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Road network emergency accessibility planning
after a major earthquake

Celso Satoshi Sakuraba1,2 · Andréa Cynthia Santos2 ·
Christian Prins2 · Lucie Bouillot3 · Arnaud Durand3 ·
Bernard Allenbach3

Abstract In the aftermath of disasters such as major earthquakes, several roads may
be blocked by rubble and the population tends to search refugee in certain gathering
points of the city. Road network accessibility becomes an important issue for logistic
operations, specially on the first days after the quake, when the relief distribution
is crucial for survival. This study focused on the Road Emergency Rehabilitation
Problem, divided into theRoadNetworkAccessibility Problem (RNAP) and theWork-
troops Scheduling Problem (WSP). The first one consists in finding traversable paths
for relief teams to reach the population, and the later generates a repairing schedule
to improve access to refugee areas. The contributions of this study are two-fold: we
present the process of transcribing satellite imagery data into graphs, andmathematical
formulations for the RNAP and WSP, along with heuristics to solve the WSP. The
proposed methods are able to handle large-scale graphs in an acceptable running
time for real scenarios. They are tested on simulated instances and on the graph of
Port-au-Prince, with more than 10,000 vertices and edges. The Port-au-Prince graph
was generated from satellite images obtained by the International Charter “Space and
Major Disasters” a few hours after the 2010 earthquake.
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1 Introduction

On January 12, 2010, 21:53 UTC (16:53 local time), a 7.0 magnitude earthquake
struck Haiti capital Port-au-Prince, followed by several aftershocks with magnitudes
over six, causing major damages and casualties as shown in Fig. 1. In the aftermath
of major disasters like this one, the population survivability rate is directly related to
the delivery of supplies (Duhamel et al. 2014). The 72 h that follows the quake can
be considered the emergency rescue period, after which the chance of survival of the
population may decrease dramatically (Feng and Wang 2003). Although resources
like helicopters may also be deployed, the majority of the population usually receives
assistance and supplies from road relief teams.

In such situations, the population tends to concentrate in gathering points of the
city, and it becomes crucial to find routes that allow relief teams to reach the largest
part of the population in a minimum time. Thus, road network accessibility becomes
an important issue, since a large amount of the city structures might be strongly
affected, with rubble blocking several roads. To improve accessibility, Work-troops
(WT) composed of bulldozers, excavators, and dump trucks, are deployed to clean
and repair the roads.

In this context emerged the project Optimization of Logistics Interventions for
major Catastrophes (OLIC), a collaboration between the Industrial SystemsOptimiza-

Fig. 1 One sector of Port-au-Prince 1 day before (a) and after (b) the 2010 earthquake (Source: Google
Earth 2016)
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tion Laboratory of Troyes University of Technology (LOSI-UTT), and the Regional
Service of Image Processing and Teledetection (SERTIT). The cooperation intends
to develop a process of using satellite data from real disasters, collected by the Inter-
national Charter “Space and Major Disasters” (ICSMD) (2016) and transcribed into
graphs by SERTIT, as input for the algorithms proposed by the LOSI-UTT. The idea
is to produce solutions in a reasonable time, along with recommendations and insights
for future crisis situations.

Differently of otherworks on similar problems, this research presents tools specially
developed to deal with a large amount of data, corresponding to a detailed representa-
tion of a whole city affected by a major earthquake. This level of detail is necessary to
indicate precisely the routes to be used by relief teams and WT to reach their destina-
tions inside the city. It allows us to evaluate the situation as a whole, obtaining globally
better solutions than separating it in regions and handling them apart for each other.

This paper addresses the road accessibility of the population immediately after
a major earthquake, defined here as the Road Emergency Rehabilitation Problem
(RERP). The RERP is divided into the following problems: the Road Network Acces-
sibility Problem (RNAP) and the Work-troops Scheduling Problem (WSP). The first
one consists in determining shortest paths (SP) to areas where the population tends
to gather after earthquakes, together with a computation of the time in order to make
these areas reachable in the road network immediately after the quake. The WSP
defines the order in which blocked edges should be repaired by WT to improve the
access to the population gathering areas as fast as possible. We propose mathematical
models and algorithms for both problems, which are applied to the data of the Haiti
2010 earthquake. The data was obtained from satellite images hours after the disas-
ter and processed together with an already existing database to estimate the network
parameters necessary to solve the problems.

The remaining of the paper is organized as follows: related works are summarized
in Sect. 2. Sections 3 and 4 introduce a formal definition of the problems with mathe-
matical models and describe the proposed heuristics for the WSP. Section 5 shows the
process of obtaining the data from satellite images and processing it into graphs, and
Sect. 6 shows the results of the application of themodel and heuristics in simulated and
real scenarios. Section 7 presents the concluding remarks and suggestions for future
works.

2 Literature review

Humanitarian logistics and emergency management are topics involving different
areas, requirements, and skills, as shown in the reviews presented by Anaya-Arenas
et al. (2014), Caunhye et al. (2012) and Diaz et al. (2013). There are some works
dedicated to the road network rehabilitation after disasters, considering emergency
and long-term road network repairing, and even static and dynamic cases.

Regarding the long-term road network rehabilitation after earthquakes, the authors
in Hu et al. (2012) analyze the damages after the 8.0 magnitude quake that struck
Wenchuan County, China, in 2008. They discuss problems resulting of different dam-
age modes on traffic structures in the road restoration. A fuzzy multi-objective bi-level
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model for road network reconstruction after an earthquake is proposed in Chen and
Tzeng (1999). The upper level of the model generates a WT schedule that mini-
mizes total reconstruction time, WT workload differences and total travel time in
the road network during reconstruction, weighted by the traffic volume. The lower
level is continuously solved by the diagonalization method to assign traffic direc-
tions accordingly to the network status. They suppose that each damaged node
is entirely repaired by the same WT, and propose a genetic algorithm to allocate
them.

