian
operations. Note that such decisions often depend on the available funding. Once the
decision of deploying mobile clinics in a specific region has been made at the strategic
level, the routing and scheduling decisions must be made at the tactical level considering
the allocated resources. This implies selecting the points of departure and arrival (i.e.,
depots), the specific locations to be visited (e.g., villages or communities), the frequency
and the moments of the visits, and the number of people to serve at every location. Deci-
sions such as patient prioritization and provided treatments are made at the operational
level. In this study, we propose a tool to support decisions made at the tactical level
given the outcome of the decisions made at the strategic level. Note that solving the
tactical problem (i.e., the location-routing problem) allows us to evaluate important key
performance indicators, such as healthcare benefits, which allows a rapid-analysis of the
strategic decisions.

We model the tactical planning of mobile clinic deployment as a multiperiod location-
routing problem (MLRP) with profits (Archetti et al., 2014), an extension of the location-
routing problem (LRP) (Prodhon and Prins, 2014), which is well suited to capture the
time dependency of mobile clinic operations and the fact that locations to visit and
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the number of people to serve have to be selected. Note that, the notion of profits is
accounted for by considering healthcare benefits in this case. The multiple-period rep-
resentation allows to capture the notion of continuity of care, whereas benefit-collection
representation allows to select the patients to visit as the whole population cannot be
covered due to limited resources. Solving the MLRP allows decision makers to select the
locations, schedules, and routes of the mobile clinics (tactical decisions), and to evaluate
the impact of the allocated budget and the number of mobile clinics (strategic decisions).
The model also allows to evaluate the impact of the quantification of the benefits on the
number of individuals served with the humanitarian healthcare services in each village
(coverage) and their visit frequency (continuity of care).

1.2 Contributions and organization of this paper

With this paper, we aim to bridge the gap in the literature relative to the complexity
of assessing the benefits of mobile clinic deployment for outreach humanitarian relief.
First, we propose a new MLRP set-packing formulation, which seeks to maximize the
total benefit (Rasmussen and Larsen, 2011) of providing healthcare services while taking
into account a budget for the operational and logistics expenses. Second, we model this
benefit by devising and considering measures of coverage and continuity of care, the latter
through a function based on expert health and vulnerability assessment to properly and
realistically evaluate the population’s needs. Our model also allows to conduct sensitivity
analyses to derive valuable managerial insights.

Accessing, processing, and analyzing data represents a contribution of our work. In
the literature, many authors rely on secondary data or publicly available data (Kovacs
et al., 2019) due to the lack of access to information about humanitarian field operations,
especially in conflict zones (Lukosch and Comes, 2019). Moreover, the temporary nature
of mobile clinics has led to a scarceness of documentation related to operations and pro-
cedures (Lehoux et al., 2007), even though two guides were commissioned in an effort
to support their deployment for humanitarian relief (see Du Mortier and Coninx, 2007;
ICRC, 2006). To increase the quality and contributions of our work, we collaborated
with PUI to define the relevant research questions and problem to address as well as to
collect valuable field data as proposed by Gupta et al. (2019) and Kunz et al. (2017).
We also benefit from data collected by PUI on the field, which comprises healthcare
and demographics information of vulnerable populations. In this context, the main chal-
lenges consist of modeling and solving an applied problem arising when planning mobile
clinic operations, as well as performing extensive sensitivity analyses to make appropri-
ate recommendations rather than developing scalable algorithms. Still, our approach is
sufficiently general to support any mobile clinic deployment even if our model has been
tested on data of PUI’s operations in Iraq.

The remainder of this paper is organized as follows. A literature review is presented
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in Section 2. Section 3 presents the problem definition and the proposed mathematical
model. In Section 4, computational results and managerial insights are discussed. Finally,
conclusions are derived in Section 5.

2 Literature review

Humanitarian relief operations can benefit from operations research and management
science (OR/MS) techniques (Jahre et al., 2007). However, humanitarian operations
have particularities, such as the requirement of complex response, the presence of non-
traditional networks, and the lack of information technology systems and documenta-
tion, that hinder the direct implementation of methods and approaches developed for
non-humanitarian operations (Oloruntoba and Gray, 2006). In the literature, authors
have underlined the need for studies that aid in the planning phases of humanitarian
relief (Overstreet et al., 2011). Even though there has been a significant increase in the
literature on humanitarian relief, the majority of the studies have been of qualitative
nature and, therefore, there is a gap in quantitative methods (Chiappetta Jabbour et al.,
2019). Papers presenting quantitative-based applications often rely on one instance to
extract meaningful insights and make valuable context-specific recommendations (e.g.,
Arnette and Zobel, 2019; Balcik et al., 2019; Charles et al., 2016; Dufour et al., 2018;
Hodgson et al., 1998; Laporte et al., 2022).

In this section, we position our contributions in the literature. First, we discuss
previous studies that propose mathematical models to tackle mobile clinic deployments.
Second, we examine how coverage and continuity have been addressed in the literature.
Third, we survey the literature related to routing problems with profit-maximization.
Finally, we briefly present studies that formulate problems as location-routing problems in
non-humanitarian and humanitarian contexts, as well as studies that consider multiperiod
location routing problems.

2.1 Mobile clinics for non-humanitarian relief

Several healthcare services that can be provided by mobile clinics have been documented
in the literature. They are used for screenings, prevention, and treatment of various
diseases including otological (Lim et al., 2021), diabetic retinopathy (Bechange et al.,
2021), autism spectrum disorder (Kamali et al., 2022), astigmatism (Hashemi et al.,
2014), pediatric dental services (Dawkins et al., 2013; Murphy et al., 2000), sexually
transmitted diseases (Ellen et al., 2003). Also, mobile clinic deployments have been
deployed to offer family planning and women’s reproductive healthcare services (Al-Attar
et al., 2017; Jamir et al., 2013; Phillips et al., 2017). Deployments of mobile clinics have
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also been used to provide mental health services for refugees (Peritogiannis et al., 2022;
Robinson and Segrott, 2002; Samakouri et al., 2022), underprivileged people (Collinson
and Ward, 2010), and for addicts (Jamir et al., 2013). Authors have also highlighted
the benefits of mobile clinics when targeting specific populations such as people living
in disaster prone areas (Blackwell and Bosse, 2007), indigenous population (Beks et al.,
2020), homeless (Whelan et al., 2010), elderly (Aljasir and Alghamdi, 2010), veterans
(Wray et al., 1999), and drug addicts (Breve et al., 2022). The model proposed in this
study is flexible and reproducible for any mobile clinic deployments, independent of the
service offered.

2.2 OR/MS approaches to mobile clinics

To the best of our knowledge, three studies have proposed OR/MS approaches for mo-
bile clinic deployment for humanitarian relief and none of them consider multiple periods
as we do in this study. Hodgson et al. (1998) and Doerner et al. (2007) address mo-
bile clinics deployment for humanitarian relief as a covering tour problem (CTP). In the
CTP, mobile clinics are located in villages where a maximum number of patients can
access them while respecting a maximal walking distance. Hodgson et al. (1998) aim to
minimize the travel time required for a mobile clinic to cover all the demand and apply
the branch-and-cut algorithm developed by Gendreau et al. (1997). Their formulation
was tested on instances derived from a humanitarian deployment in Ghana. Doerner
et al. (2007) added two additional criteria to the objective function, i.e., minimizing the
distance and maximizing the population coverage. To solve the problem they develop
two multicriteria metaheuristics and solve instances based on a mobile clinic deployment
for humanitarian relief in Senegal. Bayraktar et al. (2022) solve the multi-period mobile
facility location with mobile demand (MM-FLP-MD) in the context of refugee migration.
The objective function minimizes the travel and set up costs of mobile clinics through-
out the planning horizon. They also include continuity by considering the frequency of
services offered to the migrating group. They propose an adaptive large neighborhood
search algorithm (ALNS) and present the results for instances derived from the Honduras
migration caravan crisis in 2018.

Furthermore, two studies present OR/MS approaches to deliver healthcare services in
rural areas using mobile clinics. First, Savaser (2017) propose a periodic location routing
problem (PLRP) formulation. In the PLRP, the problem consists of selecting depots,
assigning fixed periodic schedules for the mobile clinics, and selecting routes over a plan-
ning horizon, while minimizing the total travel distance. Routes starting and ending at
a depot are planned daily but divided into two partial routes each corresponding to a
time period (i.e., half a day). Savager (2017) also consider a predetermined frequency
of visits at each location, and a predetermined time between visits. The author devel-
ops a heuristic and tests it on instances derived from a deployment of mobile clinics in
Turkey. Second, Biising et al. (2021) introduce a capacitated set-covering formulation.
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They consider the uncertainty associated with patients that relocate to seek healthcare
services. They use robust optimization and result to Benders decomposition and con-
straint generation. Their algorithm is tested on instances derived from a case in rural
Germany.

Table 1 presents a summary of the reviewed literature related to OR/MS approaches
applied in the context of mobile clinics. Our study is the first to propose a mathematical
formulation that was developed in close collaboration with practitioners and that seeks
to maximize the benefit offered to the population over multiple periods. Moreover, we
explore the effect of planning mobile clinic deployments to offer individual continuity of
care.

Table 1: Summary of OR/MS approaches to mobile clinics

Problem modeled Solution methodology Objective function Instances

Bayraktar et al. (2022) MM-FLP-MD Heuristic method Min. travel and set up costs Honduras
Biising et al. (2021) CTP Exact method Min. total cost Rural Germany
Doerner et al. (2007) CTP Heuristic method Min. beneficiaries travel time, Senegal

total distance traveled

and max. beneficiaries covered
Hodgson et al. (1998) CTP Exact method Min. beneficiaries travel time Ghana
Savager (2017) PLRP Heuristic method Min. travel distance Turkey
This paper MLRP Exact method Max. healthcare benefits Iraq

2.3 Coverage and continuity of care

In this paper, we use a common OR/MS literature definition of coverage to represent the
availability of healthcare services provided by mobile clinics to a location (i.e., a village
in this case). Therefore, a location is covered if it is visited, which is often the case in
location-routing problems (e.g., Drexl and Schneider, 2015), in healthcare (e.g., Bruni
et al., 2006), and humanitarian logistics (e.g., Rancourt et al., 2015). Considering that
travel time and physical barriers could negatively impact healthcare (Agyemang-Duah
et al., 2019; Martin et al., 2002), it makes sense in this context that a location is covered
only if a mobile clinic visits this location and not a neighborhood location as it is done
in Burkart et al. (2017), Naji-Azimi et al. (2012), and Veenstra et al. (2018).

