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Abstract

This theoretically practical thesis relates to the field of subset selection routing
problems, in which there are a set of customers available to be serviced and deci-
sions of which customers to service and how to carry out the service are required.
We develop models for problems of this kind, particularly accounting for customer
service in decision making. We consider possibilities that relate to not servicing
customers, or servicing them poorly with respect to their desired service, and we
model some possible implications of these decisions. We consider different con-
straints that may appear within these problems and exploit these within an overall
model for a problem which we term the Maximum Collection Problem.

We develop effective, generic solution methods for these problems and tailor
specific routines to certain types of problem. We devise new methods for generating
problems with specific characteristics and we use these to test the effectiveness of
our methods. We extensively test our methods, identify shortcomings of existing
methods and develop new methods for overcoming the identified weaknesses of the
methods.

We introduce a new version of subset selection routing problems, involving deci-
sion making in dynamic situations. We create models involving next day and same
day service and develop fast, practical methods for obtaining effective solutions to
these problems and test their effectiveness and robustness on a number of varied

test problems.

il



v




Acknowledgements

As with all theses, there has to be a lot of support in order for the completion of
the thesis to be more than just a pipedream. I would like to thank everyone who
has contributed in whatever way, be it encouragement or whether their disparaging

remarks have hardened my resolve to complete this puppy.

All up then, I would like to particularly thank:

e my parents, Syd and Cela, for their emotional and financial support.

my chief supervisor John Giffin for his philosphical and whimsical support.
Plus I would like to thank my other supervisors, Chin Diew Lai and Mark
Bebbington for their signatorial support.

Mark Johnston for his technical and practical support.

e Ron Diamond @ www.rondiamond.com for his acoustic support.

Stephen and Debra White, and family, for their nutritional and accommoda-

tional support.

the Villa, Braves, Rams, Colts and White Sox for giving me a reason to come
to Massey each day, which had a positive externality of me getting some work

done.






Table of Contents

Acknowledgements v

Table of Contents vii

List of Figures xi

List of Tables XV

List of Algorithms xix

1 Introduction 1

2 Fundamentals of VRSPs 3
2.1 Exact Solution Methods . . . . . ... .. ... ... ... .......

2.2 Basic Heuristic Techniques for VRSPs . . . . .. . ... ... .... .. 7

2.3 Local Search and Metaheuristics . . . .. . ... ... ... ....... 14

3 Subset Selection Routing 21

3.1 Previous Problems . . . . . . . . ... .. chiie e s e e e w @ seas s 21

8.1:1 Tiine Censtrdified STHSEE ROUHRE = w50 5 » w5 « mmun o v 21

3.1.2 Reward Constrained Subset Routing . . . . ... .. .. ... .. 31

3.1.3 General Versions of Subset Routing . ... ............ 33

3.2 Possible Extensionsof the OP . . . . . . . .. ... ... ......... 37

3.2.1 Computational Resultsi. . . .« s o 6 wm & o 5 5 s o & 5 s @ s 41

38 Conclusions . . . . . . . . .. . 56 s s 6 e e s S wE 0 S E @ e 6 e 48

vil



4 Time Concerns

4.1

4.2

4.3

4.4

4.5

Time Windows . . . . . . . . . . ...
4.1.1 Generalizations of the Time Windows . . . . ... ... .. ...
Time-Dependent Rewards . . . . ... ... ... .. ... ........
4.2.1 Critique of Previous MCPTDR Solution Methods . . . . . . . ..
Other Time Considerations . . . . . . .. . . .. ... .. ... .....
Implications of the Time Constraints . . . . . . ... ... .. ... ...
4.4.1 Implications of Time Windows . . . . .. .. ... ........
4.4.2 Implications of Time-Dependent Rewards . . . . . ... .. ...

