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UNIROUEN, INSA Rouen, LITIS, Le to the high density of population in urban areas. Thus, efficient relief operations are very
Havre, France relevant in attenuating the impacts of disasters on the population. For this purpose, op-
timizing post disaster operations plays a key role, and such issues are focused on this
contribution.
Design / Methodology / Approach: Optimization problems appearing in the aftermath of
disasters, related to accessibility, distribution and facility location are summarized. They
were addressed using real data and the core of such problems was identified in a bot-
tom-up approach, by analyzing the situation on the ground.
Results: Examples of results are presented by means of maps with decision support infor-
mation. A case study on an addressed location problem is described for the 2015 Kath-
mandu earthquake. In addition, new trends and opportunities are pointed out, taking into
account technological tools, the endogenous characteristics of disasters and emerging ap-
plications.
Limitations of the investigation: Regarding the Kathmandu case study, two issues are left
for future studies: the uncertain data associated with the affected population and the
elasticity of demands.
Practical implications: The data treatment to produce inputs for the algorithms and suit-
able outputs for the relief teams highlight a collective effort and a real opportunity to use
the results practically for humanitarian logistics.
Originality / Value: The optimization models were progressively approached to the situ-
ation on the ground, which permits us to identify difficult aspects of the problems, while
remaining pragmatic enough to solve real issues.
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1. INTRODUCTION

Natural disasters seriously affect populations, the en-
vironment, and urban infrastructures, causing deaths, mi-
gration, and economic loss. According to the International
Disaster Database (EM-DAT, 2018) records, in 2018, 281 nat-
ural disasters were reported, affecting over 60 million peo-
ple around the world, with 10,733 deaths. While in 2017, a
total of 335 natural disasters were reported, impacting over
95.6 million people, with 9,697 deaths and a cost of, approx-
imately, US $335 billion. This scenario becomes even more
critical due to the high density of population in urban areas.
Currently 3.4 billion people occupy 10% of the earth’s sur-
face (CRED and UNISDR, 2019).

In such context, the scientific community investigates ways
to attenuate the effects of disasters on the population in the
so-called phases of disasters: Preparedness, Response, and
Recovery. In spite of that, as highlighted in Kunz et al. (2017),
the application of results to practice is not proportional to the
number of published studies. There are two main reasons for
that: access to data and the numerous superfluous aspects
(constraints, objectives, etc.) added to the models. This makes
it difficult to extract the core of the problems. The author’s
research on humanitarian logistics tries to fill these gaps. First,
the problems have been defined in a bottom-up approach
with members of the International Charter Space and Major
Disasters (ICSMD, 2014). The input from ICSMD expertise over
almost 20 years helps the contextualization. Therefore, it was
possible to identify the core of mathematical models and,
subsequently, to design dedicated optimization algorithms.
Second, it allows us to access real data, not only past data,
but within hours of a major disaster, as was the case of the
Kathmandu earthquake that hit Nepal in 2015.

This study summarizes the main results of my contribu-
tions on solving optimization problems for post-disaster
operations. Among the problems studied, scheduling, ve-
hicle routing, and facility location problems have been in-
vestigated, using real data (see Section 2). In addition, the
case study of the Kathmandu earthquake in 2015, where
emphasis was put on locating field hospitals, is detailed. In
the following, the focus is put on providing new trends and
opportunities on humanitarian logistics in a combinatorial
optimization perspective, considering: technological tools,
the endogenous characteristics in disaster situations, and
new applications (see Section 3). Some concluding remarks
are presented in Section 4.

2. OPTIMIZATION PROBLEMS IN POST-DISASTER
RELIEF

Some well-known optimization problems are found in
the phases of disasters, such as assessment and inventory
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in the “Preparedness phase”; location, accessibility and dis-
tribution for the “Response phase”; and power system res-
toration and economic recovery for the “Recovery phase”
(Leiras et al., 2014). Most of the time, optimization models
in disaster relief are subject to many complex issues, such as
uncertain data, vague or imprecise information, conflicting
decisions, multi-criteria decisions, and limited human, mate-
rial and financial resources. In addition, post-disaster opera-
tions require reactivity and a special attention to human and
social issues. When thinking about designing mathematical
models for optimization problems in this context, four basic
characteristics should be considered:

e the type of disaster: earthquake, flood, hurricane,
fire, storm, etc.;

e thetime scale: emergencies (response), medium (re-
sponse), and long term (recovery);

e the disaster phases: preparedness, response, and
recovery;

e the optimization level: operational, tactical or stra-
tegic.

