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ABSTRACT

In a natural disaster; e.g., earthquake, flood, landslide, road networks can be
damaged, and consequently some parts of the roads may be blocked by building or
lamppost debris or may collapse due to ground liquefaction. As a result, the road
network may become disconnected. In order to ensure connectivity, necessary actions
should be taken after a disaster.

In the immediate disaster response phase, to facilitate emergency transportation, a
critical subset of the blocked roads should be cleared to restore network connectivity
as soon as possible. A fleet of machinery with required personnel and equipment
which are initially positioned at various locations, e.g. depots, should be dispatched
for this task. We define an optimization problem to generate a coordinated work
schedule. We represent the road network by a directed graph with estimated arc
traversal times for work vehicles. We assume that time to open each blocked arc will
be estimated after the disaster by gathering information on road conditions. The
problem is to determine which blocked arcs to open and a walk for each vehicle
starting at its depot that collectively cover the selected blocked arcs. The objective
is to minimize the total time of the longest walk, i.e. the makespan. We name
this problem that combines network design, scheduling and arc routing aspects, Arc
Routing for Connectivity Problem with K Vehicles (K-ARCP). We prove that K-
ARCP is NP-hard even when a single vehicle exists. We characterize some properties
of feasible and optimal solutions. We formulate a mixed integer program using flow
variables for the walks. We define two relaxations to obtain lower bounds and test
their performance computationally. We generate instances using data of Istanbul
highway network and analyze the effects of the number of disconnected components,

the number of vehicles and depot locations on solution time and quality.
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OZETCE

Sel, deprem gibi dogal afetlerin etkisiyle karayollar1 hasara ugrayabilir ve zemin
sivilagmasia bagh olarak ¢okme ya da bina ve elektrik/lamba direklerinin enkazi
yigilmasi sonucu baz1 yollar ulagima kapanabilir. Sonug olarak, bazi bolgelere ulagim
engellenebilir. Yol agi baglanilirhginin saglanmasi i¢in gerekli calismalar yerine ge-
tirilmelidir. Bu ¢aligmalar acil tibbi yardim ve ulagimi kolaylagtirmak adina biytik
onem tasir.

Afet sonrasinda en kisa zamanda ulagimi hizlandirmak ve ulasim aginda baglantinin
yeniden saglanmasi icin, kritik olan yollarin acilmasi gerekmektedir. Yeterli per-
sonel ve techizata sahip, cesitli lokasyonlarda konuslandirilmig araclar bu ig icin kul-
lanilmalidir. Bu ¢aligsmada koordineli bir ig ¢izelgesi olugturma amaciyla bir eniyileme
problemi tanimlanmistir. Yol agi, yonli bir ¢izge lizerinde, araclara ait seyir siireleri
ile birlikte temsil edilmigtir. Kapali olan yollar1 agmak i¢in gereken siirenin, afet son-
rasinda edinilecek yol durumu bilgisine gore tespit edilecegi varsayilmigtir. Problem,
hangi kapali yollarin acilacaginmin ve her arag icin bir dagitim noktasindan (depo, acil
yardim merkezinden vs.) baglayan, aglacak olan yollardan gegen turlarin belirlen-
mesidir. Amag, en uzun tur uzunlugunu enkiigiiklemektir. Ayrit rotalama, zaman
cizelgeleme ve ag tasarimi 6geleri iceren bu probleme K Aracly Baglaniriik Amaclayan
Ayrit Rotalama Problem: adi verilmistir ve tek aragh durumda bile polinom zamanda
¢oziimiiniin zor oldugu ispat edilmistir. Olas1 ve en iyi ¢oziimlerin ozellikleri ince-
lenmigtir. Akig karar degiskenleri kullanilarak bir karigik tamsay1 programlama for-
mulasyonu verilmis ve iki gevsetme modelinden alt sinirlar elde edilmistir. Istanbul
karayollar1 ag1 kullanilarak veri olugturulmus ve bilegen, ara¢ ve depo sayisinin ¢oziim

siiresi ve kalitesi iizerindeki etkileri analiz edilmigtir.
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Chapter 1: Introduction and Problem Definition

Chapter 1

INTRODUCTION AND PROBLEM DEFINITION

Disaster management involves taking actions before and after a disaster to minimize
its destructive effects. After a disaster, it is critical to reach affected areas to provide
relief operations; such as search and rescue, medical services, aid delivery and establishing
temporary shelter. This study focuses on ensuring functionality of transportation networks
such as highway and road networks which can be affected in a disaster; e.g., earthquake,
flood, landslide. Some parts of the roads may be blocked by building, lamppost and car
debris, or may be damaged due to ground liquefaction or collapse of bridges and viaducts.
Damage to other infrastructure networks such as natural gas or drainage systems may
also cause dysfunctionality in the roads. As a result, parts of the network may become
unreachable. This will in turn disrupt emergency response and relief activities. Crippling
of transportation networks has been observed in many natural disasters. For instance, in
the Kobe Earthquake (1995), the Triple Disaster (2011) in Japan, the Indonesian Tsunami
and Earthquake in 2004 and the Haiti Earthquake in 2010. the Kocaeli Earthquake (1999)
and the Van Earthquake (2011) are two of the recent devastating natural disasters which
Turkey has faced. In the Kocaeli Earthquake, some roads collapsed and were blocked by
building debris. After such a situation, to ensure connectivity of the network and to provide
accessibility between people in different parts of the network as fast as possible, it is crucial
to unblock the roads by a fleet of machinery or vehicles, and this should be done rapidly
and efficiently. Some people will want to evacuate the disaster location, while others will be
coming in and for this reason strong connectivity of the network is required. Depending on
the damage, some of the clearing tasks take less time; e.g. hours, while others may take a
long time; e.g. days. After a disaster, the first 72 hour-time period is critical especially for
response activities and ensuring connectivity in this time frame is an important operation.

Recently, several studies focused on upgrading the road network or improving accessi-
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bility after a disaster situation. However, to the best of our knowledge, the restoration of
the roads after a disaster by a fleet of vehicles in order to ensure strong connectivity of a
network with routing perspective has not been addressed in the Operations Research liter-
ature. We define a new network optimization problem to address road restoration with the
objective of providing strong connectivity in a disconnected network in the shortest time.
This problem combines arc routing, network design and scheduling concepts. Every vehicle
has a walk which traverses several arcs; therefore, arc routing is one element in this study.
Since connectivity of the graph is an objective, network design is another element. When
more than one vehicle have to traverse a blocked arc, one vehicle unblocks it, and others
have to wait until it is unblocked. Therefore, for an arc, traversal times of vehicles have
to be considered and vehicles should be scheduled for their clearing tasks to minimize the
makespan of the operations. Therefore, scheduling is another element which exists in this

problem.

1.1 Problem Definition

Before we define our problem, some definitions may be useful to make the problem clear. A
connected graph contains a directed path from a node ¢ to another node j or a directed path
from j to i for every pair of nodes i and j. Otherwise, the graph is disconnected. A graph
is strongly connected if it contains a directed path from i to j and a directed path from j to
1 for every pair of nodes ¢ and j. Otherwise, the graph is disconnected in the strong sense.
We define Arc Routing for Connectivity Problem with K Vehicles (K-ARCP) on a directed,
strongly connected and simple graph G' = (V, A) with nonnegative arc costs. After a natural
disaster, roads may be difficult to traverse if they are damaged, which affects the speed of
transportation that is highly dependent on road and extraordinary traffic conditions (as also
stated in [27]). Therefore, costs are calculated in terms of time instead of distance. Traversal
time on an unblocked (i.e. not blocked initially) or a blocked arc after it has been unblocked
is equal to ¢;j, where (4, j) represents the arc. There are K vehicles where K > 1. Each
vehicle k is located initially at a node d(k); e.g., its depot or an emergency response facility.
Moreover, a subset B of arcs, which are determined to be blocked according to post-disaster
information on road conditions, are given such that Gg = (V, A\B) is disconnected. The
set B consists of all blocked arcs and the set R, a subset of B, represents the arcs which will

be traversed and cleared by a vehicle in order to restore strong connectivity of the graph.
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The set R is not known in advance. The solution identifies R and constructs a walk for each
vehicle that starts at its depot. We want the walks in the solution to cover R collectively.
In other words, the arcs in the set A\B U R induce a connected graph, Gg, on the set
V. We assume that there are |@| disconnected components in Gp where @ is the set of
disconnected components, in the strong sense. Each component in @) consists of strongly
connected nodes. We partition @) into three classes: (i) components within which the nodes
are strongly connected and which require at least one incoming and one outgoing arc in order
to be strongly connected to the remaining graph, (i) components which require at least
one outgoing but no incoming arc to be unblocked in order to be strongly connected to the
remaining graph, and (ii4) components which require at least one incoming but no outgoing
arc to be unblocked in order to be strongly connected to the remaining network. Figure 1.1
shows these classes on an example. Moreover, unblocking; i.e., passing through a blocked
arc for the first time results in a longer time than the traversal time on an unblocked arc or
the traversal time on a blocked arc after it has been unblocked. More formally, we define
the additional time of unblocking arc (i, j) as b;; where b;; > 0. In a walk, ¢;; time units
elapse each time an arc is traversed, and in addition, b;; units elapse once for each blocked
arc which is unblocked during the walk. In other words, a blocked arc is unblocked by a
vehicle in its first traversal of that arc. We assume that traffic cannot flow in both directions
after a blocked road is unblocked in one direction by a vehicle. Considering that allowing
traffic in the reverse direction would slow down response activities. This is a reasonable
assumption.

If a vehicle arrives at a node incident to a blocked arc, it may have to wait for another
vehicle to unblock that arc. This situation arises when more than one vehicle arrive at
the same blocked arc within close times. In such a case, waiting time is added to total
travel time of the vehicle which waits at an arc. We assume that on every blocked road,
a single vehicle can operate for unblocking purpose. The case in which multiple vehicles
operate on a single road at the same time can be a more difficult version of our problem
and it can be investigated as a future work. The objective is to minimize the time which
the graph becomes strongly connected. That is, by definition, there must be a path from
each vertex to every other vertex in the network. In order to connect all the disconnected
components, at least two arcs in opposite directions within the cutset of a component must
be unblocked. Otherwise, the network cannot be strongly connected. If a vehicle leaves its

depot, it unblocks at least one blocked arc. Since we are interested in minimizing the time
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when the graph becomes connected, return of the vehicles to their depots is not considered.
Therefore, the walks are open.

Since there are multiple vehicles, and a separate walk for each vehicle, the aim is to
minimize the travel time of the longest walk. In this way, the time at which the network
becomes strongly connected is minimized and a more balanced set of walks are obtained
in terms of travel time. This objective is meaningful especially for post-disaster situations
[2], and it also provides a more balanced set of walks in terms of the number of roads
which are unblocked by vehicles. We can define the objective function as min maxy—q, . x
c(Wy) +b(Wy) +w(Wy), where Wy, is walk of the k™ vehicle; ¢(W}) is traversal time of the
k' vehicle and ¢(W},) is calculated by summing up the traversal time of arcs (in terms of
cij) that are traversed by vehicle k; b(W}) is the total additional time (in terms of b;;) of
unblocking for vehicle k; w(W}) is total waiting time of the k™ vehicle at the blocked arcs.
The waiting times can be possibly zero.

The motivation behind this thesis is to develop a solution method to the connectivity
problem of the network that generates a solution in short time. Our goals are to formulate
K-ARCP and to observe for which cases it can be solved in a reasonable time. Moreover,
we provide an analysis of a case study of Istanbul network to generate some insights for
preparedness.

The organization of this thesis is as follows. Chapter 2 reviews relevant studies in the
literature. Chapter 3 gives computational complexity proof of the K-ARCP. In Chapter
4, Mixed Integer Programming (MIP) models for K-ARCP are given. Chapter 5 presents
the data related to Istanbul highway network. In Chapter 6, computational results are
provided. Finally, in Chapter 7, we conclude the thesis with a summary, some comments

and directions for future research.
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(i)

Component 1 Component 2
N
~
Components 1 & 2 are in class (i)

(i) and (iii)

Component 1 Component 2

Component 1is in class (jii)
Component 2 is in class (ii)

/ An arc which is not blocked

¥ /;? A blocked arc

Figure 1.1: Classification of Components



Chapter 2: Literature Review

Chapter 2

LITERATURE REVIEW

Arc routing and vehicle routing problems have attracted the interest of researchers and
have many application areas such as network design, transportation, snow plowing. The
problem addressed in this thesis falls into the class of arc routing problems. The main
motivation of this section is to give an overview of arc routing problems and to introduce
some problems which are related to K-ARCP. First, problems which are in the class of
arc routing problems are presented. Next, some problems which focus on road upgrading
in disaster and non-disaster cases are introduced. Finally, some related studies with their

differences and similarities to this thesis are discussed.

2.1 Related Work: Arc Routing Problems

Chinese Postman Problem (CPP) is an arc routing problem which is defined as finding
the minimum cost closed walk on all arcs of a given directed graph. This problem is NP-
hard, but there are some special cases which can be solved by a polynomial time algorithm.
At this point, some definitions may help to make these problems clear. A mixed graph
has both directed and undirected links between nodes. A windy graph is defined on an
undirected graph but the edge costs differ depending on the direction of traversal through
an edge. An even graph is a graph with vertex degrees all even. If CPP is defined on
a totally undirected, totally directed, mixed but even [15], windy but Fulerian networks
[38], then it can be solved in polynomial time. However, if the graph is mixed, then CPP
is NP-hard [28]. There exists a % - approximation algorithm for mized CPP [25]. There
is another version of CPP, called the Windy Postman Problem (WPP)first introduced by
Minieka [26]. In this problem, there is an undirected graph G' = (V, E) with asymmetric
nonnegative edge costs and the aim is to find the minimum traversal cost of all edges in
the graph. This is an NP-hard problem [7]. There exists a %— approximation algorithm for
WPP [34].
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Hierarchical CPP is a special version of CPP for which the arcs are partitioned into
clusters, and a precedence relation is defined on the clusters. The aim is to find the minimum
tour length such that the higher prioritized arcs are traversed before the lower prioritized
arcs and each arc in the network is traversed exactly once. This problem is NP-hard [13].
Therefore, several heuristic methods are proposed [3, 23].

Another class of arc routing problems is the Rural Postman Problem (RPP) which is
a more general version of CPP. In this problem, all the arcs do not have to be traversed.
There is a subset of arcs which are required to be traversed at least once. This problem is
also NP-hard on an undirected or directed graph [24]. If the arc costs satisfy the triangle
inequality, there exists a % - approximation algorithm [16]. Some heuristic methods are
applied on RPP [18, 20, 21].