Continuity of care has been previously addressed in home healthcare routing and
scheduling problems (Fikar and Hirsch, 2017). Three types of continuity of care have
been highlighted by Maarsingh et al. (2016), that is management (multidisciplinary and
institutional coordination and coherency), informational (availability of previous infor-
mation among different healthcare providers), and relational (relationship between the
patient and one or more healthcare providers). Authors usually consider continuity of
care as the ongoing care by the same healthcare practitioner to an individual (i.e., re-
lational), and it is incorporated by minimizing the number of healthcare practitioners
assigned to a patient over the planning horizon (Bowers et al., 2015; Milburn and Spicer,
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2013; Nickel et al., 2012). Carello and Lanzarone (2014) also suggest three types of pa-
tients (requiring hard, partial, or no continuity of care) and minimize the cost associated
with reassignments of healthcare practitioners. Wirnitzer et al. (2016) propose different
objectives for continuity of care, i.e., minimizing the number of different healthcare prac-
titioners per patient tour, minimizing the different number of healthcare practitioners
per patient, minimizing the number of healthcare practitioners per patient relative to
their needed frequency of care, and minimizing the number of switches between assigned
healthcare practitioners per patient over the planning horizon. Grenouilleau et al. (2019)
maximize the score, which represents the strength of the patient-healthcare practitioner
relation, and thus continuity of care, whereas Cinar et al. (2021) maximize the prize
collected per patient per visit. Mosquera et al. (2019) argue that continuity of care may
be impossible to satisfy and, hence, impose a soft constraint on the number of visits by
a healthcare practitioner to a specific patient. Grenouilleau et al. (2020) also include the
time and day as part of the continuity of care.

In this paper, we consider that a location is covered when it is visited but we present
and justify a different continuity measure adapted to the case of humanitarian relief
where continuity is modeled as the ability to provide follow-up healthcare services more
than once to the population seeking services. We account for continuity when an indi-
vidual is visited multiple times by the mobile clinics, and assess the value of continuity
of care by testing functions with different patterns of the marginal benefits offered by
additional visits (see sections 4.3.1 and 4.4.3). We define continuity of care as the ongo-
ing care provided by mobile clinics to a group of individuals at a location, which allows
for relational, informational, and management continuity to individuals in a location.
In fact, our definition of continuity applies to the services offered by the humanitarian
program (i.e., healthcare access through mobile clinics), and not to specific assignments
of patients to practitioners, since this aspect of continuity would not be possible in the
context of humanitarian operations, because they are not as personalized and rigorously
documented as home care programs implemented in a stable environment.

2.4 Vehicle routing with profits

Vehicle routing problems (VRPs) have driven extensive research since its introduction
in the scientific literature (Dantzig and Ramser, 1959), and its diverse applications have
led to several problem variants considering different attributes, i.e., constraints, decision
sets and objectives (Vidal et al., 2013, 2020). For recent literature reviews see Konstan-
takopoulos et al. (2022), Mor and Speranza (2022) and Vidal et al. (2020). The classic
VRP entails the selection of a set of routes to serve a given set of customers (Irnich et al.,
2014) while minimizing cost, whereas the VRP with profits entails the selection of cus-
tomers to serve considering the costs and the profits associated with customers (Archetti
et al., 2014). In the latter, two different decisions have to be taken: i) which customers
to serve, and ii) how to cluster the customers to be served in different routes (if more
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than one) and order the visits in each route (Archetti et al., 2014). Our optimization
problem shares similitudes with the VRP with profits. Indeed, we consider a ‘profit value’
assigned to locations that represents the healthcare benefit obtained by the visits in a
location, and unvisited locations are allowed (Lee and Ahn, 2019). The VRP with profits
has been extensively studied in the literature for various applications as illustrated by the
surveys of Archetti et al. (2014), Feillet et al. (2005), and Vansteenwegen et al. (2011).

Three categories of the VRP with profits have been defined: the team orienteering
problem (TOP) (Gunawan et al., 2016), the capacitated profitable tour problem, and the
VRP with private fleet and common carrier (Vidal et al., 2016). The routing component
of our study resembles the TOP where the goal is to maximize the total profit collected
by a fleet of identical vehicles located at a depot, subjected to travel time or distance
constraints (Vansteenwegen et al., 2011). Moreover, the routing component of our prob-
lem can be considered as an extension of the TOP that includes multiple periods and
multiple depots. In the humanitarian literature, it is often the case that the objective
is to maximize the covered demand (Besiou et al., 2018). One of our contributions is
to test and propose new measures (i.e., objective functions) that are well adapted for
the context of mobile health units with limited resources to address humanitarian needs.
Additionally, we are the first to address an extension of the TOP that includes multiple
periods and multiple depot selection in the context of healthcare

2.5 Location-routing problem

The LRP integrates vehicle-routing with facility-location decisions (Nagy and Salhi,
2007), as considering both decisions separately leads to sub-optimal decisions (Salhi and
Rand, 1989). For literature reviews on the LRP please refer to Drexl and Schneider
(2015) and Prodhon and Prins (2014). The LRP decisions include the number, size, and
location of the depots, the allocation of demand points to depots, and the routing of
vehicles (Lopes et al., 2013). Moreover, depots and vehicles can be capacitated or unca-
pacitated. In general, the literature related to the LRP has focused on minimizing costs
(i.e., fixed cost, depot selection cost, and route selection) (Prodhon and Prins, 2014).
To solve the LRP, many exact algorithms have been proposed such as branch-and-price
(Berger et al., 2007) and branch-and-cut algorithms (Belenguer et al., 2011). Tighter
solution bounds are derived by Contardo et al. (2013, 2014) while using exact separation
procedures and column generation.

Many approaches related to location science have been proposed for the tactical plan-
ning phase of humanitarian relief. Some applications include the location of disaster
relief distribution centers (Balcik and Beamon, 2008; Maliki et al., 2022), food distri-
bution centers (Rancourt et al., 2015), temporary hubs for disasters (Stauffer et al.,
2016), and collaborative distribution centers (Balcik et al., 2019; Rodriguez-Pereira et al.,
2021). Similarly, many routing-based approaches have been proposed for humanitarian
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relief. Some applications include the delivery of medical and non-medical supplies (Balcik
et al., 2008; Hamedi et al., 2012; Naji-Azimi et al., 2012; Parvin et al., 2018), and the
evacuations after a disaster or crisis (Victoria et al., 2015). Nevertheless, the combina-
tion of location and routing decision is understudied in the humanitarian relief literature,
and only two studies propose LRP in humanitarian relief. The first one is related to the
selection of sites for needs assessment (see Balcik, 2017, for the selective assessment rout-
ing problem, SARP) and the second one focuses on the placement of refugee camps and
delivery of public services (see Arslan et al., 2021, for the location and location-routing
problem, LLRP).

This paper contributes the most to the literature related to healthcare routing prob-
lems. We are the first to propose a multi-period location-routing problem arising in the
context of humanitarian relief. To position our paper, we first present related studies
in healthcare location-routing problems for humanitarian relief and then in multiperiod
location-routing. Table 2 summarizes the related work.

Table 2: Summary of the most related location-routing problem papers

Problem modeled Solution methodology Objective function Instances
Albareda-Sambola et al. (2012) MLRPDS Heuristic method Min. total cost Artificial
Cherkesly et al. (2019) LRCP Exact method Min. total cost Liberia
Moreno et al. (2016) SFL-TP Heuristic method Min. total cost Brazil
Tunalioglu et al. (2016) MLRP Heuristic method Min. total cost Turkey
Yi and Ozdamar (2007) LRP Exact method Min. unsatisfied demand Turkey
This paper MLRP Exact method Max. healthcare benefits Iraq

2.5.1 Healthcare location-routing problems in humanitarian relief

Yi and Ozdamar (2007) propose an LRP to support healthcare operations and evacuation
after a humanitarian crisis. The allocation of medical personnel to medical centers and
emergency units is taken as location decisions, whereas the commodities needed to provide
healthcare are routed from distribution centers and wounded people are routed from
affected areas. Cherkesly et al. (2019) propose a location-routing approach, coined as
the location-routing covering problem (LRCP) for the network design of community
health workers in underserved areas, where the recruitment of community health workers
and supervisors are taken as location decisions, while the training of community health
workers by supervisors is modeled as routing decisions. In addition, a maximum coverage
radius is imposed on community health workers. Our study considers multiple origin
and destination depots in a location-routing setting, and is the first to adapt benefit
maximization in the context of mobile clinic deployment.
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2.5.2 Multiperiod location-routing

The MLRP considers the LRP (Prodhon and Prins, 2014) over multiple periods. Hence,
at each period the selection of depots, locations, and routes can change, while not all
decisions must be reevaluated at every time period. In addition, decisions taken in the
previous periods will affect decisions in subsequent periods. Drexl and Schneider (2015)
highlight the scarcity of the MLRP literature and, to the best of our knowledge, only
three studies propose solution approaches to the MLRP. Albareda-Sambola et al. (2012)
consider an MLRP with decoupled time scales (i.e., the multiperiod location-routing
problem with decoupled time scales, MLRPDS), which allows for the location decisions
to be modified at predetermined periods. The authors propose an arc-variable based
MIP model and solve it by applying a relaxation to the routing decisions. Tunalioglu
et al. (2016) introduce the MLRP arising from the collection of olive oil mill wastewa-
ter and propose an adaptive large neighborhood search metaheuristic. Finally, Moreno
et al. (2016) introduce a multi-product multimodal stochastic MLRP, referred to as the
stochastic facility location and transportation problem (SFL-TP), arising in emergency
relief logistics. In their proposed model they seek to minimize the total expected costs.
They propose a heuristic based on the decomposition of decision variables into discrete
disjoint subsets by time periods, emergency scenarios, and stochastic stages, and solve
each disjoint subproblem by relaxing all variables that are not in the subproblem. The
authors test their algorithm on instances based on real and estimated data from the 2011
floods and mudslides in Brazil.