Two static versions of emergency road rehabilitation problems, where the order
in which edges are repaired is not considered, are presented in Duque and Sorensen
(2011) and Feng and Wang (2003). Duque and Sorensen (2011) present a max-flow
based model to minimize the weighted sum of the SP to each destination. A Greedy
Randomized Adaptive Search Procedure (GRASP) combined with Variable Neigh-
borhood Descent (VND) is proposed based on an efficient calculation of the distances
reduction to destinations obtained by repairing each edge. A multi-objective mathe-
matical model that simultaneously maximizes accessibility and the number of lives
saved, while minimizes the risks involved in the operation is presented in Feng and
Wang (2003). An enumeration of possible repaired road sets for eachWT is made over
the map of Nantou County, Taiwan, and alternatives are evaluated by a compromise
among the three criteria.

Two dynamic versions of the emergency road rehabilitation problems are proposed
in Aksu and Ozdamar (2014) and Fiondella (2013). Two mathematical models are
introduced by Aksu and Ozdamar (2014) to generate a restoration schedule and the
WT distribution among origins. The model uses predetermined SP, and is applied to
two regions of Turkey. In Fiondella (2013), a network vulnerability measure based
on SP and road risks is introduced, together with a risk mitigation algorithm. The
algorithm elaborates a road repair prioritization per time period and is applied to two
American cities.

A dynamic representation of the problem using a time-space network is presented
in Yan and Shih (2007). In this representation, each node corresponds to an origin,
intersection or damaged area at a certain time. A heuristic based on adding damaged
points sequentially is presented together with a scenario analysis varying the number
of WT. The same network representation is used in Yan et al. (2012, 2014) and Yan
and Shih (2009). The highway restoration presented by Yan et al. (2014) considers
the rescheduling of WT due to changes in the repair demands. A hybrid global search
based on the ant colony metaheuristic is proposed. In Yan et al. (2012), the objective is
to minimize the operational cost of bringing several materials used to repair the road
network to the places where they are needed. A mathematical model is presented and
solved by the decomposition and variable fixing techniques. A model to minimize the
time to both restore all damaged roads and distribute all the relief is presented in Yan
and Shih (2009). The model is solved by dividing the problem into sub-problems, in
which repair points are added to the models in different orders, and handling them
with CPLEX solver.

The works presented in this section have been applied to realistic scenarios in dif-
ferent cities throughout the world. However, there is a lack of research to handle an
entire network in its details after large-scale disasters as Port-au-Prince 2010 earth-
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quake. Even the map of Port-au-Prince after the 2008 hurricane used in Duque and
Sorensen (2011) was a simplified version of the road network, with a few hundred
nodes and roads, as most of the works presented in this section. We model a more
complex problem closer to large-scale ones found in practice, and develop simple and
efficient algorithms able to provide solutions in a reasonable amount of time. The goal
is to provide solutions and insights for solving the RERP in real contexts. Further-
more, as last but not least contribution, we show the data treatment process to obtain
the graphs and parameters.

3 Problem statements and formulations

The RERP was divided into two distinct problems, RNAP and WSP, defined in the
following subsections along with their mathematical formulations. The first problem
corresponds to the computation of access routes in the original state of the damaged
network. Besides, an estimation of the minimum number of time periods to make the
population accessible is computed. The second one consists of building aWT schedul-
ing per time period, to improve dynamically the access to the population gathering
areas as fast as possible along a time horizon.

A connected graph G = (V, E) is defined for both problems, where V is the set
of n vertices and E the set of m undirected edges corresponding to road segments of
the region in study. The direction of the edges was not considered, since in emergency
logistics and operations inside cities, the direction of the roads may be ignored, pro-
viding that the vehicles have to run in reduced speed given the streets condition. Let
O ⊂ V be the subset of origins, i.e., entry points of the network from where WT and
relief teams depart, and D ⊂ V the subset of destinations corresponding to population
gathering zones (O∩D = �). Let Q be the total number of availableWT. Each origin
has a number qi ∈ N

∗ of available WT (
∑

i∈O qi = Q), and each destination has a
population pi ∈ N

∗.
Each edge [i, j], with i < j , is associated with a set of three parameters described

as follows. The distance di j ∈ R
∗+ is the length of the edge. The repair effort ri j ∈ N

represents the amount of working periods necessary for one WT to repair that edge.
If ri j = 4 for example, the edge is repaired after one WT spends four time periods
working on it, twoWT spend two time periods each, or in one time period by four WT
simultaneously, if the road width allows it. We define B ⊂ E the subset of blocked
edges, i.e., non-trafficable roads that require repair, for which ri j > 0 (ri j = 0 for
all [i, j] /∈ B). Due to physical limitations imposed by the road width, the maximum
number of WT that can work simultaneously at each extremity of a road is given by
an upper bound ui j ∈ N

∗. Moreover, T is the number of time periods considered in
the models.

The models presented in the following subsections make use of G ′, a digraph
conversion of G obtained by replacing each edge [i, j] ∈ E by arcs (i, j) and ( j, i),
generating the set of arcs A. The digraph also contains an artificial root vertex 0
connected to all origins by arcs (0, i), with d0i = r0i = 0,∀i ∈ O . Thus, G ′ =
(V ′, A′) is composed of the vertex set V ′ = V ∪{0} and the arc set A′ = A∪{(0, i)|i ∈
O}.
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3.1 The road network accessibility problem

A problem that emerges immediately after an earthquake is the calculation of
unblocked SP from origins to destinations. The RNAP is to find such paths, along
with the fastest repairable paths to destinations that are unreachable, evaluating the
minimum time to make them traversable. It is important to mention that destinations
do not have to be reached from the same origin, and that in the RNAP, the limitation
on the number of WT is not considered.