Another type of routing problem is the Stacker Crane Problem (SCP). It is defined on a
mixed graph, and the aim is to determine the shortest circuit including each arc in the graph
at least once. This problem is NP-hard and there exists a % - approximation algorithm [17].

In the Capacitated Arc Routing Problem (CARP), each arc has a nonnegative weight,
and all arcs must be traversed exactly once in order to fulfill the demand of arcs by a fleet
of identical capacitated vehicles based at the depot node. The aim is to minimize the total
traversal time. CARP is NP-hard [19]. The Capacitated Chinese Postman Problem (CCPP)
is a CARP for which all of the arcs in the graph have to be traversed by capacitated vehicles
exactly once. There exists a (3 — €) - approximation algorithm [19]. If the arcs have the
same demand values (which is equal to 1) on a linear graph and vehicles have the same
capacity, this cost minimization problem can be solved to optimality by a polynomial-time
algorithm [5, 8]. Moreover, if the arc demands are identical and the graph is cyclic, then
the problem can be solved in O(|V'|) time, where V' is the node set of the input graph [5].

If there is a fleet of identical vehicles, say K vehicles, then the problem of finding K
tours such that all the edges are covered in a graph with minimum total cost is called K-
CPP. If K-CPP is defined on totally undirected or totally directed networks, then there
exist polynomial-time algorithms for these problems [5]. On mixed but even graphs K-CPP
still can be solved in polynomial time [29]. However, if the input graph is mixed or windy,
then K-CPP for those specifications is NP-hard [29]. An overview of these problems can
be seen in Table 2.1.

Arc routing problems in which the timing of the arc traversals is of interest have been

recently studied in the literature and there are few of them. Similar to our study, arrival
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time at an arc is considered in [36] as well. In [36], different types of cost functions exist
depending on the purpose of traversing an arc: service time and traversal time. Service time
is a linear function of time. Different than our study, multiple closed walks are considered,
and there is a given required set of arcs which have to be traversed. The objective is to
minimize the sum of the service and the traversal time.

Objective type of our problem is Min-Max. Therefore, it is useful to analyze problems
which have the same objective type. Min-Max versions of arc routing problems are used
widely for real life applications. Minimizing the longest tour length when there are K-
vehicles or K-tours traversing edges of a graph is crucial for some real life situations such as
responding to earthquakes and floods. Min-Maxz K-CPP on an undirected graph is NP-hard
[17], and there exists a (2 — &) - approximation algorithm [17]. Min-Maz K-CPP and Min-
Max K-WRPP have been studied recently [1, 6]. For the Min-Maz K-CPP on an undirected
graph, a branch-and-cut algorithm [1] and a tabu search method are developed [2]. For the
Min-Max K-RPP on an undirected graph, there exists a 7-approximation algorithm [4].
However, the problem in [4] is a different version of Min-Max K-RPP in which the routes

do not start in a specified node but just any node.

2.2 Related Work: Upgrading and Road Maintenance Problems

In the disaster context, recently, there have been studies on upgrading the road network
or improving accessibility after a disaster. Some of them do not have routing perspective.
Instead, they focus on selection of road segments which are to be upgraded or repaired.
One such study is by Duque and Sérensen [14]. They investigate the case where there is a
budget constraint, and there are a number of non-operative roads which need to be repaired
after a disaster situation. Moreover, they assign weights to the rural towns depending on
the importance of the towns. Their objective is to minimize the weighted sum of time to
travel from each rural town to its closest regional center [14]. There is no routing decision,
but finding the roads to be repaired in order to have shortest paths between node pairs.
Another study is by Campbell et al. [9], which focuses on determining the number of edges
to be upgraded before a catastrophe while minimizing the maximum travel time between
any source-terminal/origin-destination (s-t) pair. They use heuristic methods to solve the
problem.

Yan and Shih [39] address the scheduling of roadway repair operations in an emergency
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situation. In their problem some road segments cannot be repaired after a specific time point
due to the importance of different repair points. There may be a time limit for repairing
some repair points; therefore those have to be scheduled to be repaired before the other
repair points. Time windows should be imposed. Moreover, there are supply points from
which relief distribution is started. The areas, which are defined as demand points, have
to receive a minimum required amount of relief items. Relief distribution cannot continue
through an arc if that arc is not repaired before. The objectives are to minimize the time
needed for emergency repair at all repair points and for sending relief supplies to all demand
points. They define a time-space network. A multi-objective, multi-commodity network flow
model is constructed, and a heuristic method is developed.

Vishwanath and Peeta [37] study a network design problem which is named as Mul-
ticommodity Maximal Covering Network Design Problem. They focus on selecting critical
routes to retrofit in preparation for earthquake response, defining a two-objective integer
programming model. Given a budget and disconnected O-D pairs, the problem is to select
edges to retrofit to minimize total travel time between O-D pairs over selected routes and
to maximize total population covered by the routes. An edge can be used in a route only if
it is retrofitted. Cost of retrofitting cannot exceed the budget. They solve this model with
branch-and-cut module of CPLEX on a case study.

Snow removal or disposal is another research area which includes arc routing and road
maintenance. There is a four part survey by Perrier et al. [30, 31, 32, 33] which presents
different types of problems related to winter road maintenance. The last two parts of this
survey give solution methods on vehicle routing, depot location for spreading and snow
plowing operations and fleet sizing problems. Input graphs in winter road maintenance
problems can be undirected, directed or mixed, and all the road segments must be serviced.
The service involves snow removal or salting the roads. Different types of cost are assigned
to the roads: servicing, deadheading a serviced road, deadheading a non-serviced road. The
objective is minimizing the total length traveled.

There are also studies which are not in disaster context but focus on road upgrading. In
[35], a rural road network design problem is presented for a disconnected graph where the
objective is to maximize route efficiency and to maximize road connectivity in all seasons
among villages at a region while allocating a fixed budget among a number of possible
road projects. They optimize the weighted combination of traffic flow volume served by

upgraded roads and weighted traveled distance associated with those traffic volumes. This
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problem is defined on an undirected graph, and the roads to be upgraded are not selected
in advance. It finds the shortest paths between villages and ensures connectivity among
them. A metaheuristic method is applied in order to solve the problem in an efficient time.
Another study on upgrading arcs is [12]. It focuses on a version of the Minimum Cost Flow
Problem which can also be used in telecommunication networks. A directed graph with arc
costs and capacities is given. Their aim is: Given an upgrade budget and an amount of
data that should be sent from supply points to demand points, find an optimum upgrading
strategy and optimum routing of the flow such that flow cost on the upgraded network is as
small as possible. Upgrading strategy, which is mentioned here, is to lower the cost of flow
on arcs by investing on them. They propose a polynomial time approximation algorithm

for this upgrading problem.

2.3 Comparison of K-ARCP with the Literature

Our problem, K-ARCP, differs from the problems explained above in several ways. In K-
ARCP ”connectivity” is the main concern. Most of the other studies do not aim to ensure
strong connectivity of the network. It is similar to Min-Max K-RPP, but in our study, the
set of required arcs are not known in advance and there is no requirement for the walks
to be closed. Min-Maz K-WRPP is similar to K-ARCP in terms of objective type. Both
problems have Min-Max type of objective. However, in K-ARCP the graph is not windy,
it is directed. Moreover, in K-ARCP, after one traversal of a blocked arc, the cost changes.
In the Min-Max K-WRPP, the graph is undirected, and costs of an edge in both directions
are not the same. In [14], similar to this study, accessibility of a network after a disaster
situation is aimed. However they minimize the weighted sum of time to travel from each
rural town to its closest regional center with a budget constraint for upgrading arcs. The
objective differs from our study. Our study is similar to Campbell et al.’s study [9] in terms
of its objective since both have a Min-Max type of objective. However, in our study, instead
of a pre-disaster situation, a post-disaster case is examined and thus, instead of upgrading
the roads we focus on unblocking them after a disaster situation. Moreover, different than
Campbell et al.’s study [9], routing of multiple vehicles is implemented in this study. This
study is different because the main concern is to route a set of vehicles in order to ensure
connectivity of the whole network after a disaster situation. Edges which are required

to be unblocked for connectivity are not known in advance. Consequently, determination
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of required arcs to be unblocked in a post-disaster situation requires an efficient network
design.

The problem defined in [37] is similar to the K-ARCP in terms of disaster context, but
they focus on connectivity of some O-D pairs and coverage of population but not on arc
routing. Similar to our study, the arcs to be upgraded are not known in advance. Moreover,
there is a budget limit. In [12], there is also a budget limit which makes it different than
our problem and their objective is to minimize the flow cost. As we mentioned before, our
problem has a Min-Max type of objective and aims strong connectivity of the network.

In [30, 31, 32, 33], similar to our study, there are different types of costs assigned to a
road segment; however, different than ours, all the roads have to be serviced/traversed.

Another difference of this problem from the others given above is that, it has a scheduling
perspective as well. If a vehicle arrives at a node incident to a blocked arc, it may have
to wait for another vehicle to unblock that arc. This situation arises when more than one
vehicle arrive at the same blocked arc in close times. As a result, we need to consider time
of arrival of a vehicle at a node incident to an arc every time it is traversed. Therefore,
scheduling is another concern in this study. In [39], similar to our study, scheduling aspect
is discussed but they consider repairing all road segments which are damaged.

Various performance metrics have been analyzed for post-disaster rehabilitation opera-
tions. Performance measures can consist of a single metric or they can be a combination.
In our study minimizing the maximum traversal and unblocking time is the performance
measure. Chang and Nojima [10] evaluate the performance by considering network coverage
and transport accessibility. They assume that after a disaster, network links are damaged
and this disrupts the accessibility of some areas due to the closed roads. The performance
measures that they describe include total length of open network, total distance-based ac-
cessibility and areal distance-based accessibility. The first one reflects the length of the
network that is open to traffic at any point at a time ¢, and is defined as a ratio to the
pre-disaster length open. The second measure is based on minimum network travel dis-
tances and takes into account the extent and the location of the damage. It attempts to
measure changes in accessibility at all nodes of the network. Areal distance-based accessi-
bility pertains to system performance or accessibility from the point of view of subareas.
With these measures, they evaluate the transportation performance. They focus on rail and
highway transportation systems which are affected in an earthquake. Another study which

suggests performance measurements is done by Chen and Tzeng [11]. According to them,
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minimizing road-network reconstruction time and traffic congestion in the reconstruction
period can be performance measures. Their objectives are to minimize the travel time of
travelers during reconstruction period, to minimize the total working time and to minimize
the idle time between work-troops which reconstruct the damaged roads. In this study they

do not mention about any disconnectedness of the graph.



PROBLEM NAME CLASS APPROXIMATION FACTOR
CHINESE POSTMAN PROBLEM(CPP):
CPP on Totally Undirected Graphs P [15]
CPP on Totally Directed Graphs P [15]
CPP on Mixed but Even Graphs P [15]
CPP on Windy Graphs (Windy Postman Problem-WPP) | NP-hard [7] 2 [38]
CPP on Windy but Eulerian Graphs P [38]
Mixed CPP NP-hard [28] 3 [25]
CAPACITATED CPP: NP-hard [19] 3 —€[19]
K-CPP:
K-CPP on Totally Undirected Graphs P [5]
K-CPP on Totally Directed Graphs P [5]
K-CPP on Mixed but Even Graphs P [29]
K-CPP on Mixed Graphs NP-hard [29]
K-CPP on Windy Graphs NP-hard [29]
HIERARCHICAL CPP: NP-hard [13]
RURAL POSTMAN PROBLEM(RPP):
RPP on Undirected Graphs NP-hard [24]
RPP on Directed Graphs NP-hard [24]
RPP with Costs Satisfying Triangular Inequality % [16]
CAPACITATED ARC ROUTING PROBLEM(CARP): | NP-hard [19]
STACKER CRANE PROBLEM(SCP): NP-hard [17] I [17]
Min-Max K-CPP on Undirected Graphs NP-hard [17] 2 — + [17]
Min-Max K-CPP on Windy Graphs NP-hard [29]
Min-Max K-RPP on Undirected Graphs NP-hard 7 [4]

Table 2.1: Routing Problems and Their Computational Complexities
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Chapter 3

COMPLEXITY ANALYSIS

The problem defined in this thesis, namely K-ARCP is new to the arc routing literature.
Therefore, we first analyze the computational complexity of K-ARCP.

Theorem 1. K-ARCP is NP-hard even when a single vehicle exists.

Proof. In order to prove this theorem, we consider another NP-hard problem, Rural Postman
Problem (RPP). We reduce RPP to K-ARCP

Definition 1. Undirected Rural Postman Problem (RPP):

Let G = (V, E) be an undirected graph, where V' is the vertex set, E is the edge set, ¢;;
(> 0) is the cost of traversing edge (i,j) € F and R C E is the set of required edges. The
RPP is to determine a least cost closed walk starting from and ending at a depot, traversing

each edge of R at least once.
The RPP is known to be NP-hard [24]. Now let us consider K-ARCP:

Definition 2. Arc Routing for Connectivity Problem with K Vehicles (K-ARCP):

Let H = (N, A) be a directed strongly connected graph, where N is the vertex set, A
is the arc set, B C A is the set of blocked arcs. The graph induced by A\B is disconnected
(in the strong sense). c¢;; is the traversal time on an open arc (i,j) € A and b;; (> 0) is
the time of unblocking edge (4,j) € B in addition to traversal time ¢;;. K(> 1) is the
number of vehicles, d(k) is the depot of vehicle k. K-ARCP is to determine K walks each
one starting from its depot, traversing some of the blocked arcs in B to unblock them at
the first traversal in order to connect the network. A walk may also include open arcs.
K-ARCP is to minimize the travel time of the longest walk among the K walks, so that the

resulting graph is strongly connected.

For this proof, a special case is analyzed. We consider the case where there is one

vehicle and one depot. We call this problem Arc Routing for Connectivity Problem (ARCP).
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We take an instance I of RPP and construct an instance II of ARCP by a polynomial

transformation 7 between them.

Definition 3. Transformation 7:

We define a directed and strongly connected graph H from G as follows. We replace
every edge (4, 7) in E\R with two arcs in both directions with traversal times c;;. We take
G = (V, E), delete the edges in the set R and for each (i,j) € R add three new nodes i, j
and p. We define blocked arcs (i,4"), (¢/,4), (4,7), (4',7) all with traversing and additional
unblocking time of 0. Moreover, between ¢ and j, new blocked arcs , (i,p), (p,7), (4,p),
(p,7) with traversal and additional unblocking time % and 0 are defined.