To the best of our knowledge, there are no MLRP applied to healthcare as the related
literature is mainly of methodological nature (Drexl and Schneider, 2015). Nagy and Salhi
(2007) note that only one fifth of the LRP literature is application oriented and Prodhon
and Prins (2014) call for further developments and more realistic MLRPs. By modeling
the tactical planning phase as a MLRP, this paper is the first to model the multiperiod
nature of mobile clinic deployments and to consider both location and routing decisions.
To the best of our knowledge, this is also the first study to use real data provided and
gathered by field practitioners in a conflict zone. These data are used to formulate and
validate the model.

3 Problem definition and mathematical formulation

In this section, we first discuss the MLRP arising in the context of mobile clinics in
an underserved area. Then, we present the notation and formulate the problem with a
set-packing formulation. Finally, we provide the algorithm used to generate the routes
in our formulation.
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3.1 The MLRP for mobile clinics deployment

When using mobile clinics to alleviate the deficit of healthcare during humanitarian
crises, due to limited available resources and the fact that they are temporary and not as
personalized as permanent health services, the objective is different. Indeed, the health
benefits (i.e., coverage and continuity of care) must be maximized as opposed to imposing
service levels as lower bounds. In this study, a set of locations in need of healthcare have
been already targeted and assessed by humanitarian field workers. However, only a
subset of these villages can be served and have to be selected, and the results of a needs
assessment will allow to determine representative values of the benefits based on the
vulnerability of the targeted villages.

In the MLRP for mobile clinics deployment, a homogeneous fleet of mobile clinics is
available at each time period of the schedule length and must depart from and return
to a set of potential depots (selected in the first period) while serving the population in
the set of covered villages. Potential depots include permanent healthcare facilities and
warehouses that can securely hold medical equipment. They also have a fixed opening
cost which is homogeneous and remains unchanged throughout the schedule length. Each
route must respect a capacity (i.e., maximum number of patients served per time period)
and not exceed the maximum travel time. Given the size of the fleet and the capacity
of the mobile clinics, not all villages can be covered. Serving patients in a village also
requires time to coordinate the visits, which is represented by a fixed coverage cost. In
addition, covering each village is associated with a benefit (COV benefit). The number of
visits (treatments) each patient receives in a covered village is associated with a continuity
benefit (CNT benefit). We assume that to visit patients an additional time v in a covered
village, each patient in the village must have already been treated v —1 times. Therefore,
the number of visits each patient receives is a lower bound on the real number of visits
patients could receive as patient prioritization may vary in practice. Note that the number
of visits to a village is not equivalent to the number of visits (treatments) each person
receives at a village and that the latter is associated with the CNT benefit. Moreover,
because medical consultations require dedicated time from the village, a minimal number
of days between visits to each village is imposed, which is denoted as a number of resting
periods. This number of resting periods allows for the population to schedule other
activities, while not hindering patients that need follow-up consultations. Finally, a
maximal budget is available over our schedule length to cover the fixed costs to open
depots and to cover villages, as well as the variable routing costs.

3.2 Notation and mathematical model

In the following, we present the notation as well as the mathematical model for the
MLRP. Table 3 presents a summary of the sets, parameters, and decision variables used
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in our mathematical model.

Table 3: Mathematical notation

Sets

Ne Set of depots

Ne Set of villages to cover

A Set of arcs

)% Set of visit frequencies (number of times a patient may be served)

T Set of successive time periods

R Set of feasible routes

R! Set of feasible routes at time period t € T

Parameters

i Population at village ¢ € N

Ce Fixed cost of operating a depot i € N©

Ce Fixed cost of covering a village ¢ € N°©

B Coverage benefit (COV benefit) associated with covering village i € N°

v Continuity benefit (CNT benefit) associated with serving a patient at

village ¢ € N¢ exactly v € V times

d;j Distance of arc (i,j) € A

m Number of available mobile clinics

Q Capacity of a mobile clinic (number of patients that can be served in a
time period)

B Budget available for deployment

n Number of resting periods between visits to each village

Qi Binary parameter equal to one if route r € R visits node i € N¢ U N,
zero otherwise

0 Setup time at village i € N©

y Time to serve a patient

) Maximum duration of a route

G Patients served at location 7 € N¢ with route r € R

Cr Routing costs of route r € R

Decision Variables

x; Binary variable equal to one if village 1 € N¢ is covered, zero otherwise

Yi Binary variable equal to one if depot i € N is selected, zero otherwise

AL Binary variable equal to one if route r € R, Vt € T, is selected, zero
otherwise

w? Binary variable equal to one if all the population at location 7 € N has
been served at least v times, zero otherwise

7 Continuous variable defined between zero and one that indicates the per-

centage of patients served at village i € N¢ at least v times

The MLRP for mobile clinics deployment is defined on a graph G = (N¢UN*, A),
where NV is the set of nodes representing the potential depots, N¢ is the set of nodes
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representing the villages to cover, and A is the arc set. Each village i € N¢ is associated
with a population p; > 0. The fixed cost of operating a depot ¢ € N¢ is given by c., and
the fixed cost of covering a village i € N is given by c¢.. Let V = {1,...,|V|} be the set
of visit frequencies, i.e., the number of times a patient may be served in a village, where
|V| represents the maximum number of times a patient can be served (maximum number
of treatments). The benefit is composed of a COV benefit f3;, associated with covering
village i € N¢, and of a CNT benefit 5! associated with serving a patient v € V times
at village . More details on the calibration of these parameters are provided in Section
4.3.1 and 4.4.1 for ; and in sections 4.4.3 for 8. The arc set represents the shortest
paths between two nodes and is defined as A = {(4,7) : {i,j € N® UN*®}}, where each
arc (i, j) € A is associated with its distance d;.

A homogeneous fleet of m capacitated mobile clinics is available, where the capacity
() of a mobile clinic is defined as the number of patients it must serve in a time period.
Let 7 be the set of successive time periods making up the schedule length that is repeated
along the planning horizon. The total costs of the deployment may not exceed the budget
B and there are n resting periods between visits to each village.

Let R be the set of feasible routes, with R = U,e7RY, where R! is the set of feasible
routes at time period t € 7. Each route r € R is defined by an ordered vector of vertices
(i1, 99, ooy in_1,0n), ix € N®UNk = 1,...,n. Routes start and end at a depot, i.e.,
i1,7, € N, and serve patients in a subset of villages {is,...,i,_1} € N The total
number of patients treated on each route is (), and the number of patients treated at
each node (i.e., villages), G, is determined depending on different policies (see sections
4.3.1 and B). Each route r € R is defined by a binary vector a, where a;. = 1, if route
r € R visits node 1 € N°UN*, and zero otherwise. Each route is characterized by a total
activity time, which includes the travel time, the setup time at each village 6 (6 > 0),
and the patient service time in each village (v is the time to serve a patient), and which
respects the maximum duration allowed 6. Routes are further characterized by a cost,
¢, representing the routing costs. The algorithm implemented to generate routes in this
study is detailed in Section 3.3.

The MLRP is formulated as a set-packing formulation that seeks to maximize the
total benefit under a budget and several routing constraints. To formulate the problem,
we use binary variables x; equal to one if village i € N is covered (selected), y; equal
to one if depot i € N is selected, AL equal to one if route r € R, Vt € T, is selected,
and w? equal to one if all the population at location i € N'¢ has been served at least v
times. The formulation also uses continuous variables 7} defined between zero and one
that indicates the percentage of patients served at village i € N¢ at least v times. The
MLRP can then be modeled as follows.
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The objective function (1) maximizes the total benefit computed as the sum of the
COV and CNT benefits. Note that 5; and 3! are measured per village, which allows for
a unified measure of the total healthcare benefit. In fact, the first term of the objective
function allows to compute the total COV benefit by multiplying /; with a binary variable
indicating if the village is covered or not, whereas the second term of the objective
function allows to compute the total CNT benefit by multiplying 87 with the percentage
of the population served per village. In Section 4.3, we explain how the beta coefficients
are computed to reflect the population vulnerability. Constraint (2) imposes the budget
available for the deployment during the schedule length, i.e., the budget allowed to cover
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the costs of opening and maintaining depots, of covering villages, and routing costs.
Constraints (3) ensure that no more than the maximal number of mobile clinics available
are used for the deployment. Constraints (4) are linking constraints imposing that a
route must start and end at open depots only. Therefore, vehicles can depart only from
depots opened at the beginning of the schedule length, i.e., at ¢ = 0. Constraints (5)
represent flow conservation constraints at each depot, i.e., they ensure that the number of
mobile clinics that depart from a depot equals the number of mobile clinics that returned
to that depot on the previous period. Constraints (6) impose that villages can only be
covered if they are visited in a selected route. Constraints (7) impose that patients can
only be served in covered villages, i.e., a mobile clinic may not cover a village without
providing visits to patients in the given village. Constraints (8) ensure that there are 5
resting periods between visits to each village, i.e., a subsequent visit to a village can only
occur if it is at least 7 periods after the last visit. Constraints (9) link the route variables
with the percentage of the population served v times. Constraints (10) and (11) ensure
that patients can be served v times only if all patients in that village are served v — 1
times, e.g., no patient will receive a second visit until all the demand for a first visit is
satisfied at the village. Constraints (12)—(17) define the variable domain.

