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Preface

Communication networks are a vital and crucial element of today’s world. Mobile
devices, the Internet, and all new applications and services provided by these media
have changed dramatically the way both individual lives and society as a whole are
organized. All these services depend on fast and reliable data connections, whether
wired or wireless. To meet such requirements, information and communication tech-
nology is challenged again and again to provide faster protocols, wireless interfaces
with higher bandwidth capacity, innovative mechanisms to handle failures, and so
on.

For many of those challenges a variety of mathematical disciplines contribute in
a supportive role, either in providing insights, evidence, or algorithms or as decision
support tools. In particular, the broad area of algorithmic discrete mathematics plays
a crucial role in the design and operation of communication networks. However, the
discipline is fragmented between scientific disciplines such as pure mathematics,
theoretical computer science, distributed computing, and operations research. Fur-
thermore, researchers from communication engineering utilize discrete mathemati-
cal techniques and develop their own extensions.

With the aim to bring together the above-mentioned disciplines and draw synergy
effects from it, the COST action 293 — Graphs and Algorithms in Communication
Networks — was launched in October 2004 for a period of four years. Scientists
from the above disciplines have been gathering on a regular basis to learn from each
other and to work jointly on emerging applications to the benefit of the information
and communication technology society. Also workshops and training schools have
been organized to disseminate recent advances in all subject areas. An active ex-
change programme (short-term scientific missions in COST terminology) between
the research groups has resulted in a high number of joint publications.

To document on the one hand the multidisciplinary research carried out within
COST 293 and on the other hand to encourage further collaborations between the
disciplines, this book presents a number of studies in broadband, optical, wireless,
and ad hoc networks where the techniques of algorithmic discrete mathematics have
provided highly recognized contributions.



viii Preface

The way the studies are presented, this book is particularly suited for Ph.D. stu-
dents, postdoctoral researchers in mathematics, computer science, operations re-
search, and network engineering as well as industrial researchers who would like
to investigate state-of-the-art mathematical alternatives to resolve the technological
challenges of tomorrow. An introductory chapter should ease access to the material
for researchers not familiar with the mathematical terminology used by the chapters’
authors.

As chair and vice-chair of COST 293, it has been a pleasure for us to prepare
this book. We would like to thank all authors and reviewers for the contributions.
Without their voluntary help it would have been impossible to publish this book. We
also are grateful to COST for supporting our action in general and the dissemination
of this book in particular .

Coventry/Barcelona, Arie M.C.A. Koster
March 2009 Xavier Muiioz



Contents

1  Graphs and Algorithms in Communication Networks on Seven
League Boots . ....... ... ... .. . .
Arie M. C. A. Koster and Xavier Mufioz
1.1 Introduction...............iiiiiuiniiiiiiii ...
1.2 Mathematical Modeling . ............ ... .. i,

1.2.1 Sets and Parameters .............. ... ... ...
1.2.2  Graphsand Networks ............ ... ...,
1.2.3  Mathematical Problems ............................
1.2.4  Distributed Problems ................... .. ........
1.2.5 Online Decision Problems ..........................
1.3 Computational Complexity ...............ccooiiiiiinnn....
1.4  Combinatorial Optimization Methods ........................
1.4.1  Linear-Programming-Based Methods .................
142  GraphTheory........c.ooiiiiiiniiin ..
1.43  Combinatorial Algorithms ..........................
1.4.4  Approximation Algorithms .........................
1.4.5  Heuristics Without Solution Guarantee................
1.4.6  Nonlinear Programming . ...........................
1.5  Selected Classical Applications in Communication Networks .. ..
1.5.1  Design of Network Topologies ......................
1.5.2  Network Routing Problems .........................
1.5.3  Network Planning Problems. ........................
1.54 A Randomized Cost Smoothing Approach for Optical
Network Design...........cooviiiniiiiiiinn..
1.5.5  Wireless Networking. .......... ... ...,
1.6 Emerging Applications in Communication Networks ...........
1.6.1  Broadband and Optical Networks ....................
1.6.2  Wireless and Ad Hoc Networks . .....................
References .. ... ..o



X

Contents

Part I Studies in Broadband and Optical Networks

2

Traffic Grooming: Combinatorial Results and Practical Resolutions .
Tibor Cinkler, David Coudert, Michele Flammini, Gianpiero Monaco,
Luca Moscardelli, Xavier Mufoz, Ignasi Sau, Mordechai Shalom, and
Shmuel Zaks

2.1 INtrodUuCtOn . .. ...ttt
2.2 Problem Definition and Examples ...........................
2.3 Minimizing the Usage of Light Termination Equipment . ........
231 Path.......... il
232 RING .
233  General Topology ........c.ovviiiiiiiiiiininnan.,
234 OnlineTraffic........... ... .. .. . i ..
235 Priceof Anarchy .......... ... oo,
2.4 Minimizing the Number of Add/Drop Multiplexers .............
24.1  Complexity and Inapproximability Results ............
24.2  ApproximationResults.............................
2.4.3  Specific Constructions ...............ouveeeennnn...
244 A Priori Placement of the Equipment .................
2.5  Multilayer Traffic Grooming for General Networks .............
2.5.1  Multilayer Mesh Networks. .........................
2.5.2  On Grooming in Multilayer Mesh Networks ...........
2.5.3  Graph Models for Multilayer Grooming...............
26 Conclusion.......... ... il
References ...