Note that the way optimization models are designed de-
pends on all such issues, since the operations may change
according to the characteristics sought. For instance, the
type of disasters implies different ways of performing opera-
tions. The time-scale and the optimization levels impose the
use of different methods, such as fast and efficient heuristics
for emergencies (operational level), while more time-con-
suming methods can be used for other time-scales (tactical
and strategic levels). One may note that taking all of these
issues into account may be very difficult. However, some as-
pects can be addressed “just in time” after major disasters,
using real data.

In the past five years, | have studied mathematical mod-
els and dedicated heuristics for three classes of problems:
accessibility, distribution, and facility location. The methods
were not part of an application or a support decision-making
system, since it seemed more acceptable for the operators,
and simpler as a first approach, to communicate these out-
puts using maps with decision support information.

Two accessibility problems were studied: The Road Net-
work Accessibility Problem (RNAP) and The Work Troops
Scheduling Problem (WSP) (Sakuraba et al., 2016a, 2016b).
RNAP appears in emergencies and the idea is to identify
paths quickly from starting points to target areas in the city.
Our first contribution was to model this problem as a flow
problem and then to prove that it can be solved by poly-
nomial time algorithms such as Dijkstra (1959). In spite of
that, obtaining the initial state of the network accessibility is
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very relevant. The WSP is an NP-hard problem and consists
of scheduling work-troops to clean debris and to improve
the overall accessibility of the urban networks. The idea is to
assign work-troops to unpassable routes, and to update the
state of the urban network once the corresponding routes
are passable. Both problems were handled on a large-scale,
and tested over instances from Port-au-Prince, Haiti, us-
ing ICSMD data treatment for the earthquake of 2010. The
graph of Port-au-Prince contains 16,660 vertices, 19,866
routes, and more than 500 blocked roads. This is an enor-
mous scheduling problem! Thus, particular attention was
given to the algorithm complexity, and the implementations
were optimized with sophisticated data structures. Some
new avenues of research on these topics are introduced in
Santos (2018). An example of outputs in maps with decision
support information for this study is given in Figure 1. The
left part of Figure 1 illustrates the state of the network with
two cross points to indicate blockages. The right part shows
the paths after removing these blockages.

After obtaining the initial network state and addressing
the WSP, the next step was to study distribution problems.
We decided to separate the distribution into two major prob-
lems: the macro distribution (Santos, 2016) and the last-mile
distribution (Penna et al., 2018). This was done since we re-
alized that these two levels are clearly distinguished: the
operations for both are done independently, with no coor-
dination protocol between humanitarian operators. Macro
distribution consists of defining routes to deliver supplies
from big hubs (e.g. port and airport) to intermediate depots
close to the population (delivery points). The second level
corresponds to the chaotic stage of distribution, referred
to as last-mile distribution. It consists of delivering supplies

from depots to the affected population (delivery points).
Both problems are modeled as rich Vehicle Routing prob-
lems (VRP). VRP are difficult discrete optimization problems
(a route with 69 demand points implies 69! = 10 possible
combinations); however, it can provide relevant gains com-
pared to a human response (km, time, number of vehicles,
CO, emissions). They have been widely studied in the litera-
ture since the pioneer work of Dantzig and Ramser (1959).

Our developments for distribution problems took into
account state of the art developments in the literature for
VRP, which is somewhat neglected in the literature dedicat-
ed to humanitarian logistics (Penna et al., 2018). Thus, these
methods were compared to the best algorithms found in the
VRP literature (Salhi and Sari, 1997; Salhi et al., 2014; Vidal
et al., 2014). The outputs generated were also depicted in
maps with decision information such as the one illustrated in
Figure 2. It was inspired by metro maps, and one important
remark is that routes are not designed as in VRP. In general,
on normal days routes have petal shapes, while here routes
make use of the same paths to deliver and to return to de-
pots due to some blocked roads.

Case study: location problem in Nepal Earthquake in
2015

On April 25, 2015, an earthquake of magnitude 7.8 on the
Richter scale struck Kathmandu, Nepal. This was followed by
more than 450 aftershocks over 1 month. The impact caused
about 9,000 deaths and 22,000 injuries, and damaged his-
toric monuments as well as infrastructures. Figure 3 depicts
the epicenter of this event.

Figure 1. Example of accessibility maps.

Source: OLIC Project.
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Figure 2. Maps for last-mile distribution using Port-au-Prince graph of the 2010 earthquake.

