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ABSTRACT

Urban freight transport (UFT) generally deals with the mobility of merchandises, products,
materials, used items, and waste. UFT is a vital component in urban management systems,
where its usage would provide convenience to people and also provide the growth to urban
areas. Since the globalization age has emerged, UFT has become increasingly important and
demand of UFT in response to various needs of people has considerably been higher and
higher. However, there have also been various serious problems associated with the growth of
UFT. One particular scheme, which attempts to cope with UFT related problems, is called
city logistics. In general, city logistics consists of several measures and initiatives for
alleviating the effects of UFT related problems and also enhancing the efficiency of UFT

operation. One of the most commonly studied city logistics measures is route optimization.

Among route optimization initiative, this thesis has focused on the vehicle routing problem
(VRP) in general and the VRP under time window constraints in particular. The vehicle
routing problem with hard time windows (VRPHTW) has been among the first variant of the
VRP under time window constraints appeared in literature. The VRPHTW has become
widespread since its application has played a central role in response to customer needs in the
globalization age. However, it has been found that the VRPHTW lacked practicalities to some
extent. Later, the second variant of the VRP under time window constraints has been
launched to the literature. Such variant has been called the vehicle routing problem with semi-
soft time windows (VRPSSTW). Nevertheless, the VRPSSTW could overcome the
drawbacks of the VRPHTW, yet partially. Both the VRPHTW and the VRPSSTW still
generated a significant amount of waiting time of delivery vehicles. Such waiting time of
vehicles is meaningful in practice in which it might cause additional expenses and some

traffic-environmental related problems

Behind the reasons above, in addition to minimization of overall routing costs, this thesis has
also attempted to optimize total waiting time of vehicles. The highlighting problem here has
been addressed as the vehicle routing problem with soft time windows (VRPSTW). A few
VRPSTW papers have been introduced to literature, yet all of those have differently been
defined from the VRPSTW proposed in this thesis. Consequently, a mixed integer

formulation has newly been developed for the VRPSTW based on the new soft time window
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characteristics. Three particular decision variables were composed of in the VRPSTW model,
and they must optimally be processed. In addition to travel costs, the time-dependent arrival
penalties (in case of both early and late arrival) and fixed vehicle costs were also included to
the objective function of the VRPSTW model. Both time-dependent arrival penalties and

fixed vehicle utilization costs were of importance in the VRPSTW characteristics.

The branch-and-price exact-based approach has first been employed to solve the VRPSTW to
optimality. The structure of the branch-and-price approach is to embed column generation
algorithm into the branch-and-bound scheme. Decomposition technique of column generation
onto the VRPSTW model resulted in the set partitioning restricted master problem and its
new subproblem, namely the elementary shortest path problem with resource constraints and
time-dependent arrival penalties (ESPPRC-TAP). Particularly focusing on the ESPPRC-TAP,
some complexities received directly from the VRPSTW model might be concerned. As the
proposed VRPSTW differs in definition, use of the existing subproblem solution algorithms is
not applicable for the ESPPRC-TAP. Therefore, four new subproblem solution techniques
have been developed including the 1-SA, the 2-SA, the Heu-1&Heu-2&1-SA, and the Heu-
1&Heu-2&2-SA. The branch-and-price approach with the 1-SA technique was of low
efficiency, while use of the 2-SA technique was more advantageous due to involving less
number of labels generated. Furthermore, when incorporating these two techniques with the
newly developed heuristic-based algorithms, their performances were much better. Finally it
was found that the branch-and-price approach with the 2-SA along with heuristic-based

algorithms (the resulting Heu-1&Heu-2&2-SA technique) has been among the best technique.

Since the VRPSTW has been known to be NP-hard problem, the metaheuristic-based genetic
algorithm (GA) has also been developed in this thesis, providing the (nearly) optimal solution
to the VRPSTW. The proposed GA has employed several significant genetic operators found
in the literature. In particular, for more advanced exploration of the solution space, the GA
has also taken into consideration a newly advanced search strategy, which has been called the
intermediate infeasible search. Based on performance evaluation of the GA and the branch-
and-price approach performed on small-sized and medium-sized VRPSTW instances, it could
be said that the proposed GA worked well with minor tolerance. It might be noted that the GA
was more favorable when tackling larger or more complex instances, which might exceed the

capability limit of the branch-and-price approach. However, the branch-and-price approach
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was still inevitable as it could guarantee the exactness of solutions obtained, whereas all other
solution approaches such as the GA could not even just express how close to the optimal

solutions their solutions were.