In order to transform a closed walk in I to an open walk in 11, we add a dummy depot
d’ which is connected to the original depot d of I in the ARCP instance with two arcs in
both directions, one of them is blocked. Traversal and additional unblocking time on this
blocked arc from d to d’ is zero. The arc (d’,d) which is not blocked has a high traversal
time, say M. By assigning a high traversal time to this arc, we enforce the vehicle to visit
d’ last. The vehicle, located at d, first traverses other arcs in its walk, then, to ensure a
strongly connected graph it visits d’ as the last node in its walk. It does not visit it in the
early stages of its walk because then it will continue its walk to connect the remaining nodes
by traversing the arc (d’,d) which increases the objective value highly.

Instances I, IT and the transformation is illustrated in Figure 3.1.

Lemma 1. Transformation 7 from I to I runs in polynomial time in terms of the size of

the instance I of RPP.

Proof. For every edge in set R in I, we delete one edge and add three nodes and eight arcs.
Moreover, for the depot node, one dummy depot and two arcs are added. The edges which

are not required to be traversed are doubled into arcs. O

Now, we need to show that we can obtain an optimal solution to I when ARCP is solved
on II. The nodes 7, j/, p and d need to be visited in order to make the graph strongly
connected. No matter from which direction the vehicle comes (from i to j or from j to i),
it unblocks the arcs (,4") and (j, ') to reach i’ or j'. Due to the definition of ARCP, for
connectivity, arcs (i',7) and (5, j) have to be unblocked as well. Moreover, node p has to be
connected to the network and unblocking one arc going out of node p and one arc coming

into it is sufficient in order to ensure strong connectivity of p to the network. Possible routes
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for the arc segment which corresponds to a required edge can be i — ¢ —i—p—3j — 35 — 7
ori—1i —i—p—ri..—j—j —j and the reverse. In all cases travel time of these route
segments is ¢;;. If the vehicle needs to pass through nodes ¢ and j, it does not visit ¢ and j’
not to increase its travel time unnecessarily. These route segments can be converted to the
edge (i,7) in the RPP. Consequently, the required edge (i, j) is traversed. In each traversal
of (i,p) and (j,

the vehicle starts its walk in d and visit d’ as the last stop for connectivity purpose, the

p) (or reverse) together, the cost of the required edge, ¢;j, is paid. Since

resulting walk can be transformed to a closed walk starting and ending in the depot node
d by omitting the dummy node d’ and the corresponding arcs. At the end, the solution of
RPP on I is reached by solving ARCP on 1.

Since RPP is NP-hard and 7 runs in polynomial time, the ARCP with one vehicle and
one depot is at least as hard as the RPP. Since K-ARCP with one vehicle and one depot is

NP-hard, a more general version with multiple vehicles and depots is NP-hard as well. [

Instance |

Cij

O0—0 O—0 -

4

Instance [f o ,-f 1: " ;g
ij ij !
Cijf2 .-f 0 CIJIZ /i 0
0/ || o/0 0/0

|t].-"0

&

)

I

Figure 3.1:

Instance I, Instance II and Transformation
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Chapter 4

PROBLEM ANALYSIS AND MATHEMATICAL MODEL

This chapter presents a mathematical programming formulation of K-ARCP and two

relaxation models. We also provide the formulation for ARCP.

Some properties of a feasible solution of K-ARCP are given below:

1.

It is necessary that a subset R of B of arcs is unblocked.

. A feasible solution consists of at most K walks, and each starts from a depot. Without

loss of generality, each walk contains at least one required blocked arc.
Each walk may be open.

In order to ensure connectivity of the graph, total number of blocked arcs, which are
unblocked in cutsets of all components (C), has to be greater than or equal to 2(|Q| —
1). Otherwise, connectivity cannot be ensured. In other words, in each component’s
cutset, at least two arcs which are in opposite directions must be unblocked. This
property is explained in Proposition 1 in Section 4.1.18. This property is necessary

for a solution to be feasible, but it is not sufficient for optimality.
Every component is visited by at least one vehicle at least once.

If a vehicle starts a walk, it must unblock at least one blocked arc in C'. If it does not
start a walk, there is no arc which is unblocked by that vehicle. It unblocks at least

|R'| arcs, where |R'| is the number of times that the vehicle leaves its depot.

If more than one vehicle arrive at a blocked arc in close times, one of them unblocks
the arc and others may have to wait until the arc becomes unblocked. Therefore, a

waiting time may occur for the vehicles which do not unblock the arc.

K-ARCP does not have a simple formulation due to the following properties. These

issues direct us to add time related variables and constraints.
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1. Ensuring connectivity of components by cutset inequalities requires subset enumera-
tion. For every subset of components, one incoming and one outgoing arc from that
subset must be unblocked. With a large size data, enumeration makes the problem

difficult to solve.

2. When a vehicle traverses an arc that was blocked before but was unblocked by another
vehicle traversing that arc, we need to make sure that the timing of the traversals is
correct. That is, a vehicle may traverse an arc after it is unblocked. Therefore, it

may need to wait until the other vehicle completes the unblocking operation.

3. The vehicles may traverse an arc more than once, hence we need to keep track of
the arrival time of a vehicle to the arc each time the arc is traversed. To calculate
this value, we also need to know the preceding arc and how many times it has been
traversed. Number of traversal of an arc is bounded by the number of components.

Since a vehicle traverses an arc it connects a component by going through that arc.

4.1 Modeling Approach and Mathematical Models

Let G = (V, A) be a directed and simple graph, where V is the vertex set, A is the arc set,
B C A s the set of blocked arcs such that the graph G = (V, A\ B) is disconnected. () where
|Q] > 2 denotes the set of disconnected components of the graph G. In addition, b;; > 0
is the additional time of unblocking arc (i,j) € B, ¢;; is the traversal time on an open arc
(i,7) € A and K > 1 is the number of vehicles. When a blocked arc (i, j) is traversed for

the first time, it is unblocked with additional time of unblocking b;; and becomes open for
k

later use. If a vehicle waits at an arc, its waiting time is w;;. This waiting time depends
on arrival times of vehicle k and the other vehicle which has arrived at (i, ) before k, and
unblocking time of arc (i,7). A subset of vertices contains depots and each vehicle k is
positioned at a depot vertex. We assume that K > 1 and there is at least one depot. The
walks k= 1,2, ..., K start at a depot vertex and may traverse some blocked arcs to unblock
it for connectivity purpose.

In order to ensure connectivity and continuity of walks, we define flow variables fllj for
each vehicle and for each arc that the vehicle passes through. For each depot, there is an
amount of supply depending on the number of nodes which are visited by the vehicles of

that depot. Similarly for each component there is a demand so that each component can
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receive flow and the graph becomes connected at the end. Then, to prevent flows on an arc
which is not traversed, we relate flow variables with :L'fj which shows the number of times an
arc (i, 7) is traversed by vehicle k. Flow variables are defined as real numbers, however due
to unimodularity property, they take integer values because flow variables in the constraints
have integer constants. Moreover, we add a dummy sink node and force each vehicle end its
tour at this sink node (n 4 1). For connectivity, we define subset enumeration constraints.
In cutset of each subset of components, some arcs must be unblocked. The details can be
seen in the upcoming paragraphs.

Decision variables, which are described below, are the same for all of the models and

thus we give them at the beginning of this section.
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Sets, Indices and Input Parameters

k : Index of the vehicles

K : Number of vehicles

i,7,9,h : Indices of the vertices

n + 1 : Index of the dummy sink node

V : Set of vertices: 1,...,n

A : Set of arcs

B : Set of blocked arcs

d : Index for the depots

D : Set of depot nodes, (D C V)

P, : Set of vehicles which are initially positioned in depot d

q : Index of the components

@ : Set of disconnected components

Qp : Set of components which include at least one depot

S : Set of all subsets of components within which the nodes are strongly connected
s : Index for elements of §

Yt : Set of all subsets of components which require at least one outgoing arc
but no incoming arc to be unblocked in order to be strongly connected

to the remaining graph

Y ™ : Set of all subsets of components which require at least one incoming arc
but no outgoing arc to be unblocked in order to be strongly connected

to the remaining graph

y : Index for elements of YT UY ™

p,p’,p” : Indices that show how many times an arc is traversed, p,p’,p” =1, ..., P
F, : Set of vehicles (fleet) which are initially positioned in component ¢

Vy, : Set of vertices in component ¢ € Q (V, C V)

C : Union of cutset arcs of V, for all ¢ € Q, C : 67 (q) Ud (q)

M : A nonnegative scalar with large enough value
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Decision Variables

x;; : number of times that vehicle k traverses arc (i,j) € A
2.« binary variable indicating if blocked arc (i,7) € B is unblocked by vehicle k
fE - flow variable of vehicle k on arc (i,j) € A

)

vy : number of times vehicle £ visits node i € V'

ufjfp : binary variable indicating if arc (i,j) € A is traversed by vehicle k for the p™ time
uf]?g’p : binary variable indicating if arc (i,j) € A is traversed by vehicle k for the p'™ time

and the next arc to be traversed is (j,g) € A and it is traversed for the p' time

k,p’

tilg P time at which vehicle k visits node j while traversing arc (j,9) € A

for the p™ time immediately after traversing arc (4,5) € A for the p™* time

kp'p _ o sp o kp'p _
(tizg " =0, ifu; " =0)
wfj’p : waiting time of vehicle k on its p'* traversal of arc (i,j) € B (wfj’p =0 forp>1)

The mixed integer programming (MIP) model for K-ARCP determines K open walks
such that the disconnected components in the network are connected after unblocking a
subset of the blocked arcs. The model is formulated for the multi-depot and K vehicles-
case, where K > 1. The K walks altogether traverse a subset of the arcs in B, say R, so
that the graph G’ = (V, A\B U R) is connected. We name the model that solves K-ARCP
as MIP1 and it gives a strongly connected graph and walks that are synchronized.

Before presenting MIP1, we explain the objective functions and constraints group by

group.

4.1.1  Objective Function of MIP1

Constraints (4.1) represent the objective function which includes waiting times of vehicles
at blocked arcs. Since, waiting can occur for a vehicle only in its first traversal of a blocked

arc, p, the index for traversal time, takes the value of 1.
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Minimize y
subject to
Mool + Y b+ > whl'<y, Vk=12,... K (4.1)
(3,5)€A (i,j)€B (i,5)€B

4.1.2  Vehicle Balance Equations

Constraints (4.2)-(4.6) are vehicle balance equations. Constraints (4.2) ensure that each
vehicle starts the tour at a depot vertex where it is positioned. In constraints (4.3), for
the depot nodes, the equation is written for the vehicles which are not positioned in that
specific depot. (4.4) balances arrivals and departures for a node i which is not a depot.
(4.5) forces every walk to end in the sink node. There is only one visit to the sink node
and no return. The latter case is satisfied by the constraints (4.6). A vehicle leaves the
depot and its component, and does not return there if it will not visit another disconnected

component through its own component.

> @h-al)=1 vdeD, VkeP (4.2)
JEVU{(n+1)}

Yo ah-ak) =0 vdeD, Vk¢Py (4.3)
jeVU{(n+1)}

> @k -ak) =0, Vk=12... K VieV\D (4.4)
FEVU{(n+1)}
doahy =1 VE=12... K (4.5)
JjEV
xlgn—‘rl)i = 07 VZ € ‘/7 \V/k = 17 27 cee 7K (46)

4.1.3  Constraints Which Relate Variables xfj and zfj

Constraints (4.7) show for a blocked arc that, if it is unblocked then it is also traversed. We
assume a blocked arc becomes open in both directions whenever a vehicle unblocks it in one
direction. This assumption can be meaningful because in disaster situations, roads have to

be used in both directions in order to reach disastrous area and deliver aid. Constraints
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(4.8) prevent the vehicles traversing a blocked arc if it is not unblocked. If an arc (7, j) is
unblocked, it can be traversed by the same vehicle at most 2(|Q| — 1) times. In the worst
case, if there is one vehicle to connect all graph, it connects one component each time it
traverses the same arc by unblocking one arc going out of the subset of component and one
arc coming into it. Therefore we multiply this value by 2. Except the component that it
is deployed, there are |Q] — 1 components in total to be connected, thus the scalar in this
constraint takes the value of 2(|Q| — 1). Constraints (4.9) and (4.10) show that if a vehicle
starts a walk, it must unblock at least one blocked arc in C. If it does not start a walk,
there is no arc which is unblocked by that vehicle. It unblocks at least |R’| arcs, where |R/|
is the number of times that the vehicle leaves its depot. In the worst case (assuming that
there is only one vehicle), the maximum number of arcs that a vehicle can unblock each

time it leaves its depot is 2(|Q| — 1) to make the graph strongly connected.

b >k Vk=12... K, V(ij)eB (4.7)
K

of<20Q -1 Y 2K, Vk=12,...,K, V(ij)eB (4.8)
k'=1

S 3 vieD, veen (49)

Jev (i,)eC

Y ozh<2Ql-1))) af, VdeD, VkeP, (4.10)
(i,5)eC Jjev

4.1.4  Flow Balance Equations

In order to ensure connectivity of the nodes in walks, we define flow variables fllj for each
vehicle and for each arc that it passes through. For depot vertices, the net flow into a depot
vertex is the total number of visits to all vertices except the depot. For the other vertices, it
is equal to the number of visits to the corresponding node. In other words, a vehicle leaves
one unit of flow each time it visits a node. Similar to (4.3), the depot nodes are considered
separately. Constraints (4.14) ensure that walks end in sink node by sending one unit of

flow to the sink node. (4.15) prevent backward flow from the sink node to any other node.
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> (ff = f5) = =,
ji(i,5)eEA{i,j}eEVU{(n+1)}
VkE=1,2,...,K, YieVU{(n+1)}\D (4.11)
o - = > vf, VkeP; VYdeD (4.12)
jeVU{(n+1)} ieVU{(n+1)}\{d}
> (f— fk)=—vh, vdeD, Vk¢P, (4.13)
5i(d.J)EALi,TEVU{(n+1)}
f(’fnﬂ)j =0, VjeV, Vk=1,2,....K (4.14)
> fpy =1 Vk=12... K (4.15)
Jjev

4.1.5 Constraints Which Relate Variables f* and a:f;

ij
Constraints (4.16) do not allow flow on an arc unless it is traversed. Constraints (4.17) show

that if an arc is traversed, then there must be a positive amount of flow passing through it.

1]§sz]7 Vk*17277K7 V(Z,])EA, {Z,j}GVU{(n+1)} (416)

l-ij,-j, Vk=1,2,... K, V(Z,j)GA, {ZaJ}GVU{(n"‘l)} (4'17)

4.1.6  Constraints Which Relate Variables xf] and vf

Constraints (4.18) relate the variables :cf] and v¥ so that v¥ counts the number of visits to

node ¢ by vehicle k. A vertex is visited if and only if an arc entering that vertex is traversed.