We propose a multi-flow formulation to determine the initial accessibility of the
damaged network and estimate the time to make each destination reachable. Its main
idea is to send one flow unit from an origin to each destination. Traversing costs are

set as ti j =
⌈
ri j
ui j

⌉
K + di j for all arcs (i, j) ∈ A′, where K is a weight to give priority

to the repair time of blocked arcs. It must be selected to ensure that
⌈
ri j
ui j

⌉
K > di j for

all arcs.
We took K = dmax
rmin/umax� + 1, where dmax is the maximum arc length, rmin the

minimum repair effort, and umax the maximum of ui j . Since we are interested only
in cases where there are several blocked roads, we assume rmin > 0. Variables fi j
represent the flow on arc (i, j), xi j denote if there is a flow on arc (i, j) or not, and yi
estimate the time period from which vertex i can be reached.

min z =
∑

i∈D
pi yi s.t. (1)

∑

(0,i)∈A′ : i∈O
f0i = |D| (2)

∑

i :(i, j)∈A′
fi j −

∑

i :( j,i)∈A′
f j i = 0 ∀ j ∈ V ′\D (3)

∑

i :(i, j)∈A′
fi j −

∑

i :( j,i)∈A′
f j i = 1 ∀ j ∈ D (4)

yi − y j + (M + ti j )xi j ≤ M ∀(i, j) ∈ A′ (5)

xi j ≥ fi j
|D| ∀(i, j) ∈ A′ (6)

xi j ≤ fi j ∀(i, j) ∈ A′ (7)

yi ≥ 0 ∀i ∈ V ′ (8)

fi j ≥ 0 ∀(i, j) ∈ A′ (9)

xi j ∈ {0, 1} ∀(i, j) ∈ A′. (10)

The objective (1) is to reach the maximum number of population in a minimum
time. Equations (2)–(4) represent the flow conservation constraints and inequalities (5)
calculate the times each destination becomes reachable from an origin. Constraints (6)
and (7) link variables fi j to xi j . Variables are defined from (8) to (10). The formulation
has O(|A′|) variables and constraints.
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Our graph being symmetric, when two nodes i and j are connected by two opposite
arcs, the difference yi −y j cannot exceed ti j . Indeed, assumewithout loss of generality
that yi > y j : if yi − y j > ti j , we could improve the SP to i by taking the SP to j and
adding ( j, i). Hence, in constraints (5), M can be selected as the maximum of the ti j .

One may note that the RNAP provides a quick evaluation of unblocked SP, i.e.,
paths to destinations for which yi < M , estimating the time to repair blocked SP
by the coefficient of M in their values of yi (integer part of the result of yi/M).
This model can be solved in polynomial time by finding SP from the artificial root
vertex to the destination points. For this purpose, several efficient algorithms, such as
Bellman (1958) and Dijkstra (1959), can be used to solve even instances as large as
Port-au-Prince (Sakuraba et al. 2015).

3.2 The work-troops scheduling problem

After a network accessibility analysis, the next step is to generate a WT schedule to
repair blocked edges in a way that accessibility to destinations is improved as fast
as possible. We define this problem as the Work-troops Scheduling Problem (WSP)
and propose the mathematical formulation (11)–(28) considering the dynamic aspect
of the problem, i.e., the network evolution along time as edges are repaired. SP to
destinations and WT access to blocked edges are computed at each time period.

The model has two main components per time period: a flow from an origin to
each destination through its SP and a WT flow from the origins to an extremity of
a blocked edge. Let B ′ ⊂ A be the subset of all arcs obtained by replacing blocked
edges [i, j] ∈ B by blocked arcs (i, j) and ( j, i). We consider that a WT flow cannot
pass through an arc (i, j) ∈ B′, and its value of di j is set to a large integer number M
when determining the SP flow.

The model uses the following variables: at the end of each time period t , the SP
flow through arc (i, j) is represented by variables f ti j , and variables xti j = 1 if arc
(i, j) is used on some SP, 0 otherwise. Besides, variables zti j = 1 if edge [i, j] is
available and 0 otherwise (

∑
[i, j]∈B z0i j = 0), and variables sti state the length of the

SP from the root vertex 0 to a vertex i . During each time period t , the WT flow on arc
(i, j) is determined by variables yti j , while variables w

t
i j represent the number of WT

entering arc (i, j) to repair it. Note that WT can repair edges from both extremities,
with wt

i j > 0 and wt
j i > 0 for an edge [i, j] ∈ E and 1 ≤ t ≤ T .

min Z =
∑

i∈D

T∑

t=1

pi s
t
i s.t. (11)

∑

i :(i, j)∈A′
f ti j −

∑

i :( j,i)∈A′
f tj i =

⎧
⎨

⎩

|D|, if i = 0
0, ∀ j ∈ V \D
1, ∀ j ∈ D

, t = 1, . . . , T (12)

xti j ≥ f ti j
|D| ∀(i, j) ∈ A′, t = 1, . . . , T (13)

xti j ≤ f ti j ∀(i, j) ∈ A′, t = 1, . . . , T (14)
∑

j :(i, j)∈A

yti j +
∑

k:(i,k)∈B′
wt
ik ≤ qi ∀i ∈ O, t = 1, . . . , T (15)
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∑

i :(i, j)∈A

yti j −
∑

i :( j,i)∈A

ytji =
∑

k:( j,k)∈B ′
wt

jk ∀ j ∈ V \O, t = 1, . . . , T (16)

