Contents

Part I FUNDAMENTALS

1

Preliminaries .......... .. .. . 3
1.1 Mathematical notation ............ .. .. .. . .. . .. 3
1.1.1 Setsand vectors. .........c.oouuiiiiiniinnnn. 3
1.1.2  Sequences ... ... e 4
1.1.3 Functions .......... ... ... 5
1.1.4 Logical notation......... ... .. .. .. 5
1.1.5 Other notation . ........... .. .. . .. 6
1.2 Basic definitions and results ......... ... ... ... . oL 6
1.3 Bibliographic notes ........... .. i 13
Problems and algorithms .......... .. .. .. ... .. .. ... .... 15
2.1 Decision and optimization problems.............. ... .. ... .. 15
2.1.1 Encoding schemata .......... ... .. ... ... . ... .. 16
2.1.2  Undecidable and decidable problems ................. 17
2.2 Basic concepts related to algorithms ............. ... ... ... 17
2.2.1 Time and space complexity of algorithms............. 18
2.2.2 Polynomial-time algorithms.............. ... ... ... 18
2.2.3 Exponential-time algorithms ........................ 19
2.2.4 Pseudopolynomial-time algorithms................... 19
2.2.5 Exact algorithms ........ .. .. ... .. i 19
2.2.6 Enumerative algorithms ........... ... .. ... ... ... 20
2.2.7 Branch-and-bound algorithms................. ... ... 20
2.2.8 Dynamic programming algorithms ................ ... 20
2.2.9 Approximation algorithms .. ........................ 21
2.2.10 Approximation schemata ................ ... ... ..... 22
2.2.11 Offline algorithms vs. online algorithms .............. 22
2.2.12 Heuristic algorithms ......... .. .. . ... ... ... ... 23
2.2.13 Greedy algorithms . ......... ... ... i, 23
2.2.14 Local search algorithms ............... ... ... ...... 24



XII

Contents
2.2.15 Metaheuristics ......... ... 24
2.2.16 The presentation of algorithms ............ ... ... ... 24
2.3 Bibliographic notes ........... ... .. i 26
NP-complete problems . ..................c.cciiiii... 27
3.1 Basic definitions and results ............... ... .. .. ... 27
3.2 Examples of N'P-complete problems ....................... 31
3.3 Bibliographic notes .......... . .. .. i 33
Basics of the scheduling theory ............................ 35
4.1 Parameters of the scheduling problem ...................... 35
4.1.1 Parameters of the set of jobs........................ 35
4.1.2 Parameters of the set of machines ................... 36
4.1.3 Parameters of the set of resources ................... 38
4.2 The notion of schedule . .......... ... ... ... ... ... ... ... ... 39
4.2.1 The presentation of schedules ....................... 40
4.2.2 Parameters characterizing a job in schedule ........... 40
4.2.3 Typesofschedules............ ... ... ... ........... 41
4.3 The criteria of schedule optimality .......... ... ... ... .... 43
4.4 Notation of scheduling problems............. .. ... ... .... 45
4.5 Bibliographic notes .......... ... .. 46
Basics of time-dependent scheduling ....................... 47
5.1 The scheduling theory vs. time-dependent scheduling......... 47
5.1.1 Scheduling multiprocessor tasks ............... ... ... 48
5.1.2 Scheduling on machines with variable processing speeds 48
5.1.3 Scheduling jobs with variable processing times ........ 48
5.2  Formulation of time-dependent scheduling problems.......... 49
5.3 Terminology and notation ................. ... .. ... ... .... 51
5.4 Applications of time-dependent scheduling .................. 53
5.4.1 Scheduling problems with deteriorating job processing
BIMeS .« oo 53
5.4.2 Scheduling problems with shortening job processing
BIMES .« oo 54

5.4.3 Other examples of time-dependent scheduling problems 54
5.4.4 Scheduling problems with time-dependent parameters .. 55
5.5 Bibliographic notes ....... ... . .. .. i 56

Part II COMPLEXITY

6

Single-machine time-dependent scheduling................. 59
6.1 Minimizing the maximum completion time.................. 59
6.1.1 Proportional deterioration .......................... 59