Branch-and-Cut Techniques for Solving Realistic Two-Layer
Network Design Problems . ............. .. ... .. ...............
Sebastian Orlowski, Christian Raack, Arie M. C. A. Koster, Georg
Baier, Thomas Engel, and Pietro Belotti

3.1 IntroduCtion ... ........c.uuiiei i
3.2  Mathematical Model............ ... . o i
3.2.1 Mixed-Integer Programming Model ..................
322 Preprocessing. ..........oieiiiiiii e
3.3  MIP-Based Heuristics Within Branch-and-Cut .................
3.3.1  Computing Capacities over a Given Flow .............
3.3.2  Rerouting Flow to Reduce Capacities . ................
34 CuttingPlanes . ...... ...
3.4.1  Cutting Planes on the Logical Layer ..................
3.4.2  Cutting Planes on the Physical Layer .................
3.5 Computational Results ........... ... ... ... .. ...
3.5.1  TestInstances and Settings . ...............ccouun....
3.5.2 Unprotected Demands. .................ccovviunn....
3.5.3 ProtectedDemands ............. . ... ..
3.54  Preprocessing and Heuristics ........................

63



Contents

3.6 ConClUSIONS . . ot e
References . ... ..o

Routing and Label Space Reduction in Label Switching Networks . .

Fernando Solano, Luis Fernando Caro, Thomas Stidsen, and Dimitri
Papadimitriou

4.1  Introduction to Label Switching .............................
4.2 Functional Description of the Technologies....................

4.2.1  Multi-protocol Label Switching Traffic Engineering
(MPLS-TE) ... i
4.2.2  All-Optical Label Switching (AOLS) .................
423 Ethernet VLAN-Label Switching (ELS)...............
4.3  Methods for Scaling the Usage of the Label Space..............
43.1 LabelMerging .............oiiiiiiiiiiiiiinaaa..
432 Label Stacking...............oiiiiiiiiiiiina..

44  Considering Routing. ......... ... .. i i
4.5  GenericModel ........... .

4.5.1

Parameters and Variables ...........................

4.5.2  Integer Linear Program for the Network
DesignProblem . ....... ... ... . ... ... L
4.5.3  Traffic Engineering Formulation .....................
454 NoLabel Stacking............ccoooiiiiiiiiinn.
4.6  SimulationResults ......... ... .. ...
4.6.1 MPLS-TE...... ... . i
4.6.2  AOLS ..
4.63  ELS ...
4.7  Conclusions and Future Work ........................ . ...
References ...

5 Network Survivability: End-to-End Recovery Using Local Failure

Information

José L. Marzo, Thomas Stidsen, Sarah Ruepp, Eusebi Calle, Janos
Tapolcai, and Juan Segovia

5.1  Basic Concepts on Network Survivability .....................
5.1.1  Protection and Restoration ..........................
5.1.2  The Scope of Backup Paths .........................
5.1.3  Shareability of Protection Resources..................

5.2 The Failure-Dependent Path Protection Method ................

5.2.1  Recovery Based on the Failure Scenario...............
5.2.2  Path Assignment Approaches .......................
523 General Shared Risk Groups (SRG) ..................
5.2.4  The Input of the Problem ...........................
5.2.5 Two-Step Approaches . .................. .. ........
5.2.6  Joint Optimization: The Greedy Approach.............

5.3 Multi-commodity Connectivity MCC) .......................



xii

5.3.1  Complexity of the Multi-commodity Connectivity
Problem ......... ... ...
53.2 TheSPHApproach .............................
5.3.3  ILP of the Multi-commodity Connectivity Problem . .
534  Examples ...t
54 CaseStudies ............iiiiiiii
5.4.1  First Case Study: Shortcut Span Protection .........
5.4.2  The Shortcut Span Protection Model ..............
543 Results ...
544  Second Case Study: Connection Availability Under
Path Protection. ............. ...,
References . ... ..o

Routing Optimization in Optical Burst Switching Networks: a

Multi-path Routing Approach . .. ............................

Mirostaw Klinkowski, Marian Marciniak, and Michat Pioro
6.1 Introduction...............oiiiiiiiii
6.2 OBSTechnology........coouuiiiiiiiniiin i,
6.2.1 RoutingMethods ...................... ... ...,
6.3 Network Modeling ............. . ... ...
6.3.1 Link Loss Calculation...........................
6.3.2  Network Loss Calculation .......................
6.3.3  Multi-path Source Routing . . .....................
6.4  Resolution Methods and Numerical Examples ..............
6.4.1  Formulation of the Optimization Problem ..........
6.4.2  Calculation of Partial Derivatives .................
6.4.3 NumericalResults ..................... ... .....
6.5  DISCUSSION ..ot vvt et
6.5.1  Accuracy of LossModels........................
6.5.2  Properties of the Objective Function...............
6.5.3  Computational Effort ...........................
6.6  ConClUSIONS . . ..\ttt
References .. ...

Problems in Dynamic Bandwidth Allocation in Connection

Oriented Networks .. ...... ... .. .. . . . . i

Xavier Hesselbach, Christos Kolias, Ramoén Fabregat, Moénica Huerta,
and Yezid Donoso
7.1 Introduction . ...........cviieeiin et
7.2 Technological Perspective and Challenges..................
7.2.1 Definitions and Concepts Overview ...............
7.2.2  Node Model for Packet Networks with Traffic
Prioritization ........... ... ... .. i,
7.2.3 QoS in IP/DiffServ/MPLS and in OBS Networks . . ..
7.24  Optical Burst Switching Using MPLS .............
7.3  Load Balancing Strategies in a Multi-path Scenario..........

