g

b (" i ’> |
/.’/ . 1 |
‘ g P"' i I,.‘_,-..\‘-—m- ‘npvdohw-‘obmﬂbv‘oh \’/ —— \,/ " \9’ o \?/ Cotomss ?/ /‘@ :

PRl ] {il i




XS AN O DS EXS XSS AXH
L, W et G- —c— e e e o B - ~<om— ‘5%‘ Ité i 4 b4
SE 0 S, ¥ ST L O ST ¢ ST ST W ST, P ST O (S5 2V ST = W ST 8 ST S ST S ST e A

e ] e ] i
@ ASUNET

Al

M
&
- o
e

o

Slaglea
iy

-

.....
Bt e
oa

3

o S |
@ ASUNET

vy
adl
e

L
alad




\-Q»MPW.»_)@(.“)@(_”—)@(_‘O— =

ity Saaly (g SN (3

Lo

it

by Lol ad Al Balal) ()f aulind) Al s
it Al (90 cisel B DY) o1 o

i | o el | A
@ ASUNET

Qiua.:

4 &
DL 0 Iy ADEY) 038 Jadal

%ot =¥+ O dgad Ayl Agsia Y010 (e Bl dage
To be Kept away from Dust in Dry Cool place of
15-25- ¢ and relative humidity 20-40%

@

)

=

e O oyl W o

@




A==

et ] e
@ ASUNET
o

—— W—-‘OW—-

-

O

E: —:o%—-o-—ﬁ—-oh—m—c‘ﬁ‘c n-vqo)—-
/ > X 7

e’




O

2 -

a . 7
7 Nt

e )

pP—

—
e

N

&=
O e

—_— p— =
O - -
S
X -

—

=
——

7

O —

-4

—_

N

N
—_——

—-—

==
4




$2

e

Vozlee
NETWORK OPTIMIZATION
AND ITS
APPLICATIONS IN
OPTICAL NETWORK DESIGN

By
Zein ElAbedin Mohamed Wali
B.Sc. in Electronics and Communications Engineering — Cairo University

= A Thesis Submitted to the
{*’\‘\G Faculty of Engineering at Cairo University
. / in Partial Fulfillment of the

Requirements for the Degree of
Master of Science
in
Engineering Mathematics and Physics Department

Faculty of Engineering, Cairo University
Giza, Egypt

July 2006







NETWORK OPTIMIZATION
AND ITS
APPLICATIONS IN
OPTICAL NETWORK DESIGN

By
Zein ElAbedin Mohamed Wali
B.Sc. in Electronics and Communications Engineering — Cairo University

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
in
Engineering Mathematics and Physics Department

Supervised by

Prof. Dr. Abdelkarim Shaban Hassan Dr. Khaled Fouad Elsayed
Faculty of Engineering Faculty of Engineering

Cairo University Cairo University
W %

Faculty of Engineering, Cairo University
Giza, Egypt

Tuly 2006







NETWORK OPTIMIZATION
AND ITS
APPLICATIONS IN
OPTICAL NETWORK DESIGN

By
Zein ElAbedin Mohamed Wali
B.Sc. in Electronics and Communications Engineering — Cairo University

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
in
Engineering Mathematics and Physics Department