6.1.2 Proportional-linear deterioration .................... 66



Contents XIII

6.1.3 Linear deterioration ................. ... ... .. ...... 67
6.1.4 Simple non-linear deterioration...................... 75
6.1.5 General non-linear deterioration..................... 78
6.1.6 Proportional-linear shortening ...................... 89
6.1.7 Linear shortening........... .. .. . .. .. . .. . ... 90
6.1.8 Non-linear shortening . ............. ... .. ... .. .... 100
6.2 Minimizing the total completion time ................... ... 103
6.2.1 Proportional deterioration .......................... 103
6.2.2 Proportional-linear deterioration .................... 106
6.2.3 Linear deterioration ............. .. .. .. .. .. . ... 106
6.2.4 Simple non-linear deterioration...................... 111
6.2.5 General non-linear deterioration . .................... 112
6.2.6 Linear shortening.......... ... ... .. .. .. ... 114
6.3 Minimizing the maximum lateness ......................... 118
6.3.1 Proportional deterioration ............... .. ... .. .... 118
6.3.2 Proportional-linear deterioration .................... 118
6.3.3 Linear deterioration ................. ... ... ... ..., 119
6.3.4 Simple non-linear deterioration...................... 121
6.3.5 General non-linear deterioration..................... 122
6.3.6 Linear shortening........... .. .. . .. .. . ... ... 122
6.4 Other criteria ...... ...t 123
6.4.1 Proportional deterioration ................ ... .. ..., 123
6.4.2 Proportional-linear deterioration .................... 126
6.4.3 Linear deterioration ............. .. .. ... .. ... ... .. 128
6.4.4 Simple non-linear deterioration...................... 135
6.4.5 General non-linear deterioration..................... 137
6.4.6 Proportional-linear shortening ...................... 142
6.4.7 Linear shortening........... ... ... .. .. .. ... .. .. .. 142
6.5 Summary and tables ........ .. .. i 147
Parallel-machine time-dependent scheduling ............... 155
7.1 Minimizing the maximum completion time.................. 155
7.1.1 Proportional deterioration .......................... 155
7.1.2 Linear deterioration ........... ... .. .. .. .. .. ... ... 158
7.1.3 Linear shortening. ........... .. .. .. . .. .. 159
7.2  Minimizing the total completion time ...................... 160
7.2.1 Proportional deterioration .......................... 160
7.2.2 Linear deterioration .............. .. .. ... .. .. .. ... 162
7.2.3 Simple non-linear deterioration................ ... ... 163
7.2.4 Linear shortening. ........... .. .. .. . .. . .. 163
7.3 Other criteria ... 164
7.3.1 Proportional deterioration .......................... 164
7.3.2 Linear deterioration ...................cciiiiii.... 165

7.4 Summary and tables ........ ... . i 167



XIvV

Contents
Dedicated-machine time-dependent scheduling............. 171
8.1 Minimizing the maximum completion time.................. 171
8.1.1 Proportional deterioration .......................... 171
8.1.2 Proportional-linear deterioration .................... 177
8.1.3 Linear deterioration ............. .. .. .. .. .. . ... 180
8.1.4 Simple non-linear deterioration...................... 184
8.1.5 Proportional-linear shortening ...................... 186
8.2  Minimizing the total completion time ............ ... ... ... 186
8.2.1 Proportional deterioration ................. ... .. .... 186
8.2.2 Linear deterioration ............. .. .. .. .. .. ... 189
8.2.3 Proportional-linear shortening ...................... 191
8.3 Minimizing the maximum lateness ............... ... ... ... 192
8.3.1 Proportional deterioration .......................... 192
8.3.2 Proportional-linear deterioration .................... 193
8.3.3 Linear deterioration ............. .. .. .. .. .. ... 193
8.3.4 Proportional-linear shortening ...................... 194
8.4 Other criteria . ......... .. 194
8.4.1 Proportional deterioration .......................... 194
8.4.2 Proportional-linear deterioration .................... 194
8.4.3 Proportional-linear shortening ...................... 195
8.5 Summary and tables ........ .. .. 196

Part IIT ALGORITHMS

9

Approximation and heuristic algorithms ................. .. 203
9.1 Minimizing the maximum completion time.................. 203
9.1.1 Proportional deterioration .......................... 203
9.1.2 Linear deterioration ............. .. .. ... ... ... .. 209
9.1.3 General non-linear deterioration..................... 213
9.1.4 Linear shortening. ............ .. ... 221
9.1.5  General non-linear shortening . ...................... 224
9.2 Minimizing the total completion time ...................... 226
9.2.1 Proportional deterioration ................. ... ...... 226
9.2.2 Linear deterioration ............. .. .. .. .. ... ... 231
9.2.3 Linear shortening........... .. .. . .. .. .. 233
9.3 Minimizing the maximum lateness .................... ... .. 234
9.3.1 Linear deterioration ..................ciuiniiian.. 234
9.3.2 General non-linear deterioration . .................... 235
9.4 Other criteria . ........ . i 236
9.4.1 Proportional deterioration ............... .. ... .. .... 236
9.4.2 Linear deterioration ............. .. .. .. .. .. . ... 237
9.4.3 General non-linear deterioration . .................... 239
9.4.4 Linear shortening. ......... ... ... ... .. . . 240
9.5 Concluding remarks ........... .. .. i 240