Contents



Contents xiii
7.3.1  Load Balancing in Packet Networks in Multicast
Multi-path Scenarios. . ...........c.couiiuiunnnnnnn. 189
7.3.2  Model for Traffic Partitioning ....................... 191
7.4  Intelligent Bandwidth Allocation Algorithms for Multilayer
Traffic Mapping with Priority Provision.................... ... 193
74.1 QoS Algorithms for OBS ........................... 194
7.5 ConClUSIONS . . ..ottt 197
References . ... ... 197
8  Optimization of OSPF Routing in IP Networks. . .. ............... 199
Andreas Bley, Bernard Fortz, Eric Gourdin, Kaj Holmberg, Olivier
Klopfenstein, Michat Piéro, Artur Tomaszewski, and Hakan Umit
8.1 Introduction . ...t e 200
8.2 Problem Description. ............. ..., 202
8.2.1 Basic Notions and Notations ........................ 203
8.2.2  Informal Formulation .............................. 203
8.2.3 Discussion ......... ... 205
8.3  Integer Programming Approach ............................. 207
8.3.1 Optimizing the Routing Paths . ...................... 207
8.3.2  Finding Compatible Routing Weights ................. 209
8.4  Shortest Path Routing Inequalities ........................... 211
8.4.1 Combinatorial Cuts .. ............. ..., 212
842 ValidCycles......coviiiiiii i 214
8.4.3  General Inequalities ............ ..., 217
8.5 Heuristic Methods. . .......... ... 221
8.5.1 Local Search ........... ... ... .. ... ... ... ......... 222
8.5.2  Other Algorithms. .............. ... ... 223
8.5.3 Effectiveness Issues.......................ooon.... 224
8.6 Numerical Results. ........ ... ... .. 225
8.6.1  Integer Programming Approach ..................... 225
8.6.2 HeuristicMethods ................................. 227
8.7  Selected EXtensions . .............c..uiuiiniiiiiiii.. 229
8.7.1 General MIP Formulation. . ......................... 229
8.7.2  Additional Routing Constraints and Other Objective
Functions ......... .. ... i 231
8.7.3  Resource Dimensioning ................. ... oo ... 232
874 ResilientRouting............... .. ... . ... 232
8.8  Historical and Literature Notes .. ..................ccouuneon.. 233
8.9 ConcludingRemarks ......... ... ... oo, 236
References . ... ..ot e 237
9  Game-Theoretic Approaches to Optimization Problems in
Communication Networks . ................ ... ... ... ........ 241
Vittorio Bilo, Ioannis Caragiannis, Angelo Fanelli, Michele Flammini,
Christos Kaklamanis, Gianpiero Monaco, and Luca Moscardelli
9.1 Introduction . .......... ... i 242



Xiv Contents
9.2  Preliminary Notions ............ ... ... o i, 243
9.3  Congestion Games ................uuiiiiiiiiinnaaiin... 247
9.4  Multicast Cost Sharing Games ..............c.couviiieunnn... 251
9.5  Communication Games in All-Optical Networks ............... 254
9.6  Beyond Nash Equilibria: An Alternative Solution Concept for

Non-cooperative Games . . ........ooveiiininneeennnnnennn. 255
9.7  Coping with Incomplete Information ......................... 257
9.8  Open Problems and Future Research ......................... 259
References ... 261

10 Permutation Routing and (¢, k)-Routing on Plane Grids ........... 265
Ignasi Sau and Janez Zerovnik
10.1 Introduction............. ... .. ... . i i il 265

10.1.1  General Results on Packet Routing . .................. 266
10.1.2  Routing Problems ........... ... ... ..o, 269
10.1.3  Topologies . ......uieiii e 270
10.2  Optimal Permutation Routing Algorithm...................... 273
10.2.1 Preliminaries .............. ... ... ... ... o oL 273
10.2.2  Description of the Algorithm for Hexagonal Networks .. 274
10.2.3  Correctness, Running Time and Optimality ............ 275
10.3 Extensions and Open Problems . ............................. 276
References . ... 277

Part II Studies in Wireless and Ad Hoc Networks

11 Mathematical Optimization Models for WLAN Planning .......... 283
Sandro Bosio, Andreas Eisenblatter, Hans-Florian Geerdes, Iana
Siomina, and Di Yuan

11.1
11.2

11.3
114
11.5
11.6
11.7

11.8

Introduction . ....... ... o i 284
Technical Background ........ ... ... . ... .. il 285
11.2.1 Physical Layer ...........cooviiiniiiniinnna... 286
11.2.2 Architecture ............ ... ... .o o il 286
11.2.3 Medium AccessControl . ........... ... ... 287
11.2.4  Planning Tasks and Performance Aspects ............. 289
Related Work. . ... 290
Notation and Definitions ............. ... ... iiiiina.. 290
AP Location Optimization . ............c.ooiuiiiinineen... 292
Minimum-Overlap Channel Assignment ...................... 293
Maximum-Efficiency Channel Assignment . ................... 295
11.7.1 A Hyperbolic Model and Linear Reformulations. . ... ... 296
11.7.2  An Enumerative Integer Linear Model ................ 297
Integrated Planning of AP Location

and Channel Assignment ................ ... ... ... 298

11.8.1 AP Location and Minimum-Overlap Channel Assignment298
11.8.2 AP Location and Maximum-Efficiency Channel
ASSIZNMENT .. ..ottt 299



Contents

12

13

14

11.9 Experimental Results .......... ... ... ... ... ... ........
11.10 Conclusions and Perspectives .................ooo ...
References . ...