∑

[i, j]∈B
zTi j = |B| (17)

ri j z
t
i j ≤

t∑

t ′=1

(wt ′
i j + wt ′

j i ) ∀[i, j] ∈ E, t = 1, . . . , T (18)

yti j + ytji ≤
∑

i∈O
qi z

t−1
i j ∀[i, j] ∈ E, t = 1, . . . , T (19)

wt
i j ≤ ui j ∀(i, j) ∈ A, t = 1, . . . , T (20)

stj ≥ M(xti j − zti j ) ∀(i, j) ∈ A′, t = 1, . . . , T (21)

sti − stj + (M + di j )x
t
i j ≤ M ∀i, j ∈ V |(i, j) ∈ A′, t = 1, . . . , T (22)

f ti j ≥ 0 ∀(i, j) ∈ A′, t = 1, . . . , T (23)

sti ≥ 0 ∀i ∈ V ′, t = 1, . . . , T (24)
wt
i j ≥ 0 ∀(i, j) ∈ A, t = 1, . . . , T (25)

xti j ∈ {0, 1} ∀(i, j) ∈ A′, t = 1, . . . , T (26)

yti j ≥ 0 ∀(i, j) ∈ A, t = 1, . . . , T (27)

zti j ∈ {0, 1} ∀[i, j] ∈ E, t = 1, . . . , T . (28)

The objective function (11) is the weighted sum of the SP distances to each desti-
nation over all time periods. Equations (12) ensure that there is a unitary flow from
the root vertex 0 to each destination, while inequalities (13) and (14) link variables
f ti j to xti j . Constraints (15) and (16) represent the WT flow, limited to the number qi
of WT available at each origin, allocating them to blocked edges. Equation (17) guar-
antees that all edges initially blocked are fully repaired by the last time period, while
inequalities (18) set the edges availability at each time period according to the number
of working periods spent on repairing it until the present time period. Constraints (19)
make WT use only available edges to reach blocked edges. Inequalities (20) limit the
number of WT on each extremity of a blocked edge according to the road physical
limitation. Constraints (21) make the distance of the SP to a vertex equal to M if all
the paths to that vertex are blocked. In this model, we assume M as the maximum SP
distance between any two vertices of the graph. The distances of the SP to each des-
tination from its nearest origin are calculated in constraints (22), by accumulating the
distances of the SP from this origin to each intermediate vertex in the path. Variables
are defined from (23) to (28). This formulation contains O(|A′| × T ) variables and
constraints.

4 Proposed heuristics

We proposed three heuristics for the WSP, able to produce solutions for large-scale
graphs as the Port-au-Prince one generated in this study.We focus on simple heuristics
due to time constraints that exist when producing solutions for emergency situations.
Moreover, many runs are usually performed by the user due to the chaotic situation and
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several unexpected events, such as earthquake aftershocks, vehicle failures, buildings,
which collapse during the relief operations, etc. In spite of their simplicity, the proposed
heuristics are able to produce high quality results. The heuristics are presented with
their pseudo-codes in the following subsections. All of them require SP calculations,
which were performed using a binary heap implemetation of Dijkstra’s algorithm
[which runs in O(m log n) Cormen et al. (2009)], and output a solution composed by
a WT schedule and the value of the objective function (OF).

4.1 Savings heuristic

The first heuristic, henceforth referred as Savings Heuristic (SH), is based on the
calculation of edge savings similar to the ones defined in Duque and Sorensen (2011).
SH has the following stages: initially, WT are pre-allocated to edges in blocked SP to
destinations that can be unblocked already in the first time period. Then, remaining
blocked edges are ranked in non-increasing order of their savings. The savings of an
edge [i, j] ∈ B are the reduction in theweighted sumofSP to destinations (

∑
i∈D pi sti )

in the current period t once [i, j] is completely repaired. The ranking is used as a
priority list to allocate WT in each consecutive time period. Savings are evaluated,
and the ranking is updated every time an edge is completely repaired.

The framework of SH is shown in Algorithm 1. For each origin, Dijkstra’s algo-
rithm (1959) is used to find SP to all vertices using ri j values, determining which
vertices are accessible to eachWT (line 3). A list is made with edges in SP to unreach-
able destinations containing only one blocked edge, meaning that it may be possible
to repair the SP in one time period (lines 4–8). Savings are computed for all blocked
edges and ranked in non-increasing order (lines 10–13). Lines 14–16 make a pre-
allocation of WT to the edges in the list if they can be repaired immediately, i.e., its
width allows enough WT to repair it in one time period. Then, for each time period,
available WT are allocated to the first workable edge in the ranking, i.e., the first edge
they can reach that supports more WT given the road width limitation (lines 18–20).
If some blocked edge is completely repaired, the savings are updated and edges still
blocked are ranked again (lines 21–25). Besides, for each edge completely repaired,
SP values from origins to all vertices are updated (lines 26–28). To evaluate changes
in SP distances from each origin o ∈ O to a vertex v ∈ V efficiently every time, an
edge [i, j] is completely repaired, we calculated SP from i and j to all other vertices.
The distance from o to v is updated if the original SP is longer than the sum of three
terms: the SP from o to i (or j), di j , and the SP from j (or i) to v.

