
List of Figures

2.1 Comparision of PEAS and PRAS algorithms for eil51 dataset. . . . 38

2.2 Comparision of PEAS and PRAS algorithms for variable number

of ants for Kroa100 dataset. . . . . . . . . . . . . . . . . . . . . . . 39

2.3 Comparison graph of PEAS and PRAS algorithms for variable num-

ber of punished ants. . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.4 Performance comparison of PLIEAS variants for eil51 dataset. . . . 53

2.5 Performance comparision of PLIRAS variants for st70 dataset. . . . 54

2.6 Performance comparison of PPLIEAS variants for eil51 dataset. . . 58

2.7 Performance comparison of PPLIRAS variants for st70 dataset. . . 60

2.8 Box and Whisker plots showing the distribution of ants selection

for additional reinforcement. . . . . . . . . . . . . . . . . . . . . . . 64

2.9 Box and Whisker plots showing the distribution of ants selection

for additional reinforcement. . . . . . . . . . . . . . . . . . . . . . . 65

3.1 Stages involved in the clustering process. . . . . . . . . . . . . . . . 69

3.2 Hierarchical structure of 2-D data space . . . . . . . . . . . . . . . 72

3.3 Grid structure containing tour lengths. . . . . . . . . . . . . . . . . 79

3.4 GS-ACO algorithm sensitivity to parameters for primary updation. 88

3.5 GS-ACO algorithm sensitivity to parameters for secondary updation. 88

3.6 kM-ACO algorithm sensitivity to parameters for primary updation. 89

3.7 kM-ACO algorithm sensitivity to parameters for secondary updation. 89

3.8 kMed-ACO algorithm sensitivity to parameters for primary updation. 90

3.9 kMed-ACO algorithm sensitivity to parameters for secondary up-

dation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

vi



3.10 DBC-ACO algorithm sensitivity to parameters for primary updation. 91

3.11 DBC-ACO algorithm sensitivity to parameters for secondary upda-

tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.1 The hierarchical planning process in public rail transport. . . . . . . 104

5.2 Train diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3 Train Schedule Diagram. . . . . . . . . . . . . . . . . . . . . . . . . 118

5.4 Performance comparison of basic ant variants for partial double

lines (fixed commercial waiting time). . . . . . . . . . . . . . . . . . 125

5.5 Performance comparison of basic ant variants for partial triple lines

(fixed commercial waiting time). . . . . . . . . . . . . . . . . . . . . 127

5.6 Performance comparison of Punished Ant Systems for partial dou-

ble lines (fixed commercial waiting time). . . . . . . . . . . . . . . . 131

5.7 Performance comparison of PLIEAS variants for partial double lines

(fixed commercial waiting time). . . . . . . . . . . . . . . . . . . . . 132

5.8 Performance comparison of PPLIEAS variants for partial double

lines (fixed commercial waiting time). . . . . . . . . . . . . . . . . . 133

5.9 Performance comparison of PLIRAS variants for partial double lines

(fixed commercial waiting time). . . . . . . . . . . . . . . . . . . . . 135

5.10 Performance comparison of PPLIRAS variants for partial double

lines (fixed commercial waiting time). . . . . . . . . . . . . . . . . . 136

5.11 Performance comparison of primary updation in cluster integrated

ant variants for partial double lines (fixed commercial waiting time). 138

5.12 Performance comparison of secondary updation in cluster integrated

ant variants for partial double lines (fixed commercial waiting time). 140

5.13 Performance comparison of basic ant variants for partial double

lines (variable commercial waiting time). . . . . . . . . . . . . . . . 142

5.14 Performance comparison of basic ant variants for partial triple lines

(variable commercial waiting time). . . . . . . . . . . . . . . . . . . 143

5.15 Performance comparison of Punished Ant Systems for partial dou-

ble lines (variable commercial waiting time). . . . . . . . . . . . . . 146

vii



5.16 Performance comparison of PLIEAS variants for partial double lines

(variable commercial waiting time). . . . . . . . . . . . . . . . . . . 147

5.17 Performance comparison of PPLIEAS variants for partial double

lines (variable commercial waiting time). . . . . . . . . . . . . . . . 149

5.18 Performance comparison of PLIRAS variants for partial double lines

(variable commercial waiting time). . . . . . . . . . . . . . . . . . . 150

5.19 Performance comparison of PPLIRAS variants for partial double

lines (variable commercial waiting time). . . . . . . . . . . . . . . . 151

5.20 Performance comparison of primary updation in cluster integrated

ant variants for partial double lines (variable commercial waiting

time). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.21 Performance comparison of secondary updation in cluster integrated

ant variants for partial double lines (variable commercial waiting

time). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

viii



List of Tables

1.1 An overview of the prominent ACO algorithms for NP-hard prob-

lems available in the literature. . . . . . . . . . . . . . . . . . . . . 21

1.2 Applications of ACO algorithms to standard NP-hard problems. . . 23

1.3 Applications of ACO algorithms to non-standard NP-hard problems. 24

2.1 Datasets for ACO algorithms. . . . . . . . . . . . . . . . . . . . . . 33

2.2 Performance comparision of PEAS and PRAS for various datasets

with other variants of ant algorithm. . . . . . . . . . . . . . . . . . 34

2.3 Parameter details for PEAS and PRAS . . . . . . . . . . . . . . . 39

2.4 Performance comparasion of Influential Ants on various datasets. . 49

2.5 Parameter details for PLIEAS and PLIRAS . . . . . . . . . . . . . 52

2.6 Performance comparision of Punished Influential Ants on various

datasets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.7 Parameter details for PPLIEAS and PPLIRAS . . . . . . . . . . . 59