Time-Efficient Broadcast in Radio Networks.................. ...
David Peleg and Tomasz Radzik
12,1 IntroducCtion . .........ccoonuiiiiiuni i
12.1.1 TheProblem.......... ... ... . .. i ...
12.1.2 Model Parameters ................coiiiiiiiiii...
12.2  Efficient Schedules and Bounds on 5(G) and b(n,D)............
12.3  Distributed Broadcasting Algorithms .........................
12.3.1 Deterministic Distributed Algorithms .................
12.3.2 Randomized Distributed Algorithms..................
12.3.3 Randomized Broadcasting: Main Techniques ..........
12.3.4  Using Selective Families in Deterministic Distributed
Broadcasting .......... ...l
12.4  Other Variants . ..........uueittinn ...
12.4.1 Directed Graphs.............iiiiiiniiii ..
12.42 UnitDisk Graphs....... ... ... . ... oo,
1243 RelatedWork . ... oo
References .. ... ..o

Energy Consumption Minimization in Ad Hoc Wireless and
Multi-interface Networks . . . ......... ... ... ... ... ... ... .......
Alfredo Navarra, loannis Caragiannis, Michele Flammini, Christos
Kaklamanis, and Ralf Klasing
13.1 Introduction . ..............couininin i
13.2  Minimum Energy Broadcast Routing .. .......................
13.2.1 Definitions and Notation............................
13.2.2 The Geometric Versionof MEBR ....................
13.2.3 An 8-Approximation Upper Bound
forthe MST Heuristic . ................ .. ..
13.2.4 Experimental Studies with the MST Heuristic..........
13.2.5 Solving More General Instances of MEBR ............
13.3 Cost Minimization in Multi-interface Networks ................
13.3.1 Definitions and Notation............................
13.3.2 Resultsfork-CMI ......... ... .. ... i,
1333 Resultsfor CMI ........ .. ... ... ... .. .. ... ........
13.4 Conclusion and Future Work . . ..............................
References . ...

Data Gathering in Wireless Networks ..........................
Vincenzo Bonifaci, Ralf Klasing, Peter Korteweg, Leen Stougie, and
Alberto Marchetti-Spaccamela

14.1 Introduction . ..............coininini i
14.2 The Mathematical Model .. .................................



XVi

15

16

Contents
143 Complexity and Lower Bounds . ............................. 361
14.3.1 Minimizing Makespan ..................c.coouaoo... 361
14.3.2 Minimizing Flow Times . ............... ... ........ 364
14.4  Online Algorithms ........ ... ... 367
14.4.1 Minimizing Makespan ................. .. ... ..., 367
14.42 Minimizing Flow Times . ........................... 374
145 Conclusion. . ..... ...t i 375
References . . ... 376
Tournament Methods for WLAN: Analysis and Efficiency ......... 379
Jérdme Galtier
15.1 Introduction and Related Works .................. .. ........ 379
15.2  Description of the Tournament Method ....................... 381
15.3 Mathematical Analysis................. .. .. ... 383
15.4 Practical Implementation . ... 393
15.4.1 Setting the Approximation Points .................... 393
15.4.2 Defining Varying Number of Rounds ................. 393
15.5 Numerical Results......... ... . . i i 394
15.5.1 Tuning of the Probabilities . ......................... 394
15.5.2 Comparative Bandwidth . ........................... 397
15.5.3 Fairness Considerations .....................oooo... 398
156 ConClusion. . ...ttt 399
References .. ... ..o 399
Topology Control and Routing in Ad Hoc Networks .............. 401
Lenka Carr-Motyckova, Alfredo Navarra, Tomas Johansson, and Walter
Unger
16.1  IntroduCtion .. ...........uuieiiiii i 401
16.2 Reducing Interference in Ad Hoc Networks ................... 404
16.3 Energy Aware Scatternet Formation and Routing ............... 407
16.4 Bandwidth-Constrained Clustering. . ................c...o.... 411
16.5 Localizing Using Arrival Times ............................. 412
16.6  CONCIUSIONS . . ..\ttt ettt e et 415
References .. ... ..o 416



List of Contributors

Georg Baier
Siemens AG, Munich, Germany, e-mail: georg.baier@siemens.com

Pietro Belotti
Dept. of Industrial & Systems Engineering, Lehigh University, Bethlehem, PA,
USA, e-mail: belotti@lehigh.edu

Vittorio Bilo
Department of Mathematics, University of Salento, Provinciale Lecce-Arnesano,
P.O. Box 193, 73100 Lecce, Italy, e-mail: vittorio.bilo@unile.it

Andreas Bley

Zuse Institute Berlin (ZIB), Takustr. 7, D-14195 Berlin, Germany.