@ombinmEISTEICONSITAINDE « « m% & 5 d 5= = 6 b4 & & 2 5% e & &S &

5 General Tasks

5.1

5.2

5.3

5.4

6 The
6.1

6.2

Background! . . . . . . .. . s ussmwn s o w8 e w e e § 8 GHE A
5.1.1 Definitionofa Task . . ... ... ... ... ... ........
5.1.2 Definition of the Distance between Tasks . . . .. ... ... ..
General Forms of Tasks . . . . . . . . . . . . ... .. ...,
5.2.1 Series of pick-ups and deliveries . . . . . ... ... .. ......
5.2.2 Routing Decisions within the Task . . . ... ... ... .....
0283, SubsetdSelectiony s wim v s s w Ewm s F s EBE S E S S 4N KA E B
52:4 SplityTasks) . . . = wne s @ & 5 e o & 5 Wik 5 @ G060 = &S 8 & B §
59215 BreemptiveRTasSkSl u.siw o m = momeoms @ o muss @ 5 s & @505 = 5 @6t 8
Consequences of Type of Task . . . . . . ... ... ... .........
5.3.1 Construction Methods . . . . ... ... ... ...........
5.3.2 Intra-Route Improvement Techniques . .. . ... ... .. ...
5.3.3 Inter-Route Improvement Techniques . . . . . .. . .. ... ...
5.3.4 Specific Moves for the Task Problems . . . ... ... ......

Computational Results . . . . . ... ... ... ... ... ........

Combined Problem

A Classification Scheme for the MCP . . . . . .. .. ... ........
6:1.1 Addresses s siw o5 s s s s S E ARG RS e YRR §E e
6:51.2  Vehicles: . & sugs o 5 @ st © « ¢ owow 5 BN B % 6 S B BRI 6 % N G s
6.1.3 Rroblem;CharaCteristies » u » wimms x # mys: = @ wum & @ wnos & © G ¥
6.1.4 Objectives. . . . . . . v v i e e e e e e e e e
65125 ExampleS] « i o s s i v 5 an 00 ¥ 4 0 5 YA VA S 48 w5
6.1.6 Additional Features uus o o 4 wwve o % v 5 % Gw w 5 409 & @ 908 §
Individual Components of the MCP . . . . .. ... ...........

viil

51
51
56
60
63
67
69
69
72
76



6.2.1 General Formsof Tasks . . . . . . . . . v i v v v v v i u . 122

6.2.2 Time-Dependent Rewards . . . ... ... ............. 125

6:3 SolutionMethods . . . . . . . s @ s s v o 86 @k 66 % 55 e es i 134
6.8.1 |Construction Methods . «.« « & 5 ww s » & ww & & w o & © 3w & @ 135
6.3.2 Improvement Methods . . . .. ... ... .. ... ........ 137
6.3.3 Including Non-Compulsory Waiting Times . . . . . .. ... ... 145

6.3.4 Implementing the Improvements . . ... ... .......... 151

6.4 Revisiting Models for Non-Service . . ... ... ... .......... 155
7 Problem Generation Methods 165
7.1 Previous Problem Generation Methods . . . . . . ... ... ....... 165
7.1.1 Time Window Generation . . . . . . ... ... . ... ...... 166

7.1.2 Subset Selection Problem Generation. . . . .. ... ....... 171
7.1.3 Generation of Task Problems . . .. ... ... .......... 175
7.1.4 Assessment of Previous Approaches . . . ... .......... 176

7.2 Generating Test Problems . . . . . .. ... ... ... .. ........ 178
7.2.1 Generating OPTW Instances . ... ... .. ¢ oovveusonon 182

722 Generating TRCP Instanees . = : ww v 5 5 @ ¥ v % % ¢ & % @i § % % 185

7.2.3 Generating MCPTDR Instances . . « « « o s o « v s 0 s 00 ¢ o o 187

7.24 Generating MCP Instances . . ... ... ... oo oveue.. 189

8 Computational Results 191
8.1 Preliminary Testing . . . . . . . . .. ... . 192
8.1mly BTHEORIRW . . a2 5 5 5 h BE @ o o e 5 5 o et e & o B 55 013 192
Sale? MEOTBICR susmaws®s vesemsnss bsbssyasss s 205
S8iE3. ERheMERMIR - - o s s f S e s B E PR e e B b E e s o 218
8.1.4 The Combined MCP . . . ... ... ... ... .......... 233