ST oaki=wk VE=12,.. K, VieVUu{(n+1)} (4.18)
j:(i,j)EA

4.1.7 Component Connectivity Constraints

(4.19) and (4.20) ensure that in cutsets of every subset of components in set S, at least one

arc into and one arc out of the subset is unblocked. Similarly, with constraints (4.21) and
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(4.22), for connectivity of the components in sets Y and Y ~, at least one arc into and one

arc out of the subset is unblocked. As a result, the graph becomes strongly connected.

Z zijl, Vs C S
Z zszl, Vs C S
Z zijl, VycvYy™t

YyCcY~™

4.1.8  Constraints Which Initialize Time Variables tf]?:;/’p

Time is 0 at the depot nodes. The following constraints initialize the time.

k,1,1
tiat) _O

thil=0, V(di)ed, V(j)eA Vk=12..K VdeD

4.1.9 Constraints Which Calculate Time of Arrival at an Arc

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

The following constraints calculate the arrival time of a vehicle at an arc after traversing

another arc. If the vehicle is traversing a blocked arc, it may arrive at the next arc after

unblocking the current arc or after waiting until it is unblocked by another vehicle. If the

current arc is not a blocked arc, the vehicle traverses the arc with corresponding traversal

time and arrives at the next arc.

k,1p k.p',1 k1 Lk k1 k.p',1
tijg" = thyy T Wiy + bz + ey — M(L—w ),

V(i,j) € B, Y(h,i)€A, Y(,g)eA Vk=12... K ¥pp,=1,...

k;, /7 k7 //, / k,’ //7 / k7 //, / . . .
tijzg’ P> thi? P —l—cijuhg;. P M(1 —uhi? Py, V(i j5) € A, V(h,i) € A,

V(j,9) €A, Vk=1,2,....K, Vp,p,p'=1,...,P, V' =1,...,P,

(4.24)

(4.25)
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4.1.10 Constraints Required for Calculation of Waiting Time

Waiting time variables wfj’p are defined only for the blocked arcs and for the first time
of traversal by a vehicle. If a blocked arc is being traversed more than once, it has been
unblocked before and no waiting occurs. Constraints (4.26) state that, if two vehicles k and
[ arrive at a blocked arc one after another, one of them unblocks and the other may have

to wait until it becomes unblocked.

1p'1 1,1 k,p,1 k,p,1 k,p,1
tthj + Wy > thil; + b,-jzfj + Cijuhiz;‘ — M(l — uh;; ),

V(i,j) € B, V(h,i)e A, Vk,i1=12... K, Vpp,=1,...,P (4.26)
wi? =0 Y(i,j)€B, Vk=12,... K Vp=2,.. P (4.27)

4.1.11  Constraints Which Relate Variables tfj?p with uf;?p

Constraints (4.28) prevent time variables taking positive value unless an arc is traversed for

the p'" (and p™*) time.

k' k! . .
tin? < Mujo, V(i j) € A, Y(j,g) € A,
Vk=1,2,....K, ¥p,p/=1,...,P (4.28)
4.1.12  Constraints Which Identify Precedence Between Variables tfjs/’p
The following constraints imply that time increases as the number of traversal at an arc

increases.

/ / _

ijg - ijg Y V(ﬁ,]) € A7 v(]?.g) € A7
Vk=1,2,....,K, Vp,p=1,...,P (4.29)

4.1.13 Constraints Which Relate Variables u¥? with z%. and =¥,
1) 1] )

The following constraints define the binary variables uf]?p . As a vehicle traverses an arc
more than once, summation of variables u?j?p over p is equal to the total number of traversal
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of the arc (i, 7). If a blocked arc is unblocked by a vehicle, this means, it is the first time of

the vehicle traversing that arc.

P

You =gk, V(ij) €A, Vk=12... K (4.30)
p=1
ui' > 2k V(i) eB, Yk=12,... K (4.31)

4.1.14  Constraints Which Relate Variables uffg’/’p with uszp

/
These constraints relate the variables u,’fj?]g” P with uf]?p )

upt P < i V(ig) €A, V(g €A Vek=12... K Vpp=1,..P (432
k,p'.p k,p . : _ I
Uijg " S U Y(i,j) € A, V(j,9) €A, Vk=1,2,....K, Vp,p=1,...,P (4.33)

4.1.15 Constraints Which Define the Variables

Constraints (4.34) - (4.36) are integrality constraints whereas constraints (4.37) are binary
constraints. Constraints (4.38)-(4.40) state that flow variables and time variables are non-
negative real numbers. Finally, (4.41) and (4.42) assign variables ufjfp and ufjg’p binary

numbers.

af el €2y, Vk=12,... K, V(i,j)€eA {ijteV (4.34)
Ty €2y, VieV, Vk=12,.. K (4.35)
wWelZ,, Vk=1,2,....K, YieV (4.36)
2, €B, Vk=1,2,...,K, V(i,j)€B (4.37)
fhfheRy, V(i,j) €A, Vk=12,... K (4.38)
P e Ry, Vi, j) €A, V(g €A Vek=12.. K Vpp=12..P (439
wi’ €Ry, Y(i,j)€B, Vk=12,... K p=1 (4.40)
ufP P e B, V(i,j) €A, V(g €A Vk=12... K, Vpp =12.. P (441)
u? €B, V(i,j) €A Vk=12.. K Vp=12... P (4.42)
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The following mathematical formulation finds the optimal routes for vehicles and mini-

mizes the maximum tour length among K vehicles. As a result the graph is connected and

no vehicle can traverse an arc before it is unblocked.
MIP Model of K-ARCP: MIP1

Minimize y

subject to
Z Cz’jfl«“fj + Z bijzzkj + Z wfj’l <y, Vk=1,2,....K (4.43)
(i,7)€A (4,7)€B (i,7)€B
> (@h-at)=1, vieD, VkePr (4.44)
jeVU{(n+1)}
> @k —ak) =0, vdeD, vkg¢P, (4.45)
JjeVU{(n+1)}
S @k -ab) =0, V=12 K VieV\D (4.46)
jeVU{(n+1)}
doahpy =1 Vk=12,.. K (4.47)
JEV
Tl =0, Vi€V, Vk=12,... K (4.48)
k k _ .
‘TZ]ZZU7 Vk—1,2,7K, V(Z,j)GB (449)
K
oh<20Q -1 2K, wk=1,2... K V(jeB (4.50)
k'=1
Soahi< N ik vaeD, vker (4.51)
JeEV (4,7)eC
oo <2(Q-1)> al, vdeD, VkeP (4.52)
(i,5)eC jev
> (fE =5y = —of, Vk=1,2,....,K, VieVU{(n+1)}\D
J:(i,5)eA{i,j}eVU{(n+1)}
(4.53)
S -rt= Y Wb VkeP, VdeD (4.54)
JEVU{(n+1)} ieVU{(n+1)}\{d}
> (ff — i) =k, vdeD, Vk¢P (4.55)

ji(d,j)eA{,i}eVU{(n+1)}

£ <Mal;, Vk=1,2,... K, V(i,j)€A {ij}eVu{(n+1)} (4.56)
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fhizak, ve=1.2,... K V(ij)eA {ijlevVu{(n+1)} (4.57)
flosn; =0, Vi€V, Vk=1,2,... K (4.58)

k
ij<n+1) =1, Vk=1,2,....K (4.59)
JjeVv

dooafi=0f, VE=12,... K, VieVu{(n+1)} (4.60)
j:(i,j)€A

K

Y =1, vscS (4.61)
k=1 (i,5)€s+(s)

K

oY =1 vscSs (4.62)
k=1 (i,5)€6— (s)

K

oY =1, wycyt (4.63)
k=1 (i,5)€s+ (y)

K

> Z>1, WyCY™ (4.64)
k=1 (i,j)€5~ (y)
it =0, V(di)eA, V(ij) €A Vk=12... K VdeD (4.65)
tfj;’p th’p -1 + UJ + bz]ZZ] + Cz]uhf; -1 M(l - uz’p 1)7

V(i,j) € B, V(h,i)e A, V(j,g9) €A, Vk=12,...,K, Vp,p,=1,....,P (4.66)
tszg’vp > tyh 4 +cwui’f; P M(1 - u;jgj Py Vi, 5) € A, V(h,i) € A,
(4, )eA Vk=1,2,....K, Vp,p,p=1,...,P, W =1,...,P, (4.67)
L,p'1 D, ,p,1 k,p,1
thf] +w L > thp + b2k i —i—c,]uhf; - M(1 - uhf; ),
V(i,j) € B, V(h,i)€ A, Vk,l=1,2,....K, Vpp,=1,...,P 4.68)
wi? =0 Y(,j)€B, Vk=12,... K Vp=2,..P (4.69)
0P < MufPP, (i) € A, V(.)€ A, Vk=1,2,....K, Vpp'=1,...,P
(4.70)
! kp',(p— .. )
P > Dy ) e A, Y(jg) € A, Yh=1,2,... K, Vpp=1,...P
(4.71)

Zu ok, Vi) €A Vk=12... K (4.72)
ukjl >, V(i) €B, Vk=1.2,... K (4.73)
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k,p'.p

b <d" V@, j)e A, V(.9 €A Vk=12,... K, Vpp=1,...,P

u ij

(4.74)
uPP <l v gy e A, V(g €A Vk=12... K, Vpp=1..P (475
wj el €2y, Vh=1,2,... K, V(i,j)€A {ijleV (4.76)
Ty €Ly, VieV, Vk=12,... K (4.77)
ez, Vk=12,...,K, YieV (4.78)
KeB, Vk=12,...,K, VY(i,j)eB (4.79)
fEfEeRy, V(,j) €A, Vk=1,2,... K (4.80)
PP eRL, V(G,j) €A, V(g €A Vk=12... K ¥pp=12..P (481)
wi? €Ry, V(ij)€B, Vk=12... K, p=1 (4.82)
uPPeB, Y(i,j) €A, V(g €A Vk=12..K Vpp=12.. P (483)

(4.84)

ul? €B, V(ij)eA Vk=12.. K Vp=12.. P

4.1.16  The Single Vehicle Case (ARCP) and Its Mathematical Model

In this thesis, as a special case of K-ARCP, we analyze the single vehicle case in which the
vehicle is positioned in a depot d. The single vehicle problem, ARCP, is easier to solve
because there is no requirement to consider the arrival time of the vehicle. Clearly, since
there is only one vehicle, it will unblock necessary arcs without waiting for an other vehicle
to unblock. Connectivity constraints are not necessary for every subset of components,
unblocking one arc incoming and one arc outgoing in each component’s cutset is sufficient
for strong connectivity. No subtour or subgraph of components will be in the optimal
solution, because we ensure connectivity of the walk by sending flow. Besides connectivity
and time related constraints and variables, some other constraints are not necessary as well.
For instance, constraints (4.9) and (4.10) are not required, since there is no other vehicle
which needs to unblock a road in order to start a walk. In the single vehicle case, all the
constraints which are multiplied as many as the number of vehicles are written according

to the single vehicle case. The mathematical formulation for ARCP is given below.

Decision Variables

xi; : number of times that the vehicle traverses arc (i, j)
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z;; : binary variable indicating if blocked arc (4, j) is unblocked
fij : flow variable on arc (3, j)
v; : number of times the vehicle visits node 4
MIP Model of ARCP
Minimize Z CijTij + Z bijzij
(i,j)€A (i,j)eB
subject to
> (g —mja)=1, deD (4.85)
jeVU{(n+1)}
> (wy—w)=0, VieV\D (4.86)
jeVU{(n+1)}
JEV
Tij > zij, V(i,j) € B (4.89)
2y < 21Q) = D2y, V(i j) € B (4.90)
) (Fi—fi) = v, WieVU{m+DI\D (491
3:(15) €A, eVU{(n+1)}
S (fg - fia) = > v, de&D (4.92)
JEVU{(n+1)} 1€VU{(n+1)}\{d}
fis < Mwzy;, V(i,j) € A, {i,j} € VU{(n+1)} (4.93)
fij > xij, V@, j) €A, {i,jl e VU{(n+1)} (4.94)
> fian =1 (4.96)
JEV
Z zij =21, VgC@Q (4.97)
(4,5)€67 (q)
doz=l, YgcQ (4.98)
(1,5)€0~ (a)
Lijy L ji € ZJra V(Y’a]) € Av {7’3.]} eV (499)
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Ti(n+1) €ly, YieV 4.100
vi €Ly, YieV
zij €B, V(i,j)eB

fip fji € Ry, V(i,j) €A

4.101
4.102

~—~ o~~~
~ — ~— —

4.103

4.1.17 Relazations of MIP1

We again consider the multi-vehicle problem and provide the formulations of MIP2 and
MIP8 which are relaxed versions of MIP1.

MIP2 This is a relaxed model which results in a connected graph but walks may not have
the correct timing in terms of unblocking time of the blocked arcs. In this model, we
kp  kp

do not include time related constraints. Hence time related variables tzy Wi, Uy

are not defined but we add connectivity constraints.

As an example of a connected but unsynchronized solution obtained from MIP2, we
can consider the 74 node data in Chapter 5. If we solve a three-component, three-
depot and three-vehicle instance by using MIP2 we obtain the following walks for

each vehicle:

23-21-20-19-16-10-16; 15-74-16-10-16; 32-29-68-65-68. In the first and the second walk
there are common blocked roads (16,10) and (10,16). In the solution of MIP2, vehicle
1 unblocks (16,10) and vehicle 2 unblocks (10,16). Vehicle 2 arrives at (10,16) after
traversing (16,10) assuming that it is unblocked before. Similarly, vehicle 1 traverses
(10,16) assuming that it is unblocked before. Note that (10,16) can be unblocked after
vehicle 2 traverses (16,10) which has to be unblocked by vehicle 1. As a result, vehicles

traverse arcs with no information about time of unblocking processes of blocked arcs.