Current address: Institute for Mathematics, Technical University Berlin, Str. des
17. Juni 136, D-10623 Berlin, Germany, e-mail: bley@math. tu-berlin.de

Vincenzo Bonifaci

Dipartimento di Ingegneria Elettrica e dell’ Informazione, Universita degli Studi
dell’ Aquila, Poggio di Roio, 67040 L’ Aquila, Italy

Dipartimento di Informatica e Sistemistica, Sapienza Universita di Roma, Italy,
e-mail: bonifaci@dis.uniromal.it

Sandro Bosio
Institut fiir Mathematische Optimierung, Otto-von-Guericke Universitat, D-39106
Magdeburg, Germany, e-mail: bosio@mail .math.uni-magdeburg.de

Eusebi Calle
Institute of Informatics and Applications, University of Girona, Campus Montilivi,
17071 Girona, Spain, e-mail: eusebi@eia.udg.es

Ioannis Caragiannis

Computer Technology Institute & Department of Computer Engi-
neering and Informatics, University of Patras, 26500 Rio, Greece,
e-mail: caragian@ceid.upatras.gr


georg.baier@siemens.com
belotti@lehigh.edu
vittorio.bilo@unile.it
bley@math.tu-berlin.de
bonifaci@dis.uniroma1.it
bosio@mail.math.uni-magdeburg.de
eusebi@eia.udg.es
caragian@ceid.upatras.gr

Xviii List of Contributors

Luis Fernando Caro
Institute of Informatics and Applications, University of Girona, Campus Montilivi,
17071 Girona, Spain, e-mail: 1 fcaro@atc.udg.edu

Lenka Carr-Motyckova
Department of Computer Science and Electrical Engineering, Luled University of
Technology, SE-971 87 Luled, Sweden, e-mail: lenka@sm.luth.se

Tibor Cinkler

Department of Telecommunications and Media Informatics, Bu-
dapest University of Technology and Economics, Budapest, Hungary,
e-mail: cinkler@tmit.bme.hu

David Coudert
MASCOTTE, INRIA, I3S, CNRS UMR6070, University of Nice-Sophia Antipolis,
France, e-mail: David.Coudert@sophia.inria. fr

Yezid Donoso
Computer Science and Engineering Department, University of Los Andes, Bogota,
Colombia, e-mail: ydonoso@uninorte.edu.co

Andreas Eisenblatter

Zuse Institute Berlin (ZIB), Takustr. 7, D-14195 Berlin, Germany, e-mail:
eisenblaetter@zib.de, and

atesio GmbH, Sophie-Taeuber-Arp-Weg 27, D-12205 Berlin, Germany, e-mail:
eisenblaetter@atesio.de

Thomas Engel
Nokia Siemens Networks GmbH & Co. KG, Munich, Germany, e-mail:
thomas.1l.engel@nsn.com

Ramén Fabregat
Institute of Informatics and Applications, University of Girona, Campus Montilivi,
17071 Girona, Spain, e-mail: ramon@silver.udg.es

Angelo Fanelli

Dipartimento di Informatica, Universita degli Studi dell’ Aquila, Via Vetoio,
Loc. Coppito, 67100 L’ Aquila, Italy,

e-mail: angelo.fanelli@di.univaqg.it

Michele Flammini
Dipartimento di Informatica, Universita degli Studi dell’ Aquila, Via Vetoio,
Loc. Coppito, 67100 L’ Aquila, Italy, e-mail: flammini@di.univaqg.it

Bernard Fortz

Départment d’Informatique, Faculté des Sciences, Université Libre de Bruxelles
(ULB), Belgium, and

CORE, Université catholique de Louvain, Belgium,

e-mail: bernard. fortz@ulb.ac.be


lfcaro@atc.udg.edu
lenka@sm.luth.se
cinkler@tmit.bme.hu
David.Coudert@sophia.inria.fr
ydonoso@uninorte.edu.co
eisenblaetter@zib.de
eisenblaetter@atesio.de
thomas.1.engel@nsn.com
ramon@silver.udg.es
angelo.fanelli@di.univaq.it
flammini@di.univaq.it
bernard.fortz@ulb.ac.be

List of Contributors Xix

Jérome Galtier
Orange Labs, 905 Avenue Albert Einstein, 06921 Sophia Antipolis Cedex, France,
e-mail: jerome.galtier@orange-ftgroup.com

Hans-Florian Geerdes
Zuse Institute Berlin (ZIB), Takustr. 7, D-14195 Berlin, Germany

Eric Gourdin
France Telecom, Orange Labs R&D, France,
e-mail: eric.gourdin@orange-ftgroup.com

Xavier Hesselbach

Deparment of Telematics Engineering, Universitat Politecnica de Catalunya,
C/Jordi Girona, 1 i 3, Modul C3 — Campus Nord, 08034 Barcelona, Spain, e-mail:
xavierh@entel .upc.edu

Kaj Holmberg
Linkoping Institute of Technology, SE-581 83 Linkoping, Sweden, e-mail:
kahol@mai.liu.se

Mboénica Huerta
Electronics and Circuits Department, University Simén Bolivar, Caracas,
Venezuela, e-mail: mhuerta@usb.ve

Tomas Johansson
Department of Computer Science and Electrical Engineering, Lulea University of
Technology, SE-971 87 Lulea, Sweden, e-mail: tomasjo@sm. luth.se

Alpér Juttner
Department of Operations Research, Eotvos University, PAzméany P. s. 1/C, H-1117
Budapest, Hungary, e-mail: alpar@cs.elte.hu