Approved by the
Examining committee

Prof. Dr. Mohamed Gamal El-Din Darin
Prof. Dr. Hani Lamey Abd El-Malgk

Prof. Dr. Abdelkarim Shaban Hassan A4.HasS
Dr. Khaled Fouad Elsayed W

Faculty of Engineering, Cairo University
Giza, Egypt

July 2006







Table of Content

List of Figures .........ccoovveeveeemrennnn Ceennineerrreenne e an—es n
List of Tables........c.ccooueueueiueeeeeeeeeeeeeeeeeooooo IV
List of Abbreviations .............oeeeeveevmeeoeeeeoooooooooo \'
Acknowledgement .............cveeeeevomeemeoooooooo Vi
ADSEFACE ...t Vi
1 CHAPTER I - Introduction ..o 8
2 CHAPTER Il - Network Optimization.......................... 16
2.1 Network representation...........eeeveeeeeeeeeeeemeeeeseseooosoooeooooeooooooooooo 16
2.2 The minimum cost network flow PrObIEM.....eeneiririreieeeeeeeeern, 18
2.3 Different network flow problems.........owwvvveoeommoooooooooo 20
23.1 Shortest Path (SP) problem............oeeveeeeeommoemoeoooooooooooo 20
23.2 Maximum flow problem .............o.eeeeeeeemmemmemomoooooooooooo 23
233 AsSignment Problem ........ouuvuereeeceeeeeeeeeeeeeeeeeeeeoeoeoeooeoooo 24
234 Multi-commodity network flow problem ..o 26
2.4 Total Unimodularilty (TU) PIOPEILY .ttt 28
3 CHAPTER IIl - Optical Fiber Networks....................... 31
3.1 INErOAUCHION. ..ottt 31
3.2 Multiplexing techniques...............oooeeeemoreeomooroooooooooooooo 33
33 Optical WDM NEtWOTKS .............eoeeeeeeeeeeeeseeooeoeoooeoooooooooooo 34
3.4 RWA PrOBICIM...coeueieoeveeeeeeeeeeeeeeeeee oo 37
34.1 Wavelength conversion.................o.oooeeeeooooomooooooooo 39
3.5 MUIICASHNG .....ovoe e 41
4 Chapter IV - RWA in Optical Networks .................... 44
4.1 Technical classification for static RWA ........ooooooovooooo 44
4.2 Functional classification for static RWA ........ooocoovoovoooooo 46
4.2.1 Functional elements of routing algorithms .................ocooooooo 47
4.2.2 Functional elements of wavelength assignment algorithms................. 48
4.3 General notations for RWA ...............cooomomomooooooooooo 49
4.4 Min-RWA, link-based approaches.............coooeeorooo o 50
4.4.1 No conversion, unique requests, single fiber...................o.ooooooooooo . 50
442 No conversion, multiple requests, single fiber.............o.cooooooooooio . 54
4.5 Min-RWA, path-based approaches ... 56
4.5.1 Full conversion, unique requests, single-fiber ...............coooooooi . 56
452 No conversion, unique requests, single-fiber....................c.oooooooooo. 60
4.5.3 Sparse conversion, unique requests, single-fiber.................oooooooo.... 62
454 Sparse conversion, multiple requests, multi-fiber................ooooooooio... 66
4.6 Max-RWA, link-based approaches..............ooooooomveoooooooooooo 73
4.6.1 No conversion, multiple requests, single-fiber ..o, 73
4.6.2 No conversion, multiple requests, single-fiber (2).....cccovvevoeerrrerennnn, 75
4.7 Max-RWA, path-based approaches ...............cooovvoooooooooooooooooo 77




4.7.1 No conversion, multiple requests, single-fiber (1)..ccuvuuruveeeveeeennn 77
4.7.2 No conversion, multiple requests, single-fiber (2).......coevvveeeeeern 80
4.73 No conversion, multiple requests, mutli-fiber .........ocoooooviiieo 83
4.8 Heuristic approaches............cccooooommooovvvocooemoo 87
4.8.1 Greedy-EDP heuristic APPrOACH ... 87
482 Tabu search heuristic APPTOACH ..ot 91
4.9 Summary of RWA approaches ... 94

5 CHAPTERYV - A New Approach for Static RWA....... 97
5.1 The proposed approach....................oooovveveeeveoeeeeeooooeoeoooooooooooo 97
5.1.1 Candidate path calculation..............ooovooemmmovo 97
5.1.2 Addressing the multi-fiber case ... 98
5.1.3 Min-RWA objective.........ccooomvovvveeoeoeoooeoooooooooo 100
5.14 Solution uniqueness and shortest paths preference.............oooveron. 104
5.2 Network growing problem.......oooooooooovovvomm 107
5.3 Application of TU PTOPEITY oottt 110
54 Algorithms of the proposed approach...............oeoveeeroeooeooooo 111
54.1 Search phase..............coooeveveeveeeoronocoomoo 111
542 Selection and wavelength assignment phase ... 113

6 Chapter VI — Experimental Results.................... . 115
6.1 Implementation ... 115
6.2 Performance evaluation ..........cccccooocoocevomve 115
6.3 TSt SCHUP .oooooie e 116
6.4 Performance metrics ... 117
6.5 Model teSt results ..........ooooovvvvveomiiio 118
6.5.1 Variable number of requests ... 118
6.5.2 Variable number of candidate paths ..., 121
6.5.3 Variable number of available wavelengths............ocoooeeeeee . 122
6.6  Comparison with heuristic ApProach ... 122
6.7  Network growing problem application ... 125