2.8 Average Ants Selection for Influential Ants . . . . . . . . . . . . . 61

2.9 Average Ants Selection for Punished Influential Ants . . . . . . . . 61

3.1 Performance comparison of cluster integrated ACO algorithms for

primary updation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.2 Performance comparision of cluster integrated ACO algorithms for

secondary updation. . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.1 Planning levels in train transport. . . . . . . . . . . . . . . . . . . . 108

5.2 ACO variants used to analyze the train scheduling model. . . . . . 120

5.3 Performance of basic ant variants for fixed commercial waiting time. 124

ix



5.4 Performance of punished and performance linked ACO variants on

Train Scheduling Problem for fixed commercial waiting time. . . . . 129

5.5 Performance of cluster integrated ACO variants on Train Schedul-

ing Problem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.6 Performance comparison of basic ant variants on Train Scheduling

Problem with varying commercial waiting time. . . . . . . . . . . . 141

5.7 Comprehensive performance comparison of new ACO variants on

Train Scheduling Problem. . . . . . . . . . . . . . . . . . . . . . . . 144

x



List of Algorithms

1 Evolutionary Computation . . . . . . . . . . . . . . . . . . . . . 9

2 Tabu Search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Simulated Annealing . . . . . . . . . . . . . . . . . . . . . . . . . 12

4 Ant Colony Optimization . . . . . . . . . . . . . . . . . . . . . . 15

5 Punished Ant Colony Optimization . . . . . . . . . . . . . . . . 30

6 Performance Linked Elitist Ant Colony Optimization . . . . . . . 45

7 Punished Performance Linked Elitist Ant Colony Optimization . 48

8 k-Means Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 73

9 k-Medians Algorithm . . . . . . . . . . . . . . . . . . . . . . . . 74

10 DBSCAN Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 76

11 Cluster Integrated ACO Algorithm . . . . . . . . . . . . . . . . . 78

12 Modified DBSCAN Algorithm . . . . . . . . . . . . . . . . . . . 81

13 Ant Based Train Scheduling Problem Algorithm . . . . . . . . . 118

xi



Abbreviations/Notations

α Pheromone amplification factor

β Visibility amplification factor

χiter Set of solutions in a iteration

∆ Minimum headway time

ǫ Radius of the circle

η Visibility

λ Branching factor

µ Ranking index

Φ Time to cover single line

ρ Pheromone persistent factor

τ Pheromone strength

Υ Commercial waiting time

Cw Cluster labeled with w

Lk Tour Length of kth ant

Lgb Global best tour length

mw Mean of the cluster labeled with w

xii



Nǫ(x) Neighborhood points of x within the ǫ distance

sbsi Best solution in a cluster i

sbs Best solution in an iteration

Tdown Set of trains moving in down directions

Tup Set of trains moving in up directions

A Arrival time

ABC Artificial Bee Colony

ACO Ant Colony Optimization

ACS Ant Colony System

AS Ant System

ASOD Average Sum of Difference

B Grid blocks

CI Confidence Interval

CO Combinatorial Optimization

CRP Crew Rostering Problem

D Departure time

d(x, y) Distance between x and y points

DBC-ACO Density Based Clustered ACO

DBSCAN Density Based Spatial Clustering of Applications with Noise

Dst Destination station

e Number of elitist ants

xiii



EA Elitist Ant

EC Evolutionary Computation

ELU Exponential Local Update

EP Evolutionary Programming

ES Evolutionary Strategies

GA Genetic Algorithm

GLS Guided Local Search

GS-ACO Grid Structured ACO

IA Influential Ants

ILS Iterated Local Search

IR Indian Railways

kM-ACO k-Means ACO

kMed-ACO k-Medians ACO

L Set of lines

LSH Local Heuristics Search

m Number of ants

MeTS Median Tour Selection

MMAS Max-Min Ant System

MMAS+GB MMAS with Global best updation

MMAS+GB+PTS MMAS with Global best updation and Pheromone trial

smoothing

xiv



MMAS+IB+PTS MMAS with Iteration best updation and Pheromone trial

smoothing

MRTS Mid - Range Tour Selection

MTS Mean Tour Selection

n Number of cities/trains

OD Origin-Destination

OP Orienteering Problem

Org Origin station

PEAS Punished Elitist Ant System

PESP Periodic Event Scheduling Problem

PLEAS Performance Linked Elitist Ant System

PLIEAS Performance Linked Influential Elitist Ants System

PLIEASM Performance Linked Influential Elitist Ant Sytem - Mean

PLIEASMed Performance Linked Influential Elitist Ant Sytem - Median

PLIEASMR Performance Linked Influential Elitist Ant Sytem - Mid-

Range

PLIRAS Performance Linked Influential Rank Ants System

PLIRASM Performance Linked Influential Rank Ant Sytems - Mean

PLIRASMed Performance Linked Influential Rank Ant Sytems - Median

PLIRASMR Performance Linked Influential Rank Ant Sytems - Mid-

Range

PLRAS Performance Linked Rank Ant System

xv



pml Partial multiple lines

PPLIEAS Punished PLIEAS

PPLIRAS Punished PLIRAS

PRAS Punished Rank Ant System

QAP Quadratic Assignment Problem

RA Rank-based Ant System

RAS Rank Ant System

S Set of stations

SA Simulated Annealing

STING Statistical Information Grid

T Set of trains

TCT Total Conflict Time

TL Tour length

TS Tabu Search

TSOG Train Schedule Order Graph

TSP Traveling Salesman Problem

VNS Variable Neighborhood Search

xvi