Christos Kaklamanis

Computer Technology Institute & Department of Computer Engineer-
ing and Informatics, University of Patras, 26500 Rio, Greece, e-mail:
kakl@ceid.upatras.gr

Ralf Klasing
CNRS - LaBRI - Université Bordeaux 1, France, e-mail: klasing@labri. fr

Mirostaw Klinkowski

Departament d’ Arquitectura de Computadors, Universitat Politecnica de Catalunya,
Barcelona, Spain, and

Department of Transmission and Optical Technology, National Institute of
Telecommunications, Warsaw, Poland, e-mail: mk1linkow@ac .upc.edu

Olivier Klopfenstein
France Telecom, Orange Labs R&D, France,
e-mail: olivier.klopfenstein@orange-ftgroup.com


jerome.galtier@orange-ftgroup.com
eric.gourdin@orange-ftgroup.com
xavierh@entel.upc.edu
kahol@mai.liu.se
mhuerta@usb.ve
tomasjo@sm.luth.se
alpar@cs.elte.hu
kakl@ceid.upatras.gr
klasing@labri.fr
mklinkow@ac.upc.edu
olivier.klopfenstein@orange-ftgroup.com

XX List of Contributors

Christos Kolias
Covad Communications, 110 Rio Robles, San Jose, CA 95134, USA, e-mail:
ckolias@gmail.com

Peter Korteweg
Department of Mathematics and Computer Science, Eindhoven University of
Technology, The Netherlands, e-mail: peterkorteweg@hotmail.com

Arie M. C. A. Koster

Centre for Discrete Mathematics and its Applications (DIMAP), Warwick Business
School, University of Warwick, Coventry CV4 7AL, United Kingdom.

Current address: Lehrstuhl II fir Mathematik, RWTH Aachen Univer-

sity, Wiillnerstr. zwischen 5 und 7, D-52062 Aachen, Germany, e-mail:
koster@math2.rwth-aachen.de

Alberto Marchetti-Spaccamela
Dipartimento di Informatica e Sistemistica, Sapienza Universita di Roma, Italy,
e-mail: alberto@dis.uniromal.it

Marian Marciniak
Department of Transmission and Optical Technology, National Institute of
Telecommunications, Warsaw, Poland, e-mail: m. marciniak@itl .waw.pl

José L. Marzo
Institute of Informatics and Applications, University of Girona, Campus Montilivi,
17071 Girona, Spain, e-mail: joseluis.marzo@udg.edu

Gianpiero Monaco

Dipartimento di Informatica, Universita degli Studi dell’ Aquila, Via Vetoio,
Loc. Coppito, 67100 L’ Aquila, Italy,

e-mail: gianpiero.monaco@di.univaqg.it

Luca Moscardelli
Dipartimento di Informatica, Universita degli Studi dell’ Aquila, Via Vetoio,
Loc. Coppito, 67100 L’ Aquila, Italy, e-mail: moscardelli@di.univaqg.it

Xavier Muifioz

Graph Theory and Combinatorics Group, Department of Applied Mathe-
matics IV, Universitat Politecnica de Catalunya, Barcelona, Spain, e-mail:
xml@mad .upc.edu

Alfredo Navarra
Dipartimento di Matematica e Informatica, Universita degli Studi di Perugia, Via
Vanvitelli 1, 06123 Perugia, Italy, e-mail: navarra@dmi .unipg.it

Sebastian Orlowski

Zuse Institute Berlin (ZIB), Takustr. 7, D-14195 Berlin, Germany.

Current address: atesio GmbH, Sophie-Taeuber-Arp-Weg 27, D-12205 Berlin,
Germany, e-mail: orlowski@atesio.de


ckolias@gmail.com
peterkorteweg@hotmail.com
koster@math2.rwth-aachen.de
alberto@dis.uniroma1.it
m.marciniak@itl.waw.pl
joseluis.marzo@udg.edu
gianpiero.monaco@di.univaq.it
moscardelli@di.univaq.it
xml@ma4.upc.edu
navarra@dmi.unipg.it
orlowski@atesio.de

List of Contributors XXi

Dimitri Papadimitriou

Network and Technology Strategy, Alcatel-Lucent, Copernicuslaan 50, B-2018
Antwerpen, Belgium,

e-mail: dimitri.papadimitriou@alcatel-lucent.be

David Peleg
Department of Computer Science and Applied Mathematics, The Weizmann Insti-
tute of Science, Rehovot, Israel, e-mail: david.peleg@weizmann.ac.1il

Michat Piéro

Institute of Telecommunications, Warsaw University of Technology, ul.
Nowowiejska 15/19, 00-665 Warsaw, Poland, and

Department of Electrical and Information Technology, Lund University, Box 118,
SE-221 00 Lund, Sweden, e-mail: mpp@tele.pw.edu.pl

Christian Raack
Zuse Institute Berlin (ZIB), Takustr. 7, D-14195 Berlin, Germany, e-mail:
raack@zib.de

Tomasz Radzik
Department of Computer Science, King’s College London, London WC2R 2LS,
United Kingdom, e-mail: tomasz.radzik@kcl.ac.uk

Sarah Ruepp
Networks Competence Area, DTU Fotonik, Technical University of Denmark,
2800 Kgs. Lyngby, Denmark, e-mail: sr@com.dtu.dk

Ignasi Sau

MASCOTTE, INRIA, I3S, CNRS UMR6070, University of Nice-Sophia Antipolis,
France, and