Relazxed Model of K-ARCP: MIP2

Minimize y
subject to

S i+ Y byzh <y, Vk=12,... K (4.104)
(i,5)€A (i,j)€B
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Y. (ahj-afy)=1, vdeD, VkeP, (4.105)
JjeVU{(n+1)}
Y (ah-al)=0, VdeD, Vk¢P (4.106)
jeVU{(n+1)}
o @h-ak)=0 Vk=12... K, VieV\D (4.107)
JjeVU{(n+1)}
Zx;?(n—i-l) = 17 Vk = 1727"'5[( (4108)
jeVv
Tl =0, Vi€V, Vk=12... K (4.109)
o >k V=12 K V(ij)€B (4.110)
K
k K’ ..
k'=1
daki< Y 2, vdeD, VkeP, (4.112)
JeEV (i,j)eC
> oA <2Ql-1)) af, vVdeD, VkeP (4.113)
(3,5)€C JjeVv
) (Fh— iy = —of, Wk=1,2,.. K, VieVU{n+1}\D
j:(i,5)eA i, eVU{(n+1)}
(4.114)
S (- = S of, VkeP; VdeD (4.115)
JEVU{(n+1)} ieVU{(n+1)}\{d}
2. (Ff — fl) = b, YdeD, Vk¢ P (4.116)

ji(d,j)eA i, s eVU{(n+1)}

k k . . . .
< Mg, Vk=1,2,...,K, VY(i,j)€A, {i,jteVUu{(n+1)}

(4.117)
fhzak, vek=1.2,... K V(ij) €A {ijleVu{n+1)} (4.118)
(4.119)
(4.120)

757

floyn; =0, Vi€V, Vk=1,2,... K 4.119
fo(nH):L Vk=1,2,...,K 4.120
jeVv

dooaki=of, VE=12,... K, VieVu{n+1)} (4.121)
Ji(i,5)€A

K
> 2h>1, ¥scS (4.122)
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K
> z=1, vscS (4.123)
k=1 (i,j)€5— (s)
K
Y =1, wycyt (4.124)
k=1 (i,j)€s+ ()
K
> 2y >1, VyCY”® (4.125)
k=1 (i,j)€5~ (y)
wj el €2y, Vhk=12,... K, V(i,j)€A {ijteV (4.126)
Ty €Ly, VieV, Vk=12,.. K (4.127)
welZ,, Vk=1,2,....K, YieV (4.128)
2, €B, Vk=1,2,...,K, V(i,j)€B (4.129)
fhfheRy, V(i,j) €A, Vk=12,... K (4.130)

MIP3 This is a relaxation of MIP2 which may result in a disconnected graph with walks
that may not have the correct timing in terms of unblocking time of the blocked arcs.

In this model, we do not include time related and connectivity constraints. Hence

kp
l]p7 uijp
in the following paragraphs as constraint (4.131)) to force the vehicles unblock some

variables tw , are not defined. We add only one constraint (which is given
arcs. In order to show a disconnected and unsynchronized solution, a small example is
given in Figure 4.1. In this graph, the solution of relaxed model MIP3 is disconnected.
There are two depots, at node 1 and node 5, each with one vehicle; and there are five
nodes each representing a component. Objective value is 6 hours and the walks are

v1 — vo — v3 and vz — vg4 which gives two disconnected subgraphs.

The following constraints (4.131) show that the number of arcs which are unblocked
must be at least 2(|Q] — 1). This is required for the relaxed model MIP3, otherwise the

objective value is zero due to lack of a constraint forcing the vehicles traversing the arcs.

K
> Z 2(1Q| — 1) (4.131)

k=1 (
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Figure 4.1: An instance which has a disconnected graph in the optimal solution of
MIP3

Proposition 1. In any optimal solution of the K-ARCP when there is more than one
vehicle and |@| disconnected components (|Q| > 1), in cutsets of the components, in total,
there are at least 2(|Q| — 1) arcs which are unblocked. Furthermore, there are instances
in which any optimal solution may unblock more than 2(|Q| — 1) arcs in the component

cutsets.

Proof. The need for at least 2(|@Q| — 1) arcs follows from strong connectivity. To show more
than 2(|Q| — 1) arcs may be unblocked, we present the following instance. There are four
components, one depot and two vehicles. The graph is shown in Figure 4.2. Dashed arcs
show the blocked arcs. d represents the depot vertex, unblocking and traversal times are
shown beside the blocked arcs. M is a large value representing a high traversal time on an
arc. In the optimal solution, vehicle 1 follows d — vs —vg — v7 — vg — V7 — Vg — U5 and vehicle 2
follows d—wvy —ve —v3—v4—v3. Arcs (vs,vg), (v7,vs), (vs, v7), (ve, v5), (V1,v2), (Vs,V4), (V4, V3)
are unblocked. If vehicle 2 does not unblock arc (v1,v2), in order to connect vy to the net-
work, it has to go through the arc with large cost, M. Such a solution would be suboptimal.
As a result, the number of arcs which are unblocked is seven and greater than 2(|Q| — 1)

which is six.
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Figure 4.2: Four Components and a Single Depot Case

With this example we prove that the number of arcs which are unblocked can be larger
than 2(|@Q| — 1) in a unique optimal solution. As a result of Proposition 1, we cannot write
constraints (4.131) as equality.

O

The following mathematical formulation is the relaxed model MIP3 which finds the
routes for vehicles and minimizes the maximum tour length among K vehicles. The resulting
graph may be disconnected and the routes are not synchronized.

Relazed Model of K-ARCP: MIP3

Minimize y

subject to
Yo el Y byli<y k=12, K (4.132)

(i,5)eA (i,j)eB

Y (@h-afy)=1, vieD, VkeP, (4.133)
jeVU{(n+1)}

> (@hi-ab)=0, vieD, Vk¢P, (4.134)
jeVU{(n+1)}

> (@h-ak)=0, Vk=12... K VieV\D (4.135)
JjeVU{(n+1)}
doak =1, VE=12,... K (4.136)
jev

:cfn+1)i =0, VieV, Vk=1,2,... K (4.137)
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k k B .
J;ZJ 2 Z’ij? Vk = 1,2, N ,K, V(Z,j) € B (4138)
K
ab <20Q-1)Y 2K, vk=1,2,... K, V(,j)eB (4.139)
k=1
daki< Y 2, vdeD, VkeP, (4.140)
jev (i,5)eC
S oaf<2Q 1)) aly, VdeD, VkeP, (4.141)
(3,5)eC JeVv
> (fE—fE)y==vf, Vk=12,....K, VieVUu{(n+1)}\D
j:(i,5)eA{i,7eVU{(n+1)}
(4.142)
S (- = S of, VkeP; VdeD (4.143)
JEVU{(n+1)} i€VU{(n+1)}\{d}
> (ffi — fl)=—vs, VdeD, Vk¢P, (4.144)
ji(d,j)eA i, s eVU{(n+1)}
5 S M, Ve=1,2,... K, V(i,j)€A, {i,j}eVu{(n+1)} (4.145)
k k . .o .o
fig 2w, Ve=1,2,... K, V¥(i,j)cA, {ijleVu{(n+1)} (4.146)
floyn; =0, Vi€V, Vk=1,2,... . K (4.147)
k
D fpy =1 Vk=12... K (4.148)
jeVv
doaki=vf, VE=12,... K, VieVUu{(n+1)} (4.149)
J:(i,5)€A
K
> 25 >2(1Q) - 1) (4.150)
k=1 (i,j)eC
oy ok e Zy, Ve=12,... K, V(i,j)eA {ijleV (4.151)
Ty €2y, Vi€V, VE=12,.. K (4.152)
el Vk=1,2,... K, YieV (4.153)
2, €B, Vk=1,2,...,K, V(i,j)€B (4.154)
fhfheRy, V(i,j) €A, Vk=12,... K (4.155)
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Chapter 5

DATA ACQUISITION AND GENERATION

For computational experiments, we constructed a network of Istanbul which is obtained
by considering province centers and real road distances. By using Google Maps, we iden-
tified strategically important locations such as province centers, and provinces which have
hospitals, disaster coordination centers, ports, airports, bus terminals, bridges. Some of
these locations are used also as depots. Possible depot points are given in Table 5.1. De-
pot points are determined according to the locations related to highway maintenance, the
locations which may have machinery e.g. cranes, trucks. There are 74 nodes including 38
province centers, 34 populated districts (See Figure 5.1). In total there are 358 links (716
arcs) (See Figure 5.2). Arcs are created according to the neighborhood relation between
nodes. Since the network is for transportation purposes it is crucial to find the real dis-
tances between nodes. The road distances can be seen in Appendix A, these distances are
symmetric, that is, the travel times are the same for both directions for a pair of nodes.
Travel times are determined by using road distances which are calculated by using Google
Maps. We assumed on the average 50km/h fixed speed for vehicles and converted road

distances to time measure by dividing distance by speed.



Province Node
Disaster Coordination Center Kagithane 23
General Directorate of Highways (GDH) Division of Machinery Supply Maltepe 29
GDH Division of Road Maintenance and Repair Kartal 32
GDH Division of Road Maintenance and Repair Edirnekap1/Eyiip 15
GDH Regional Division of Maintenance and Operations Kavacik 27
GDH Regional Division of Maintenance and Operations Kurtkoy /Pendik 36
General Directorate of Highways (GDH) Kagithane 23
Istanbul Metropolitan Municipality Fatih 19
Istanbul Metropolitan Municipality-Additional Building Merter/Giingoren 17

Table 5.1: Possible Depot Locations

6€

UOWDUIUIE) PUD UNSINDIY DIV ¢ 423dDY))



Figure 5.1: Nodes on Istanbul Map from Google Earth
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Figure 5.2: The Network Representing the Main Roads of Istanbul
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The scenarios that have different sets of blocked roads are generated by referring to
the latest earthquake risk map of Istanbul which is reported by The Japan International
Cooperation Agency (JICA) and Istanbul Metropolitan Municipality in a study in 2002
[22] (See Figure 5.3). Roads are classified into three, based on the earthquake risk map:
High Risk Roads-the bottom part on Figure 5.3 (See Table B.1 in Appendix B for high risk
roads), Low Risk Roads-the second block from the bottom on Figure 5.3 (See Table B.2 in
Appendix B for low risk roads) and the remaining ones-the remaining two blocks on the top

on Figure 5.3.
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Ten different scenarios are created on the whole network. More roads are picked to be
blocked in high risk area than in low risk area, but within each risk area blocked roads
are selected randomly. As a result some disconnected components are formed. In order
to see the effect of the number of components on the computational performance, number
of disconnected components varies between 3-6. Number of disconnected components and

number of blocked roads in each scenario are given in Table 5.2.

Scenarios | Number Number

(S) of of
Blocked Com-
Arcs po-
(1B)) nents

Q0D

1 30 3

2 32 3

3 40 4

4 44 3

5 54 4

6 60 4

7 74 5

8 80 6

9 80 6

10 82 5

Table 5.2: Scenarios

After a disaster, every road segment gets affected in a different degree. For each scenario,
two time levels are considered here for unblocking time (b;;), which represents a high and
low level of damage. All unblocking times are proportional to the length of the arcs, thereby
are proportional to traversal time. In high unblocking time case, unblocking operations take
longer time than those in low unblocking time case, due to a higher level of damage. For
these two cases, with different ratios, blocked roads are classified into three: High damage,
medium damage, low damage. In two cases, distribution of these roads differ. A road can
be either a high damage, a medium damage or a low damage road. In high unblocking time

case, there are more number of high damage roads, and less number of low damage roads.
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Similarly, in low unblocking time case, there are more number of low damage roads and less

number of high damage roads. For example, in a scenario with high unblocking time input,

60% of the blocked arcs have high damage, while 10% of the blocked arcs have low damage.

We set the ratios of roads in each cases as those listed in Table 5.3. Then, for each type

of road, a parameter « is defined and it is multiplied by the traversal time. As a result

the unblocking times (b;;) are formed. Parameter o which has a uniform distribution, takes

values between (10, 50), (5,10) and (2,5) depending on the degree of damage on the roads.

Value of « is high for the high damage roads, low for the low damage roads and moderate

for the remaining. Table 5.3 shows the classification of roads according to damage level and

values of a.
High Unblocking Time Low Unblocking Time
High Medium Low High Medium Low
damage damage damage | damage damage damage
Prob. 0.6 0.3 0.1 0.1 0.3 0.6
Q Uniform Uniform Uniform | Uniform Uniform Uniform
(10,50) (5,10) (2,5) (10,50) (5,10) (2,5)

Table 5.3: Damage Level, Probabilities, «, Classification of Blocked Roads
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Chapter 6

COMPUTATIONAL EXPERIMENTS AND RESULTS

MIP1 contains time constraints and connectivity constraints which require enumeration
of all subsets of components. Due to size of the data, solving the model MIP1 takes a
long time. Even solving MIP2 is hard, but since this is a more relaxed model, runtime
performance of the model is expected to be better. The main purpose of this study is to
find the action routes for vehicles quickly, so that after a disaster the blocked roads can be
opened as fast as possible. For this reason, instead of analyzing computational results of
MIP1, this thesis focuses on the relaxed but computationally faster model MIP2.

Moreover, the model for single vehicle case gives feasible solution. There are no waiting
time and synchronization issues between the vehicles, thus optimal solution can be obtained
by solving single vehicle single depot formulation. Therefore, we investigate the single vehicle
case, then relaxations are investigated for multi vehicle case.

In order to evaluate computational performance, we used GAMS 24.0 and a 64-bit, 2
processors, Intel Xeon CPU E5-2643, 3.30 GHz, 32 GB RAM operating system for the
experiments. CPLEX 12.5 was employed to solve the models with options threads 0, paral-
lelmode 1 turned on. By this setting, CPLEX is run as a multi-threaded application. One
hour (3600 s) of time limit is set.

The objectives of the models in this study are to minimize the total travel time for single
vehicle case, to minimize the longest travel time for multi vehicle case and the computational
objective is to maximize the lower bound and runtime of the model.

In this thesis, effect of the following issues on computational performance is analyzed for
single vehicle case: Degree of Damage, Location of the Depot. Moreover,for multi vehicle
case, we analyze the effect of the following issues on computational performance of the
models MIP2 and MIP3: Degree of Damage, Number of Vehicles and Number of Depots.
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6.1 Single Vehicle Case (ARCP)

For a single vehicle, single depot case, first, effect of damage level; then effect of location of

depot on the computational performance are analyzed.

6.1.1 Effect of Degree of Damage (Effect of b;; Values on the Solution)

Two damage levels are used when the depot node is 23, and there is only one vehicle deployed
in the depot. The results can be seen in Table 6.1. All scenarios can be solved to optimality
in a short time (at most 114 seconds). On average, low unblocking time case gives 23%

higher runtime.