Source: OLIC Project.
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Figure 3. Epicenter of the Kathmandu earthquake in 2015
Source: Vaishya et al., 2015

In this context, the problem of locating field hospitals
was studied some hours after the disaster. A field hospital
is a temporary medical unit composed of tent, staff, medical
and logistics equipment. Its mission is, for example, to pro-
vide first aid, need assessment and triage. The hypothesis
of this study was that a field hospital would provide aid to
simple-to-moderate cases and send the most serious ones
to hospitals.

We accessed the following data: an estimation of popu-
lation in the damaged areas, 707 points where people were
assembled, 13 potential locations to install field hospitals,
and the position and bed capacity of five hospitals in the
city. The biggest one is the Kathmandu medical college and
teaching hospital with 600 bed:s.

Initial data

5
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Potential locations for field hospitals o

Figure 4. Kathmandu hospitals position and potential points to
install field hospitals

Legend: (1) Patan Hospital, (2) B&B hospital, (3) Bir hospital, (4) Kathman-
du medical college, (5) Grande International Hospital.

In terms of optimization, this problem corresponds to
a facility location problem. This kind of problem has been
studied for the past 150 years (Sylvester, 1857). However,
studies in crisis management for frequent emergencies ap-
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pear in the 1980s: fire, road traffic accidents, floods, etc.
An interesting survey on the topic is found in Nahleh et al.
(2013). According to the author’s knowledge, the first stud-
ies for major disasters appear in Jia et al. (2005), followed by
the studies of Jia et al. (2007), and Huang et al. (2010).

For the Kathmandu case study, three optimization criteria
were considered:

1. Attenuate tensions due to the lack of healthcare aid.
This criterion was mathematically translated by a
hospital saturation criterion, where saturation is de-
fined as a rate of the affected population around a
hospital divided by the hospital capacity.

2. Attenuate population moves. For this purpose, field
hospitals are allocated to the areas with the highest
population density. It may be noted that this criteri-
on differs from the first one since the hospital capac-
ities are not taken into account.

3. Dispersion of healthcare aid units in the region. In
this case, field hospitals are allocated in such a way
that the maximum distance of affected areas to a
healthcare aid unit (hospital or field hospital) is min-
imized.

Deterministic heuristic algorithms were applied, using of
the aforementioned criteria independently. The number of
field hospitals is set to five. For the first criterion, the idea is
to assign a field hospital to the location with the highest hos-
pital saturation rate, and this is repeated until all units are
assigned. In the second criterion, field hospitals are assigned
to available positions with the highest population density.
Using the third criterion, field hospitals are allocated, one by
one, in the position that minimizes the maximum distance
between the affected areas and a healthcare aid unit.

The results are depicted in Figure 5 and it should be em-
phasized that they were obtained 48 hours after the disas-
ter. The numbers in brackets close to a triangle indicate the
order the algorithm decided to assign a field hospital. The
results show that the chosen criterion impacts the results.
The first optimization criterion is interesting to support hos-
pitals and accomplish patient triage. The second is more im-
portant in emergencies to avoid congestion due to massive
movement of population. The last one could be interesting
over a longer time-scale. Since field hospitals are temporary
units, they can change place according to the overall time-
scale of a disaster (days, weeks, and sometimes months af-
ter the event).

Hospital saturation
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Figure 5. Solutions using the three criteria optimized
independently




This work allows us to rethink complex points not treated
in 2015. In particular, the fact that affected populations are
uncertain and that people can move. Moreover, the decision
to place a field hospital makes the corresponding location
more attractive. This generates a kind of complex phenome-
na, usually called the elastic effect, i.e. the more attractive a
location becomes, the more people come and the lower the
quality of the service is.

Other questions raised are: (i) do people act rationally in
a crisis? (i) do people look for the nearest medical unit or
hospital? The answers to these questions can modify the
perception of the optimization criteria. We have been work-
ing on such points, especially on the population dynamics
by means of robust optimization. Even if the initial location
problem addressed is quite simple, as well as the methods
developed, this study allows us to perceive the core of the
problem, and identifying the complex and relevant points to
be addressed.

3. TRENDS AND OPPORTUNITIES

As previously mentioned, several aspects can already be
treated in the aftermath of disasters using real data, and in-
ternational efforts started around the world, such as EM-DAT
and ICSMD. In this context, new opportunities appear, espe-
cially due to technological tools that can help in relief opera-
tions, the ability to address some endogenous characteristics
inherent to disaster relief, and emerging applications.

