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# # 4170264021 ‘MAJOR ELECTRICAL ENGINEERING

KEY WORD: Restoration / WDM / MC / SLB / DJP
CHAROENCHAI BOWORNTUMMARAT : DESIGN OF WDM NETWORKS WITH
SINGLE LINK FAILURE PATH RESTORATION. THESIS ADVISOR : LUNCHAKORN
WUTTISITTIKULKIJ ,Ph.D. 101 pp. ISDN 974-333-790-3

This thesis studied three optical path restoration approaches against all single link
failures for wavelength division multiplexed (WDM) mesh networks, namely, minimal cost (MC), single
link basis (SLB) and disjoint path approaches (DJP). Key aspects that are taken into consideration
and comparison of the designs include a spare capacity requirement, ease of operation and
practical feasibility. Moreover, in this thesis, the influence of wavelength conversion and the number
of wavelengths muitiplexed in a fiber on the system designs are also analyzed. The mathematical
models based on integer linear programming (ILP) are used as a solution technique for obtaining the
total capacity reguirement of each studied restoration strategy. Since the ILP formulations are
computational expensive even for the small size networks, three heuristic algorithms have been
developed to perform wavelength allocation in large-scale networks. Finally, in this thesis, a lower

bound on the network cost is discussed.

Based on the simulation results, the minimal cost approach can accompilish the
lowest extra cost requirement for protection, but this approach is considered not appropriate for
practical applications due to complicated restoration and management. The single link basis scheme
is on the other hand more practical and very cost efficient. For the disjoint path technigue, the cost
for spare capacity is generally greater than that of the single link basis scheme. Its main advantages

lie in the simpte re-configuration and inherent protection against node fallure for in-transit traffic.
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LULIANRDINIATIR AR RS
(Mathematics Model)

é’ 1 S o v o o r:) o
Tuuniacnara e nisafuuunasamnatinmanildlunisarasstlyuinis
-~ A & 1 A o ] A J
Anasndunnuazanugiaaaulinuiastis WoM figaunsodasrndunialudldfiauiie
1 1 - a .2 IA ‘J
dntFenlasldfumuiBavig  FadinasdnasndunialminaualNuonn 2 lae
Faguszasraniniseiauuudtass e ialflunisidaruaudulaufadiuamianusi
> & :’r =l ' ] vad e o~ A é o
Tasvgnasiadnns Malunsallasednafiuachifigynsalilasduminetonduy Jauuuaieas
o3 fA o o > ] H .
n1atina1an i Mduraruauidulaufaiuasiiiununaiasdnld Integer Linear
v £ 3
Programming (LP) Wumaialunisa¥rauuuanasy uazuanainil luunildeasiniauais
o a i U 4 ] A’
nmMsafautudrasmnatiamanindmAauansessiuulanie  wasiegeuni

ASHINIFILATIEMHARAU N LHRINULU LA RN NAIAANA RS

3.1 uWUUANARIAR9tATITNe (Network model)

J hd = H L4 L] rl A
waliidlatewuudrasamnadinaraninldmdruruduloudaiuasianuai

3 - 1‘, o % é‘a ’ 4 w 173 o 1 AJ
Tandnadainis dais widetidvrendrtedneuzuardenuyisaslazairefitdlunisun

A uloniainad

hd % AJ d A o : :J 1

nuualy Tasdre woM  Alfuanmuduleudinusiauueinlasednasoanag
o L ! =
gnunusae newiidy undirection (undirected graph) G(v,e) Taad v Whuanaaslua
L] 1 1 A -

mallande, v = {1,2,...,N} uac ¢ inrasdredaniaanelulandy Thed jEe,
e.= {1,2,....L} uazudazdrwidenienlsznaudanguasadulowianiuas (bundle of

@ :} o A -~ A ] b 2 1 &~
opticat fibers) Mirurnsasiudunenidlunisdeindayaszudinalussunieiulanenia
° 7 o d' ‘J o~ a « ) Y] ot o
wasnMua Y Auuanugatuiasolanmandalihndulawdnitussduiiandu

o L < - 1 vl
(Aidunuade (M) F3luumanuniadanisunsunanGands M bdn

wavelength multiplicity [25,26]
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o d - N . d
2. Spare fiver fa Wulauwiatituashisasiuidunieiily restoration path 1iia

o 5 Y
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2. Jointly optimized working and spare fiber assignment 8 38n1IW1A71U
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] ' i o »QI ' ‘ P &
\§l restoration path na1aRa wissdunaRi e lazselbRsddna e laaaen i
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(11w node disjoint path Faiuuaziu) HFBIRMUAITUIINGME MULLANARINNATIAAVART

Liaansowndunieiili node disjoint path e

A o o fd o o= a
gﬂ‘/’l 3.1 Amutauasn e W ULLLA /DM NADRANERT

3.2.1 Optimized spare fiber assignment

luadeil aznalafieansairauuudaIaeInIANaAIanTN1TN1IuaY
° I a C ‘ {’, . e
Wuloufaiuaaanisiilu spare fiber Wil uazazAnmanay spare fiber A4ARIFH

v
MATNITAAAAAUN IMULLL DJP Uag SLB W1ty

o vy v ad =0 L 2y ° o &
ANNNEINIMFITIPU FEnTsiassipalinismMuumduniauacanuaaguniiv
active path w1l sauieasdinanivum working ficer a1 l¥dae T luuLUANaDINW
ANRANRATAD FRIRIMUR W) gy AMFUNTEL VWP 93D W) | dyg; 1 8WFunsdl wp

Tmeidl objective function A8

min :{IZ::ISJ}
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1. nsdi VWP

1 d A . A ) 4‘ A .
1.1) #glunlaq Swoudunisiiiy active path fignsunumndredeniod - e

RLABRUVINALAIUAU restoration path

ZY\(’)} _Z 8«]1_} VSd=l,2,...,m (31)

n=l =l

° + « 17 -~ . A
1.2)  A"U7U spare fiber ﬁl@W’lﬂL%MTm ] ALGDANEINDIBNFY restoration path %
ddredaniod

Wunsel DIP

mn. m P

M X Sj - ZZ’Y-\’;IJJ sd.n, ] + (M X W Zza-"’-is"""kl) 2 0

sd=\ n=] xd=\ i=1

Vi=12,..L;j# ]
lunsil SLB

m  ha m

MXSJ_ZZ'Y::;!." wru,+(MXW Zza«u16uu,

s =] n=1 sd =) i=1

m Py
+ ZZ(a.\zl.la\-d,i,,i)6Ml.i._i' 20

ad=| i=l

Vj=1’2’_“’L;j¢jl (32)