82 EuntherrTestimil J b . - . . & 5 me w6 s 5 o 600 e s 645006 5 5 & 249

8.2.1 Comparing New Heuristics with Previous MCPTDR Heuristics . 249
8.2.2 Testing the Absolute Quality of OPTW and MCPTDR Solutions 254

8.2.3 Testing Tabu Search Methods for the MCPTDR . . .. ... .. 278

8.2.4 Clustered OPTW and MCPTDR Problems .. ... ....... 286

8.2.5 Testing Tabu Search Methods for the TRCP . . . ... ... .. 302

8.2.6 Testing Tabu Search Methods for the Combined MCP . . . . . . 324

9 Dynamic Subset Selection Routing 329
9.1 Previous Work on Dynamic Vehicle Routing Problems . . . .. ... .. 330
9.2 Modelling Dynamic Subset Selection Routing . . . .. .. ... ... .. 334

X



9.3 Next Day Dynamic Subset Selection . . . . ... .. ... ........ 340

9:3:11 TheDynamiciOP . . . . . . . sss% ss st s tim s 3e 55 4 343

982 Bhe DynamieOPTWI . . . . & s 5w w s s @ e w5 & o & € 369

9.4 Same Day Dynamic Subset Selection . . . . ... ............. 398
9.5, Conclusions . . . . . . . . . . ... . owE A s s EE § s e e E e 419

10 Conclusions and Recommendations 423
10.1 Future Work . . . . . . . . e e e e e e e e e 433

A Additional Results from Testing 437
B Description of Statistical Methods 455
Bibliography 459




2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

3.1
3.2
3.3

4.1
4.2
4.3

5.1
5.2
5.3
5.4
5.5
5.6
5.7

6.1

List of Figures

Inserting a Customer . . . . . . . .. ... ... ... 8
An Exampleof a 2-Exchange . . . .. . ... ... .. .......... 10
An Example of a k-Or-Exchange . . i 5 & ww o & 5 5o 5 & % 5o & & @ o 10
An Example of an Inter-Route Move . . .. ... ............ 11
An Example of an Inter-Route Exchange . . . .. ... ... ...... 11
An Example of a Cross-Exchange . . . ... ............... 11
The Lexicographic Search for the 2-exchange . . . . .. . ... ... .. 12
An Example Solution Landscape for Local Search . . . . ... ... .. 15
Possible Effects of the OPC Formulation . . ... ... ......... 40
First Non-Inferior OPC Solution . . . . . . ... .. ... ........ 46
Second Non-Inferior OPC Solution . . . ¢ v oo v v v v v v vwoonns 46
A Small Example of the MCPTDR . . ... ............... 65
A Network for the MCPTDR . . . ... .. ............... 66
Headrooms for a Vehicle Route . . ... ................. 70
An Example of Incompatible Tasks . .. ... ... ... ........ 91
An Example of the Basic Task . . . . .. ... ... ... ........ 92
An Example of a Task with Selection Components. . . . .. ... ... 93
An Example of a Split Task . . . . ... ... ... ... ........ 94
An Example of Preemptive Tasks . . .. ... .. ............ 96
An Example of a Task Insertion . . . .. ... .............. 97
Generalized 2-Exchange . . . . . .. . ... ... ... .......... 100
Our General Formof Tasks . . . . . ... ... ... ... ........ 122

xi



6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12

7.1
2
7.3
7.4
7.5

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18

9.1

Our Piecewise Linear Reward Function . . . . ... ... ... ... ..
A Hierarchy'of Problems . . . . . .. . ssssmessne st mmsss
Contour Plot of the TASKTDR Function . . . . ... ... .......
An Example Iteration of Or-Exchange . .. ... ............
An Improvement found through Double Insert . . . . .. ... ... ..
A Generalized DoubleInsert . . . . . ... ... .. ...........
An example of a Move Used by 2-opt* . . ... ... ..........
Path Reduction Employed for Waiting Time Inclusion . ... ... ..
Eligible Positions for Waiting Time Insertion . . . . . . . ... ... ..
Subset Selection Modelled as a TDR Function . . . . .. .. ... ...
Small Network for OPTW . . . ... ... ... ... ..........