High Unblocking Time | Low Unblocking Time

S |B] |Q]| Obj. Gap Time Obj. Gap Time
(hr) (%)  (s) (hr) (%) (s)

1 30 3 4.46 0 39 2.51 0 30

2 32 3 2.96 0 8 2.4 0 10

3 40 4 8.5 0 8 5.13 0 9

4 44 3 6.4 0 6 3.42 0 9

5 54 4 3.34 0 8 2.66 0 8

6 60 4 6.09 0 13 3.43 0 9

7 71 5 7.3 0 50 5.49 0 114

8 80 6 11.16 0 27 5.93 0 27

9 80 6 9.05 0 23 5.87 0 17

10 82 5 8.2 0 14 3.51 0 21

AVERAGE | 6.75 0 20 4.04 O 26

Table 6.1: Effect of Degree of Damage and Computational Results - Single Vehicle
Case

6.1.2 Effect of Location of the Depot on the Solution

In order to evaluate the effect of the location of the depot on the computational performance,
we picked different nodes as the depot and solved the model with high unblocking time.
Nodes 15, 23, 27, 29 and 32 are picked randomly as depots among the potential depots.
Nodes 15 and 23 are located in European side of Istanbul, whereas nodes 27, 19 and 32 are

in Asian side.
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Table 6.2 shows the result for all scenarios. All scenarios are solved to optimality within
the time limit. Objective value does not change much as the depot changes. For the single
vehicle case, choosing node 29 as the depot seems rational since it gives a better solution
in terms of objective value and runtime. The reason of this performance may be due to
the location of the depot and layout of the network. The network has a rectangular shape
and node 29 resides on bottom-right of it. Node 32 has a similar setting as well. The other
depots are in a more central position with respect to layout of the network. Starting from
the edges and connecting the components may result in a shorter travel time. However,
starting from a central location may result traversals back and forth to the component in

the center. Therefore, the travel time may be longer.

6.2 Multiple Vehicle Case (K-ARCP)

6.2.1 Effect of Degree of Damage (Effect of b;; Values on the Solution)

As explained in the previous chapter, two different damage levels are considered: high
and low unblocking time. In order to see the effect of damage level on the gap between
lower bound and objective values, and on runtime we solve the MIP2 and MIP3 on 10
different scenarios. One of the nodes, that is node 23, is picked as the depot according to its
strategic importance on road clearance and maintenance operations. There are two vehicles
positioned in the depot. For each scenario, both cases with high and low unblocking time
are examined. The results can be seen in Tables 6.3 and 6.4. As the number of components
and blocked arcs increase, effect of damage level on runtime can be seen more clearly. As
the level of damage decreases, solution time increases. On average, lower unblocking time
results in a lower objective value, but the decision of arcs to unblock gets more difficult due
to low unblocking time and runtime increases. There are instances which cannot be solved
without gap by using model MIP2 within time limit of 3600 s. When we increase the time
limit to 21600 s. the gap becomes zero for the instances which cannot be solved within 3600
s. Only one instance (Scenario 9, low unblocking time) has 3% gap even after 21600 s. time
limit. On the other hand, the more relaxed model MIP3 solves all in one hour with no gap.

If we check the solutions found by model MIP2 with both high and low unblocking time
settings, we observe that except five instances out of 20 instances are solved to optimality.

The walks of these solutions can be seen in Appendix C. The graphs in these solutions
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Table 6.2: Effect of Location of the Depot on the Solution-Single Vehicle Case

Depot ID: 15 Depot ID: 23
S Obj. Gap Time | Obj. Gap Time
(hr) (%) () | (hr) (%) (9
1 4.3 0 10 4.46 0 39
2 2.8 0 6 2.96 0 8
3 8.59 0 8 8.5 0 8
4 6.22 0 6 6.4 0 6
5 3.15 0 6 3.34 0 8
6 5.91 0 9 6.09 0 13
7 7.16 0 22 7.3 0 50
8 11.08 0 29 11.16 0 27
9 8.86 0 13 9.05 0 23
10 8.15 0 11 8.2 0 14
AVR.|6.62 0 12 6.75 O 20
Depot ID: 27 Depot ID: 29
S Obj. Gap Time | Obj. Gap Time
(hr) (%) () | (hr) (%) (9
1 4.5 0 15 4.01 0 6
2 3.15 0 9 2.74 0 5
3 8.57 0 8 8.37 0 8
4 7.69 0 12 7.01 0 6
5 3.51 0 8 3.01 0 6
6 6.25 0 15 6.05 0 8
7 7.38 0 32 6.46 0 8
8 11.16 0 39 10.41 0 11
9 9.28 0 13 8.82 0 11
10 8.2 0 14 7.81 0 9
AVR.| 697 0 17 6.47 O 8
Depot ID: 32
S Obj. Gap Time
(hr) (%) (s)
1 4.14 0 7
2 2.87 0 6
3 8.5 0 8
4 7.14 0 6
5 3.14 0 6
6 5.92 0 19
7 6.33 0 9
8 10.28 0 12
9 9.01 0 18
10 8.41 0 11
AVR.|6.58 0 11
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are strongly connected and there is no situation which requires waiting time of any vehicle.
When we check one of the infeasible solutions, we can see that the infeasible solution can be
fixed by adding waiting times but the objective value increases. Some blocked arcs should be
unblocked by a vehicle before another vehicle traverses it. In an infeasible solution of MIP2,
this point is ignored and an arc is traversed by a vehicle although it is not unblocked by
another vehicle. We can describe how we fix an infeasible solution on Scenario 4 with high
damage level which can be seen below. Equality sign (=) shows the arcs which are unblocked
by the corresponding vehicle. The others are the ones which are not blocked in the disaster
situation. Both vehicles arrive at node 41 at the same time but the infeasible solutions
shows that the arc (41 — 11) is unblocked by Vehicle 1 and Vehicle 2 traverses it without
any waiting although the arc is not unblocked yet. Therefore, Vehicle 2 should wait for 0.5
hour until (41 —11) is unblocked by Vehicle 1. Similarly, when the traversal, unblocking and
waiting times are calculated, it is seen that Vehicle 1 should wait for Vehicle 2 until Vehicle
2 unblocks (11 —41). Vehicle 1 also should wait at node 6 for Vehicle 2 unblocking (6 — 5).
As a result, the objective increases from 3.91 to 5.7 but the solution becomes feasible. The
other infeasible solutions can be fixed as well in a similar way. These results will give us an
upper bound for the objective value. Feasible solutions can be seen in Appendix C. Note
that in Scenario 3, low unblocking time feasible solution does not have any waiting time.
By allowing the first arriving vehicle to unblock a blocked arc sometimes eliminates waiting
times, as it can be seen in this instance. Moreover, Table 6.5 shows the lower bounds (LB)
obtained from MIP2 for each scenario with a single depot and two vehicles. The upper
bound (UB) is the solution of MIP2 in cases where the gap is zero and in the other cases,
a feasible solution is obtained from MIP2 solution by inserting waiting times. The upper
bound refers to these solutions. For these solution the gap between lower bound and upper

bound is also given.
Vehicle 1 23 -49—-18-13—-12—-41=11-41-9—-8—-6—-5=3
Vehicle 2 23 -49—-18—-13—-12—-41-11=41-9—-8—-6=5

To compare two relaxed models in high and low unblocking time cases, see Table 6.6
and 6.7. MIPS3 is better in runtime but it may result in disconnected and unsynchronized
walks. On average, it is around 40% less than the lower bound which is obtained by solving
MIP2 (41% less for high unblocking time, 45% for low unblocking time). We calculate this

value by using the following formula:
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High Unblocking Time Low Unblocking Time

S |B| |Q|]| Obj. LB Gap Time | Obj. LB Gap Time

(hr) () () | (hr) () (s)
1 30 3 2.49 2.49 0 866 1.09 1.09 0 37
2 32 3 1.47 1.47 0 9 1.37 1.37 0 34
3 40 4 4.93 4.93 0 9192 | 3.01 3.01 0 349
4 44 3 3.91 3.91 0 40 2.39 2.39 0 5
5 54 4 1.71 1.71 0 9 1.5 1.5 0 15
6 60 4 3.42 3.42 0 128 1.82 1.82 0 131
7T 74 5 3.46 3.46 0 79 2.72 2.72 0 6673
8 80 6 5.49 5.49 0 590 3.19 3.19 0 16863
9 80 6 4.81 4.81 0 1684 | 3.42 3.32 2.9 21600
10 82 5 4.25 4.25 0 89 1.93 1.93 0 118
AVERAGE |3.59 3.59 0 1269 | 2.24 2.23 0.29 4583

Table 6.3: Effect of Degree of Damage and Computational Results - MIP2 (two
vehicles, single depot)

High Unblocking Time Low Unblocking Time
S |B| |Q|]| Obj. LB Gap Time | Obj. LB Gap Time
(hr) (%) (s) (hr) () (s)
1 30 3 1.64 1.64 0 7 1.07 1.07 0 27
2 32 3 1.37 1.37 0 7 0.91 0.91 0 15
3 40 4 3.37 3.37 0 7 1.67 1.67 0 18
4 44 3 1.52 1.52 0 6 1 1 0 36
5 54 4 1 1 0 7 0.42 0.42 0 7
6 60 4 1.74 1.74 0 9 1.47 1.47 0 35
7T 74 5 2.34 2.34 0 16 1.54 1.54 0 62
8 80 6 2.74 2.74 0 9 1.06 1.06 0 9
9 80 6 2.63 2.63 0 57 2.14 2.14 0 19
10 82 5 2.94 2.94 0 63 0.99 0.99 0 6
AVERAGE | 2.13 2.13 0 18.8 1.23 1.23 0 24

Table 6.4: Effect of Degree of Damage and Computational Results - MIP3 (two
vehicles, single depot)
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S Unblocking LB UB Gap
Time (%)
1 High 2.49 2.49 0
Low 1.09 1.09 0
9 High 1.47 1.47 0
Low 1.37 1.37 0
3 High 4.93 5.54 12
Low 3.01 3.86 28
4 High 3.91 5.7 46
Low 2.39 3.61 51
5 High 1.71 1.71 0
Low 1.5 1.5 0
6 High 3.42 3.42 0
Low 1.82 1.82 0
7 High 3.46 3.46 0
Low 2.72 3 10
8 High 5.49 5.49 0
Low 3.19 3.19 0
9 High 4.81 4.81 0
Low 2,9 2,9 0
10 High 4.25 4.25 0
Low 1.93 1.93 0
AVERAGE 2.89 3.13 17,39

Table 6.5: Lower Bound obtained from MIP2 and Upper Bound obtained by making

MIP2 solution feasible in Scenarios 3, 4, 7 (two vehicles, single depot)
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(LBunip2 — LBuips)

— x 100
LBumip2
MIP2 MIP3
S Obj. LB Gap Time | Obj. LB Gap Time
(hr) () () (hr) () (s)

1 2.49 2.49 0 866 1.64 1.64 0 7
2 1.47 1.47 0 9 1.37 1.37 0 7
3 4.93 4.93 0 9192 | 3.37 3.37 0 7
4 3.91 3.91 0 40 1.52 1.52 0 6
5 1.71 1.71 0 9 1 1 0 7
6 3.42 3.42 0 128 1.74 1.74 0 9
7 3.46 3.46 0 79 2.34 2.34 0 16
8 5.49 5.49 0 590 2.74 2.74 0 9
9 4.81 4.81 0 1684 | 2.63 2.63 0 57
10 4.25 4.25 0 89 2.58 2.58 0 63
AVR. | 3.59 3.59 0 1269 | 2.13 2.13 0 19

Table 6.6: Comparison of Relaxed Models MIP2 and MIP3 - High Unblocking Time

Since on average, high unblocking time cases result in lower runtime, in order to have
solvable cases for the difficult instances, in the upcoming sections we use high unblocking

time.

6.2.2 Effect of the Number of Vehicles on Computational Performance

In order to investigate the effect of the number of vehicles (K) on computational perfor-
mance, we select a distinguished vertex as the depot and increase the number of vehicles
which are deployed at this depot one by one. For the relaxed model MIP2, as the num-
ber of vehicles increases, runtime and gap between lower bound and the objective usually
increase. Although there are scenarios which can be solved with zero gap, many of the
scenarios cannot reach the zero gap within the time limit of one hour. As the number of
vehicles increases, objective value decreases. Doubling the number of vehicles when there
is one vehicle, reduces the value of the objective function by approximately 50% at each

scenario. However, the improvement in the objective value stops at some point. For some
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MIP2 MIP3
S Obj. LB  Gap Time | Obj. LB  Gap Time
(hr) (%)  (s) (hr) (%) (s)
1 1.09 109 0 37 1.07 107 0 27
2 137 137 0 34 091 091 0 15
3 301 301 0 3499 | 1.67 167 0 18
4 239 239 0 5 1 1 0 36
5 1.5 15 0 15 042 042 0 7
6 182 182 0 131 | 147 147 0 35
7 272 272 0 6673 | 1.54 154 0 62
8 319 319 0 16863 | 1.06  1.06 0 9
9 342 318 29 21600 | 2.14 214 0 19
10 193  1.93 0 118 099 099 0 6
AVR.| 2.24 223 0.29 4583 | 1.22 1.22 0 24

Table 6.7: Comparison of Relaxed Models MIP2 and MIP3 - Low Unblocking Time

scenarios, after |@Q| — 1 vehicles there is no improvement on the objective, whereas for some
scenarios improvement stops after || + 1 vehicles. We can suggest that, minimum |Q| — 1
vehicles can be utilized for unblocking operations. We can comment that, approximately
one vehicle is assigned for connecting one component. Upper limit for this number is |Q|+1.
Computational results of all scenarios until the improvement in the objective stops can be
seen in Tables 6.8 and 6.9.

We solve the second relaxed model MIP3 for the same scenarios as well. Since MIPS3 is
a more relaxed model than MIP2, the average values for runtime, lower bound and gap are
smaller. Similar to the result of MIP2, minimum |Q| — 1 vehicles can be sufficient. Upper
limit for the number of vehicles for model MIP3 is Q). After @ vehicles, for some scenarios,
there is no improvement in the objective value. The results can be seen in Tables 6.10 and
6.11.