WAV 3 1eaANnsH 3.2 Wansdl DUP waz SLB flAruminadn deefoynyrauiilsi
Tagnliuluduloufotouas w; awnsarillldiiludesdeyurnddiu restoration path
1% dounatl? 4 10933 SLB flanmamanedn delantremssanudradeslasfitng uay
mmqwmﬁﬁmﬁgﬂwmumnﬂmL%u‘iﬂqﬁmm daunrvpuuazdnnslandngarda
ﬁrgn;mmlﬂmnTumﬁumqum:ﬂmamwmL&’umqﬁqmumu Lﬁﬂ’tﬁﬂamﬂmﬁmmﬁmlu
dulaudariuasiignidlasdunisiignaunawaan uazlanwlilg restoration path unu
'ﬁfaqﬁmnvﬂmﬁg]nﬂmmnﬁumﬁumu@:ﬂmf_|mammmﬁﬂﬂi«hﬂwﬂmﬁmnﬁm‘nm
restoration path & alunsdl DUP Lideeiiwafiluannasiwsns ‘ﬂmé’tgm'\mﬁgnﬂammn
@701 70950 restoration path - 14 ({lasann active path WA restoration path iy

node disjoint path AluAuasdumnside it dauloanuniu

A -3 L% 1 1 ‘4
1.3) Wawwnisn1sanassdunialuduuy DIP uaaziduntsiithe active path @n3909

' _ A o
Wuvneiidlu restoration path Ifsduniafecwingy sai duneidly
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restoration path azfesannsauiteiioguridinng mgnizai active path gnsunau

o v i oA d 4 . 4 od

anmgnisainduilldiamuainidraidenisdlulanirana  Tavanisaln
»v

active path azgnruniuaindiadelasamdulldiua £ wenisal (g

1 o i J . Av n‘

@mqmgﬂﬁ 25) Wa / AeAnusnal active path firuanndradenlss

active path 3arinu uasluREimaly £ dhasnessmgniniisafindhlyié
wuAfl active path '-}zqﬂmmm'mnﬁmi'mﬁaufmLﬁﬂmﬂ ( l Fa| =/)
Virw =Yiu JhJ"€ Fa
Vn=12,.,r,;Vsd=12,.,m (3.3)
14) s;upT ¥, Thidruaudilidudiuadiuay (nonnegative integer)
$ 3 Yign €{0,1,2,...}

Vi=12,..,L;Vn=12,.,r,;Vsd=12,...m (34)
2. nscd we

=t 1 Iv Y3 1 o )
lunsdiaayr WP usasidunitandnassivivlulpssdrassdasiinastinuaan
AMNENARUN AN AADANAEUNIY AR WULRN AN ATIRANAR T A RNINTIRNI B

(gimension) Tuntsaavuananeaauldiuduniedon
d R ' : . o d
2.1) figlunlaq Suauduneiuilu active path ignsunauandredenlaeh ;- 414
aupiaavitiuauudun1aimily restoration path

ry M X Pu M
Z Z‘Yil,n,)\ =22(am_i\l 6.&/..‘._[‘) vsd = 1925'“) m (35)

n=l A=l i=l A=1

2.2) 47U spare fiber 989tnedante J arfadfeawasadsl restoration path i
o d .
e asleah j

unsl DJP
m r, ) , m ¥,
§, = ;Z}yil.n.xf’i{m.} + (wj - ‘;;a.MJ,ASnIJJ) 20

VA=12,.,M;Vj=12,.,L;j#J
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lunscd SLB

m  Fa m Py m
ZZ’Y\J!)IBWMJ-F(W Zzaullx allj)+/ZIZ(a\dl)\ Mlj)Brd// =
=l =) o= i=| N¢ i=|

YA=12,.. M;Vj=12,..,L;j# (3.6)

2.3) lunsdasnisdnarndunialninuy DIP usay active path azdl restoration path 16

r=1| = [ :
LA UNIALAE 2T

S < i TR
)\Z‘Y::d.n.l 3 ;Y,\dﬂ.l J.)J (S /Ca
Vn=12,..,r,; Vsd=12,. (3.7)

2.4) S,URE YL, Wi liifusuoufinay (nonnegative integen)

SJ' ’y:\l‘-‘ll‘n,)‘ € {03132,}
Vi =12, L Vn=12,.,7,; VA =12, M; Vsd =1,2,.. (3.8)

3.2.2 Jointly optimized working and spare fiber assignment

~_ v ; 1 - LY (3 a o‘:‘ ]
luWadedaznatqtanisafrauuuanasinieadiaaraninldnidatuau
W————— ' " " o o .
Wuloufnbuamsinge facsesdnasslifulasdie thesfnlasstrananisodnass
] A A 1 A ar r/ o J .
Wunmaluid ldavisira@enlasldfuaudawie vadulauiaiuashiddu working fiber

uaz spare fiber Aa83En134RdsTIAUN I IvNLLY MC, DJP uaz SLB laudl

objective function An

min : {i (w, +s,)}

1. nsal VWP @5 DJP uax SLB
| LULANAINAGIAFNARTAE N1 constraint 71 3.1, 3.2, 3.3, 3.4 WAL

dl 3 o A ( ar ) A e
1) gluala Swawduneiinily active path azdesvinfudiunumswilninimus
L&
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Dt
Ya, =d, Vsd=12,..m  (3.9)
i=1
> . . ) 4 P . £ o ot =
1.2) AU working fiber Javtna@enian  j  assipaigawasasudunteiily
. da o, o, d .
active path RS IS T LY e J
m Py
M x w, - Z Za.vdJS.u/,i,j 20 Vj=12,..,L (3.10)

sd=1 i=1

1.3) w,waz a,, ; Whiausuinihidudnnuiiinau (nonnegative integer)

w.,a,, €{0,1,2,.}

xd i

V=12, L Vi=12,,p; Vsd=12,..m  (3.11)

2. nsod WP @15u DJP use SLB
LLLRABINNATIRANARTAR N15394 constraint 01 3.5, 3.6, 3.7, 3.8 Uas

o, . 4 , oy
2.1) 1glualaq unnduniauaranuenanauiiiu active path azsiaavinduiBunu

oo
R A M ua 1%

Z z a.\'d.i,l = d.wl VSd = 132)"‘)m (312)

Puy M
i=1 A=l

. A, ; - . o
2.2) 411y working fiber aminnidentaedi j  asdeuiioewasacfudumieiiiu

active path e utredenTam f

m Py

w./ - Ezam‘i,xa‘u,;,j 20

wl=1 i=|
Vi=12,.,L; VA=12,... M (3.13)
23) w,uez a,,;, Wudruaudiniti s unuiuay (nonnegative integer)
w,a,,, €{012,.}
V=12, L; Vsd =1,2,.om; Vi=12,..,p.,; YA=12,..M (3.14)
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3. NIl VWP uas WP dmiu MC

lunrsafnuuaasedrnfuniaruruulouiinugaisuuansasdnass iy
aa

[] A d q Yas v o
Tasedrangursowilathywiniisdradoniealdfuanudame  dradnisdnassidu

maluduuy MC amnsainlélng Awum objective function Aa

min :{ij}

3.1) T VWP

od ' _ _ o 2 4
3.1.1) 7glunaleq Funreiiu active path uaz restoration path Wilfiile

1 ‘! | e Ao

drandenins j 110 azfearinfuBinamaindiduuals
T " Pt

J o -—

Z Y,\'d,ﬂ _Z a.wl i d.\':l
n= =l

Vsd =12,....m (3.15)

o o H 1 : 4 3 ar A
3.1.2) awaudulawisthuasfidradonlasdj deuiaswasasfuidunaidly
. : o L J .
active path Laz restoration path N9k I tFEaN TN J
m P