Solomon’s Clustered Data Sets . . . . . ... ... ............
ASimpleCluster . . .. ... .  45fdcme 5% s m s 3% 058 aur oo
Levels of Consideration for Generation Methods . . . . . .. ... ...
Generation Process for a Small OPTW Example . . . . . ... ... ..

Base Route for Assigning Task Constraints . . . . . ... ... .. ...

Tabu Search Solution for Problem 2093 . . . . . . ... ... ......
Solution found by REWAPP, CHEAP and ARTIF for Problem 2093 . . .
AtMax Solution for Problem 2093 . . . . .. ... ... .........
Reward Function for Testing . . . . .. ... ... .. ..........
Solution Quality vs Artificial Window Setting . . . .. ... ... ...
Initial Solution for TADAPT - Reward = 1855.736 . . . . .. ... . ..
Final Solution for TADAPT - Reward = 2613.993 ... ... ... ...
Test Problem 34 for the TRCP . . ... .. ... ... .........
Test Problem 36 for the TRCP : wiws ¢ v o5 wda s 9o 64 @6 & &
Solution found by TABUIMP for Test Problem 34 . .. ... .. .. ..
Solution found by the TABUMOVE for Test Problem 34 . . . . . . . ..
Solution found by the TABUIMP for Test Problem 36 . . . ... .. ..
Solution found by the TABUMOVE for Test Problem 36 . . . . . . . ..
Test Problem 174 . . . . . . . . . . . e
Solution Obtained by TABUIMP for Test Problem 174 . . . . . . . . ..
Test Problem 176 . . . . . . . . . ... ... ... .
Solution Obtained by TABUIMP for Test Problem 176 . . . . . .. . ..

Possible Solution Routes . . . . . . . . . . . . .. ...

xii



9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
9.11
9.12
9.13
9.14
9.15
9.16
9.17

B.1
B.2

DOP Solution found by MAXGAIN for Problem 3 . . ... ... ... . 399

DOP Solution found by B4B.5 for Problem 3 . . ... .. .. .. ... 360
DOP Solution found by TSP for Problem3 . . . ... .. ....... 361
DOP Solution found by B4B.5 for Problem 60 . . . . . . ... ... .. 362
DOP Solution found by TSP for Problem 60 . . . . .. ... ...... 362
DOP Methods Applied to the DOPTW with Wide TWs . . . ... .. 373
New Methods Applied to the DOPTW with Wide TWs. . . . .. ... 375
Worst Found Solution by RRAT0.7 . . . .. ... ... ......... 380
DOP Methods Applied to the DOPTW with Medium TWs. . . . . . . 384
New Methods Applied to the DOPTW with Medium TWs . . . . . .. 385
Solution Obtained by MAXGAIN for Problem 34 . . . . . ... ... .. 389
Solution Obtained by NRED1.1 for Problem 34 . . ... ... ... .. 390
DOP Methods Applied to the DOPTW with Narrow TWs . . ... .. 393
New Methods Applied to the DOPTW with Narrow TWs . . . .. .. 394
Solution Obtained by THRATO0.7 for Problem 74 . .. ... ... ... 417
Solution Obtained by B4BTOUR for Problem 74. . . . . ... ... .. 418
Histogram and Normal Plot for Class 2 . . . . . . ... ... ...... 456

Histogram and Normal Plot for Class 4 . . . . . . ... ... ...... 456

xiil



Xiv



3.1
3.2

4.1

4.2
4.3
4.4

5.1
5.2
5.3

6.1
6.2

7.1
7.2

8.1
8.2
8.3
8.4
8.5
8.6
8.7

List of Tables

An Example Solution for the OPC . . . . .. ... ... ... ..... 45
Collated Results for OPC Instances . . . . . . . . . . . . ... ..... 47