3.3 Route generation algorithm

Algorithm 1 details how the set of routes is generated a priori as input for solving the
MLRP. First, we provide the information needed for the algorithm to generate feasible
routes. Second, we define the parameters used in the generation of the routes (lines 1-7)
and initialize their values (lines 8-11). Note that we compute the maximum number of
villages that can be visited in a route as follows

v = (06 —507)/6],

which is a lower bound of the total potential remaining time for travel and setups at
villages given that 50 patients are served (i.e, § —507) divided by the setup time required
per village (6 > 0). Then, we generate all possible routes r that start at depot e; € N¢
and end at depot ey € N (lines 12-27). The sets of each route are initialized and its
corresponding parameters are computed (lines 16-21). The total duration of the route is
computed as the setup time for each covered village, the service time for the 50 visited
patients, and the travel time which is a linear function of the distance traveled. The cost
of the route is computed as a linear function of the distance. The number of patients
served at each location is computed according the different rules proposed in Appendix
B. Finally, if the total duration of the route r respects the maximum route duration ¢,
the route is added to the set of feasible routes R (lines 22-23).
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Algorithm 1 Generation of the set R of feasible routes

Require: N°, N A, d;;,0,,0

= = e e e e
SO A N v =

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

. Define N, as set of stops (depots and covered villages) in route r € R
Define A, as set of arcs in route r € R

Define T, as the total duration of route r € R

Define ¢, as the cost per route r € R

Define k as the cost per unit of distance

Define 9 as the time (in minutes) per unit of distance

Define v as the maximum number of villages that can be visited in a route
Initialize N, <— 0,7, < 0,c¢,. < 0

Initialize a;, < 0,7 € N UN®

Initialize G, + 0,7 € N°

. Initialize v < [ (6 — 507)/6]
. for e; € N¢ do

for e, € N¢ do
for v =0 to v do
Generate all possible routes r
N, = (€101, ey yy€2) 01, ety € NCip # (1 < k<1, 1 <1l <v),v=
|Nr| -2
.Ar = {(el,il), (iy,eg)} U {(ik,ik+1) st. 1 S k § V}
ai; = 1,1 € N,
T, = O(IN;| = 2) + 507 + 32 jyea, Vi
Cr = Z(i,j)eAr Kidy
Compute Gy, 1 € N, N N according to capacity division (see Section B)
if T, < then
R+ r
end if
end for
end for
end for
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4 Computational results

In this section, we present the results of the numerical experiments and sensitivity anal-
yses conducted based on humanitarian operational information provided by PUI and
the outputs of an in-depth population need assessment. Indeed, to ensure realism and
relevance, the experiments were conducted on data from a primary healthcare program
undertaken by our partner in Iraq. Moreover, we evaluate the impact of considering
coverage and continuity of care within the methodology proposed for the deployment of
mobile clinics as well as the impact of strategic decisions (i.e., the allocated number of
mobile clinics and budget) and different tactical decisions (e.g., the relative importance
given to coverage and some routing policies). The mathematical model was implemented
on AMPL Version 20200110 and solved with CPLEX 12.9.0.0. All tests were performed
on a Linux computer equipped with an Intel Core i7-3770 (3.40GHz) and 8Gb of RAM.

The characteristics of the Iraq network are presented in Section 4.1, and Section 4.2
describes the proposed performance indicators to evaluate the healthcare benefits as well
as the logistics performance in the context of mobile clinic deployment. The parameters
and the solution for the current program implemented by our partner are presented in
Section 4.3. The results of the sensitivity analyses are presented in Section 4.4.

Legend

O Cluster
) Depot
® Village

100 km

Figure 1: Location of potential depots and the villages to cover
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4.1 Characteristics of the network and needs assessment

Our problem was defined through an ongoing collaboration with PUI, and the data for
testing the proposed model and analyzing the base case, which represents the solution
obtained under the current program policies, was derived from a deployment in Iraq
consisting of 50 villages and 12 potential depots (see Figure 1). In Figure 1, we can notice
that the network is relatively sparse with some clustered villages along few roads. This
is common in humanitarian aid and development programs (e.g., Cherkesly et al., 2019;
Dufour et al., 2018; Rancourt et al., 2015; VonAchen et al., 2016) and our methodology
could be applied to such contexts. Note that the topology of the network makes it
easier to generate all possible non-dominated routes than it would be in a dense and
urban-like network because it is quite sparse. Moreover, the potential depot locations
need to be accessible and secure for the personnel as well as the medical equipment.
Therefore, 12 potential locations that have the required characteristics were identified,
namely airports, operational hospitals, and governmental facilities. Bing Maps Distance
Matrix API was used to compute the shortest path between every pair of nodes, such that
di;,V(i,7) € A represents the distance in kilometers within our area of interest’s road
network. Descriptive Statistics, minimal (Min), maximal (Max), average (Average), and
standard deviation (St. dev.), on road distances between villages as well as between
potential depots and villages are presented in Table 4. The area that PUI aims to cover
is vast as the maximum distance between any two villages is around 414 km. However,
in Figure 1 one can observe that some villages are near one another forming a total of
9 groups of villages (i.e., clusters), and every cluster but one has at least one potential
depot close by and there are four more isolated depots that are located between some
clusters.

Table 4: Distance between villages and depots in km

Distance between Min Max Average St. dev.

Villages (d;;, Vi, j € N°) 0.0 402.5 98.9 90.9
Potential depots and villages (d;;,Vi € N¢,j € N¢) 0.9 413.5 138.0 101.1

A team composed of medical personnel, supported by logistics personnel, conducts
an onsite needs assessment in each village once every three months. During these as-
sessments, the team visits all villages and their nearest healthcare facility and interviews
the village leaders as well as a few people representing the population (at least two
women and two men) to gather pertinent information to evaluate healthcare needs in
every targeted village in the area where the mobile clinic program will be deployed (i.e.,
a sample of the village representing the population). This information is compiled by
the team into a report that is further analyzed at the end of the process, which lasts
a few weeks. This assessment registers the estimated population seeking healthcare p;
and its demographics, the presence of vulnerable groups (e.g., pregnant women, children,
and elderly), the presence of chronic diseases, the access to vital resources (e.g., food and
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water), the presence and type of humanitarian relief or aid distributed in the area by
different organizations, the conditions of the permanent infrastructure and shelters, the
livelihood (e.g., income and hygiene), the health access and the health concerns. Such
valuable data can only be obtained with in-person visits to each village by medical and
logistics practitioners. After each assessment, the collected data is then translated into
different scores using an in-house tool developed by healthcare professionals. Using this
tool, the information was converted to a total weighted health score for every village
which assesses healthcare needs and is denoted by s;,Vi € N¢. Figures 2 and 3 present
the characteristics of the villages, that is, their population and their health score. While
the average population per village is of 1,640, we can notice that 41 villages (out of 50)
have a population between 0 and 2,000. Therefore, while there are a few outliers, the
villages are similar in terms of size. In terms of health score, the trend seems to follow a
normal distribution with an average of 29,500, and 32 villages (out of 50) have a health
score between 27,500 and 32,500. The data does not show a trend between the size
and the health score of the villages. Due to confidentiality and security reasons, we can
only report aggregated values and cannot report detailed information pertaining to the
specific needs assessment data.

50

. 50 .
1 ] 405 ]
= ] A ]
3 i 3E g
3 ] g 1
5 ] - 1
A ] 228 ]
5 1 % ]
16 ] 161 ]
0 =1 ! ! ! | 0 L | 1
0 0.5 1 1.5 2 2.5 3 1.5 ) 25 3 3.5
Population (p;) 104 Health score 104
Figure 2: Population of the villages Figure 3: Health score of the villages

4.2 Performance indicators

We propose seven performance indicators to analyze the results obtained for planning
mobile clinics deployments. These performance indicators are grouped in two categories,
i.e., healthcare indicators and logistics indicators, and defined in Table 5. We measure
the performance associated with healthcare services by computing the number of covered
villages as well as the percentage of patients served at least v times in covered villages.
We have also computed the number of patients served at least v times, but this indicator

CIRRELT-2023-20 19



Multi-Period Location Routing: An Application to the Planning of Mobile Clinic Operations in Iraq

did not yield interesting insights. This will be discussed in further detail in the following
subsections. The logistics performance is measured with five indicators. We report
the total cost as well as the percentage of this cost associated with 1) location costs
(opening and maintaining depots, and covering villages), and 2) routing costs. We also
measure depot usage by considering their selection and routing frequencies. The selection
frequency is computed as the number of times each depot is opened, whereas the routing
frequency is computed as the number of routes departing and returning to each depot.

Table 5: Performance indicators

Name Description

Healthcare indicators

COV-vV Number of covered villages

CNT-v Percentage of patients served at least v times in covered villages (v > 1)
Logistics indicators

Total cost Total cost of opening and maintaining depots, covering villages and routing costs

Location costs Total cost of opening and maintaining depots, and covering villages

Routing costs Total routing costs

Depot selection frequency Number of times each depot is opened
Depot routing frequency ~ Number of routes departing and returning to each depot

4.3 The base case representing the current solution

In this section, we describe the base case that is defined by setting the parameter values
to those of our partner. Note that PUI does not use an optimization model to design their
network instead, they do it by hand. Therefore, the base case reproduces the decision
policies of our partner by using our optimization model. PUI confirmed that our base case
solution made sense in practice although it may slightly vary from the one implemented on
the field. By deriving the base case with the mathematical model, we can systematically
evaluate the current strategical and tactical planning decisions and their impacts on the
mobile clinic deployment of PUI in Iraq. More precisely, sensitivity analyses (Section
4.4) are conducted to understand the impact of strategic (number of mobile clinics) and
tactical decisions (the importance given to COV and CNT benefits, and routing policies)
on the healthcare and logistics performance. Data about humanitarian operations are
scarce and difficult to access (Besiou et al., 2018), especially in war zones as it is sensitive
information, and we are not aware of other papers that rely on such data.