M X fﬁ = Z Z a.\-d.ia.vd.i._} 2 O v.} = 1>2>'“3L (316)

xl=l i=l

m Ty

Mxf,=>>y0.B5,, 20 Yji=12.,Lj*j (317

sd=\ n=1

3.1.3) f,. a,, war v, daafusiunwsdsuniaiidwindugud
Jj? a.\'d,i”Yj\{n;,n € {0)1)23'"}
Vji=12,.,L;Vsd=12,..mVi=12,.,p, ;Vn=12,.,r, (3.18)

3.2) N WP

4, 4 d
3.2.1) Rglualeg dunnuazanuenaaduiiily active path uas restoration path

dayd . o de
ididatiedontug ; 11m arfpavinfutiinameminisamuals

s M ” P M

J — —
iz}’.\'d,n.)\ _Zza&(l.i‘k - d.\'d
n=) A=l =l A=l

Vsd =12,...m (3.19)
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3.2.2) Auwudlauinihuasiinedaulod j faaRaawasasiuidunaiidiu
ien 1 1] A dl v
active path WA restoration path it ugneTaniesn J
m Py

'f:l - Zza.\-u,;,x6m',-lj 2 0

sd=l I=1

Vi=12,.,L; VA=12,..,.M (3.20)

m_ Kol . o
-/;' - ZZde‘n.lBid.u,j 2 0

sd=| n=\

VA=12,..,M;Vj=12,...,L;j#j (321
32.3) F,, a,,, waz v4,,, faadudmawdnuinvizalidwintugud
Vs € {012,
Vi=12,.,L; Vn=12,.,r,;Vsd=12,. . mVi=12,..,p,;
Vi=12,.,M (322

A o = £ 1) o rA 4
lunsdifuuudnaemnadamanfiads Mc Lilddadamanisaianedentos
; L ° 1 1 nl 1 A ]
# 7 measaunsoliuuusiaesiilunismsunulassdisnliannsousladogwiniadie
4 . . , . v
Wanlusldfumu@ouiald (without restoration case) wianatnanauile As aunsnld
. X . s > o o ) o .
suuRtaastilunisatuamdulaunavinaanuanidu  working  fiber fidalasadng
FaanTlsl Taalunsdl VWP Aanirsanaunasii 3.15, 3.16 uay 3.18 doulunsal We Asnas
i { 2 - fv [ = rA [
2ANANNTTA 3.19, 3.20 uaz 3.22 daluingriinusiazlduuudtasaneadindnanihluls
0 £ 2 d’d’ ] ‘ﬂl » Aal v ¥ o o
mikatamgnizaiidedentasne lumsnmaduiu (w,,a, ,, a,, ) Wiitwwoiieas

- o - . . .
NALNAEnILEIR optimized spare fiber assignment lun1sa¥1euuanaas

J L] 1 oy o) hd - 1

welinisdnauesdeidradinginudidulydazaon fasedmuasiadesadisnig
s IA d A o o
Fagsndunalminazdnm ilummed 3.1 daumseil 3.2 Biannsagplfesusuas

o rellv [ L % nll 1 a :‘I 7 d‘

wisimainsasninuali uariifluusnsatasiasiuusassildisus gouluaiei 3.3
THuamsdnuausmuls (number of variables, N,) WAYANUI constraint (number of

. ° da o o . ) (
constraints, V) 123UARZULLANAEY Hanmualiidatwau restoration path 1adnsazAiua

1 rA 1 A a ) e
WAsHRA ﬁ:ﬁkﬂﬁ]ﬂ"lTNVI‘IHﬂl‘ﬂ'ﬁ“tﬁlﬂaﬂﬂ'\ﬂuﬂ’]lﬂq nu
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ANFIEN 3.1: sepaaNUAa z‘%‘%‘mmm sr&unnalug

Jointly optimized spare and

Restoration Optimized spare fiber
schemes assignment working fiber assignment
Mimimal cost r MC
Disjoint path DJP JDJP
Single link basis SLB JSLB

P a « o o] 19 ° ) - °
AFI9N 3.2: WIS Wwashasiaulsnassial ﬂ']ﬁum.l“uﬁ 5Vltﬂu¢~lﬂ LRAUDBILLVATIRAINI]

ACIAANA AT
Restoration
schemes Input Output
& 7
MC d\'d ’ 6.\!/.1‘ s ':':I.n.j s Pas i’ a-\'d." £ q\!/.i.h z ‘Y.wl.n ’
J’
r.\'(l 3 M ‘Y.w/,h_)._
wj’d\d’a.wl‘i’a.«d,l,k> S J* J'
DJP, SLB ; o Vot Vsdina,
J
6.\'4],1’ S sdn j3 ’Tul > M
d\-d:iSmJ’Bi.j ,,Jsp“” wf,sj’auli’a\'(lj.k’
JDJP, JSLB r -
'l.d ) M PY.«'AIJ)’ ’Y.«{I‘n,l




] - e ar = o 1 . e
AN$9N 3.3; /MUUAILT (number of variables, NV,) U&¥RIUIU constraint (number of constraints, N, ) 1D9ULULIRRES

R o : X , el o g 4
¢ durmdsanugnraddunsidu active path iavualulandnalaeiusindmaudrodenleaiduniaiacing

L . ] ] 1 rsill dj =l b
LL@:ﬂN&{N‘lﬂ’mu‘]u restoration path 184 u,mﬂ:@i:um LLﬂ:LLﬁ]ﬁzmﬁ}ﬂ’W?mﬂ‘Iﬂﬂt‘ﬁ’ﬂurﬂ\‘l@ﬂﬁ’]ﬂuﬂ’lm’mu

Restoration N, N,
schemes VWP WP VWP WP
fid "t m mn
MC L3 py+Lldry LMY py+LM Y ry m+ Lm+ L2 m+Lm+ M
sef=1 sif=| sef=1 sd=1
SLB L +LYry L+LM Y ry L{m+(L-1)} Lim+(L-1)M}
sd'=1 sef=1
m m " I m
JSLB U+ Y pu LSy | 2L4M Y py +IM Y ry m+ L+ L? m+ Lin+ 2 M
xd=1 xef=1 x| sl =1
) m - » - L
DJP L+l L+IM Y ry Lim+(L=1)j+(E-1) Y ry [H{m+(L=DM }+(E=1) 3y
=t=| | o sd=l
JDJP U+ putlSry 2+M S p LM Yy | melme B 4(E-1) Yy | melme PM (€= ry

xd=l1 stfml

sef=1 sof=1

sed=1

sel=1

28
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3.3 Lmu'ﬁ'\ammanﬁmmamém%'mdw@ummdwwmﬁunu‘imij

lwidetiaznan1an1sld Integer Linear Programming (ILP) ifwinmatialunisa¥ag
[-3 Y fd 1) 2 1
wuuanInptinAaninlduiasauandegaasunulasednn  (lower bound on
:1 A 1 -3 o <. ] ]
network cost) ashuyuilasansldanulugninznsirnudng Fesumunsdilassdrely
. o o \ P
mmmuﬁ‘lmﬂmmmm%uimt?\’ww'lo‘i) wazfununsailaraiiuasnrautlodgwinia
T % A :3 a ° A’ ) U v
dedentasdomald Tensaasildanuuuiiassiazifiudr2auianasaveeiuyy
1 = e . n‘ -:J b 2] o & A
Tandng s ldinsiuuaEUNNg WAL constraint MNEITBINLINIITARITANNLIIAAY