Graph Theory and Combinatorics Group, Department of Applied Mathe-
matics IV, Universitat Politecnica de Catalunya, Barcelona, Spain, e-mail:
Ignasi.Sau@sophia.inria.fr

Mordechai Shalom
Tel-Hai Academic College, Upper Galilee, 12210, Israel, e-mail:
cmshalom@cs.technion.ac.il

Tana Siomina
Ericsson Research, Ericsson AB, Isafjordsgatan 14E, SE-164 80, Stockholm,
Sweden, e-mail: 1iana.siomina@ericsson.com

Fernando Solano
Institute of Telecommunications, Warsaw University of Technology, ul.
Nowowiejska 15/19, 00-665 Warsaw, Poland, e-mail: fs@tele.pw.edu.pl

Thomas Stidsen
Informatics and Mathematical Modeling, Danish Technical University, Richard
Petersens Plads, DK-2800 Kgs. Lyngby, Denmark, e-mail: tks@imm.dtu.dk


dimitri.papadimitriou@alcatel-lucent.be
david.peleg@weizmann.ac.il
mpp@tele.pw.edu.pl
raack@zib.de
tomasz.radzik@kcl.ac.uk
sr@com.dtu.dk
Ignasi.Sau@sophia.inria.fr
cmshalom@cs.technion.ac.il
iana.siomina@ericsson.com
fs@tele.pw.edu.pl
tks@imm.dtu.dk

xxii List of Contributors

Leen Stougie

Department of Economics and Business Administration, Free Univer-
sity, De Boelelaan 1105, 1081 HV Amsterdam, The Netherlands, e-mail:
lstougie@feweb.vu.nl, and

CWI, Amsterdam, The Netherlands, e-mail: stougie@cwi.nl

Janos Tapolcai

Department of Telecommunications and Media Informatics, Budapest
University of Technology and Economics, Budapest, Hungary, e-mail:
tapolcai@tmit.bme.hu

Artur Tomaszewski
Institute of Telecommunications, Warsaw University of Technology, ul.
Nowowiejska 15/19, 00-665 Warsaw, Poland, e-mail: artur@tele.pw.edu.pl

Hakan Umit

Louvain Management School, Belgium, and
CORE, Université catholique de Louvain, Belgium,
e-mail: hakan.umit@uclouvain.be

Walter Unger
Lehrstuhl fiir Informatik 1, RWTH Aachen University, Ahornstrae 55, D-52056
Aachen, Germany, e-mail: quax@cs.rwth-aachen.de

Di Yuan
Department of Science and Technology, Linkoping University, SE-601 74,
Norrkoping, Sweden, e-mail: diyua@itn.liu.se

Shmuel Zaks
Computer Science Department, Technion, Haifa, Israel, e-mail:
zaks@cs.technion.ac.il

Janez Zerovnik

University of Maribor, Smetanova 17, Maribor 2000, Slovenia, and

Institute of Mathematics, Physics and Mechanics, Jadranska 19, Ljubljana,
Slovenia, e-mail: janez.zerovnik@imfm.uni-1j.si


lstougie@feweb.vu.nl
stougie@cwi.nl
tapolcai@tmit.bme.hu
artur@tele.pw.edu.pl
hakan.umit@uclouvain.be
quax@cs.rwth-aachen.de
diyua@itn.liu.se
zaks@cs.technion.ac.il
janez.zerovnik@imfm.uni-lj.si

Acronyms

3-MECA
3-MECAg

3-MOCA
3-MT-MO
3-MT-ME
ABC
ACK
ADM
AODV
AOLS
AP

API

APX

AR

AS

ATM
B&C
BEB

BIP

BL

BLP

BSS
CBWFQ
CDMA
CFS
CMAX
CMI

CoS
CR-LDP

Maximum Efficiency Channel Assignment with Three Channels,
Hyperbolic Formulation

Maximum Efficiency Channel Assignment with Three Channels,
Linear Formulation

Minimum Overlap Channel Assignment with three channels
Integration of MTAL and 3-MOCA

Integration of MTAL and 3-MECA

Adaptive Broadcast Consumption

Acknowledgement Frame

Add/Drop Multiplexer

Ad Hoc On Demand Distance Vector

All-Optical Label Switching

Access Point

Average Path Interference

Approximable

Alternative Routing

Autonomous System

Asynchronous Transfer Mode

Branch-and-Cut

Binary Exponential Backoff

Broadcast Incremental Power

Basic Localization

Burst Loss Probability

Basic Service Set

Class-Based Weighted Fair Queueing

Code Division Multiple Access

Cost Function Smoothing

Capacity-Competitive Algorithm

Cost Minimization in Multi-interface Networks

Class of Service

Constraint-Based Routing Label Distribution Protocol



XXiv Acronyms

CRP Contention Resolution Protocol
CS Circuit Switching
CSMA Carrier Sense Multiple Access

CSMA/CA Carrier Sense Multiple Access with Collision Avoidance
CSMA/CD Carrier Sense Multiple Access with Collision Detection