4.3.1 Parameters of the base case

In terms of operations, a two-week (ten days, |7] = 10) schedule length is repeated
over two months, and the fleet is composed of five mobile clinics (m = 5). Each mobile
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clinic has a single doctor and must provide services each work day to exactly 50 patients
(@ = 50). This capacity comes from service constraints imposed by our partner as well
as the Ministry of Health. Our partner also imposes a two-day resting period (n = 2)
between visits to a given village in their two-week schedule. A maximum budget of $5,000
for each two-week schedule length (B = 5,000) is available to cover routing costs, the
costs of covering villages, and the costs of opening and maintaining depots. Moreover, if
a mobile clinic visits more than one village, its capacity () is divided equally according
to the number of stops, denoted as the equal proportion capacity-allocation policy. For
example, given () = 50 and a route covering two villages, 25 patients will be served in
each village. In practice, while the service time may vary for each patient, our partner
highlighted that for planning mobile clinic routes homogeneity for the patient service
time must be assumed. Therefore, PUI uses an average service time for each patient
of five minutes (y = 5) to plan and evaluate their program, as it allows to properly
represent the total time spent at a village during a visit in practice. Given that each
work day lasts six hours and that 50 patients must be served, this leaves 110 minutes
for setting up the mobile clinic at each village and traveling between villages and depots.
Considering that the estimated set-up time at each location is 30 minutes (6 = 30), at
most three villages can be visited by a single mobile clinic. Finally, in the base case, our
partner considers a subset of the regular routes which start and end at the same depot
so that the healthcare team needs to get back to its origin depot at the end of the day
for practical implications. A total of 2,711 different feasible non-dominated routes were
generated, where R*=! = ... = R*=IT1,

After discussions with our partner, their COV benefit is implicitly set to 8; = 0.
In fact, in their current program, they select a limited number of villages that have the
highest weighted health score per population and provide them with the maximal number
of visits during the schedule length. The maximal CNT benefit for a village corresponds
to its health score extracted from the needs assessment (s;) and is reached when all
patients of that village are served the maximum number of times (|V|). Therefore, the
CNT benefit to serve all patients in village ¢ v times is:

Bl = (v — 1) (8i),

where the health score (s;) is multiplied by the marginal value of serving all patients
v times (a, — ,_1). Our partner considers all visits to a patient of equal importance
(constant marginal value), therefore, o, can be computed as follows:

The performance of the base case is presented in the following section, whereas the
impacts of modifying this base case are presented in Section 4.4 to evaluate potential
improvements of the current solution.
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4.3.2 Analysis of the base case

The base case contains 27,572 variables and 326,501 constraints. Our method allows us
to find a solution within 128 seconds. Table 6 presents the results obtained for the base
case, i.e., the value of each performance indicator. We notice that with their current
parameter setting, our partner can cover 15 villages out of 50 potential villages. In these
covered villages, 69%, 15%, and 11% of the population is served at least once, twice,
and thrice, respectively. This represents 2,208, 176, and 116 people served at least once,
twice, and thrice. In addition, the total cost is $2,712, where 16% and 84% of this cost
are for location and routing costs. Finally, five depots are opened (see Figure 4) and each
depot is used exactly ten times.

Table 6: Results obtained for the base case

Performance indicator Value

Healthcare indicators

COV-V 15
CNT-1 69%
CNT-2 15%
CNT-3 11%
Logistics indicators

Total cost $2,712
Location costs 16%
Routing costs 84%

Legend
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Figure 4: Selected depots for the base case
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4.4 Sensitivity analyses

In this section, we use our mathematical model to systematically evaluate the effect of
strategic and tactical decisions on the healthcare and logistics performance of mobile
clinic deployment for humanitarian relief. The goal of these analyses is to validate the
implicit parameters used by our partner and the robustness of the solutions relative to
changes in their practice. Here, we present summarized results, and detailed computa-
tional results are reported in Appendix A.

First, we evaluate how the relative importance of coverage of care impacts healthcare
and logistics performance. In this analysis, we test fixed values of ; from 0 to 700,
by increments of 50. Second, we investigate the impact of adding and removing mobile
clinics. We present the results obtained with ; = {0,100,200,400} for conciseness
reasons as the other values did not yield further insights. Given that the number of mobile
clinics depends on funding allocation decisions, this analysis allows for a discussion with
our partner and its donors to better understand how the program could benefit from
additional mobile clinics. For these analyses, we present the number of covered villages,
the average proportion of the population served at least once, twice, and thrice in covered
villages, the total cost, and its proportion associated with location and routing costs.

Moreover, using all the tested values of ; (0 to 700, by increments of 50), we analyze
how the marginal CNT benefit function impacts the performance indicators. For this
analysis, we report the proportion of the total cost associated with the location and
routing costs. For the other performance indicators (healthcare indicators and total
cost), we compute the impact of the changes compared to the base case solution for the
same value of ;. That is, the impact on the number of covered villages is computed
as (COV-V¢ — COV-V)/COV-V, where COV-V, is the number of covered villages for
a given parameter setting £ and COV-V is the number of covered villages for the base
case with the same value of ;. The impact on the percentage of patients served at
least v times is computed as (CNT-vg — CNT-v)/CNT-v, where CNT-v is the average
proportion of population served at least v times (v > 1) for a given parameter setting &,
and where CNT-v is the average proportion of population served at least v times for the
base case with the same value of ;. The impact on the total cost is computed as (TCg
— TC)/TC, where TC; is the total cost for a given parameter setting &, and where TC
is the total cost for the base case with the same value of ;.

Finally, two sensitivity analyses on the structure of the routes are presented in Ap-
pendix. In Appendix B, we study the impacts of the computation of the number of visits
in every village of a route on the solutions. In Appendix C, we analyze the effect of the
choice of the origin and destination depots.
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4.4.1 Relative importance of coverage of care

The relative importance of coverage of care was tested by modifying the value of §; by
using fixed values from 0 to 700, with increments of 50. These values were determined
after conducting an initial analysis and were set to ensure that, at the lowest value, no
weight was given to the COV benefit (i.e., 5; = 0), and there was a clear difference from
one solution to another over the f; increments. When increasing f;, higher importance
is given to coverage rather than continuity. The maximal value (i.e., §; = 700) was set to
ensure that the trend remained the same, i.e., that the marginal COV benefits remained
null when increasing the value of g; further. Let us also recall that the current COV
benefit of our partner is set to 8; = 0. Therefore, our analysis allows us to find alternative
solutions that offer a better compromise between coverage and continuity of care. All
solutions were obtained between 14 to 390 seconds, with an average computational time
of 163 seconds.
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population served at least once

First, we discuss the results relative to the healthcare performance, i.e., the number
of covered villages and the average proportion of the population served at least v times
(Figures 5-8). Compared with the base case, between 4 and 29 additional villages can
be covered (i.e., a total between 19 and 44 villages out of 50 villages), and more villages
are covered as the value of ; increases. However, compared with the base case CNT-
1, CNT-2, and CNT-3 decrease between 14% and 47%, 3% and 10%, and 2% and 7%,
respectively. More precisely, the maximum number of covered villages is reached when
B; > 400, with 22%, 5%, and 4% of the population served at least once, twice, and thrice
on average. In addition, most patients served twice are also visited thrice. As expected,
increasing the value of 3; allows covering more villages while CNT-v decreases. Note that
the number of patients served at least once and twice ranges between 2,198 and 2,210,
and between 160 and 176 for all values of ;. In addition, independently of the value of
B;, there are always 116 people that are served at least thrice. This can be explained by
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the fact that the model maximizes the benefits and is constrained by limited resources
(i.e., the capacity constraints on the number of people that can be served is restraining).
On the other hand, because villages are similar in terms of population size, this implies
that the proportion of the population served in the covered villages allows for comparison
and is an appropriate indicator for continuity of care.

Second, we analyzed the logistics performance, i.e., the total cost and its percentage
associated with location and routing costs, and the depot usage. Figure 9 shows the
variation of the total cost according to the value of 8;. We can notice that the total cost
ranges between $2,420 (5; = 150) and reaches up to $2,946 (5; = 200) without any specific
trend with respect to the values of 3;, and more than 65% of this cost is associated with
the routing costs. In general, we can observe that as the value of §; increases, the total
location costs tend to increase due to the increased number of covered villages whereas
the routing costs decrease. Concerning the depot usage, Figure 11 shows the number
of times each depot is selected, 15 being the maximum possible number as we tested 15
values of ;. Independently on the value of 3;, there are either four or five open depots.
When five depots are opened, each depot supports 10 routes, and when four depots are
opened, three depots support 10 routes and one depot supports 20 routes. Three depots
are opened 80% of the time over the tested values of ;. Given the topology of the
network, the location of the depots and their usage are not sensitive to a change in the
relative importance of coverage of care.

Third, we estimate the trade-off between the benefits associated with coverage and
continuity of care by analyzing the solutions obtained with different values of g;. Figure
12 depicts a trade-off function where the z-axis represents the number of covered villages
and the y-axis represents the average proportion of the population served at least once,
twice and thrice. We notice that as the number of covered villages increases, the average
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proportion of the population served in these villages decreases exponentially. Note that
the minimum and the maximum number of covered villages are 24 and 44. For every
additional covered village between 15 and 23, the average proportion of the population
served at least once, twice, and thrice decreases by an average of 2.6%, 0.5%, and 0.4%.
These values correspond to the average marginal values and allow to estimate the trade-
off between the benefits of coverage and continuity of care. For every additional covered
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Figure 11: Statistics on selected depots related to coverage
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village between 23 and 30, these decreases are of 1.4%, 0.3%, and 0.2%. Finally, for
every additional covered village between 30 and 44, these decreases are of 1.0%, 0.2%,
and 0.2%. Therefore, the proportion of the population served at least twice and thrice
decreased of less than 1% on average, and we can observe an important decrease in the
population served at least once between 15 and 23 villages.