Wiiulassdng diRgan1sdmua B smvinaesusasgiuanelulasadtyiaty

[-] Ll 1 1 AA L]
luuupsiaainismArramananessiuyulaniis  wanandeanyinnanlily
s X . s 2o oay St R . < J
Wada 3.1 299umiudn upudnaelifaldaauyBiaEn As A1UIUANEIIARUGIGAT
v v
aunsnsamnand o ludulaudaiaugasiAawiany 1 (M =1) Wiy A3y a1niienueas
' Ajo H H o ) 0 -~ .
sunpulaseirainmualiluanmsi 1.1 g0aum 1 Az ldsuyulasediewindudauau

Y ¥ o ¥ 7 L ) ]
Wulaudniuasianuanlanndnesiaanns Taell objective function Aa
. L
min :{)’ f,}
J=l

. al v ° a el ! ! Y
constraint  NEINATIULLAIADINNANRNAIRAIN 1EUA1TDL1DRE199DIAUNY
Trssiraansnsossuelafel aannslandie G(v,e) asgnuieaniluasadou Ae
' : el o d
nel G uaz Gy o € Teazgniunds cutset husnaasditedaniosntunfunilares
i d} ‘ o v A 1 I o~ :’1
iredantasegluns Gy LLa:‘lIuWanmwuwmmm%ufamq’lunmw G, My
°| e‘o '3 1 J
dinamsilnsinganantlusetng cutset, € A8 Princ) TManuasaaniuin
nemAnHounanituafunsusraenestauacnaiu wmceslu constraint 929
o é’a o v o » % dl 1 ) LY
wwudtaesiiae Auandulaufinhussrasitadanlafiaglu cutset, & 10 atraanar

a a A 1 1 1 '
FRadNnsnFaLF s IWRN AIRgaTiiu cutset, & 1X
S i
Zj £, 2 Pminlc) VI N=E-R (3.23)
a v v aal ) o a Y o & o ' o vy
e AN 1a%8n1sM constraint Aeduna IMiidaRungsIuRIanmBeN Fanls

d — e o
wanalflugi 3.2 angd wasslassdreiunusoens G(v,e) Addwuluauaz

4 :’« 1 (3 -« AJ ) '
dnadestaeiannalulangne N =11 CL=15 muaidy Wantinsnaselasaigusan
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: 1 A
Huassdoumnidule azldinem G, Gy uar cutsut, & Fadlugnaedrodaniog
g ={5,7,8,11,15} Fufu frimualdivinmumeviiinsswsiszgiualy Trsedraiiin

o v ) 0’ A £ 7 1 : =l y
AU 1 (uniform traffic) AaZlGUTuN N HANAgANsIBLL cutset . Pmin(c) A 6XS5 = 30

{ s 3 3 \ vd
wazazld constraint wilsaautLANaaanAa LAY suyulanteilae

S+ o+ Syt S+ £ 230

A 7 t =~ F k4 U 1
E‘Ll‘ﬂ 3.2: At NBRLNENTTA5 constraint SRMLILAABINISMI AT DLLY mmwmﬁunu

NP NLAT!

] : 4
N3 cutset Milulillgvanuaraslasigng amnsnaiaanuau constraint
] »
IuAaaduiunsmArreunaseasiuulasgeinauluannsdnfiviagy  vie
i a ar ﬂ! - & <l ] 1 %4 1 -J H Yo 4 &
natafnduunieda uiRssAtaavianarsanssunuiasedrailildArilateuases
1 J & : -A o 1 k] ’ ’ i
dedenlasra Ay e lfuuuRasstianuirnArraLienagassuy ulaseaf
o 1 i J ¥ d o o AI
arurrdnassidunnindlfilanisdradonlealdfuanudaws  indssnfludpadiy
F [ 4 » 3 L3 o 1 ] dl o
constraint WALKLLA1GDY Tagunsanseinlaall annsaaslangie Gv,g) Wia
. < . ; vi. e 1t id v
idodeniganiiveanainiaseing  uasnuualiiandrenerdradGenisavissaanitiu
v
Tasvdnelmdl Gy(v,e) wasarntuvinn1swn constraint lael438iReatunTIM constraint
N A a o 1 ] A :’/
w9ans W G(v,g) Wasnismaiamiliiradaniaseanannswhillldvamue L 33
Y . ./ 4
warzaztiu iarlantd Gu(v,e) a1 L net uacldl constraint iawus L 4o faile
a . a o . } J o
290y constraint 1a9ns W G(v,g) Aazldidrucu constraint MiReawafazinly
. y . . o . oy
WUUAAILAINITOMI AN TDLLI AR TR U TATIINENd NN TdRds T AU I T

wilnadenla EFuauRevng
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3.4 AALARELAZHANITIATIZANALRAEY

=y -] o -2
3.4.1 dawaag LLRBN@ﬂ’]i’JLﬂ‘i‘]SﬁNﬂL’ﬁ’s\ﬂQﬂﬂLLﬂUQﬂﬁﬂﬁﬂﬁdﬂmmﬁ’]ﬂfﬂi

Tt doi avfinsaaszsiatndudeu  (complexity) LALLALRABTINNRAN
wudaamnsadiamans Aldnanilwided 3.2 Wlunsdilrsstrnssnsaualyl
annsaudiatloguiwiteiredestuadameld (with and without restoration case) Falunns
Aaned adilassinaumdn 2 Tassdhafiuanslugld 3.3 () (@) loeiaaasiansingasd

ANFOUENNINIENW WAz BurunanAnsal

(R) (1)

gﬂﬁ 3.3: TassdneM g lunsaasned (n) Tasedne SN_7L (1) Tasadne 8N 13L

1. Tanvanegy 3.3 (n) Phulandefiiamauluaiamn (node) 5 Tum waTia U
dredenlos (ink) Kavua 7 drodentes Tnaauydly nowAnasslantadidnwouzy
uniform nataAe  Uinrunsrineasusesdluadsim uazlulasednetiinwunly
HunmavinasaustazgiuaiiAvinny 1 oy Bnamswiindeusiagedasedne

] o~ ‘d b7 - ] Y 1 1
whiy °C, =10 uasifanrrnasaanlunsdsdrelisafanlaseitaiidn Tasetne SN_7L

L i A ( 1 ¢ < o
2. assdreg 3.3 (1) Wulandrgifiawalngindrlassdreusn Taefiswaniun
wazdnedentusionun 8 tun way 13 dredentasmudnil uazauyRiddnmuznanin
» g . J o AJ o o ]
raalantretiiduiuy non-uniform FaliuAnwoushnssiudruiunawilnaaslasdnausn