Mean Reward Over 50 Instances of Time-Dependent Rewards for Each

Method . . . . . . . . . L 80
Mean Waiting Times Over 50 Instances . . . . . . ... ... ...... 82
Mean Number Waiting Over 50 Instances . . . . . . . . ... ... ... 82
Mean Number in the Solution Over 50 Instances . . . . . .. ... ... 82
Initial Solutions for a Problem Instance . . . . . . . ... ... ... .. 106
Post-Splitting Solutions for a Problem Instance . . ... ... ... .. 107
Table of Results for Split Loads . . . .. .. .. ... .......... 107
Classification of Typesof MCP . . . . . . . ... ... ... ...... 121
Results of Solution Methods for NET REWARD . . . . .. ... ..... 161
van Landeghem’s Classification of VRPTW Problems . . . . . ... .. 171
Average Lengths of TSP Tours Obtained . . . . . . .. ... .. .... 182
Results from Preliminary Testing for OPTW Instances . . . . ... .. 197
Testing Improvement Routines for OPTW Instances. . . . . . ... .. 200
Testing Search Strategies for OPTW Instances . . . . . . ... ... .. 203
Results from Preliminary Testing for TRCP Instances. . . . . . . . .. 212
Testing Search Routines for TRCP Instances . . . . . . . ... ... .. 217
Results from Testing MCPTDR Instances - Typel . . ... ... ... 223
Results from Testing MCPTDR Instances - TypeII. . . . . ... ... 224

XV



8.8

8.9

8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
8.21
8.22
8.23
8.24
8.25
8.26
8.27
8.28
8.29
8.30
8.31
8.32

8.33
8.34
8.35
8.36
8.37
8.38
8.39
8.40

9.1
9.2

Overall Computational Requirements of MCPTDR Heuristics . . . . . 226

Mean Rewards with Estimated Evaluation . . . . ... ... ... ... 229
Mean Rewards with Exact Evaluation. . . . . . ... ... ... .... 229
Mean Rewards with Different Search Strategies - Type I Rewards . . . 231
Mean Rewards with Different Search Strategies - Type II Rewards . . . 232
Testing Methods Reward Type I for Combined MCP . . . . . ... .. 238
Testing Methods Reward Type II for Combined MCP . . . . . .. . .. 239
Overall Computational Requirements of Combined MCP Heuristics . . 239
Testing Search Routines for Reward Type I for Combined MCP . . . . 242
Testing Search Routines for Reward Type II for Combined MCP . . . 243
Testing Methods for General Tasks with Reward TypeI ... ... .. 247
Testing Methods for General Tasks with Reward Type I . . . . . . .. 248
Testing Methods on Erkut’s Data . . . . .. ... .. ... ....... 251
Testing Methods on Erkut’s Data - Extended . . .. ... ... .. .. 252
Number of Optimal Solutions Found —n =20 ... ... ....... 258
Average Proportion of Optimal Objective Value Found —n =20 . .. 260
Results from Varying the Artificial Time Windows . . . ... ... .. 269
Number of Optimal OPTW Solutions Obtained -n =20 . .. ... .. 274
Comparison of MCPTDR and OPTW Tabu Search Implementations . 277
Heuristic Results with Non-zero Initial Rewards . . . . . . .. ... .. 280
Results from testing Tabu Search Methods with Non-zero Initial Rewards 282
Comparison of Standard Tabu Search with Artificial Time Windows. . 284
Testing Clustered OPTW Instances . . . . . ... ... ......... 287
Testing Construction Techniques for Clustered MCPTDR Instances . . 290
Results from Different Tabu Search Implementations for Clustered MCPTDR

Instances . . . . . ... . . .. ... ... ... imemE EE s s e 298
Summary of Section and Task Lengths Generated . . . . ... ... .. 304
Mean Reward and Computational Time for TRCP with 40 points . . . 309
Mean Reward and Computational Time for TRCP with 60 points . . . 310
Mean Reward and Computational Time for TRCP with 80 points . . . 310
Mean Reward and Computational Time for TRCP with 100 points . . 311
Load Data Obtained from Classes with N=2and L =2 ...... .. 317
Mean Reward and Computational Time for the MCP with 40 points . 326
Mean Reward and Computational Time for the MCP with 60 points . 328
Results from Preliminary Testing for the DOP . . . . . . ... ... .. 349
Testing New Methods for the DOP . . . . ... ... .......... 356

XVl



9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
9.11
oIy
9.13
9.14
9.15
9.16
9.17