Our results show that a reasonable compromise between coverage and continuity of
care seems to be reached when 200 < 3; < 300. For these values, the number of covered
villages ranges from 26 to 37, while CNT-1, CNT-2, and CNT-3 vary from 27% to 40%,
from 6% to 9%, and from 5% to 6%. On the other hand, the highest values of the total
cost are obtained with ; = {200,300}, whereas the costs are the second lowest (i.e.,
$2,604) with 8; = 250. Thus, we believe that a reasonable value would be 3; = 250 both
in terms of healthcare and logistics performance to design the solution of our partner.

4.4.2 Impact of the number of mobile clinics

The impact of the number of mobile clinics on the performance of the system was analyzed
by removing the budget constraint (B = oo) and increasing the number of mobile clinics
from m = 1 to m = 30. Because the current number of mobile clinics used by our
partner depends on funding allocation decisions made at the strategic level (i.e., in this
case, m = b), this analysis aims to show how an increase in funding could improve
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coverage and continuity of care. For conciseness reasons, we only report the results with
B; = {0,100, 200, 300,400}, as this allows to understand the trends and the results. Other
tested values of §; do not provide additional information as the results remain stable. In
addition, for this analysis, we do not present the maps of the depot usage given the large
number of mobile clinics tested, but we discuss the results in the text. All solutions were
obtained within 1,500 seconds, with an average of 35 seconds.
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First, we analyzed the healthcare performance (Figures 13-16). Our results show that
the number of covered villages increases as the number of mobile clinics increases, and
this increase is larger for higher values of §;. With all values of (;, the maximal number
of covered villages is reached with 18 mobile clinics, while at least 40 villages are covered
with 14 mobile clinics. Given the current number of mobile clinics (m = 5), an increase
of one mobile clinic allows covering one or two additional villages, while an increase of
two mobile clinics has a higher impact on the number of covered villages, ranging from
five villages to up to 20 additional villages. Removing mobile clinics on the other hand
decreases COV-V, and at most ten villages are covered when m < 3. As the number of
covered villages increases when increasing the number of mobile clinics, CNT-1, CNT-2,
and CNT-3 decrease, but stabilize at around 40%, 6%, and 4% with at least 14 mobile
clinics. This decrease does not imply that the number of patients decreases. On the
contrary, when the number of mobile clinics increases, the total population served among
all villages increases as more villages are visited. That is, for each additional mobile
clinic, there is an average increase of 240, 5, and 2 people served at least once, twice, and
thrice.

Second, we analyzed the logistics performance. Figure 17 reports the total cost which
ranges from $1,017 with one mobile clinic to $6,899 with 30 mobile clinics on average.
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The trend shows an average increase of $203 in the total cost as the number of mobile
clinics increases, which can be explained by the cost of covering additional villages as well
as the increased routing costs. In general, more than 70% of the total cost is associated
with routing costs (see Figure 18), and with less than 10 mobile clinics, the proportion
of the location costs rapidly increases and stabilizes at around 10 mobile clinics. This is
explained by the increased number of covered villages for the first 10 mobile clinics (see
Figure 13). When 1 < m < 6, the number of opened depots is equal to the number of
mobile clinics and the number of routes per opened depot is 10. The maximum number
of opened depots, i.e., 11 out of 12 (one depot is never selected), is reached when there
are at least 18 mobile clinics, and the average number of routes per depot is then 20.

Overall, this analysis shows that the number of covered villages increases with more
mobile clinics, while CNT-1, CNT-2, and CNT-3 tend to decrease even though the num-
ber of visited patients increases. In terms of logistics performance, the total cost tends
to increase linearly with the number of mobile clinics with a high percentage of this cost
associated with routing costs. Increasing the number of mobile clinics also increases the
number of opened depots as well as the number of routes per depot. Given the limited
funding, it is not realistic to increase the number of mobile clinics by a large number,
but the addition of one or two mobile clinics would allow for a significantly better cov-
erage as well as provide more patients with second and third medical visits and, hence,
allowing a reasonable continuity of care. However, decreasing the funding would worsen
dramatically the potential impact of the program.

CIRRELT-2023-20 29



Multi-Period Location Routing: An Application to the Planning of Mobile Clinic Operations in Iraq

100 -
8,000 g
&)
ik %
6,000 3
/f’ 6@7
: —
4,00 i/ AQ|
)4 5
; e
2,000 f// 2@7 ./.%:ﬁ*f'”‘“" gescees
St m
0 | | |
0 | ‘ ™ 0 10 20 30
0 10 20 30 Location —— 0 —— 100 —— 200 300 400
’ ——0——100——200 300 400 Routing 0 100 200 300 400
Figure 17: Total cost Figure 18: Proportion of the total cost
associated with location and routing

costs
4.4.3 Impact of the continuity of care benefit function

As indicated in Section 4.3, our partner evaluates the CNT benefit as an amount dis-
tributed equally over the number of visits (constant marginal CNT benefits), which can
be modeled with a linear function. Such a function implies that all visits are of equal
importance, while in practice, the first visit is often the most critical as it can help iden-
tify abnormalities (Bayliss, 1981). We thus aim to explore the impact of different CNT
benefit functions, which give a larger benefit to the first visit relative to subsequent ones,
on the performance of the network. For this analysis, the value of 57,Vi € N¢ v € V,
varies according to the function selected.

We propose two alternative CNT benefit functions with user-defined parameters to
capture rapidly decreasing and slowly decreasing marginal CN'T benefits of an additional
visit to a person. These functions are inspired by the economics theory of subjective
value, also known as utility or marginal utility, where an individual’s rational prefer-
ence can be represented mathematically by a utility function (Baumol, 1972; Mas-Colell
et al., 1995). For the continuity of care, a decreasing marginal utility is usually assumed
(Dittmer, 2005). For example, a child in need of a one-dose vaccination has a decreasing
marginal benefit relative to the continuity of care, since the first visit (when the shot is
administered) is of greater importance than the subsequent follow-up visits. Let us recall
that 8¢ = (o, — ay—1)$;, where (o, — a,,—1) represents the marginal CNT benefit. With
rapidly decreasing marginal CN'T benefits, a,, is computed as
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Qp, v = 17
ay = ¢ 0.5 — 0.50,_1 + a1, 1<v<|V,
17 v = |V|

With slowly decreasing marginal CN'T benefits, «, is computed as

Qg, v =1,
a, = ¢ min{1,0.5\/v + ¢}, 1<v< |V,
1, v=1V|.

The values of a; and a, are set to impose higher importance on the first visit, and c is
set to determine the rate at which the CNT benefit decreases. With rapidly decreasing
marginal CNT benefits, the first visit has a weight of a;, = 0.8, and the remainder, i.e., 0.2,
is distributed over the subsequent visits. With slowly decreasing marginal CNT benefits,
the first visit has a weight of ay; = 0.5, which is lower than with rapidly decreasing
marginal CNT benefits (i.e., as < a;), thus allowing for a higher weight to the second
visit. For our computational study, we set ¢ = 0.1. Given a, = 0.8, a;, = 0.5, and
¢ = 0.1, Figures 19 and 20 represent the value of «, according to the choice of marginal
CNT benefits obtained with two values of the maximal number of visits allowed, i.e.,

VI = {3,5}.
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Figure 19: Value of «, according to the Figure 20: Value of «, according to the
marginal CNT benefit, |V| = 3 marginal CNT benefit, |V| =5

First, we analyzed the performance associated with healthcare (Figures 21-22). Out
of the 50 villages, the number of covered villages ranges from 18 to 30 and from 17 to 41,
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with rapidly decreasing and slowly decreasing marginal CN'T benefits, respectively. When
comparing the two new CNT benefit functions with the base case (8; = 0 and constant
marginal CNT benefits), three additional villages are covered with rapidly decreasing
marginal CN'T benefits, and two additional villages are covered with slowly decreasing
marginal CNT benefits. Given this increase in the number of villages, CNT-1, CNT-2,
and CNT-3 decrease. For both rapidly decreasing and slowly decreasing marginal CNT
benefits, there is an impact of -8% and -8%, an impact of ~95% and —17%, and an
impact of ~100% and —88% on CNT-1, CNT-2, and CNT-3. With 8; = 0 and rapidly
decreasing marginal CNT benefits, patients are served at most twice. More generally,
when ; > 100, constant marginal CNT benefits provide better coverage of the villages.
In addition, for both rapidly and slowly decreasing marginal CN'T benefits, there is an
increase on CNT-1, which can be explained by the lower number of covered villages.
With slowly decreasing marginal CN'T benefits, our results show an increase on CNT-
2 when 3; > 100. The impact is at its highest when (3; = 400 since the number of covered
villages is considerably lower, i.e., 27 covered villages with slowly decreasing marginal
CNT benefits and 44 with constant marginal CNT benefits. With slowly decreasing
marginal CNT benefits, there is a decrease of at least 75% on CNT-3, while with rapidly
decreasing marginal CN'T benefits, no one is covered thrice and there is a decrease of at
least 95% on CNT-2. Therefore, compared to rapidly decreasing and slowly decreasing
marginal CNT benefits, constant marginal CNT benefits offer better coverage of the
villages as well as a better continuity of care since the proportion of the population
served more than once increases.
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Second, we analyzed the logistics performance. Figure 25 reports the impact on the
total cost (compared with constant marginal CNT benefits), whereas Figure 26 reports
its proportion associated with location and routing costs. Compared with §; = 0, the
total cost decreases by 16% and 5% for rapidly decreasing and slowly decreasing marginal
CNT benefits. More generally, rapidly decreasing and slowly decreasing marginal CN'T
benefits generally allow to decrease the total cost by an average of 10% and 7% due to a
decrease in routing costs as the selected routes tend to visit fewer villages. Similarly to
the other analyses, the largest portion of the total cost is attributed to the routing costs,
i.e., more than 70% independently of the marginal CNT benefits. Figure 27 also reports
the number of times each depot is selected for rapidly decreasing and slowly decreasing
marginal CN'T benefits over the 15 tested values of ;. Independently on the marginal
CNT benefits, there are either four or five open depots and a total of 50 routes with
either 10 or 20 routes per depot. With rapidly decreasing marginal CNT benefits, three
depots are used for more than 60% of the values of 3;, while four depots are used for more
than 80% of the values of 3; with slowly decreasing marginal CNT benefits. Finally, the
depot routing frequency does not seem to have a clear trend according to the marginal
CNT benefits. This suggests that modifying the marginal CNT benefits allows to reduce
the total cost while having robust solutions in terms of depot usage.