1 =) 1 1 1 ) 1 -~ J ) vo
nfafe  dinnunidineasusazgiuaddlivindy Falulassdratsinualifiunn
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*
By o 1 4 Al ot 4 < 1
NTINANFIRNIN ﬂ‘llﬂ\)iﬂi\l‘ﬂ']ilﬁﬂﬁm’l AV 57 uasieAnudsaanlunisansdasialdaeGen

Tasadreidn Tasedne 8N_13L

1 -~ -9 6"/ -3 ‘JJ (-]
atie Wineninusiuasldlusunsudfaguinda CPLEX 6.6.0 [24] lunsanuansm
1 4 ]
At uA L g Inu ANl AT 8 A DINI7AINULULAN A AIN AR ATEA T
dg = I ar - 3 A 3 -
FapaNRAa N ESuTUsunsudana A 1Asae PC Intel celeron 300A laall RAM: infy

64 MB

3.4.1.1 MSAASTIZRUALANE WA ANNTUTBUTIRINE Optimized spare fiber

assignment

mef 3.4 uasmteanududeusesuuusiseanadnmanfilduiatuny
dlaufatinuasianailasedne SN_7L #eanns Feponuduteutsauudrantazuandly
sU9893 42U constraint (W3D Auauannng, N,) LazAuaUFALLsRaMLe (N,) M¥aka
WLAaed  wasluuuussamadiasanitealasidneg SN_7L 3 Ausudunediiy
active path WA restoration path ‘nmum'a:f-j’[umﬁﬁ'mum‘lﬁﬁ'uLtuué'mfm‘lﬂ'lﬁf-hﬁ'ﬂﬁﬁuf)u
Liusiadnala desmnlasinadendraflulastireiitlaunadn Geungasnislisiadiuay
Wumslifuuuudnsasdanaliduaudilaudaiusaisuaitasdnodeanisfidsiuang

Ifarnuurdnaas ludwaudulaufaiuasfinhganiasaitg SN_7L siaanas



33

al o o a dae o o
AFIeN 3.4 AU constraint (N,) uazdwaugiawls (N,) Nfafuuudiaaanig
~ I's ( -l 1 1 J ‘
atinAngnfaaaiasie SN_7L (n) m‘m‘lm‘ww‘lummsnur‘ﬂmﬂtywmuqmm%ammLﬁﬂ
melldh (without restoration case) () taz(n) ndilangwaITdndssidunandlsiile

J 1 i \ 2% 1 [ ar
viingredanlaaIdfuaui@amiasaalaning VWP uay WP anuandu

without restoration
M VWP WP

N, N, N, N,
1 17 57 17 57
2 17 57 24 107
3 17 - 57 31 157
4 17 57 38 207
5 17 57 45 257

(n)
Restoration schemes (VWP).
M MC SLB JSLB DJP JDJP
N Wy bl B v TN e |8 AN

1 129 278 112 228 129 287 154 138 171 195

2 129 278 112 228 129 287 154 138 171 195

3 129 278 112 228 129 287 154 138 171 195

) 129 278 112 228 129 287 154 138 171 195

s 129 278 112 28 129 287 154 138 71 195

(7)
Restoratlon schemes (WP)
M MC SLB JSLB DJP JDJP
Nc ) N' Nt Nv Nol i Nv ) N: Nv Nc Nv

1 129 278 112 n8 129 287 154 138 171 195

2 178 549 154 49 178 570 196 269 220 328

3 227 820 196 670 227 827 238 400 269 485

4 216 1,091 238 891 276 1,098 280 531 318 642

5 325 1,362 280 1,112 325 1,369 k»23 662 367 799

(@)
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=] o o ) o o g

A199N 3.5; AN EUNITAIUIMIRARRY (run time) TBILLILANRAIN NACIAAERS

. " oy 4 4 Y

aaalasade SN 7L () nsdllaseansldauasaudledoywivilsiredentisaiovnelé
= 1 [ " VAJ Aﬁl 1

(without restoration case) (1) Wag(A) NFAIATNINBAINITARATTIEUNS I A auiladne

donlaelFfumnudawatadiasedng VWP uay WP muanfy

Run time (sec)
M

VWP WP

i 0.49 049

2 0.17 0.05

3 0.08 0.6l

4 0.0 0.62

5 0.06 1.48

(n)
Run time of VWP case (sec)
# MC SLB JSLB DJP JDJP
1 0.10 0.05 2.64 0.01 0.03
2 0.2 0.02 2.72 0.04 0.09
3 0.87 0.07 7.10 0.01 0.27
4 0.29 0.05 294 0.04 0.16
S 0.18 0.07 3.82 0.01 . 026
(1)
Run time of WP case (sec)

o SLB sste | oop DJP
1. oo 0.05 264 0.0l 0.03
2 073~ 0.12 22.26 0.09 1.19
3 12,70 0.74 16.31 min 0.26 21.13
4 16.99 1.29 27.56 min 0.55 25.97
5 30.36 223 8.49 min 1.26 52.25

(7)
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A a ;%3 o :4 A 1 v <l )
A1519% 3.6: anwdulouiniusianuaiaelangse SN_7L dasns (n) nedilasede
) 4 . . o
‘1ummmuﬁ‘1mﬂmmwwwﬁ@uim@mm‘lﬁ” (without restoration case) (4) Wax(a) Tl

) ar 1 ¥ A A y ar ]
{asadrugnrrndmasnidunaludismiilavildradeylsnaldfuaindovinaaslasedng

VWP uas WP RANAIAL

M without restoration
Vwp WP

1 13 13
2 7 7
3 5 5
4 5 5
5 S 5

(n)
Restoration schemes (VWP)

M SLB ss1B | oap JDIP
1 21 21 21 23 22
2 11 11 I 14 il
3 9 10 9 10 9
4 6 7 6 9 7
5 6 6 6 6 6

(1)

b Restoration schemes (\WP)

# MC SLB JSLB DJP JDJP
1 21 21 21 23 22
2 i1 11 11 14 1t
3 9 10 9 10 9
4 6 8 6 10 7
S 6 8 6 8 6
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o ° . ° ) < v o
IR 3.7: AU constraint (V) ussdwaudiouts (N,) liafuuusiasamng
o s 1 <l » 3 4=4 [ A‘
atinrnansaaalarte SN_13L (n) nsndlandrsldannsoudladgwniedraidaning
@owneld (without restoration case) (1) Waz(p) nefilAsatad N0 nasTE U s

Lﬁ@‘lﬁﬁ\ﬂi’lﬂﬁﬂutﬂ\ﬂﬁ%{u AMNIREUIETRTATTNE VWP Uas WP mNA1AL

without restoration
M YWP WP
N N, N N,

13 v c v

1 41 153 41 153

2 41 153 54 293

4 41 153 80 573

6| o | 153 | 106 | 883
gl 4 | oass [ o2 |
(n)
Restoration schemes (VWP)
M MC SLB JSLB DJP IDJP
AR

1 561 1,965 520 3.563 561 3,856 733 838 774 927

2 561 1,965 520 3,563 561 3,856 733 836 774 927

4 561 1,965 520 3,563 561 | 3.856 733 836 774 927

6 561 1,965 520 3,563 561 3,856 733 836 774 927

8 561 1,965 520 3.563 561 3,856 733 836 774 927

(7)