7 Chapter VIl — Conclusion ... 127
7.1 Future research.................cccooooooiiiiiiio 128
7.1.1 Network Optimization ......%......ccccooovvccommm 128
7.1.2 WRON studies ..o 129

References...........cccoouiuemmoocooonoeeoo 130




List of Figures

Figure 2-1: Sample network with 3 different IEPresentations ..........oeeveuveuvennnn...... 18
Figure 2-2: Dijkstra's shortest path algorithm......cccoemeriiniiceeeeeeeo 22
Figure 3-1: The low-attenuation regions of an optical fiber, as adopted from [4]....... 32
Figure 3-2: Fiber section with 3 connections carried on different wavelengths.......... 34
Figure 3-3: A wavelength routed WDM network, as adopted from [24]. .....cc........... 35
Figure 3-4: A 3x3 optical cross-connect (OXC) with two wavelengths per fiber,
adopted from [24]. ......ccomreeeive oo 36
Figure 3-5: An NxXN WDM optical Cross-connect with k-wavelengths, as adopted
FOM [32]. oo 37
Figure 3-6: An example of WRON with 4 lightpaths using 2 wavelengths, as adopted
FTOM [33]. oo 38
Figure 3-7: Conceptual RWA problem with 2 wavelengths per fiber, from [24]........ 39
Figure 3-8: Wavelength conversion, as adopted from [24]. .....covererrrerererren. 40
Figure 3-9: (a) power splitter, (b) COMBINET v......eoverrveeereeeoooeoooooooooooooooo 42
Figure 4-1: Functional classification of RWA algorithms........cccoovverereivriireee. 47

Figure 4-2: An optical network with eight routed lighptahs, as adopted from [33]. ...55
Figure 4-3: Auxiliary graph for the Wavelength-assignment sub-problem, as adopted

£EOMM [33]. et 55
Figure 4-4: Tllustration of the search phase for path-based approaches....................... 59
Figure 4-5: Piecewise linear cost functions for link 1, as appeared in [24].................. 61
Figure 4-6: Combined MG-OXC node and its logically separated form: (a) MG-OXC

node, (b) FSC-OXC and LSC-OXC nodes, as adopted from [17]....c.coevvereennnn.n. 69
Figure 4-7: Lagrangean relaxation with heuristics (LRH) oo, 73
Figure 4-8: illustration of model formulation for the approach in [27]. ....cooeuvveneenn.... 82
Figure 4-9: Tlustration of 2 model in [27]. .....vvueeemoeeeeereeoeeeeeeoeeoeoeeoeeoeoe 85
Figure 4-10: Maximum coverage greedy algOrithim. .........oo.ooveoveeeoooooooeoooooo 87
Figure 4-11: flow chart diagram for the algorithm used for maximum coverage

PIODICIIN oo 89
Figure 4-12: Flow chart diagram of the Greedy algorithm for EDP............................ 91
Figure 4-13: flow chart of the RWA heuristic based on greedy EDP algorithm......... 92
Figure 4-14: Algorithm Tabu-RWA, as adopted from [8].........ovveovvoovoeooeooooooo 95
Figure 5-1: WRON with 2 links €ach Of 2 fIDerS .......ovooveeeoveoeoeoeoeoooeooeeoooooeo 99
Figure 5-2: WRON viewed as Multi-graph............c.oveoveoveeooeoooeoeooeooooooeooeoooooo 99
Figure 5-3: Two optimal solutions for an example RWA problem.......cccccoviennnnn. 105
Figure 5-4: Shortest path preference through weights decomposition ...................... 106
Figure 5-5: Algorithm used in network growing problem............oooveoooooooooovoooo, 109
Figure 5-6: flow chart diagram for accommodating the network growing problem. 110
Figure 5-7: flow chart diagram of the search phase of the proposed approach.......... 113
Figure 5-8: flow chart diagram of the selection and wavelength assignment phase of

the Proposed apProach ...........ceceeueeueeerieuieeeeece oo 114
Figure 6-1: Network topologies of the COST239 and NSFNET networks................ 117
Figure 6-2: Extract from the "Multi-Ring" network model ................oovovvovovvooo] 124

Figure 6-3: RWA7 network model with connection requests and optimal solution.. 126