Our results show that using constant marginal CN'T benefits allows for better coverage
and continuity of care. In addition, while the depot usage is not sensitive to the choice
of marginal CNT benefits, constant marginal CNT benefits have a higher total cost. We
can thus conclude that using constant marginal CN'T benefits, which is easier to model
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and requires less parametrization, allows for robust and effective solutions in terms of
healthcare performance and depot usage, which comes with an increase in total cost.
Finally, our solution approach is not time sensitive with rapidly decreasing marginal
CNT benefits, i.e., all solutions are found within 187 seconds, with an average of 88
seconds. With slowly decreasing marginal CNT benefits, it is more sensitive as the
maximal computational time is 4,769 seconds (one instance only is solved in more than
2,000 seconds), with an average of 747 seconds.
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5 Conclusions

In this paper, we introduced a new set-packing formulation for an MLRP for the tacti-
cal planning of mobile clinic deployments for humanitarian relief. Our model seeks to
maximize the total healthcare benefit, considering both coverage and continuity of care.
We also proposed indicators to measure the performance associated with the provided
healthcare services and the logistics operations. The optimization model and the per-
formance indicators are adapted to the context of mobile clinics aiming to outreach to
vulnerable and underserved populations. These can also be used to systematically eval-
uate and identify the impact of strategic and tactical decisions on the deployments of
mobile clinics.

Our solution approach was tested using real data from our partner (PUI) of a relief
program implemented in Iraq, and our results have allowed us to derive managerial
insights in that context. Using our collaborator’s needs assessment scoring tool to derive
the COV and CNT benefits, we tested fixed values of the COV benefit 3; from 0 to 700.
We observed that as f3; is increased, the number of villages covered by the mobile clinics
increases. However, CNT-v decreases as [3; increases. In addition, more than 70% of
the total cost is associated with routing costs, there is no clear trend between the total
cost and (3;. We show that a reasonable compromise between coverage and continuity is
reached when 200 < ; < 300, while setting ; = 250 might be a better choice in terms
of the total cost. We conducted sensitivity analyses on the number of mobile clinics
and the choice of marginal CNT benefit function. Our results show that increasing the
available budget for this humanitarian program, and thus the number of mobile clinics,
allows to cover more villages, whereas decreasing it reduce the coverage drastically. In
addition, we show that the choice of marginal CNT benefit function does not seem to
have a significant impact on the proposed solution, and therefore solutions obtained with
constant marginal CN'T' benefits seem robust.

Solving this problem and analyzing performance indicators contributes to a better
understanding of the impact of strategical and tactical decisions on the deployment of
mobile clinics for humanitarian relief. By collaborating with PUI we quantified the
impact of their strategic decisions, i.e., the number of mobile clinics operated. On the
other hand, the limited resources available only allow for a $5,000 budget and five mobile
clinics. With the proposed tool practitioners may explore the effect of a budget or
resource increase without having to spend or invest ahead of time. For example, ending
a route at a different depot implies that the medical personnel must be transported back
to their vehicles or home locations. This provides evidence that practitioners may use
to justify changes in policies and special requests to the respective board of directors or
donors.

Our study fills a gap in the literature by formulating and solving a new MLRP. It
allows to plan effective logistics operations in the case of mobile clinic deployment to
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increase outreach to underserved communities. It also serves as a tool for practitioners
when deciding how to incorporate continuity and coverage for the deployment of mobile
clinics. Also, our analyses aid practitioners in justifying the number of clinics on the
deployment based on the impact it can have on the coverage and continuity of care. This
study will help our collaborators, as well as practitioners in the field, to justify decisions
related to planning mobile clinic deployments.

Finally, multiple research avenues could be considered to expand the contributions of
this paper. While our proposed model is deterministic, different sources of uncertainty
(e.g., the travel time, the time required to treat a patient, and the number of patients
per village) could be considered. However, quantifying, measuring, and modeling these
sources of uncertainty, and including them in a representative stochastic model in the
context of healthcare service offering in relief programs is challenging. Given that our
proposed objective function computes the total healthcare benefit by considering the
COV and CNT benefits, we believe that different multi-objective optimization meth-
ods (e.g., e-contraint method and goal programming) could also be developed to further
assess the trade-off between these COV and CNT benefits. Moreover, developing bench-
mark instances that represent the reality of managing mobile clinics would be a valuable
contribution for the community conducting research in humanitarian logistics. These
instances should reflect the specific characteristics of the underlying networks of different
relief programs (e.g., security issues, population vulnerability, and limited resources).
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A Detailed computational results

Table 7 contains the detailed computational results when fixing m = 5 and B = 5,000
with equal division of the population in routes, and for the three CN'T benefit functions
(constant marginal CN'T benefits, rapidly decreasing CNT benefits and slowly decreasing
CNT benefits). Then, for each CNT benefit function, we present: the optimal solution
value (2*), and the total computational time in seconds (Sec.). The results are presented
for each value of f3; tested, i.e., between 0 and 700 with increments of 50. In addition,
for a given CNT benefit function, because the value of 57,Vi € N¢,v € V (i.e., the CNT
benefit) remains constant, the increase in the objective function is expected. Finally,
comparing the objective function between the different CNT benefit functions is not
possible as the value of 37,Vi € N¢ v € V varies according to each function.

Table 7: Detailed computational results m = 5, B = 5,000, and equal division of
population in routes

Constant Rapidly decreasing | Slowly decreasing
Bi z*  Sec. z* Sec. z* Sec.
0 108,250 128 | 279,851 62 | 186,117 1,821
50 | 109,104 21 | 280,776 74 | 186,992 84
100 | 110,166 14 | 281,776 187 | 187,967 107
150 | 111,316 95 | 282,801 45 | 189,075 17
200 | 112,562 189 | 283,927 128 | 190,235 263
250 | 113,932 248 | 285,127 70 | 191,435 35
300 | 115,589 55 | 286,327 75 | 192,635 1,114
350 | 117,596 390 | 287,571 75 | 193,927 437
400 | 119,742 216 | 288,821 73 | 195,277 143
450 | 121,942 60 | 290,071 114 | 196,665 4,769
500 | 124,142 230 | 291,339 47 | 198,151 1,208
550 | 126,342 193 | 292,739 31 | 199,831 165
600 | 128,542 274 | 294,139 113 | 201,649 731
650 | 130,742 158 | 295,539 124 | 203,639 70
700 | 132,942 167 | 297,001 99 | 205,683 242

Table 8 contains the detailed computational results when fixing m = 5 and B =
5,000 with constant marginal CN'T benefits for population proportion, score proportion,
vulnerability proportion, and accessibility proportion. Note that the results for equal
proportion have been presented in Table 7. The first column contains the COV benefit
per location i (f;). Then, for each way to divide the number of patients in a route, we
present: the optimal solution value (z*), and the total computational time in seconds

(Sec.).
Table 9 contains the detailed computational results when fixing m = 5 and B = 5,000
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Table 8: Detailed computational results m = 5, B = 5,000, and constant marginal CNT

benefits

Population Score Vulnerability | Accessibility
Bi z*  Sec. z*  Sec. z*  Sec. Z*  Sec.
0 108,250 26 | 108,250 27 | 108,250 27 | 108,250 206
50 | 109,119 14 | 109,102 64 | 109,100 91 | 109,103 101
100 | 110,193 69 | 110,204 27| 110,199 21 | 110,210 29
150 | 111,343 73 | 111,354 18 | 111,349 64 | 111,360 o1
200 | 112,591 170 | 112,644 44 | 112,627 148 | 112,606 152
250 | 113,933 236 | 114,009 22| 114,047 125 | 113,991 125
300 | 115,483 132 | 115,676 117 | 115,762 149 | 115,682 34
350 | 117,372 112 | 117,663 82 | 117,860 139 | 117,672 160
400 | 119,415 119 | 119,784 42 1 120,054 49 | 119,795 183
450 | 121,590 63 | 121,984 99 | 122,260 94 | 121,995 166
500 | 123,790 54 | 124,184 177 | 124,460 166 | 124,195 152
550 | 125,990 111 | 126,384 79 | 126,660 114 | 126,395 206
600 | 128,190 28 | 128,584 147 | 128,854 153 | 128,595 47
650 | 130,390 133 | 130,784 260 | 131,060 109 | 130,795 43
700 | 132,590 68 | 132,984 93 | 133,260 32 | 132,995 171

with constant marginal CN'T benefits for equal proportion when allowing all regular routes
(including regular routes that start and end at different depots). The table is organized
as follows: we report the COV benefit per location i (5;), the optimal solution value (z*),
and the total computational time in seconds (Sec.).
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Table 9: Detailed computational results m = 5, B = 5,000, constant marginal CNT
benefits, equal proportion and regular routes that start and end at different depots

Bi ‘ z*  Sec.
0 113,750 281
50 | 114,506 268
100 | 115,340 273
150 | 116,395 282
200 | 117,707 303
250 | 119,150 299
300 | 120,620 288
350 | 122,461 301
400 | 124,566 437
450 | 126,759 372
500 | 128,961 397
550 | 131,161 519
600 | 133,361 431
650 | 135,561 478
700 | 137,759 364
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B Impact of the number of individuals visited at
each village in a route

In its current program, our partner divides the total number of patients that are ex-
amined or treated in a route (50) equally between covered villages in every route (see
Section 4.3), which implies that all villages are of equal importance. In practice, villages
are heterogeneous according to their population, their need for healthcare, their vulner-
ability score, and their accessibility to healthcare. Therefore, these factors should be
considered to evaluate the effectiveness of the current policy. In the following, we aim
to examine if alternative ways of dividing the number of visits impact the solutions and
their performance.