Restoration schemes (WP)
M MC SLB JSLB DJP JbJp

N N, N N, N, N, N N N N

(3 v (4 v [3 v [3 v < 14

i 561 1,965 520 3,563 S61 3,856 733 836 774 927

2 730 3,917 676 7,113 730 7.460 889 1,659 943 1,828

4 1,068 | 7,821 988 14213 | 1,068 | 14,786 | 1,201 | 3305 | 1218 | 3,630

6 1,406 | 11,725 | 1,300 | 21,313 | 1,406 | 22,166 | 1,513 | 4915 | 1,619 | 5432

8 1,744 | 15269 | 1,612 | 28,413 | 1,744 | 29,546 | 1,825 | 6.597 | 1,957 | 7.324

(”)
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A3 3.8 AT lumsAwInNa At (run time) ' PBUVLANRBINNANURAZAT
aaalAsaGing  8N_I3L (n) m‘tﬂfﬂmﬁiﬁammmmuﬁhﬂcymnﬁeﬂhﬂL%uimtawm'lﬁ
(without restoration case) (3) wax(f) nsdilandrasnnsodnarndunymildidanisine
Foalaalduanndemiaeadlandtg VWP uaz WP asdady; * wanedelignansom
naanevunzauld (optimal value) LiBavnfiuanatd i umeaaastS iy 1 Sy

ety Aaldnalastanganlisunsy CPLEX wildnnaluainiiedu

Run time

VWP wp

1 0.02 sec 0.02 sec

2 6.33 min 55.86 min

4 325 sec 26.15 sec

6 1.5 sec 428 hrs

8 0.95 sec 1.17 min

(n)

Run time of VWP case

MC SLB JSLB DJP JDJP

1 || s4.68sec | 1955sec | 396min | 0.51 sec 1.09 sec

2 3.15 min 42.09 sec 5.54 hrs 0.25 sec 30.24 sec

4 4.96 min 1.45 min 9.68 hrs 0.16 sec 16.16 sec
6 11.13 min 2.12 min 14.67 hrs 0.14 scc 52.47 sec
8 10.06 min 1.48 min 10.16 hrs 0.14 sec 49.58 sec
(1)
Run time of WP case
M
MC SLB | JsLB DuP DIP

| 54.68 sec 19.55 sec 3.96 min 0.51 sec 1.09 sec
2 4321 min 4406 sec 8.15 hrs 1.95 sec 19.17 min
4 4.25 firs 271 hrs | day * 16.46 sec 6.15 hrs
6 9.09 hrs 4.49 min | day ¢ 49.65 sec 1.10 hrs
3- 2.78 hrs £9.95 min | day * 2.03 min 11.83 hrs

(m)
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| ° o : e | y
A19597 3.9: aunwmdulaudiiuasiavuanaaslasetne 8N_13L Gasnis (n) nstilaga
1] 1 J 1] A .
dreignusaudlatlymuianodaulaadaniels (without restoration case) (1) Waz(A)
. o . N 4 o o
nrfiasadnagnurradnaradunialmildiiaviinndaulssldfuannanigans

TAsNENE VWP uas WP mANatAL

without restoration
M
VWP WP
1 l 88 88
2 46 46
4 23 23
6 16 16
8 13 13
(n)
Restoration schemes (VWP)

M MC SLB JSLB DJp JDJP
1 125 127 125 149 136
2 64 66 65 75 69
4 33 35 33 41 36
6 23 25 23 30 24
8 19 21 19 24 20

(2)
Restoration schemes (\WWP)

M MC SLB JSLB DJP pJp
1 125 127 125 149 136
2 64 66 65 75 69
4 33 35 33 4] 37
6 24 25 24 30 24
8 19 21 20 26 21




39

Fofansanrsduderlunsdlaseiteliissnsaudlatymmikinadentodls
(without restoration case) FagnsoaiuninassnaadinAaaflEannissanauns
3.15, 3.16, 3.18 AWFUNIEl VWP wieannsil 3.19, 3.20, 3.22 & wsunscl WP a1nmsng
3.4 (N) aziud Wnstilarednglszinn VWP A1u9u constraint wazS RN AT
a¥auuuiaedhituagfuduruanueinadugegaiiarnsaiafimand iy
dlowdaiuss (M) F9anmsneuAIdILIg constraint, N, =17 uaz 47uaudaunls,
N, =57 ulumansafudnandefiasantassinodssion WP 41wty constraint uay
Fuausiudstranuudataasi A uduiusiiua M naaha a1 constraint LATATLIY
Faulsasifsdumudn M i (Fagunslumnsedl 3.3) unfaatineidu § M=2
N, =24 uaz N, =107 uavdle M dadwiy 5 N _uaz N‘,Q:Lﬁlu'%utﬂu 45 uay 257
AN A aannsiiaest Jmnsaaglldan nadilaseinaliznsnsaudlatigw
wilihadenlaa@amnald wusrasradlasdne wp Saandudeunnnniuuudngsa
gaalasedng VWP datiy dlafiansaunlud@aaanildauamasaas (computational
time) @1N15ONA121697 LULAIRRINNATIRAIanTIealandte WP azldinanAtuanmn
HARAEUIUNILLLA BN ARaAanFralandte VWP faftliuandlilunanad
3.5 (n) nfathady # M = 5 wudisasedlantng WP azldinan 1.48 3unit daulu

TAsedne VWP agldanadiuan 0.06 U1

J o o - ° L% 1
\WaRanTuanuay constraint wazAaruaumwlslunsdilasadng SN 7L atwnso
AJ i s o’ )

witadloyvuilvihadenisadameld faedtinnsdnasaidunisluduuy SLB uaz DIP Tae
1438 optimized spare fiber assignment TuA1FaFIULLANREY TR 3.4 (9) Uae

g 1 1] o o A I: ) A )
(A) azifiudn Wnsdilasadng VWP 412 constraint wuassuausioudsiiauedivdy M
wilaudunsdl without restoration wsaealsfinan 41u2u constraint waza wauAauLsiy

T il L o B ; & ¢ o

NFUNAZNNANSa) without restoration Matlwsz TuuLus e NARRAIaRFIRIN2 G

i » A 1] i J [} ° 1
aziasAannuanisainidullidiviiviradenioseaa e fualaasnldann

° 1 1 1 y 1] A

wuvanassarrauiladoymlénnqugnisamdulilsnuisiradenioea  wazifle
a ) 0 . o o~ & Y ’
#a12007n3ed WP azifindn 2149u constraint uazannuiawlsaziuagfua M dwiden
o~ S o o :’/ A = - A‘ (3 -3
funscl without restoration vy WeaRarsunlwderasnaildianmuaiaaniazli
[ - ~ . - ' a | v a
TeagUimiaununsdl without resoration na1aa latedtuds warlun1sARIILRIRAY
gansl VWP aziFandanstl WP senlouaadlflumsnai 3.5 (1) (A) ansaetiiagu

J . il
7 M =5 uWusnaaaredds SLB uaz DIP Useinn VWP anuAiie 0.07 uas 0.01
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a o o ] o . A; z =
AU AUNAL uAdUTULLUANRDIE9995 SLB was DJP Uszinn WP azldnanwnsudiu