The comparisons among three variants of the VRP under time window constraints have also
further been conducted. It was observed that by accepting late deliveries with late arrival
penalties (i.e. occurred in the VRPSSTW and the VRPSTW), the number of vehicles used in
the operation could be saved. Consequently, fixed vehicle costs, which were very high values,
could be reduced, thus leading also to decrease in overall costs. On the other hand, by taking
early arrival penalties or waiting costs into account (i.e. occurred in the VRPSTW), the total
amount of waiting time was dramatically decreased. It was also found that these penalties
(both early and late) occurred in the VRPSTW contributed only small fractions to the optimal
solution costs. In addition, firm’s resources, e.g. vehicle and labor, were better utilized due to
such penalties. Finally, in the perspectives of cost, waiting time, and resource utilization, the
VRPSTW outperformed the VRPHTW and the VRPSSTW.

The proposed soft time window definition presented in this thesis have also been applied to a
class of distribution and routing systems of franchising convenience store chain. The
concerned problem could then be addressed as the vehicle routing problem with soft time
windows and simultaneous pickups and deliveries (VRPSTWSPD). Since all service vehicles
have to perform pickup services and delivery services simultaneously at each visit, the
VRPSTWSPD might particularly be concerned with additional complexity due to the non-
monotonousness of loading flow along the route. The VRPSTWSPD has been also a novel
variant in the VRP literature and has been known to be NP-hard problem as well. The mixed
integer programming model of the VRPSTWSPD has also been developed in this thesis,
where it has been generalized from the proposed VRPSTW model. Both the branch-and-price
approach and the GA have been employed for solving the VRPSTWSPD; yet they have
particularly been extended to cope with non-monotonousness of loading flow. Both solution
approaches performed well on small-sized and medium-sized VRPSTWSPD instances,
whereas the GA generated slightly higher solution costs in comparison to the branch-and-
price approach. However, the GA was of advantages over the branch-and-price approach

when tackling large-sized instances and practical instances.






TABLE OF CONTENTS

Title Page

Preface
Acknowledgement
Abstract

Table of Contents
List of Tables

List of Figures

List of Abbreviations

INTRODUCTION
1.1 Background
1.2  City Logistics Measures: Route Optimization
1.2.1 Travelling salesman problem
1.2.2  Vehicle routing problem
1.2.3  Multi-depot vehicle routing problem
1.2.4 Location-routing problem
1.3  Contributions of the Thesis
1.3.1 Problem of interest
1.3.2 Objectives of the thesis
1.3.3 Boundaries and limitations of the study
1.4 Thesis Outline
References

LITERATURE REVIEW
2.1 Notation
2.2 The VRP under Time Window Constraints

2.3 Benchmark Instances of the VRP under Time Window

Constraints

2.4 Optimization Algorithms for the VRP under Time Window

Constraints

2.4.1 Heuristic approaches

Xl

\1
Xl
XV
XVII
XIX

© ©O© o0 00 ~N oo o1 -

e T e o
A A W DN

21
21
22
31

34

36



TABLE OF CONTENTS (CONT.)

2.4.2  Metaheuristic approaches
2.4.3 Exact approaches

References

VEHICLE ROUTING PROBLEM WITH SOFT TIME
WINDOWS (VRPSTW)

3.1 Problem Originality

3.2 Problem Formulation

3.3 Problem Complexity

References

AN EXACT-BASED BRANCH-AND-PRICE APPROACH
4.1 Introduction
4.2  Column Generation

4.2.1 The restricted master problem (RMP)

4.2.2 The ESPPRC-TAP as column generation subproblem
4.2.2.1 The first technique: one-stage approach (1-SA)
4.2.2.2 The second technique: two-stage approach (2-SA)

4.2.3 Stabilization and acceleration techniques
4.2.3.1 Subproblem solution heuristic-based algorithms
4.2.3.2 Other accelerating techniques

4.2.4  Column management

4.3  Branching Strategies

References

A METAHEURISTIC-BASED GENETIC ALGORITHM
(GA)

5.1 Introduction

5.2 Individual Representation

5.3 Construction Algorithm

5.4  Selection Operator

Xl

37
40
44

53

53
55
60
61

65
65
67
68
70
72
76
82
82
83
84
85
88

91

91
92
93
94



TABLE OF CONTENTS (CONT.)