4.2 Ranking heuristic

The Ranking Heuristic (RH) allocatesWT according to a blocked edges ranking based
on counting the number of times they appear in SP fromorigins to destinations. SP from
each pair origin-destination are found, and the number of times each edge appears in
the SP defines their rank value. Edges are ranked in non-increasing order of their rank.
WT are sent to the first workable edge from the top of the ranking after a pre-allocation
like the one in SH.
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Algorithm 1 Savings heuristic
1: Input parameters: G = (V, E), O, D, B
2: for each i ∈ O do
3: Find SP to all vertices using ri j values
4: for each j ∈ D do
5: if SP to j contains only one blocked edge then
6: Add the blocked edge to the list
7: end if
8: end for
9: end for
10: for each [i, j] ∈ B do
11: Calculate [i, j] savings
12: end for
13: Rank blocked edges in non-increasing order of savings
14: if there are edges on the list with ui j ≥ ri j then
15: allocate WT to such edges in the first period
16: end if
17: for each time period do
18: for each available WT do
19: allocate the WT to the top ranked workable edge
20: end for
21: if some [i, j] ∈ B becomes fully repaired then
22: for each [i, j] ∈ B do
23: Calculate [i, j] savings
24: end for
25: Rank blocked edges in non-increasing order of savings
26: for each [i, j] ∈ B fully repaired do
27: Update SP from origins to all vertices
28: end for
29: end if
30: end for
31: return WT schedule and OF value

Algorithm 2 presents a pseudo-code for RH. The first steps of RH (lines 2–10)
are similar to SH, with the additional counting of the number of times blocked edges
appear in SP to destinations (line 5). Edges are ranked in non-increasing order of the
number of times they appear in SP (line 11). Ties are broken by the smallest value of
ri j , with edges that can be quickly repaired being handled first. Then, the same WT
pre-allocation and allocation to workable blocked edges in the ranking order as SH
is made per time period from (lines 12 and 23). SP are updated whenever an edge is
completely repaired (line 20), without rearranging the edge ranking.

4.3 Lexicographic classification heuristic

The Lexicographic Classification Heuristic (LCH) works with two candidate sets, S1
and S2, both containing blocked edges in paths to destinations. Each set contains one
edge list per destination, with two criteria classifying edges into one of the sets: the
time necessary to repair the path and the path distance. S1 has edges belonging to
the fastest repairable path to each destination, i.e., edges that can be repaired in a
smaller amount of time periods to create an unblocked path to a destination. These
edges are determined by applying the model for the RNAP (Sect. 3.1), with the list
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Algorithm 2 Ranking heuristic
1: Input parameters: G = (V, E), O, D, B
2: for each i ∈ O do
3: Find SP to all vertices using ri j values
4: for each j ∈ D do
5: Add one to the counter of each [i, j] ∈ B in the SP
6: if SP to j contains only one blocked edge then
7: Add the blocked edge to the list
8: end if
9: end for
10: end for
11: Rank blocked edges in non-increasing order based on their counter
12: if there are edges on the list with ui j ≥ ri j then
13: allocate WT to such edges in the first period
14: end if
15: for each time period do
16: for each available WT do
17: allocate the WT to the top ranked workable edge
18: end for
19: for each [i, j] ∈ B fully repaired do
20: Update SP from origins to all vertices
21: end for
22: end for
23: return WT schedule and OF value

being empty if the destination is reachable from the beginning. S2 keeps edges in
the SP to each destination considering only edge lengths di j , regardless if they are
blocked or not. Edges on both sets are kept arranged by destination, in the same order
they appear in their path, since only the first edge in a blocked path is reachable to
WT.

LCH repairs edges from the sets according to the network state in the current time
period. If there are still unreachable destinations, WT are allocated to edges from S1,
repairing a path to these destinations as fast as possible. Otherwise, WT are sent to
repair edges in S2, unblocking the SP to each destination. Sets are scanned starting
from the edges in the path to the most populated destination. WT are allocated to the
first workable edge until its upper bound ui j is reached. Then, edges on the paths to
other destinations are scanned likewise, in non-increasing order of their population.
Edges on paths to different destinations are repaired simultaneously by WT working
in parallel. Once all edges in SP to all destinations are repaired, WT are randomly
allocated to workable edges for the following time periods.

The general structure of LCH is presented in Algorithm 3. The first set L1 is
generated based on the solution of the RNAP (lines 2–4). Dijkstra’s algorithm is
applied to find fastest repairable paths from each origin to all vertices, evaluating also
their reachability for WT allocation. S1 is built with the blocked edges in the paths
to each destination with the smallest repairing time among origins. Then, Dijkstra’s
algorithm is applied again to determine SP to destinations based only on edge lengths
(di j ), and blocked edges in the SP are kept in S2 (line 5).

Once sets are built, the heuristic allocates WT in chronological order, starting from
the first time period (lines 6–21). For each time period, eachWT is allocated as follows:
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Algorithm 3 Lexicographic classification heuristic
1: Input parameters: G = (V, E), O, D, B
2: for each i ∈ O do
3: Solve the RNAP to build S1
4: end for
5: Calculate SP from r to all i ∈ D using di j values to build S2
6: for each time period do
7: for each WT do
8: if there is an unreachable destination then
9: allocate the WT to the first workable blocked edge in S1
10: end if
11: if WT still not allocated then
12: allocate the WT to the first workable blocked edge in S2
13: end if
14: if WT still not allocated then
15: allocate the WT randomly to a workable blocked edge
16: end if
17: end for
18: for each [i, j] ∈ B fully repaired do
19: Update SP from origins to all vertices
20: end for
21: end for
22: return WT schedule and OF value

lists for unreachable destinations in S1 are scanned, and the WT is allocated to the
first workable edge found (lines 8–10). If all destinations are reachable or the WT
could not be allocated to any blocked edge in S1, S2 is scanned likewise to allocated
it from lines 11–13. In case the WT remains unallocated, allocate it randomly to a
workable blocked edge (lines 14–16). After allocating all WT for a time period, the
SP are updated with the completely repaired edges (lines 18–20).