2.23 UaL 1.26 AW AINAIAY

W UNg AN UT AU E I LLLA R AIMIA IR AT RATURIATNTIARTS
Wuntalpsiuuy SLB fu DJIP azwiudn lidnasiflulasdnalssian VWP vi3a WP 98015
Anassdunialuduy DIP $iean1997u0U constraint ¥7NN9738 SLB wailingae A8nns
o ( ° - - v ° o ° o
aaasrduntaludiuy DIP uiludinaiiy constraint IALLLLANGAY (@NN15] 3.3 duFu

- o : d ; o
VWP way 3.7 éwiu WP) alusasiduntaiily active path Sisauniladunianitly
i 3 1 ' a 3 . d a o a
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optimized spare fiber assignment lunnquszimaasiaseite uaznnqUszineasiznig
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Saasndunialud windralsfinan 38 optimized spare fiber assignment AgadiussTagily
@unTaield mﬂztﬁﬂﬁm_smﬂuudﬂm\m'\?\ﬁfx‘lﬂlﬂumdﬂﬁu'ﬁ 3% optimized spare
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3.4.2 FANITIATIEWULLRIADINIARIAANE AN LEMN AN IR LY AA19UD
AunulasIdng

uvadadl Az siArauassssiunulasiting  uasuFouiouan
1ournavresfiunulassiaiufumulastireivianuuudiasamatindianfaeds
MC itiduyulanieisnge lnadngusrasdunsulioufauie WaAnmndelslonily
nsldaraeuansrassiunulassdralunisdssunusuguiandge  TaalunisuFeuiey
nsintat mahadunulanieinanuuLdIeemeadinmaniedda MC uuliay
FaufuAaueassresfuylassdieiildnannlilwidell 3.3 wunitelinimasey
ansnATALAGN [HYN gﬂtmun'\?ﬁ;'amimm‘fﬂmhﬂ (network connectivities) fratiu
lumsuSaudouiadlandiadiua 15 Tasdre Tetunliudasiande Mdnaaoui
Sruauluaninfiufaniniy 7 Tua wistwwiedentiasusiaslantiaasifabiviaiu
na1aAe NANBYIENIN 7-21 dradantns Tolandreiifdedentoniniu 7 dodesiss
aziilasea¥raidunaumon (ring structure) doulasednafifisnsidanioaviafy
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msne? 3100 nnBaudinuluidassfumulandng (network cost) wazaa el
AMUILMIEAIRRE (run time) TIMAINULUAaaINNARAANAATR i maauanang
89U UTATN U AUULLAIN AN NATUAANENTYIDI5E MC, Bound ABULILANAAIN
adinranfilinAamanssrssfuyulaseite uaz 1LP Aeuuudraesmadnsans
70938 MC, * wanafa Tusunsy CPLEX Tilgnansomaaaasiimnzasigaldnieluas

." L t i : A -~ U
3 dale Andu Aaldussaiangai iisunsumidnmalunatidang

Network cost Run time (sec)
N t Bound ILP Bound ILP
7 7 84 84 0.02 0.02
7 8 76 76 0.03 0.04
7 9 70 70 0.02 0.08
7 10 68 68 0.02 | 0.27
7 I 40 40 0.15 5.20
7 {2 42 42 0.07 33.56
7 13 39 39 033 37.81
7 14 36 37 0.29 1.25 min
7 15 34 34 0.11 2.12 min
7 16 30 31 0.12 1.07 min
7 17 32 32 0.49 | 4.87 min
7 18 28 29 0.12 | 34.8 min
7 19 28 29 1.45 3 hrs*
7 20 28 29 t.40 3hrs *
7 2] 28 29 6.18 3 hrs*
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WaTA1 normalized connectivity 28tasgne Teludnatiwusil 1dtiauAn connectivity

W . L | .
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C=— (3.24)

1 [] v

wWa N war L Aa awnulususzdramenlssiavusaasiasedng  landn
connectivity azilAngegaiiia L= N(N —1)/2 Falandnafilian connectivity gedn Ay
Fanan full-connected network uaziifn connectivity Wit N — 1 #a1iy A1 normalized

connectivity 3841AT9AN8IAS

2L

C, =—— (3.25)
N(N-1)
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- no solution EI il AN
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(Heuristic Algorithms)
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4.1.1 AANBINNNITAARTTLAUNIG (path accommodation design algorithm)
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Step |

Search all possible routes of every node pair

Step 2

Set up each connection in a random manner

Step 3 Y

Rearrange existing optical paths to achieve a
more efficient allocation

Step 4

C Determine the total network cost)

d o . « .
31 4.1 £997U294 Path accommodation design algorithm

ar ) s ) & as Y
4.1.2 a8NASNUNITARATIAMNENQ ﬂaual%m.l LAUNNY

(wavelength assignment algorithm)
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-« -J . =Y < A [ 1 1
amnist (column) 1 J apamsidnd W asgnRansaunivenwusasialyl
(3 :" ] A 1 ry
3.2) "dunautiasy 3.1 auyn | @unnlunqugniianTan
o : 3 A ar 1 Aal [ ‘:/ AJ
3.3) Wdumeutiasi 3.1-3.2 fuyn 7 ngumssdunieiuialudud 2
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Step 1

Apply the same procedure as that of VWP
for route selection

Step 2

Group connections of the same length
into common sets

Step 3 L 4

" Define a matrix W and mark the
connections into the matrix

Step 4 ,

Assign wavelengths and determine
the number of fibers required

sU# 4.2 (199183 Wavelength assignment algorithm

4.2 AANDINNMIIAAITLAUNMA MUY MC (MC heuristic algorithm)

[ %4 -3 ket y 1] A - 1
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v o e v
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l‘A dl r % e
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Step 1

]
—b{ Assume one link failure

Step 2 I
Apply VWP or WP procedure

Step 4 Ti°
Determine number of fibers required
on each link

Step 5

Minimize the maximum value on
each column of matrix R

51J#1 4.3: 39799 MC heuristic algorithm

4.3 BANBINUNTINFITAUNIMNULL DJP (DJP heuristic algorithm)
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B Aasidsulildf restoration path unalutiatinaning
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u

Stepl

Allocate the active and restoration paths

Step2 l
Define the reroute link and reroute the
restoration paths which contain the reroute
link so that the network cost can be reduced

Step3
Yes

Any further improvement?

No

g1l 4.4: 397299 DJP heuristic algorithm

4.4 BANDINNNITAARSTTLAUNSLMIMUY SLB (SLB heuristic algorithm)
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Step 1

Apply VWP or WP procedure

Step 2 \

P Assume one link failure

Step 3 .

Reroute the paths which is interrupted
by the link failure

every one link failure

Step 5 v
Determine number of fibers required
on each link
Step 6 v

Minimize the maximum value on
each column of matrix R
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Abstract. In this paper, two distinct optical network design approaches, namely
mesh and multi-ring, for survivable WDM networks are investigated. The main
objective is to compare these two design approaches in terms of network costs
5o that their merits in practical environments can be identified. In the mesh
network design, a new mathematical model based on integer liner programming
(ILP) and 2 heuristic algorithm are presented for achieving a minimal cost
network design. In the multi-ring network design, a heuristic algorithm that can
be applied to large network problems is proposed. The influence of wavelength
conversion and the number of wavelengths multiplexed in a fiber on system
designs are also discussed. Based on the simulation results, the redundancy
quantities required for full protection in multi-ring approach are significantly
larger in comparison to the minimal cost mesh counterpart.