Contents XV
10 Greedy algorithms based on signatures .................... 245
10.1 Preliminaries. . . ... ..ot 245
10.1.1 Problem formulation................ ... ... ... ... .. 245
10.1.2 Definition of signatures............. ... ... .. 246
10.2 Basic properties of signatures ........... ... .. .. oo 247
10.3 A greedy algorithm ....... ... ... .. .. 251
10.4 Signatures of regular sequences............... ... .. ... ..... 254
10.4.1 Sequences of consecutive natural numbers ............ 254
10.4.2 Arithmetic sequences ...............c..ciiiiiin. .. 263
10.4.3 Geometric SEqUENCES . . ..ot v et 264
10.4.4 Arbitrary sequences ............... . iiiiiiiiiiia.. 265
10.5 Concluding remarks ......... ... . i 265
11 Local search algorithms............ .. ... .. ... .. .. .. .. 267
11.1 Preliminaries. .. ...t i 267
11.1.1 Basic definitions. . ....... ... .. . i 267
11.1.2 General concepts in local search ..................... 268
11.1.3 Applicability of local search algorithms............... 269
11.2 Selected types of local search algorithms.................... 269
11.2.1 Tterative improvement algorithms.................... 269
11.2.2 Steepest descent search algorithms................... 270
11.2.3 Simulated annealing algorithms ..................... 271
11.2.4 Genetic and evolutionary algorithms ................. 272
11.3 Local search time-dependent scheduling algorithms .......... 273
11.3.1 Steepest descent search algorithms................... 273
11.3.2 Iterative improvement algorithms.................... 276
11.3.3 Experimental evaluation of algorithms Hs4 and Hsg . ..277
11.3.4 Simulated annealing algorithms ..................... 278
11.3.5 Evolutionary algorithms............. .. .. .. .. .. .. 279
11.4 Concluding remarks ......... ... .. i 282
Part IV ADVANCED TOPICS
12 Matrix methods in time-dependent scheduling ............. 285
12.1 Preliminaries. . . ... ..ot 285
12.1.1 Problem formulation................ ... .. ... ....... 285
12.1.2 Notation . ... e 286
12.1.3 Auxiliary result . ...... .. .. . 286
12.2 A matrix approach .......... ... 286
12.2.1 The matrix form of single-machine schedules .......... 287
12.2.2 The matrix form of parallel-machine schedules ........ 288
12.3 The [, norm criterion ................. ... .. ... . .. 289
12.3.1 Preliminaries ........ ... i 289

12.3.2 Results. .. ..o i



XVI Contents

12.4 Equivalent problems ........ .. .. .. ... .. . . . 292
12.4.1 The initial problem .......... ... .. .. ... .. ... ... .. 292

12.4.2 The transformed problem .......................... 294

12.4.3 Detailed results ........ . .. i 296

12.5 Concluding remarks and open problems .................... 298

13 Scheduling dependent deteriorating jobs................... 299
13.1 Preliminaries. ... ...t 299
13.2 Chain precedence constraints ........................o.... 304

13.3 Tree and forest precedence constraints ..................... 307
13.4 Series-parallel constraints. ............. ... i, 312
13.5 General precedence constraints .. ........... .. ... .. ... ..... 315

13.6 Concluding remarks and open problems .................... 318

14 Time-dependent scheduling with two criteria .............. 321
14.1 Preliminaries. . . ... ... 321
14.1.1 Problems formulation .............. ... ... ... ..... 321

14.1.2 Preliminary results ......... ... .. ... 322

14.2 Pareto optimality. ... ... ... . .. .. . 324
14.3 Scalar optimality ......... ..o i 328
14.4 Computational experiments........... .. ... .. .. ... 335
14.5 Concluding remarks and open problems .................... 337
Afterword . ... .. 339
References ... ......... . 341
List of Figures . ... ... . 357
List of Tables . ......... .. e 359
Author Index .. ... ... ... 363
Subject Index ........ .. 367

Symbol Index . ........ .. .. 375



2 Springer
http://www.springer.com/978-3-540-69445-8

Time-Dependent Scheduling
Gawiejnowicz, 5.

2008, XV, 380 p. 26 illus., Hardcover
ISBEN: 278-3-540-60445-8