5 Data processing

This section describes the 2010 earthquake data processing into a format that allows
the solution of the RERP. This process involves gathering data obtained from satellite
images after the quake, coupled with some network information previously digital-
ized, providing a graph for Port-au-Princewith real data associatedwith the population
gathering points, roads condition, etc. The general framework of the event is described
together with the process of obtaining the satellite image, followed by the tran-
scription of the data into a graph representing the road network condition after the
quake.

Two hours after the 2010 earthquake in Port-au-Prince, the ICSMD was first trig-
gered by the French Civil Security. In parallel, Global Monitoring for Environment
and Security’s (GMES) SAFER was triggered. The GMES’s SAFER was a European
Union-funded project responsible for the development of the pre-operational GMES’s
emergency management service. It contributed to the Charter by producing valuable
additional damage maps. Nowadays, the service has evolved and is named Copernicus
Emergency Management Service (2016).
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The first very high-resolution image (pixel size: 0.41m) was acquired by the optical
satellite GeoEye-1 17 hours after the earthquake and made available to download on
January 14, 07:31 UTC. The first damage evaluation over the city of Port-au-Prince
was published by SERTIT on January 14, 15:08 UTC, a little more than 41 h after the
quake. During the two following weeks, hundreds of satellite images were acquired,
and numerous maps were produced by several entities.

On January 14, 2010, the center for satellite-based crisis information of the Ger-
man Aero-space Center (DLR/ZKI) published a set of pre-disaster maps showing an
extensive road network over the urban area of Port-au-Prince. The set of roads was
provided by the United Nation’s Cartographic Section and completed by DLR/ZKI
by digitalization over satellite imagery. However, a more extensive and topologically-
consistent road network was needed to provide all parameters required by the models
presented in Sect. 3.

A road network previously produced in the framework of the KAL-Haiti project
(Giros et al. 2012) was used to obtain a graph representation of the network. It has
been digitalized over aerial images (pixel size: 15 cm) acquired on January 2010 and
provided by Google Inc. In the digitalization, each road section could have several
nodes. Thus, the data treatment described on the next paragraphs was performed in
this research, rewriting the graph by considering each section as a segment with only
one origin and end point, as shown in Fig. 2a.

The attributes corresponding to each road section were obtained from the images.
The section length in meters (di j ) was measured using the geometry of the layer. A
classification of the road types was made by photo-interpretation over the same aerial
images used for digitalization also using the geometry. Five categories were generated:
main road, secondary road, tertiary road, road only usable by cars (too narrow for a
truck), and pedestrian paths. This classification was used to determine the parameter
ui j as follows: three for main roads, two for secondary and tertiary roads, and one for
the remaining ones. The roads condition, derived from photo-interpretation of satellite
imagery, were categorized in four levels used to estimate the repair ri j . The values
of ri j were defined as zero for trafficable roads, one for lightly blocked ones, two
for intermediate blockage, and three for severe blockage. An example of the different
blockage levels is shown in Fig. 2b.

Fig. 2 Examples of graph representation of the road network (a) and road-condition categories (b)
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Fig. 3 Port-au-Prince road network after the 2010 earthquake. Circles, triangles, and dark edges represent
origins, destinations, and blocked roads, respectively

Two attributes were obtained for each node of the network. The first is the node
type, three-folded into: regular node; entry point by road (main access road), sea (port),
or air (airport); and spontaneous gathering zone or camp. The two last types of nodes
correspond, respectively, to our models set of origin and destination points (O and
D). The second attribute concerns the nodes corresponding to the gathering zones,
and contains the population pi on that node, computed based on the amount of tents
visible in the satellite images.

The data model was generated using two structures, one for nodes and one for
edges. The structure for a node contains the following parameters: ID,XUTM,YUTM,
node type, and population, which stand, respectively, for the node ID, its latitude and
longitude in the Universal Transverse Mercator coordinate system (UTM), the node
type as explained before, and the population for gathering zones. The edge’s structure
contains its ID, the ID’s of the start and end nodes, and the three edge attributes
enumerated before.

The nodes and edgeswere scanned one-by-one, and their attributeswere transcribed
into two ASCII-files representing the graph, where each line corresponds to a node or
edge. The resulting graph used in this work contains 16,657 nodes and 19,558 edges,
see Fig. 3.

Besides the road network definitions, it is important to define the time period in
the context of real applications. In this work, we define one time period as the amount
of time required for one WT to clean a certain area of debris, calculated from the
satellite images. Since the volume of the debris is proportional to its area, this road-
condition categorization is consistent with the definition presented in Yan and Shih
(2009).
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6 Computational experiments

Experiments for the WSP were addressed to check the performance of the proposed
heuristics. Besides comparisons in terms of computational time and objective func-
tion value, we introduce a measure of accessibility to better compare the quality of
the solutions found by the heuristics. The accessibility of a solution is defined as the
first time period from which all destinations become reachable. Along with its obvi-
ous importance in real scenarios, this measure represents a good method to compare
the solutions quality, since objective function values may have different orders of
magnitude according to the presence or not of a big number M .

A set of 80 simulated instances and the graph of Port-au-Prince obtained hours after
the earthquake were used in the experiments. We assumed qi = 2,∀i ∈ O , for all
instances. Tests were performed on an Intel Core i7-4600M CPU with 2.90 GHz and
16 GB of RAM. The heuristics were implemented in C ANSI, and CPLEX 12.6 was
used to solve the simulated instances to optimality.