6.2.3 Effect of the Number of Depots on Computational Performance

In this part, we investigate the effect of the number of depots (|D|) on the computational
performance. For each scenario, we start with one depot with one vehicle, then increase
the number of depots till |D| = |@Q|. For multi-depot cases, one vehicle is deployed in each
depot. In one-depot case, the depot is located in Europe side of Istanbul. Additional depot
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Q] [K Obj. LB Gap Time
(hr) (%) (s)
1 446 446 0 39
5 2 249 249 0 866
3 1.69 1.69 0 449
4 1.69  1.39 17.75 3600
1 2.96 296 0 8
2 147 147 0 9
3 3 137 137 0 921
4 1.05 1.05 0 119
5 1.05 098 6.29 3600
1 85 85 0 8
2 493 483 1.97 3600
4 3 3.78  3.78 0 828
4 3.16 246 22.15 3600
5 2.68  1.87 30.15 3600
6 2.68  1.54 42.54 3600
1 64 64 0 6
5 2 391 391 0 40
3 320 329 0 290
4 3.29 244 2574 3600
1 334 334 0 8
2 171 171 0 9
4 3 149 149 0 514
4 128  1.28 0 206
5 128 119 727 3600

Table 6.8: Effect of the Number of Vehicles on Computational Performance - MIP2

(cont’d)
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S | 1Q| K Obj. LB Gap Time
(hr) () (s)
1 6.09 6.09 0 13
2 3.42 342 0 128
6 4 3 2.28 228 0 909
4 2.22 2.12 4.5 3600
5 2.22 1.3 41.44 3600
1 7.3 7.3 0 50
2 3.46 346 0 79
3 2.62 262 0 3385
7 |5 4 2.34 1.93  17.73 3600
5 2.11 1.67  20.66 3600
6 1.99 1.99 0 548
7 1.99 0.96  51.78 3600
1 11.16  11.16 O 27
2 5.49 549 0 590
3 4.07 3.66 10.18 3600
8 6 4 3.38 2.59  23.51 3600
5 2.75 2.12 22.89 3600
6 2.56 232 938 3600
7 2.42 1.35  44.21 3600
8 2.42 1.38  43.03 3600
1 9.05 9.05 0 23
2 4.81 4.81 0 1684
3 3.61 3.16 124 3600
9 |6 4 3.04 223  26.49 3600
5 2.41 2.26 6.22 3600
6 2.41 1.48 38.65 3600
1 8.2 8.2 0 14
2 4.25 4.25 0 89
10 | 5 3 3.25 291 10.46 3600
4 2.54 2.24 11.64 3600
5 2.31 231 0 2540
6 2.31 2.31 0 1572
AVERAGE 3.4 3.15 9.8 1893

Table 6.9: Effect of the Number of Vehicles on Computational Performance - MIP2
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sTIQl [K Obj. LB Gap Time
(hr) (%)  (s)
1 29 29 0 5
s 2 164 164 0 7
3 1.64 164 0 238
1 26 26 0 5
2 137 137 0 7
23 3 1.37 122 11.08 3600
1 839 839 0 24
2 337 337 0 7
3 17 17 0 7
314 4 1.7 17 0 14
1 35 35 0 5
4ls 2 152 152 0 6
3 152 148 263 3600
1 214 214 0 6
2 1 10 7
54 3 074 074 0 9
4 072 072 0 1699
5 0.72  0.51 28.77 3600

Table 6.10: Effect of the Number of Vehicles on Computational Performance - MIP3
(cont’d)
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S | 1Q] K Obj. LB Gap Time
(hr) (%) ()
1 4.32 432 0 )
2 1.74 1.74 0 9
6 4 3 1 1 0 15
4 1 096 4 3600
1 5.01 5.01 O 11
2 2.34 234 0 16
3 1.84 1.73 597 3600
7 5 4 1.19 1.19 0 158
5 1.19 0.87 26.74 3600
1 5.68 5.68 0 7
2 2.74 2714 0 9
3 2.2 1.99 10.04 3600
8 6 4 1.66 1.58  5.07 3600
5 1.18 1.18 0 98
6 1.18 0.9 23.31 3600
1 5.13 5.13 0 )
2 2.63 263 0 57
3 2.06 1.74 15.69 3600
9 |6 4 1.55 1.28 17.33 3600
5 1.18 1.01  14.58 3600
6 1.01 0.77 23.53 3600
7 1.01 0.68 32.81 3600
1 6.22 6.22 0 8
2 2.94 294 0 63
3 2.18 218 0 3281
1015 4 1.14 1.14 0 19
5 1.14 1.14 0 276
AVERAGE 2.24 2.18 4.92 1256

Table 6.11: Effect of the Number of Vehicles on Computational Performance - MIP3
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in the two-depot case is located in the Asian side of Istanbul. As we increase the number
of depots, we pick them from different sides of the city in order to reduce the effect of the
depots’ locations. For example, for the four depot case, we pick two depots from the Asian
and the European sides. Moreover, in each scenario we try to choose the depots from those
listed in Table 5.1 to be located in different components. Table 6.12 shows the depots which

are used in each scenario.

S | 1 depot 2 depots 3 depots 4 depots 5 depots 6 depots

1 23 15,32 15,32,23 - - -

2 23 15,32 15,32,23 - - -

3 23 15,32 15,32)17  15,32,17,36 - -

4 23 15,32 15,32,23 - - -

5 23 15,32 15,32)17  15,32,17,36 - -

6 23 15,32 15,32,19  15,32,19,36 - -

7 23 15,32 15,32,23  15,32,23,27 15,32,23,27,36 -

8 23 15,32 15,32,17  15,32,17,36  15,32,17,36,19 15,32,17,36,19,23
9 23 15,32 15,3217  15,32,17,36  15,32,17,36,19 15,32,17,36,19,23
10 23 15,32 15,32,19  15,32,19,29 15,32,19,29,23 -

Table 6.12: Depot Nodes Which Are Used In Each Scenario

If we solve the relaxed model MIP2 for all scenarios, we see that objective value decreases
as the number of depots increases. At the same time, usually, the gap between lower bound
and the objective value and run time increases. However, if we analyze in terms of runtime,
we observe that less number of depots does not always give better runtime. Location of
depots which are utilized is also important. A reasonable approach for selecting depots can
be choosing the ones which has more blocked edges or disconnected components around.
Table 6.13 shows, for each scenario, the effect of the number of depots on computational
performance.

When we solve MIP3, we observe a similar trend in the results. Objective value decreases
as the number of depots increases. Since it is a more relaxed model than MIP2 and easier
to solve, we do not observe any gap between lower bound and the objective value except
some scenarios. Moreover, on the average, MIP3 gives lower values for the measures than
MIP2. Table 6.14 shows the results for MIP3.

Furthermore, if we compare effect of the number of vehicles and effect of the number of
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S | Q| |D| Obj.(hr) LB  Gap(%) Time(s)
1 4.46 446 0 39

1 3 2 2.32 232 0 20
3 1.53 153 0 37
1 2.96 296 0 8

2 3 2 1.31 131 0 7
3 0.98 098 0 8
1 8.5 8.5 0 8

3 |4 2 4.89 489 0 135
3 3.49 349 0 199
4 3.14 3.06 251 3600
1 6.4 6.4 0 6

4 3 2 4.06 406 0 33
3 3.22 3.13 28 3600
1 3.34 334 0 8

5 4 2 1.43 143 0 8
3 1.37 137 0 29
4 0.89 089 0 8
1 6.09 6.09 0 13

6 |4 2 2.96 296 0 9
3 2.11 2.11 0 24
4 1.76 1.66  5.57 3600
1 7.3 7.3 0 50
2 3.12 312 0 15

7 |5 3 2.49 2.38  4.28 3600
4 1.97 1.61 18.22 3600
5 1.68 1.44  14.29 3600
1 11.16 11.16 O 27
2 5.27 527 0 39

8 6 3 3.65 3.656 0 410
4 3.04 2.73  10.33 3600
5 2.57 2.17  15.46 3600
6 2.09 1.84 119 3600
1 9.05 9.05 0 23
2 4.44 444 0 141

9 6 3 3.37 3.26  3.32 3600
4 2.35 235 0 232
5 2.16 1.91 11.54 3600
6 2.12 1.58 2547 3600
1 8.2 8.2 0 14
2 4.63 463 0 255

10 | 5 3 3.2 3.2 0 1365
4 2.56 241 59 3600
53 2.11 2.11 0 242

AVERAGE 3.62 3.55 3.06 1168

Table 6.13: Effect of the Number of Depots on Computational Performance(K = |D|,
one vehicle at each depot) - MIP2
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S | Q| |D| Obj. (hr) LB Gap Time (s)
(%)
1 2.0 29 0 5
1 |3 2 173 173 0 11
3 1.32 132 0 9
1 2.6 26 0 5
2 |3 2 131 131 0 6
3 0.98 0.98 0 17
1 8.39 839 0 24
s |4 2 3.46 3.46 0 9
3 1.92 192 0 6
4 1.79 179 0 88
1 3.5 35 0 5
4 |3 2 217 217 0 22
3 1.52 152 0 34
1 9.14 914 0 6
2 1.37 137 0 11
5 |4 3 1 10 23
4 0.86 0.86 0 2
1 132 132 0 5
2 2.1 21 0 26
6 |4 3 1.56 156 0 35
4 1.56 156 0 3251
1 5.01 501 0 11
2 2.68 268 0 13
7 |5 3 1.84 184 0 7
4 1.44 144 0 681
5 1.38 118 1449 3600
1 5.68 568 0 7
2 3.05 305 0 15
s le 3 2.09 2.09 0 26
4 1.94 194 0 156
5 15 149 04 3600
6 118 118 0 182
1 5.13 513 0 5
2 297 297 0 316
o |6 3 1.92 192 0 511
4 1.84 184 0 3064
5 1.37 137 0 546
6 1.08 1.08 0 2533
1 6.22 622 0 g
2 3.55 355 0 1729
10 | 5 3 2.09 2.00 0 993
4 1.98 198 0 2041
5 1.69 169 0 2456
AVERAGE 2.47  2.46 0.35 610

Table 6.14: Effect of the Number of Depots on Computational Performance(K = |D],

PR I TR A U T NTTD O
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depots on the relaxed model MIP3, we see that utilizing more vehicles at a single depot is
more difficult to solve than using more depots each with a single vehicle. Consider Scenario
9 with 6 components and 80 initially blocked edges. If we solve MIP3 with single depot
and increase the number of vehicles, 5 of 7 instances cannot be solved to optimality within
the time limit. When there are multiple depots, only one of 6 instances cannot be solved in

one hour. These results can be seen in Table 6.15 and Table 6.16.

S Q| K Obj. LB Gap Time
(hr) %) ()
1 5.13 5.13 0 )
2 2.63 263 0 57
3 2.06 1.74 15.69 3600
9 6 4 1.55 1.28 17.33 3600
5 1.18 1.01 14.58 3600
6 1.01 0.77 23.53 3600
7 1.01 0.68 32.81 3600

Table 6.15: Effect of the Number of Vehicles on Computational Performance - MIP3,
Scenario 9

S Q| |D| Obj. Gap Time
(hr) (%) (5)
1 5.13 0 )
2 297 0 316
3 192 0 511
? 6 4 1.84 0 3064
5 1.37 0 546
6 1.08 0 2533

Table 6.16: Effect of the Number of Depots on Computational Performance(K = |D],
one vehicle at each depot) - MIP3, Scenario 9

Moreover, for a further analysis, we consider MIP2 for Scenario 9 with different number
of vehicles and depots and increase the time limit from 3600 s. (1 hour) to 21600 s. (6 hours)
for the instances which cannot be solved without gap in one hour. Table 6.17 and Table

6.18 show the results. Among these instances, only five out of 13 instances give a feasible
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solution. As the number of vehicles and depots increase solutions become infeasible due to
the blocked arcs which are traversed by more than one vehicle. The model MIP2 cannot
make the walks synchronized with the correct timing. If we consider the gap between lower
bound and the objective, although gap values decrease, some instances still cannot be solved
with no gap within six hours. For example, for a larger number of vehicles, increasing the
time limit to 21600 s. is not enough to solve the model without any gap. Those instances
with 3, 4, 5 and 6 vehicles still have gap. For a larger number of depots, increasing the time
limit works for zero gap. Only one instance which has six depots cannot be solved in 21600

S.

S Q| K Obj. LB Gap Time
(hr) () (s
1 9.05 9.06 0 23

2 4.81 481 0 1684

9 3 3.61 3.16 9.4 21600

6 4 3.04 2.23 23.1 21600

5 2.41 2.26 6.22 21600

6 2.41 1.48 35.41 21600

Table 6.17: Effect of the Number of Vehicles on Computational Performance - MIP2,
Scenario 9

S Q| K Obj. LB Gap Time
(hr) (%) (s)

1 9.05 9.05 0 23
2 444 444 0 141

9 6 3 337 337 0 8348
4 235 235 O 232
5 216 216 O 14692
6 212 196 7.68 21600

Table 6.18: Effect of the Number of Depots on Computational Performance(K = |D|,
one vehicle at each depot) - MIP2, Scenario 9
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Chapter 7

CONCLUSIONS

In this thesis, we study the Arc Routing for Connectivity Problem which is new to the
Arc Routing Literature. Considering a post-disaster situation, we use a Min-Max type of
objective with multiple vehicles and depots. As a special case, we investigate the single
vehicle single depot case. Unblocking some of the blocked roads by vehicles, the aim is to
make the disconnected graph strongly connected in shortest time. The vehicles leave their
depots and unblock some roads with an unblocking time which is spent only for the first
time the blocked road is traversed. We show that the problem is NP-hard even for single
vehicle-single depot case. We develop an MIP formulation and solve it for the single vehicle
case in computational tests. The arc routing part of the problem is handled by sending
flows. To the best of our knowledge, this is new in the arc routing literature. For the
multi-vehicle cases, due to the difficulty of solving the model on large instances, two relaxed
models are presented and are solved with various number of vehicles and depots.

As the testing data, Istanbul Highway Map is used. Ten different scenarios are con-
structed. Two levels of damage is defined and unblocking times are calculated accordingly.
Some illustrative numerical examples are presented. For the valid and relaxed models, we
observe that high unblocking time cases are easier to solve than low unblocking time cases.
For a special case with a single vehicle, effect of location of depot on the objective value, the
gap and runtime is investigated. Changing the location of depot does not affect the objec-
tive value and runtime much. For the relaxed models, the effects of number of vehicles and
number of depots on solution quality are observed. More vehicles mean longer runtime and
improvement on the objective value is limited by the number of vehicles. Desired number
of vehicles for a low objective value is between |Q|—1 and |Q|+ 1 for MIP2, between |Q|—1
and |Q| for MIP3. Another observation of this study is that increasing the number of depots
always improves the objective value, however it usually worsens the runtime. Moreover, we

see that assigning more vehicles to a single depot is more difficult to solve than assigning a
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single vehicle to multiple depots.