9.18
9.19

Al
A2
A3
A4
A5
A6
A7
A8
A9
A.10
All
A2
A3
A.14
A.15

A.16

Average Performance for first Problem Class . . . . .. ... ......
Performance on Special DOP Data . . ... ...............
Average Number of Customers with Penalty Exceeding Reward . . . .
Performance on DOP Data with Rewards Based on Travel Times . . .
Results from Preliminary Testing for the DOPTW - Wide TWs . . . .
Testing New Methods for the DOPTW - Wide TWs. . . .. ......
Worst-Case Performance for the DOPTW - Wide TWs . . . . ... ..
Results from Preliminary Testing for DOPTW - Medium TWs . . . . .
Testing New Methods for the DOPTW - Medium TWs . . . . ... ..
Worst-Case Performance for the DOPTW - Medium TWs . . ... ..
Results from Preliminary Testing for DOPTW - Narrow TWs . . . . .
Testing New Methods for the DOPTW - Narrow TWs . . . ... ...
Worst-Case Performance for the DOPTW - Narrow TWs . . . ... ..
Performance for the DMCPTDR - No Penalties . . .. ... ......
Performance for the DMCPTDR with Non-uniform Reward - No Penal-

Performance for the DMCPTDR - Infinite Penalties . . . . . ... ...
Performance for the DMCPTDR with Non-uniform Reward - Infinite

Penalties . . . . . . . . .. e e e

Testing Improvement Routines for TRCP Instances . . . ... ... ..
Improvement Routines for MCPTDR Instances - Type I . . ... ...
Improvement Routines for MCPTDR Instances — Type IT. . . . .. ..
Testing Improvement Routines for Reward Type I for Combined MCP
Testing Improvement Routines for Reward Type 11 for Combined MCP
P-Values for Differences on Erkut’s Data-Set1 . ... ... ......
P-Values for Differences on Erkut’s Data - Set IT. . . . ... ......
Number of Optimal Solutions Found —n =40 . ............
Average Proportion of Optimal Objective Value Found — n =40 . . .
Proportion of Optimal Solutions Found —n =60 . . . . .. ... ...
Average Proportion of Optimal Objective Value Found — n =60 . . .
Proportion of Optimal Solutions Found —n=100 ... ... ... ..
Average Proportion of Optimal Objective Value Found — n = 100
Number of Optimal Solutions Found in Subset — n =100 . ... .. .
Average Proportion of Optimal Objective Value Found in Subset — n =
100 . . . e e e e
Number of Optimal OPTW Solutions Obtained -n =40 . ... .. ..

X Vil

409
414

416

438
439
440
441
442
442
443
444
445
446
447
448
449
450

451
452



A.17 Number of Optimal OPTW Solutions Obtained - n = 60
A.18 Number of Optimal OPTW Solutions Obtained - n = 100

XVviil



2.1
2.2

3.1

4.1

6.1
6.2
6.3
6.4

8.1
8.2
8.3

9.1
9.2
9.3

List of Algorithms

function INSERTION . . . . . . . . . o i i i e i e e s e e e e e e e 9
function LEXICOCROSS . . .+ v v v v v o e e e e e e e e e e e e 13
function OPCB4B . . . . . . . . . . . e e e 43
function ARTIFINSERT . . . . & . v v v i v e e e e e e e e et e e e as 79
function RIDECONSTANT2EX . . . v v v v v v v e e e e e e e e e e e 133
function STEEPEST ASCENT . . . . v v v v v e e e e e e e e e e e e 151
function RANDOMCONSTRUCT . . + « « « 4 v v v o e e e e e e e e a s 152
function TABUIMP . . . . . . . . . i i e e e e e e e e e e e e 154
function CLUSTERING . . . .« v v v v ot e e e e e e e e e e e e e 210
function ATMAX s s ws s 25 5 e s 8 65 55 Ris B8 sl d s & 855 5 3 256
function TADARH 5 « s « & & st © o S0 55 6 & G 5 & 8 sl 5 % e 5 W 293
function MAXGAIN . . . . . . . e e e e e e 345
function SAME-DAY APPEND . . . . v v v v v v e e e e e e e e e 402
function SAME-DAY ROUTE . . . . .. . . .. . .« v, 404

X1X