CSPF Constraint Shortest Path First

CTS Clear to Send

CWDM Coarse Wavelength Division Multiplexing
DAG Directed Acyclic Graph

DCF Distributed Coordination Function
DiffServ Differentiated Services

DIFS Distributed Inter-frame Space

DPP Dedicated Path Protection

DS Distribution System

DWDM Dense Wavelength Division Multiplexing
D-LSP Distributed LSP

ECMP Equal Cost Multi-path

ECS Effective Computing System

ELS Ethernet VLAN-Label Switching

ESS Extended Service Set

EXC Electrical Cross-connect

FAP Frequency Assignment Problem

FDM Frequency Division Multiplexed

FDMA Frequency Division Multiple Access
FDPP Failure Dependant Path Protection

FEC Forwarding Equivalence Class

FIFO First-In First-Out

FIP Finite Improvement Path

FPQ Fair Packet Queueing

FSC Fiber Switching Capable

GbE Gigabit Ethernet

Gbit/s Gigabit per Second

GHz Gigahertz

GMM Generalized Multicast Multi-path
GMPLS Generalized MPLS

GNPP General Network Planning Problem
GSM General System for Mobile Communication
IBM Induced Bipartite Matching

IBSS Independent Basic Service Set

IETF Internet Engineering Task Force

IGP Interior Gateway Protocol

ILP Integer Linear Programming

IMBM Iterative Maximum-Branch Minimization
1P Internet Protocol

IPv4 Internet Protocol Version 4



Acronyms XXV

IS-1S Intermediate System to Intermediate System
ISP Inverse Shortest Path Problem

ITU International Telecommunication Union
JET Just-Enough-Time

JIT Just-In-Time

LDP Label Distribution Protocol

LER Label Edge Router

L2SC Layer 2 Switching Capable

LIB Label Information Base

LISE Low Interference Spanner Establisher

LL (Overall) Link Loss

LL-NRL Link Loss model with Non-Reduced Load
LP Linear program

LSP Label Switched Path

LSR Label Switched Router

LTE Light Termination Equipment

MAC Medium Access Control

MANET Mobile Ad Hoc Network

Mbit/s Megabit per second

MCNFP Multi-commodity Network Flow Problem
MEBR Minimum Energy Broadcast Routing
MECA Maximum Efficiency Channel Assignment, hyperbolic formulation
MERLIN Mergin Link group

MILP Mixed-Integer Linear Program

MIP Mixed-Integer Program

MIR Mixed-Integer Rounding

MIRA Minimum Interference Routing Algorithm
MLTE Multilayer Traffic Engineering

MLU Maximum Link Utilization

MOCA Minimum Overlap Channel Assignment
MOP Multi-Objective Problem

MPLS Multi-protocol Label Switching
MPLS-TE  Multi-protocol Label Switching Traffic Engineering
MR Multi-path Routing

MST Minimum Spanning Tree

MSTP Minimum Spanning Tree Protocol

MT Mobile Terminal

MTBF Mean Time Between Failures

MTTR Mean Time To Repair

MT-MO Integration of MTAL and MOCA

NHLFE Next Hop Label Forwarding Entry

NL (Overall) Network Loss

NL-RL Network Loss model with Reduced Load
NL-NRL Network Loss model with Non-Reduced Load
NP Non-deterministic Polynomial



XXVi

NRL
NSF
OBS
OFDM
OSPF
OTIS
OTN
oVPN
oxcC
P2P
PCF
PIRA
PSC
PTAS
QoS
RCFS
RFC
RIT
RL
RSVP
RSVP-TE
RTS
SAT
SCFQ
SCSP
SDH
SFQ
SIFS
SLP
SONET
SPP
SPR
SPT
SRG
SSP
STEP
STM
TAG
TAW
TCP
TDM
TDMA
TE
ToA
TP

Acronyms

Non-Reduced Load

National Science Foundation

Optical Burst Switching

Orthogonal Frequency Division Multiplexing
Open Shortest Path First protocol

Optical Transpose Interconnection System
Optical Transport Network

Open Virtual Private Network

Optical Cross-Connect

Peer-to-peer

Point Coordination Function
Path-Interfering Routing Algorithm
Packet Switching Capable

Polynomial Time Approximation Scheme
Quality of Service

Randomized Cost Function Smoothing
Request for Comment

Reservation with Just-In-Time

Reduced Load

Resource Reservation Protocol

Resource Reservation Protocol for Traffic Engineering
Request to Send

Satisfiability problem

Self-Clocked Fair Queueing

Shortcut Span Protection

Synchronous Digital Hierarchy
Start-time Fair Queueing

Short Inter-Frame Space

Shared Link Protection

Synchronous Optical Network

Shared Path Protection

Shortest Path Routing

Shortest Path Tree

Shared Risk Group

Shared Segment Protection

Shortest Path Traffic Engineering Problem
Synchronous Transport Module
Tell-And-Go

Tell-And-Wait

Transmission Control Protocol

Time Division Multipling

Time Division Multiple Access

Traffic Engineering

Time of Arrival

Test Point



Acronyms XXVii

TSC TDM Switching Capable

UDG Unit Disk Graph

UMTS Universal Mobile Telecommunications System
VLAN Virtual Local Area Network

VPN Virtual Private Network

VPAN Virtual Private Wavelength Network
VON Virtual Overlay Network

WBSC WaveBand Switching Capable
WDM Wavelength Division Multiplexing
WFQ Weighted Fair Queueing

WGP Wireless Gathering Problem
WLAN Wireless Local Access Network
WASC Wavelength Switching Capable

XTC X Topology Control



	COST
	Preface
	Contents
	List of Contributors


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