This line of research can be extended in several directions in future research. Undirected
version of this problem can be analyzed. Moreover, the model MIP1 can be improved in
order to make it a more efficient model. A heuristic method which uses the result of MIP2
and transforms it to synchronized walks can be developed. However, when the number of
vehicles increases MIP2 (even MIP3) cannot be solved to optimality. Another way to solve
K-ARCP can be a 2-phase method which first solves the Minimum Spanning Tree Problem
on the induced graph which has the components represented by single nodes. By doing
so, the arcs which have to be unblocked in cutsets of components can be identified. Then,
on the induced graph, Min-Max RPP where the set R consists of the arcs in the solution
of Minimum Spanning Tree Problem can be solved. Moreover, partitioning the graph and
solving the K-ARCP with one vehicle for each partition can be another extension of this
thesis, because it can be solved in very short time. Note that the partitioning should be
done carefully. Moreover, we assumed that the vehicles are homogeneous, but in some cases,
vehicles can be non-homogeneous, i.e. different types of damage may require a different
method to clear the road. In such a case, for each vehicle, a set of blocked arcs it can

unblock can be defined. In the formulation, this can be handled with an easy modification.
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Appendix A

ROAD DISTANCES

Table A.1: Road Distances

Origin Node

Destination Node

Distance (km)

1

OO OO OO OO s W W WwWwWwN NN =~

DO H Wk Wi

o w w w
Do wBowowIZ a0 B

39.0
39.0
39.0
18.0
45.0
39.0
18.0
12.0
12.0
11.0
45.0
25.0
30.0
12.0
9.5
11.0
9.5
12.0
9.5
2.5
10.0
4.0
18.0
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Origin Node

Destination Node

Distance (km)

7

O O© © © © 0 0o o o ~J 333

e il ol el el el el el ol el e et i i e e = =l =l el =l i e
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4
6
14
39
42
43
)
6
9
40
8
11
40
41
42
43
11
12
16
17
45
46
9
10
12
17
40
41
45
10
11
13
17
41
43
47
12
14
18

25.0
9.5
26.0
7.0
10.0
19.0
11.0
10.0
9.0
12.0
9.0
6.0
8.0
3.0
14.0
11.0
5.0
7.0
3.5
5.0
3.5
4.5
6.0
5.0
6.5
5.0
8.0
2.0
3.5
7.0
6.5
3.0
4.5
9.0
10.0
12.0
3.0
11.0
8.5
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Origin Node

Destination Node

Distance (km)

13
13
14
14
14
14
15
15
15
15
15
15
16
16
16
16
16
16
17
17
17
17
17
17
17
17
18
18
18
18
18
18
18
19
19
19
19
19
20

43
47
7
13
18
43
18
21
44
48
49
74
10
17
19
44
46
4
10
11
12
16
41
44
47
74
13
14
15
44
47
48
49
16
20
72
73
74
19

11.0
8.0
26.0
11.0
10.0
13.0
2.5
7.5
3.0
1.6
4.5
2.0
3.5
4.5
6.5
9.0
1.9
7.5
5.0
5.0
4.5
4.5
11.0
4.5
7.0
7.0
8.5
10.0
2.5
3.0
8.0
1.9
4.5
6.5
3.0
3.0
3.0
3.0
3.0
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Origin Node

Destination Node

Distance (km)

20
20
20
20
20
21
21
21
21
21
21
21
21
21
21
22
22
22
22
22
23
23
23
23
24
24
24
25
25
25
25
25
26
26
26
26
27
27
27

21
22
93
95
72
15
20
23
49
50
o1
52
o4
95
99
20
26
o4
95
o6
21
49
20
61
60
61
62
30
64
66
68
69
22
67
69
70
28
38
70

5.0
4.0
1.8
1.6
1.8
7.5
2.0
3.0
9.5
2.0
2.5
2.5
2.5
3.5
3.5
4.0
9.5
2.0
4.0
3.0
3.0
5.0
1.2
9.5
8.0
11.0
10.0
7.5
6.5
10.0
10.0
3.5
9.5
3.0
5.0
2.5
6.5
6.5
10.0
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Origin Node

Destination Node

Distance (km)

28
28
28
28
29
29
29
29
30
30
30
30
30
30
31
31
31
31
31
31
32
32
32
32
33
33
33
33
33
34
34
34
34
34
35
35
35
36
36

27
31
35
70
32
65
66
68
25
31
34
66
67
71
28
30
34
35
67
69
29
33
36
71
32
34
36
63
71
30
31
33
35
71
28
31
34
32
33

6.5
17.0
21.0
17.0

6.5

5.0

8.0

6.5

7.5

5.0
28.0

4.0

9.5
15.0
17.0

5.0
16.0

9.5

4.5

5.0

6.5
16.0

4.5
13.0
16.0

5.0
13.0

7.5

9.0
28.0
16.0

5.0

7.0

9.0
21.0

9.5

7.0

4.5
13.0
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Origin Node

Destination Node

Distance (km)

36
36
37
37
38
38
38
38
39
39
39
39
39
40
40
40
40
40
41
41
41
41
41
41
41
42
42
42
42
42
43
43
43
43
43
43
43
44
44

37
63
36
63
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11.0
8.0
11.0
13.0
6.5
0.5
1.7
4.0
11.0
30.0
9.5
4.0
7.0
12.0
8.0
8.0
8.5
4.0
3.0
5.0
5.0
11.0
8.5
8.0
9.5
18.0
10.0
14.0
8.0
2.5
19.0
11.0
10.0
11.0
13.0
9.5
2.5
3.0
9.0
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Origin Node

Destination Node

Distance (km)

44
44
44
44
44
44
45
45
45
46
46
46
46
46
47
A7
47
47
47
48
48
48
48
49
49
49
49
49
20
20
20
20
50
ol
o1
o1
o1
52
o2

17
18
46
47
48
74
10
11
40
10
16
44
73
74
12
13
17
18
44
15
18
44
49
15
18
21
23
48
21
23
51
59
61
21
50
52
99
21
o1

4.5
3.0
7.0
5.0
2.5
3.5
3.5
3.5
4.0
4.5
1.9
7.0
7.0
7.0
12.0
8.0
7.0
8.0
5.0
1.6
1.9
2.5
4.5
4.5
4.5
9.5
5.0
4.5
2.0
1.2
2.5
3.5
6.0
2.5
2.5
1.5
2.5
2.5
1.5
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Origin Node

Destination Node

Distance (km)

52
52
52
23
23
53
54
54
54
54
54
95
95
25
25
25
56
o6
o6
57
o7
57
57
o8
o8
o8
58
59
29
29
29
29
59
29
29
29
60
60
60

o4
o6
99
20
54
95
21
22
52
93
95
20
21
22
93
o4
22
92
o7
38
56
38
29
38
o7
29
62
21
o0
o1
52
o7
58
60
61
62
24
39
61

3.0
2.5
1.9
1.8
4.0
2.5
2.5
2.0
3.0
4.0
3.0
1.6
3.5
4.0
2.5
3.0
3.0
2.5
3.5
0.5
3.5
2.5
3.0
1.7
2.5
1.5
6.0
3.5
3.5
2.5
1.9
3.0
1.5
6.0
7.0
8.0
8.0
6.0
3.0
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Origin Node

Destination Node

Distance (km)

60
61
61
61
61
61
62
62
62
62
62
63
63
63
64
64
64
64
64
65
65
65
66
66
66
66
66
66
67
67
67
67
67
68
68
68
68
69
69

62
23
24
50
99
60
24
38
o8
99
60
33
36
37
25
65
66
68
69
29
64
68
25
29
30
64
68
69
26
30
31
69
70
29
64
65
66
25
26

4.0
9.5
11.0
6.0
7.0
3.0
10.0
4.0
6.0
8.0
4.0
7.5
8.0
13.0
6.5
9.5
6.0
4.5
6.0
5.0
9.5
2.0
10.0
8.0
4.0
6.0
3.5
7.5
3.0
9.5
4.5
3.5
2.0
6.5
4.5
2.0
3.5
3.5
2.0
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Origin Node

Destination Node

Distance (km)

69
69
69
69
70
70
70
70
71
71
71
71
72
72
72
73
73
73
74
74
74
74
74
74

31
64
66
67
26
27
28
67
30
32
33
34
19
20
73
19
46
72
15
16
17
19
44
46

5.0
6.0
7.5
3.5
2.5
10.0
17.0
2.0
15.0
13.0
5.0
2.0
3.0
1.8
1.3
3.0
7.0
1.3
2.0
7.5
7.0
3.0
3.5
7.0
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HIGH RISK AND LOW RISK ROADS

EUROPE | | ASIA
i j i
3 5 25 30
5 8 25 69
8 9 25 64
8 40 25 66
9 11 29 32
9 40 30 71
0 11 32 33
10 17 32 36
10 16 32 71
10 46 33 36
16 46 33 63
16 19 36 63
16 74 36 37
19 73 37 63
19 72 64 68
19 20 64 65
20 22 64 66
40 45 64 69
40 11 65 68
45 10 65 29
72 20 66 29
72 73 66 30

66 69

68 66

68 29

71 33

Table B.1: High Risk Roads
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EUROPE ASTA

i j i j i j i j i j i j

13 47|21 50 |43 41|52 51|61 24 26 67
13 18|23 6143 9 |52 56|61 60 26 69
14 13|23 50|44 16 | 53 55| 61 59 27 28
14 18 |23 21 |44 74|53 54|62 24 27 70
39 |15 74|38 27|44 15|53 20|62 58 28 31
7|15 21|38 57|44 48|54 52|62 38 28 35
39|15 49139 7 |47 44|54 22|74 19 31 35
17 16 |39 6 |47 18 |55 22| 74 46 31 30

W = N W

ESEEN PN e Nl = i = i = Nl TSN N JUR NG R N S Sy s
\]

42 117 74139 5 |47 48 |55 54 31 69
5 | 17 44 141 40 |47 12 |55 20 31 34
8 | 17 47 |41 11 |48 15| 56 22 34 33
3|17 16 |41 12 |48 49 | 57 56 34 71
42 | 18 49 | 41 17|48 18 | b8 57 34 30
43 |18 44 |41 9 |49 23| 58 38 35 34
14 120 55 |42 41 |49 21 |59 57 67 31
11 17|21 20|42 43|50 51|59 60 67 30
12 11121 55|42 9 |50 59 |59 62 67 69
12 10 |21 54 |43 14|50 61|59 58 70 28
12 17|21 52 |43 12|51 59 |60 24 70 67
13 12121 51 |43 13|52 59 |60 62 70 26

Table B.2: Low Risk Roads
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Appendix C

MIP2 SOLUTIONS OF ALL SCENARIOS WITH HIGH
AND LOW UNBLOCKING TIMES

High Unblocking Time (1depot, 2vehicles)

Scenario 1:

23-21—-20—19—-16—-10—45—-40=9=40

23 —21—-54—22—-26—-69 —25—64 =068 =064—69—25

Scenario 2:

23-21-20—-19-16=10=16

23 —21 —55—22—-26 —69 — 66 — 68 = 65 = 68

Scenario 3:

Infeasible Solution:

23-49-48—-44—-17-12—-41-9-40—-8=5=38

23—21-54—-22—-26—69 =25 =69—-26—22—-55—-20—-19-74—-17—-12—-41-9-40 =8

Feasible Solution (with waiting times):

23-49 -48—-44—-17—-12—-41-9-40=8=5=38

23—-21—-54—-22—-26—-69=25=69—-26—-22—-55—-20—-19—-74—-17—12 —41 —
9—40— (0.13hr) — 8

Scenario 4:

Infeasible Solution:

23 -49—-18—-13—-12-41=11-41-9—-8—-6—-5=3

23—-49—-18—-13—-12—-41—-11=41-9-8—-6=5

Feasible Solution (with waiting times):

23—-49—-18—-13—-12—-41=11—(0.6hr) =41 —-9—-8 -6 — (2.27Thr) =5 =3

23—-49—-18—-13—-12—-41 - (0.5hr) —11=41-9—-8—-6=5

Scenario 5:

23 —21 —54—22—26—69 — 25 =66 =25
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23-21-20—-19—-73=72=73—-46 =16 = 46

Scenario 6:

23—-21—-54—-22—-26—-67—31—-34=33=34

23—-49—-48—-44—-17-11-10=46=10—-12—-41=9 =41

Scenario T:

23—-21-54-22-26=69=31—-34—-71—-32=236=32

23—-21-20-19-16=10=16—-17—-12—-43-42-7-39=5=39

Scenario 8:

23-49-48-44-17-10-45=40—-8=6=3=6

23—-21-20=19=20—-22—-26—-69 — 64 — 65 =68 =65 —29 — 32 =36 =32

Scenario 9:

23—-21-54—-22—-26—-69—66—29=232=236—63=33

23-21-20=19-72=73—-46—-16—17=11=17—44—15—-21—-54—22—-26—69—25 =
64 =25

Scenario 10:

23—-21-54—-22—-26=69 —25=66=30

23—21-15—-T4=19=7T4—-17—-12—-43—-9—-40—-45=10=45—40

Low Unblocking Time (1depot, 2vehicles)

Scenario 1:

23 —21 —-54—22—-26—-69 —64 —65=068 =065

23 —49 —48 — 44— 17—-11=9 =141

Scenario 2:

23—-21—-15-74—-16=10=16

23 —21 —-54—22—-26—69 — 64 —68 =65=068

Scenario 3:

Infeasible Solution:

23—-50—21-54—-22—-26—69 =25 =69—-26—22—-55—-20—-19—-16—10—-45=40=8
23 -21—-20—-19-16—-10—45-40—-8=5=38

Feasible Solution:

23—-50—21-54—-22—-26—69 =25=69—-26—22—-55—-20—-19—-16—10—45—-40—8
23—-21-20—19-16—-10—45=40=8=5=28

Scenario 4:
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Infeasible Solution:

23—-21-20—-72—-73-46—-10=45-40—-8—-6—-5=6

23—-21-20-72—-73—-46=10—-45-40—-8—-6=5

Feasible Solution (with waiting times):

23—-21-20—-72—-"73 —46—(0.36) —10=45—-40—-8 -6 — (0.79hr) —5 =6

23-21-20—-72-73-46=10—-45-40—-8—-6=5

Scenario 5:

23 —-21—-54—-22—-26—-67—31=30=31

23—-21-54-55—-20=72=19—-74—-15—-18 —48 — 44 — 46 = 16 = 46

Scenario 6:

23-21-54-22-26—-67-30—-71=33="71—-233

23 -21-55—-20—-19=16—-46=44—-17—-11=45=11

Scenario T7:

Infeasible Solution:

23—21-20-19-16—-10=16—-19—-20—22—26 = 69 — 66 = 68 —29 — 32 = 36 = 32

23-21-20-19-16=10-16—-19-16—-17—-12-43-42-7-39=3=39

Feasible Solution (with waiting times):

23 — 21 — 20 — 19 — 16 — (0.21hr) — 10 — (0.14) — 16 — 19 — 20 — 22 — 26 = 69 — 66 =
68 —29 —32=36=32

23-21-20—19-16=10=16—-19—-16—-17—-12—-43—-42-7—-39=3=39

Scenario 8:

23—-49—-15=21-20=19=74—-15—-21 —54 —22—26 — 69 — 64 — 65 = 68 =
65 —29 —32 =36 =32

23-49-48-44-17-11=40-8=6=3=6

Scenario 9:

23-21-20-19=20—-22—-26—-67—-30—-71=32=36=33

23—-49-15-44—-17=11=17—-44-15-21-20=19-20—-22—-26—-69—25 =64 = 25

Scenario 10:

23-21-20-72=73=72-20—-21—-15—-44-17=11=17

23—-21—-54—-22—-26=69=67—30=066=068
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