5.5 Crossover Operator (Recombination) 95
5.6 Mutation Operator & Intensification 96
5.7 Fitness Value 97
5.8 Replacement and Elitism 97
References 99
PERFORMANCE AND EVALUATION OF THE VRPSTW 101
AND ALL SOLUTION APPROACHES

6.1 Introduction 101
6.2  First Scenario: Evaluating the Performance of All Solution 102

Approaches

6.2.1  The branch-and-price approach with four subproblem 102
solution techniques
6.2.2 The GA and its performance evaluation 118
6.3 Second Scenario: Numerical Comparisons of the VRPHTW, 126
the VRPSSTW, and the VRPSTW
References 135

APPLICATION OF SOFT TIME WINDOW 137
CONSTRAINTS IN CONVENIENCE STORE CHAIN
DISTRIBUTION

7.1 Introduction 137
7.1.1 Convenience store chain 137
7.1.2  The corresponding distribution and routing system 139
7.1.3  Problem of interest 140

7.2  Literature Review 140

7.3  The VRPSTWSPD Model 142

7.4  The Branch-and-Price Exact-Based Approach 145

7.5 The GA for the VRPSTWSPD 151

7.6 Computational Results and Discussions 153

References 164

Xl



TABLE OF CONTENTS (CONT.)

8 CONCLUSIONS AND FUTURE WORKS 169
8.1 Summary of the Thesis 169
8.2 Future Works 174

XV



2.1
6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

7.1

LIST OF TABLES

Six different types of Solomon instances

Exact solutions performed on R1 type by the branch-and-price
approach with the 1-SA subproblem solution technique

Exact solutions performed on RC1 type by the branch-and-price
approach with the 1-SA subproblem solution technique

Exact solutions performed on R1 type by the branch-and-price
approach with the 2-SA subproblem solution technique

Exact solutions performed on RC1 type by the branch-and-price
approach with the 2-SA subproblem solution technique

Exact solutions performed on R1 type by the branch-and-price
approach with the Heu-1&Heu-2&1-SA subproblem solution
technique

Exact solutions performed on RC1 type by the branch-and-price
approach with the Heu-1&Heu-2&1-SA subproblem solution
technique

Exact solutions performed on R1 type by the branch-and-price
approach with the Heu-1&Heu-2&2-SA subproblem solution
technique

Exact solutions performed on RC1 type by the branch-and-price
approach with the Heu-1&Heu-2&2-SA subproblem solution
technique

Exact solutions with two different widths of soft time windows
performed by the branch-and-price approach with the Heu-
1&Heu-2&2-SA technique

Parameters used in the GA

Summary of solutions obtained by the GA performed on the R1
type
Summary of solutions obtained by the GA performed on the RC1
type

Summary of solutions obtained by the GA performed on large-
sized instances in the R1 type

Summary of solutions obtained by the GA performed on large-
sized instances in the RC1 type

Numerical comparisons of 3 variants of the VRP under time
window constraints

Exact solutions to the small-sized instances using the branch-and-
price approach

XV

32
106

107

108

109

110

111

112

113

116

118

119

120

124

125

127

155



7.2

7.3
7.4

7.5

7.6

1.7

LIST OF TABLES (CONT.)

Exact solutions to the medium-sized instances using the branch-
and-price approach

Parameters used in the GA for the VRPSTWSPD instances

Approximate solutions obtained by the GA performed on small-
sized VRPSTWSPD instances

Approximate solutions obtained by the GA performed on
medium-sized VRPSTWSPD instances

Approximate solutions obtained by the GA performed on large-
sized VRPSTWSPD instances

Detailed solutions of the VRPSTWSPD practical instances

XVI

156

157
158

159

160

164



11
1.2
13

14

1.5

2.1
2.2
2.3
2.4
2.5
2.6

2.7
2.8
2.9
2.10
2.11
3.1
4.1
4.2
4.3
4.4
5.1
5.2
5.3
6.1
6.2
6.3
6.4

LIST OF FIGURES
Freight demand forecast by mode in USA
Freight traffic in Japan

Proportion of emissions generated by two types of vehicle per km
at the velocity of 25 km/h in Europe