Technological tools

Up-to-date technological tools, such as aerial drones, in-
formation and communication technologies (mobile phones,
social networks) and big data, can be applied to improve re-
lief operations. Drones can be used, among other things, to
monitor areas in order to detect population moves, points of
congestion, unknown impacts and to deliver supplies in dif-
ficult areas. Naturally, the use of drones implies revising the
optimization models to include the routes of drones, handle
their limited flight time and sensors with limited footprint.
They can be integrated into:

e accessibility problems to support congestion detec-
tion and security monitoring;

e last-mile distribution of delivery survival kits (medi-
cal supplies, food, and water) in inaccessible areas;

e facility location problems to support rescue teams in
finding survivors (e.g. mudslides, such as the one that
happened in Brumadinho, 2019, Brazil), as well as
finding a stationary or moving target point or object.
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The study of Otto et al. (2018) surveys more than 200
articles on optimization approaches to civil applications of
unmanned aerial vehicles (aerial drones). In particular, dif-
ferent path patterns are presented in order to define ways
of covering a target area. This is a key point in large-scale
disaster relief since in such events it will be probably not
possible to have a full coverage, even using drones. Thus,
there is room for investigating strategies to deploy aerial
drones. Integrating aerial drones with vehicles is also a
promising direction of research, especially in some types of
large-scale disasters, such as earthquakes, fire, and mud-
slides. In the contribution of Poikonen et al. (2017), trav-
elling salesman and vehicle routing optimization models
are basically analyzed, using aerial drones for commercial
applications.

In the past ten years, Information and Communication
Technologies (ICT) have been identified as a potential tool
to support and strengthen disaster relief in issues such as
communication and coordination. In particular, they can
generate silent alarms in case of terrorism, locate people,
and detect new and unexpected events, among other con-
tributions. An interesting entry point to this topic is Harvard
Humanitarian Initiative (HHI, 2011). Nowadays, the number
of mobile phones in the world has substantially increased,
covering more than 65% of the world population. In addi-
tion, social networks have become strong communication
tools. For such purposes, giant internet companies, such as
Google (e.g. Disaster Alert, Google Person Finder) and Face-
book (e.g. Disaster response on Facebook) have invested in
the topic, and an open source platform, such as Ushahidi has
also emerged.

In terms of optimization problems, several opportunities
involving ICT are still open, and according to this author’s
opinion, it is worthwhile and relevant to investigate the
mathematical models and optimization problems, without
going directly to the development of an application. One
central idea behind this thought is that ICT can be a strong
communication and coordination tool in the case of disas-
ters, providing it is well used. The mathematical and opti-
mization models do not guarantee that; however, they can
define limits and keep a reliable core for the problems. The
optimization problems can rely on coverage models, match-
ing similar events to try to define information reliability,
partitioning data to extract what is relevant and generating
knowledge. This latter point can be seen as information re-
trieval on big data, for which supervised (linear and non-lin-
ear regression, supervised classification, etc.) or non-super-
vised (k-means, DBSCAN, etc.) algorithms could be applied.
Note that reliability is a key point in the mass of data gen-
erated in the case of emergencies. In network design, the
surcharge of some services (e.g. SMS) can also be modeled
by optimization problems to attenuate congestion.
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Endogenous characteristics of disasters

There are two interesting endogenous characteristics of
disaster relief with a strong potential for new developments
and that could reshape optimization models. The first one
relies on population dynamics (people movements, mas-
sive migration, the identification of groups and dangerous
individual behavior, etc.). This endogenous characteristic
of disasters relief requires knowledge from different areas
(sociology, psychology, local culture, mathematics, optimiza-
tion, simulation, etc.), and its mathematical characterization
is, as understood by this author, still a big challenge.

A few studies in the literature focus on this topic in such
a way that results could be coupled with optimization mod-
els. The strategies mentioned below are interesting ways
of seeing the population dynamic, and some entry point
articles are provided. For instance, Lu et al. (2012) discuss
what is predictable and less predictable in terms of popu-
lation moves after earthquakes. The authors indicate that
hurry and disorder suggest that people’s moves would be
less predictable. The contribution of Wang et al. (2015) de-
scribes a technique to define the new population distribu-
tion after a major disaster. This technique was used in some
of the author’s works (Penna et al, 2018; Sakuraba et al.,
20164a, 2016b) to obtain a picture of the points where peo-
ple got together after earthquakes. Bengtsson et al. (2011)
and Gonzalez et al. (2008) investigate people’s trajectories
by using mobile phones. Another way to handle the popula-
tion dynamics is using simulation and agent-based systems.
The authors in Pan et al. (2007) propose a framework in case
of evacuations, while Kniveton et al. (2011) investigate the
flow migration due to climate changes with a case study on
Burkina Faso. These studies use agent-based systems. Final-
ly, some authors addressed the population dynamics as a
different way of distributing supplies according to the type
of disasters (Duhamel et al., 2016).