6.1 Results for simulated instances

The simulated instances were randomly generated over a graph with n = 10,m =
20, |O| = 2, and |D| = 3. Ten different blocked edge configurations were generated
for each value of |B| = {5, 10, 15, 20}. For each configuration, two instances were
generated with R = ∑

[i, j]∈B ri j = 40 and 45. The determination of T required
preliminary tests to guarantee the feasibility of all instances. T was set to 13 to all
simulated instances, and the smallest value for which all of them are feasible. Table 1
summarizes the results obtained by CPLEX within a time limit of 2 h.

Each line in the Table 1 corresponds to a set of ten instances, representing a com-
bination of R and |B| parameters previously defined. The three first columns present
the instance set number and the values of R and |B|, respectively. The number of
instances in each set that exceeded 2 h is given in column “nb exceeded”. The three
last columns show, respectively, the average values of: time in seconds (t (s)); number
of nodes visited in the CPLEX B&B (nb nodes); and accessibility (access.). 90 % of

Table 1 Results obtained by CPLEX on simulated instances

Inst.set # R |B| nb time exceeded t (s) nb nodes Access.

1 40 5 0 12.63 9090.5 1.5

2 10 1 882.92 160,058.1 1.4

3 15 1 936.65 72,434.9 2.1

4 20 0 83.65 14,348.0 2.8

5 45 5 0 23.30 11,980.7 1.7

6 10 2 1518.22 223,138.5 1.8

7 15 3 2277.90 108,982.0 2.5

8 20 1 818.18 39,447.4 3.2
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Table 2 Comparison among CPLEX and the proposed heuristics for the simulated instances

Inst. set # CPLEX SH RH LCH

Avg. Wst. Bst. Avg. Wst. Bst. Avg. Wst. Bst. Avg. Wst. Bst.

1 1.5 4 1 3.4 13 1 1.5 4 1 1.5 4 1

2 1.4 3 1 4.6 13 1 1.5 3 1 1.4 3 1

3 2.1 3 1 6.2 13 1 3.5 5 1 2.2 3 1

4 2.8 4 2 10.1 13 2 3.6 5 2 2.9 4 2

5 1.7 6 1 3.4 13 1 1.7 6 1 1.7 6 1

6 1.8 4 1 5.8 13 1 2.3 8 1 1.8 4 1

7 2.5 4 1 9.7 13 1 3.8 5 2 2.5 4 1

8 3.2 4 2 12.0 13 3 3.9 5 3 3.2 4 2

the instances were solved to optimality, and for the instances which were not solved
to optimality, the best solutions found had a deviation of less than 0.5 % from their
lower bound. The experiments suggest instances with 10 or 15 blocked edges are
somehow difficult to be solved to optimality by CPLEX. A possible explanation is
that if only a few edges or the whole graph are blocked, CPLEX is able to take a
global decision over the network accessibility. This is not the case when an interme-
diate number of blocked edges (e.g., 10 or 15) is set, since the combinatorial choices
may increase.

The results of the proposed heuristics were compared to the ones obtained by
CPLEX. Table 2 presents the accessibility values obtained by CPLEX and by the pro-
posed heuristics. The first column indicates the instance set number. The following
columns contain the average (avg.), worst (wst.), and best (bst.) accessibility values
found by CPLEX, SH, RH, and LCH, respectively. Values in bold represent the best
averages for each instance set.

All heuristics needed less than 0.02 s to solve any of the simulated instances, while
CPLEX takes on average 615 s to find the optimal solution and 820 s to finish the
branch-and-bound tree.We observed that SH andRHcouldmake thewhole population
accessible in the same time period as CPLEX for 41 and 54 out of 80 instances,
respectively. For the remaining instances, SH obtained an average difference of 4.7
time periods, while for RH this difference was of 0.6.

The results in Table 2 show that RH and LCH worst case accessibility values
are not much different from the ones found by CPLEX, demonstrating their stabil-
ity. LCH has the best overall performance among the heuristics, with an average
accessibility very similar to the solutions obtained by CPLEX. Only one instance
of set 3 has a one unit difference on the accessibility compared to CPLEX solu-
tions.

LCH results are also compared to the ones obtained by CPLEX in terms of their
objective function in Table 3. The table shows the number of best-known solutions (nb
best.) found for each instance set (i.e., the number of instances for which the heuristic
found the same results as CPLEX) and the average relative deviation (diff. %) to the
optimal or best solution found by CPLEX solver for the ten instances. LCH was able
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Table 3 Average results for the
ten simulated instances in each
set

Inst.set # Lexicographic classification heuristic

nb best. Diff. %

1 9 0.21

2 4 5.27

3 5 8.73

4 8 2.49

5 9 0.09

6 5 2.72

7 5 0.57

8 8 1.87

to obtain the optimal solution for approximately two-thirds of the instances (53 out of
80), and for 85 % of the instances with |B| = 5 or 20. If we consider only instances
for which LCH solutions are different from CPLEX, the average relative deviation is
about 8.1 %. Regarding LCH performance on all instances, the average percentage
relative difference is about 2.7 %.

6.2 Results for the Port-au-Prince case study

The Port-au-Prince graph after the 2010 earthquake has the following parameters:
|V | = 16,657, |E | = 19,558, |O| = 4, |D| = 62, |B| = 536, and R = 842. Some
simplifications on the graph could have been made, like the removal of nodes with
degree one (that represents dead-end streets) which were not origins nor destination
points. However, even with this pre-processing of the graph, it would still remain with
a few thousand vertices and edges, and, therefore, unable to be handled by CPLEX.
Hence, we decided to maintain the graph in its original form, keeping its coherence
with the original data obtained by the satellite images.