Linear penalty functions for three different variants of the VRP
under time window constraints

Numerical results tested on the VRP benchmark instance (R101-
25) reported in Qureshi (2008)

Classification of the VRP family
Hard time window setting

Semi soft time window setting
Typical soft time window settings
Satisfaction levels of Xu et al. (2011)

Service cost function in the VRPSTW of Tagmouti et al. (2007,
2010, 2011)

Service cost function of loachim et al. (1998)

Scattered points of C-type (C101)

Scattered points of R-type (R101)

Scattered points of RC-type (RC101)

A trade-off between solution quality and running time

Soft time window setting

Example of the branch-and-price procedure

Decomposition of the VRPSTW

Label definition

A structure of the branch-and-price approach for the VRPSTW
Individual representation of an instance with 10 customers
A tournament selection of Ghoseiri and Ghannadpour (2010)
Flow chart of the proposed GA

Label generation (on average) comparisons

CPU time (on average) comparisons

Total numbers of feasible arcs

Total CPU trends of R1 with 25-customer instances

XVl

10

11

23
25
27
29
30
30

31
32
33
34
35
57
66
68
73
87
93
95
98
114
115
117
122



6.5
6.6
6.7
6.8

6.9

6.10

6.11
6.12
6.13
7.1
1.2
7.3
7.4

LIST OF FIGURES (CONT.)
Total CPU trends of RC1 with 25-customer instances
Total CPU trends of RC1 with 40-customer instances
Comparisons on average number of vehicles used

Comparisons on overall solution costs in R1 type with 25-
customer instances

Comparisons on overall solution costs in RC1 type with 25-
customer instances

Comparisons on overall solution costs in RC1 type with 40-
customer instances

Proportion of total operational time in the VRPSTW
Proportion of total operational time in the VRPHTW
Proportion of total operational time in the VRPSSTW
Examples of routing plan

Solution representation

Scattered locations in Tokyo network

Scattered locations in Osaka network

XVl

122
123
128
129

130

130

132
133
134
149
152
162
163



ACO

B2B

CDS

CVRP

DTSP
ESPPRC
ESPPRC-TAP

ESPPRCLAP

FLP

GA

JIT

kg

LRP
m-TSP
MDVRP
MP
NP-Hard
PFIH
RMP

SP
SPPRC

TS

TSP
TSPTW
TW
UFT
VRP
VRPB

LIST OF ABBREVIATIONS
Ant Colony Optimization

Business-to-Business Transactions

Cooperative Delivery System

Capacitated Vehicle Routing Problem

Dynamic Travelling Salesman Problem

Elementary Shortest Path Problem with Resource Constraints
Elementary Shortest Path Problem with Resource Constraints and
Time-dependent Arrival Penalties

Elementary Shortest Path Problem with Resource Constraints and
Late Arrival Penalties

Facility Location Problem

Genetic Algorithm

Just-In-Time

Kilogram

Location Routing Problem

Multiple Travelling Salesman Problem

Multi-depot Vehicle Routing Problem

Master Problem

Non-Deterministic Polynomial-Time Hard

Push Forward Insertion Heuristics

Restricted Master Problem

Subproblem

(Non-Elementary) Shortest Path Problem with Resource
Constraints

Tabu Search

Travelling Salesman Problem

Travelling Salesman Problem with Time Windows

Time Windows

Urban Freight Transport

Vehicle Routing Problem

Vehicle Routing Problem with Backhauls

XIX



LIST OF ABBREVIATIONS (CONT.)

VRPDP Vehicle Routing Problem with Delivery and Pickup
VRPHTW Vehicle Routing Problem with Hard Time Windows
VRPPD Vehicle Routing Problem with Pickup and Delivery
VRPSPD Vehicle Routing Problem with Simultaneous Pickup and
Delivery

VRPSSTW Vehicle Routing Problem with Semi-Soft Time Windows
VRPSTW Vehicle Routing Problem with Soft Time Windows
VRPSTWSPD Vehicle Routing Problem with Soft Time Windows and

Simultaneous Pickup and Delivery

XX