Four alternatives to determine the number of individuals served at each village in a
route have been considered, i.e., dividing the capacity of the number of patients that can
be served in a route:

1. Poportional to the population of the villages, denoted as population proportion
(Pop.), by using p; the population seeking healthcare at village i;

2. Proportional to the health score of the villages, denoted as score proportion (Score),
by using s; the health score of village i;

3. Proportional to the vulnerability score (e.g., pregnant women, children, and el-
derly) of the villages, denoted as vulnerability proportion (Vul.), by using s} the
vulnerability score of village ¢ determined by PUI during the healthcare needs as-
sessment;

4. Proportional to the accessibility to healthcare of the villages, denoted as accessibility
proportion (Acc.), by using s? the accessibility score of village i computed by PUI
during the healthcare needs assessment.

For example, given the capacity @, a route r; which covers exactly two villages iy, j; € N°¢,
the number of patients served at village 7, Gj, ,,, will vary according to the way we
compute this number. With population proportion, the number of patients served is

Pi D
Gijr = LQ—lJ and G, ,, = LQ*J . (18)
o Piy +pjl e Piy +pj1
With (i) score proportion, (ii) vulnerability proportion, and (iii) accessibility proportion,
Equation (18) would be modified by replacing p;, and p;, by (i) s;, and s;,, (ii) s;, and

sj,, and (iii) s7 and 3 .

First, we analyzed the impact on the healthcare performance, i.e., the impact on
the number of covered villages as well as CNT-v (Figures 28-31). When g; = 0, 15
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Figure 28: Impact on the number of cov-
ered villages when considering the num-
ber of visits at each village (m = 5,
B = 5,000)
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Figure 30: Average proportion of the
population served at least twice when
considering the number of visits at each
village (m =5, B = 5,000)
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Figure 29: Average proportion of the
population served at least once when
considering the number of visits at each
village (m =5, B = 5,000)
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Figure 31: Average proportion of the
population served at least thrice when
considering the number of visits at each
village (m =5, B = 5,000)

to 22 villages are covered depending on how the number of patients served at each
village is determined, and the population served at least once decreases compared to
the equal proportion capacity-allocation policy. Compared with the base case, using the
population proportion capacity-allocation policy allows to cover the most villages (i.e.,
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Figure 32: Impact on the total cost Figure 33: Proportion of the total cost

when considering the number of visits associated with location and routing

at each village (m =5, B = 5,000) costs when considering the number of
visits at each village (m = 5, B =
5,000)

7 additional villages for a total of 22 villages), while the three other capacity-allocation
policie (score proportion, vulnerability proportion, and accessibility proportion) allow to
cover one additional village. Given that more villages are covered, CNT-1, CNT-2,
and CNT-3 decrease. When using the score proportion, vulnerability proportion, and
accessibility proportion capacity-allocation policies, there is a variation of at least 6%,
while this variation is of at least —32% with population proportion. When 3; < 50, the
number of covered villages remains relatively similar independently on the number of
individuals visited at each village in a route. In addition, CNT-1, CNT-2, and CNT-
3 remain relatively constant, while we can notice a slight increase of CNT-1 when 250 <
B; < 400 due to the decrease in the number of covered villages. Therefore, the number
of patients served (examined or treated) per village does not seem to have an impact on
coverage and continuity of care.

Second, we analyzed the logistics performance. Figure 32 reports the impact on
the total cost (compared with equal proportion), while Figure 33 reports the proportion
associated with location and routing costs. When 3; = 0, the total cost decreases by
at least 3% with the accessibility proportion capacity-allocation policy and up to 18%
with the score proportion and vulnerability proportion capacity-allocation policies. More
generally, the total cost decreases by an average between 2% and 3% according to how the
number of patients served at each village in a route is computed. Similarly to the other
analyses, the largest proportion of the total cost is associated with the routing costs,
but as the value of (3; increases this proportion decreases which is due to the increased
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number of covered villages. In terms of depot usage, Figure 34 reports the number of
times each depot is selected. For all the cases, there are either four or five open depots
with either 10 or 20 routes per depot for a total of 50 routes. The four same depots are
opened for more than 60% of the cases which suggests that the depot selection frequency
is not very sensitive to how the number of patients served at each village in a route is
computed. There is also no clear trend in terms of depot routing frequency.

(a) Population proportion

Legend

Number of times a depot is selects

. @ @ @

0 15 610 113

® Village

(c) Vulnerability proportion (d) Accessibility proportion

Figure 34: Statistics on selected depots related to the number of individuals visited at
each village

Considering this analysis, we can conclude that when modifying how the number of
patients served in the villages covered in a route is computed, the performance indicators
as well as the solutions remain similar. The biggest change concerns an average reduction
of the total cost between 2% and 3% overall all values of ;. In addition, the total
computational time is not affected; all solutions are found within 260 seconds with an
average of 100 seconds. This implies that the current policy of dividing equally the
number of patients served at each village in a route, which is the simplest, performs
well both in terms of healthcare and logistics performances in this case. Note that
independently of the number of visits at each village in a route and the CNT benefit
function, larger villages are covered when ; increases. However, the average score of the
covered villages remains relatively constant when f; increases (see Figures 35-38). Thus,
although small villages might be favored when less weight is given to coverage as opposed
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to continuity of care, the most vulnerable villages are covered, which is important as a
priority should be given to the highest needs in humanitarian relief.
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Figure 35: Average size of covered vil-
lages according to the marginal CNT
benefits (m =5, B = 5,000)
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Figure 36: Average size of covered vil-
lages when considering the number of
visits at each village (m = 5, B =

5,000)
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Figure 37: Average score of covered vil-
lages according to the marginal CNT
benefits (m =5, B = 5,000)
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C Impact of allowing all regular routes

As explained in Section 4.3, our partner only allows a subset of regular routes, i.e.,
routes that start and end at the same depot. In practice, there are cases where it could
be possible to allow routes that start and end at different depots while covering a subset
of villages. These types of routes may allow for better coverage or continuity of care.
Therefore, in this section, we determine the impact of allowing routes that start and end
at different depots. When considering these routes, the set of generated routes increases
from 2,711 in the base case to 17,652, which increases the computational time while all
solutions are solved within less than 600 seconds.
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Figure 39: Impact on the number of cov-
ered villages when considering regular
routes starting and ending at different
depots (m =5, B = 5,000)

Figure 40: Average proportion of the
population served at least once when
considering regular routes starting and
ending at different depots (m =5, B =

5, 000)

First, we compared the number of covered villages as well as the average proportion
of the population served at least once, twice, and thrice, see Figures 39-42. Compared
with the base case (8; = 0), our results show that the number of covered villages does
not vary, but we note a variation of 3%, 16%, and 0% of CNT-1, CNT-2, and CNT-
3. More generally, we observe that considering regular routes that begin and end at
different depots yields a decrease in the number of covered villages. In particular, when
B; = {50,100, 250,300,400} the number of covered villages decreases between 2% and
16%, which results in an increase of CNT-1 (between 4% and 24%), CNT-2 (between 20%
and 47%), and CNT-3 (between 3% and 20%). We can also notice that when the number
of covered villages remains the same (5; = {0, 350,450, 500, 550, 600, 650, 700}), there is
an increase on the average values of CNT-1 (between 1% and 3%) and CNT-2 (between
16% and 23%), while there is no impact on CNT-3. Finally, when 5; = {150,200}, we
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Figure 41: Average proportion of the Figure 42: Average proportion of the
population served at least twice when population served at least thrice when

considering regular routes starting and considering regular routes starting and
ending at different depots (m =5, B = ending at different depots (m =5, B =
5,000) 5,000)

note an average increase of 8% on the number of covered villages, which results in an
average decrease of 6%, 7%, and 8% on CNT-1, CNT-2, and CNT-3.

Second, we compared the logistics performance both in terms of the total cost, as
well as depot usage. Figures 43 and 44 report the impact on the total cost as well as the
proportion of the total cost associated with location and routing costs. Compared with
the base case, we can note an increase of 13% due to an increase in the number of open
depots (i.e., eight depots are opened instead of five) as well as an increase in the routing
costs as the selected routes tend to be longer (i.e., 60% of the routes start and end at
different depots). More generally, the routing costs increase by an average of 14% for the
same reasons. Figure 45 shows the depot selection frequency. Eight depots are opened
for most values of (;, except for 3; = 100 where seven depots are opened, and from these
depots, 60% of the routes start and end at different depots. Although the depot usage
is not sensitive to the increase in ;, it is sensitive when comparing routes that start and
end at the same depot.

Our analysis shows that allowing routes that start and end at different depots, rather
than routes that start and end at the same depot, usually increases continuity of care
without any impact on coverage (5; = {0, 350,450, 500, 550, 600, 650,700}), or with a
decrease of less than 16% on the number of covered villages (3; = {50, 100, 250, 300, 400}).
This comes with an average increase of the total cost of 14% due to the increased number
of depots as well as the increased routing costs (i.e., 60% of the routes start and end
at different depots). Therefore, while the improvements in healthcare performance are
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Figure 43: Impact on the total cost Figure 44: Proportion of the total cost

when considering regular routes starting associated with location and routing
and ending at different depots (m = 5, costs when considering regular routes
B = 5,000) starting and ending at different depots
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limited, this decreases the logistics performance.
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Figure 45: Statistics on selected depots related allowing all regular routes
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