It is a fact that people move and migrate in the aftermath
of catastrophes, and this impacts decisions and, in conse-
quence, the optimization models. Whenever a prediction
can be made to design the population dynamics, optimiza-
tion models will produce more accurate solutions. Another
possibility consists of integrating learning mechanisms into
the optimization process, or even tracking trajectories in re-
al-time and anticipating future decisions. All these research
directions have the merit of being investigated by the scien-
tific community.

The second endogenous characteristic of disaster af-
fecting the optimization models is uncertain parameters,
e.g. imprecise or partial information of the situation on the
ground. Stochastic programming, robust optimization, fuzzy
logic, and Markov decision process are examples of methods
applied in the literature for optimization under uncertainty.

Stochastic programming is one of the most frequently ap-
plied methods for disaster management, surveyed in Hoyos
et al. (2015) and Grass and Fischer (2016). An interesting re-
view covering several parameters and methods is found in
Liberatore et al. (2013).

Parameters such as demand, number of population af-
fected and time to reach target points in a city are often
uncertain in emergencies. The author’s concerns in terms
of some studies presented in the literature dedicated to
disaster relief optimization problems with uncertainties is
the lack of a progressive treatment of objective functions,
constraints, and uncertain parameters. More progressive
analysis could result in insights and identification of the
difficult parts of the problems. In addition, it could also be
interesting to evaluate the difficulty of approaching a proba-
bility law for uncertain parameters in emergencies. | believe
robust optimization could be investigated more thoroughly
in such contexts, since it does not require an a priori data
treatment, and it can provide solutions that avoid the worst-
case scenario.

New applications

Crossing technological tools with the endogenous char-
acteristics of disasters opens several avenues of research.
Several applications have emerged around the world. In Bra-
zil, the mudslide in Mariana in 2015 and in Brumadinho in
2019 caused deaths and important ecological impact with
millions of cubic meters of mining waste flowing through ag-
riculture areas and rivers. Such kinds of disasters could be
better investigated in terms of optimization problems in the
preparedness and response phases. In particular, fast evac-
uation plans can be prepared in the target areas, the rescue
of people and animals, the allocation of strategic points for
monitoring, and the positioning of barriers, among others.

Another problem very common in Brazil is the propagation
of sickness by a mosquito like such as Aedes aegypti. Some
studies investigate the population dynamics of the mosquito
and propose optimization models to install barriers (chemi-
cal, physical, genetic or biologic) (Florentino et al., 2018), or
even define control clustering, as in Negreiros et al. (2008).
The type of barriers will affect the mathematical models and
is important to reduce the propagation of disease.

Generally, around the world, two topics of great interest
involve terrorist attacks like bomb attacks, which require
an effort in the preparedness and response phases. In the
case of biological or chemical attacks, bombs and nuclear
accidents, location and distribution problems arise for vac-
cination and drug delivery. The second topic of great inter-
est involves the flow of migration due to climate changes,
wars, refugees, and economic refugees. The distribution of



population, understanding the migration flow, and locating
humanitarian help are among the interesting topics to be
studied in terms of optimization.

4. CONCLUSIONS

Results for some interesting optimization problems ad-
dressed in large-scale disasters have been summarized.
The models were created with a bottom-up approach, i.e.
the core of the problems was designed in partnership with
ICSMD members and tested using realistic data. Maps with
decision support information were generated, proving an in-
teresting way to communicate with rescue teams. One con-
tribution of this study is the description of the Kathmandu
case study on locating field hospitals. Complex issues were
also pointed out.

Another contribution of this study is the presentation of
new perspectives for future research on optimization prob-
lems in disaster relief operations. Technological tools, en-
dogenous characteristics and emerging applications were
discussed in the hope they will inspire young researchers on
these topics. Last but not least, it is very important to pro-
vide models that will approach the situation on the ground
progressively, which allows the difficult aspects of the prob-
lems to be identified, while remaining pragmatic enough to
solve real problems.
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