The first accessibility estimation was performed applying Dijkstra’s algorithm to
the RNAP. Results indicated that only one destination was unreachable in the original
graph, although SP to other destinations could still be improved by means of the
proposed heuristics. T was set to 
R/Q� = 106 time periods, ensuring that all edges
could be repaired with Q = 8 WT under the scenario assumed. A gradient map of
the initial state of the road network is presented in Fig. 4. The larger the circles, the
farther the node is from its nearest origin.

All the proposed heuristics were able to reduce the value of the weighted SP to
all destinations (

∑
i∈D pi sti ) from 333 to 94,000 by the end of the first period (i.e.,

from t = 0 to t = 1). From the second period on, the changes in this value per time
period are very small (less than 0.03 %. The heuristics SH, RH, and LCH consume,
respectively, 43 min, 22 s, and 25 s, to allocate WT and evaluate accessibility for the
first time period. To handle all 106 time periods, they require 13 h, 20 min, and 4
min, respectively. Figure 5 presents the SP to destinations in the road network original
state, where crossed roads are those to be repaired by WT according to the heuristics
solution.
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Fig. 4 Gradient map showing the initial accessibility of the road network

Fig. 5 SP from origins to destinations after the earthquake
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Fig. 6 SP in the area marked in Fig. 5 before (a) and after (b) first period repairs

It is important to mention that the time to allocateWT in the first time period plays a
key role in real situations, since the algorithm has a whole time period to find the next-
period allocation, once WT are sent. The processing times show that calculating the
savings is a very time-consuming operation, making SH unfitted for large instances.
RH and LCH used a similar amount of time to finish the first period allocation, but
later on the smaller edge lists generated by LCH make the heuristic faster than RH,
whose edge ranking has a O(|B|) size. These two heuristics present computational
times acceptable for use in real operations.

Figure 6 exemplifies changes in the SP after the first period repairs in the area
marked in Fig. 5. The three crossed roads in Fig. 6a are the ones repaired by WT
during the first period. Figure 7 shows the accessibility improvement after WT first
period repairs. The decrease in the SP to each node is proportional to the size of the
dark circles, with the largest ones corresponding to a reduction of at least 200 m. The
dark square represents the originally unreachable destination that becomes accessible
after edges selected by the heuristic are repaired in the first period.

From the results obtained, one can notice that even in cases when the most part of
the population is already reachable after a major earthquake, the decision of where
to send the WT first has an important role on the improvement of the accessibility to
gathering camps. Another choice of roads to repair might have not granted access to
one of the camps, and probably would not improve the accessibility to so many points
as shown in Fig. 7. It is important to highlight that in such risky scenarios, the speed
of relief teams is reduced. Thus, even small improvements in the traveling distances
are significant.

7 Concluding remarks

In this work, we presented methods to deal with real instances of the Road Emer-
gency Rehabilitation Problem after a major earthquake. Two mathematical models
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Fig. 7 Accessibility improvement after the first period repairs

for problems that compose the RERP are presented: the first one deals with the Road
Network Accessibility Problem, allowing a decision maker to determine very quickly
the accessibility of population gathering areas, by means of SP algorithms, such as
Dijkstra. The second model concerns the Work-troops Scheduling Problem, gener-
ating WT allocations per time period to repair blocked edges of the damaged road
network. Using both models, it is possible to know if the population is reachable after
an earthquake and to improve their accessibility for relief teams from some origin
points.

A critical point on applying optimization models for crisis management is data
obtainment and treatment. A methodology for this purpose is described considering
the initial data from satellite images and its conversion into graphs. The resulting graph
of Port-au-Prince 2010 earthquake was used to test the performance of three heuristics
for theWSP. The heuristics were initially tested on randomly generated instances with
10 vertices and 20 edges, for which CPLEX obtained optimal solutions for 72 out of
80 instances within 2 h.

The experiments show that LCH is the best performance heuristic, with an overall
average relative deviation of less than 3% from solutions obtained by CPLEX for
simulated instances. It also performed well for the real instance, obtaining a first
period WT allocation that reduces the sum of weighted SP to population gathering
zones to less than one-third of its original value, in a few seconds. The other proposed
heuristics are able to obtain similar good quality solutions for the WSP, improving
population accessibility even for cases when all gathering areas are reachable from
the beginning.
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Although LCH can quickly obtain good solutions for the WSP, the bottleneck of
the decision making support tools lies today in the image obtaining and processing
activities. Almost 2 days were past from the instant when the quake happened to the
first road network damage evaluation. Automated faster methods of satellite image
processing are necessary to make the developed tools effective after real disasters.
However, since the problem can only be handled by any optimization method once
all the image data are processed, LCH offers a reasonable time alternative to the use
of optimization softwares for real scenarios, which would demand still hours to find a
solution after the data are available.

The Port-au-Prince case study showed that the development of efficient tools
guarantees accessibility improvements as fast as possible, which is crucial for relief
operations. Even in cases when the population is reachable, the reduction of the trav-
eled distances has a large impact on the efficiency of rescue teams.

The next steps of the OLIC project include the development of relief distributing
algorithms associated with the road repairing schedule. In addition, long-term road
network and city structures’ rehabilitation are intended to be investigated as opti-
mization problems applied to real situations, where a good planning may significantly
reduce the time to reestablish a city struck by major disasters.

We hope that the introduction of a new model for the road rehabilitation problem
after major disasters generates the interest of other researchers, with the development
of different techniques for it as local searches, metaheuristics, and exact methods.
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