1 Introduction

Recently, wavelength division multiplexing (WDM) has been seen as a promising
technology for realizing future broadband networks to support the increasing
bandwidth demands of various emerging applications, such as multimedia and web-
browsing. In such networks, a few number of wavelength channels can be
multiplexed into a single fiber, each operating at a few Gbit/s. Therefore, these types
of networks are expected to offer an aggregate capacity in the order of Tbit/s. serving
as a viable technology to overlay the existing transport networks.

One of the key issues associated with WDM network designs is the problem of
wavelength allocation. Over the past few years, many research activities have made
considerable efforts to solve this problem {1,2,3,4]. Moreover, some of these studies
also include the network protection issue into their design considerations. This is
because there is an increasing concern on the impacts of network failures in modem
communication systems. It is important that certain network protection measures must
be provided at the network design and dimensioning stage.

This paper studies the problem of network resource allocation in WDM networks
employing wavelength routing technique. The key objective is to determine how fiber
and wavelength resources can be simultancously assigned to satisfy traffic demands
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while providing full protection against all single link failures, The solution techniques
for this problem are based on two design approaches: mesh and multi-ring.

In the mesh design, two path restoration schemes, namely a minimal cost
protection and a single link basis prolection, are examined. For the minimal cost
protection approach (5], in the events of failures all optical connections are subject to
be rearranged even when they may not be directly interrupted by the failures.
Accordingly, this particular approach can allow, in principle, the design to be very
efficient and result in the minimal network cost. This protection technique is therefore
called the minimal cost approach (MC). For the restoration on a single link basis
(SLB), only interrupted traffic connections are rerouted and other connections remain
unchanged. Failures on different links along an active path can have different
restoration paths depending on the place of link failure. Consequently, this approach
is called the single link basis approach (SLB).

In order to illustrate the difference between the MC and SLB approaches. an
example of a network scenario is given in Figure 1. In this example, the connections
(1,6) and (3.4) are set up along the physical routes of 1-4-6 and 3-2-4 respectively
under normal operation. Now, consider a situation when a failure occurs on the link
between nodes 1 and 4. In SLB approach, only the connection (1.6) is subject to
reroute as it is directly affected by the failure and in this example the new route
chosen is through nodes 1-2-3-6 resulting in an extra wavelength channel being
needed on link 2-3. In contrast, the MC approach requires no additional wavelength as
both connections are re-arranged.

) Normal route
<= ===9 Resioration route

SLB approach MC approach

Fig. 1. An example illustrating the difference between the MC and SLB approaches

Although the minimal cost protection technique is very cost-efficient, it may not be
suitable for practical use. due to unnecessary reconfigurations of the entire optical
nodes in the networks. However, the design outcomes of this protection technique are
useful for comparisons in terms of network costs with the other path restoration
schemes such as SLB approach.

In the ring design. realizing a large-scale network using a single ring may not be
practical due to the low efficiency of network bandwidth utilization. A new design
technique using multiple rings described in [6] has been proposed. Instead of using a
Jarge single ring to cover the entire network, the network is divided into a number of
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rings. These rings are used to support all traffic of the network. The criterion used in
the design is that the traffic demands between each node pair must be accommodated
over a single ring. No traffic is allowed to get across between rings in order to avoid
complicated control and management. Consequently, the main problem of this design
is how (o select the rings from the number of possible rings in network in order to
minimize the number of required fibers.

The multi-ring design may not be as efficient as the mesh design in terms of
network utilization but it is an interesting alternative and currently attracts much
attention. Firstly, since its structure is much simpler than that of the mesh, only add-
drop multiplexers are needed whereas optical cross-connects would be required for
mesh. Secondly, each unit of rings in the network can operate independently, thus the
control and management can be fully distributed. Thirdly, the multi-ring design
provides a full network protection against certain types of failures: all single-link and
all single-node failures. This restoration feature is particularly important in future
optical network which requires high level of network protection. Because of the
multi-ring’s simple structure, the entire restoration process in the ring network can be
achieved through automatic hardware reconfiguration without rerouting the entire
path, hence it is very fast and reliable. However a disadvantage of the multi-ring
approach is that protection cost is 100% of unprotected rings.

The key issue that is addressed in this paper is determining and comparing the
network costs between the two different design schemes in a quantitative manner. In
addition, this paper also considers two different systems, namely wavelength path
(WP) and virtual wavelength path (VWP). The VWP system differs from the WP
system in that its node configurations include an additional wavelength conversion
capability. Therefore, when selling up an optical path for a connection, the VWP can
assign wavelengths on a link-by-link basis, whereas the WP must ¢hoose a single
wavelength for all links along the entire physical route.

2 Minimal Cost Protection Technique

2.1 Integer Linecar Programming (ILP)

Given a set of traffic demands and a physical network topology, the network topology
is modeled as an undirected graph G(v,€) where v is a set of nodes with size N and €
i1s a set of edges with size L. Let M be the number of wavelengths multiplexed into a
fiber. Let X; be the number of fibers (or capacity) on i" edge and the characteristics of
each fiber is assumed o be bi-directional and can only contain one wavelength
(M=1), the objective function of this model is

Min : £ X, where ice (1)

The constraint to formulate the equation is derived from the minimum flow on 2
cut set which is defined as follows. The network graph is partitioned into two parts,
G, and G, with cut set €, which corresponds to a set of edges that has one endpoint in
G, and the other in G, The possible minimum traffic of a cut set. d,(c), is the
summation of each traffic demand which has a source and a destination lying on
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different parts. As a result, the capacity of any cut set must be Jarger than or equal o
the possible minimum traffic: .

L X, 2 deiac) where i€, (2)

Now, we can determine the network capacity from the linear formulations related
to every possible cut set of the network graph. This capacity only provides for the
traffic demands in normal operation. In order to extend the model to cover the
protection requirements against all single-link failures, additional constraints are
included as follows. An edge is removed from the network graph in tumm, simulating
cach link failure evenl Given a network graph with an edge removed, the same
formulation of the minimum flow on a cut set is applied, producing a new set of
required constraints. By applying this procedure to all edges, a total of L additional
new sets of constraints would result, covering all link failure scenarios. All these
constraints are sufficient to determine the minimal network cost with full protection.
However, this model does not provide an exact solution, instead it can only be used as
a lower bound on the network cost required.

2.2 Heuristic Algorithm

Due to the complexity of the problem, the design process is divided into three
procedures: path accommodation, wavelength assignment, and restoration, The
wavelength assignment procedure used in this paper is adopted from [71. Since the
wavelength assignment in VWP system is considered on a link-by-link basis, only the
path accommodation procedure is required. Firstly, we will explain the path
accommodation procedure. The flow chart of path accommodation is shown in Figure
2 (a). The outline is described as follows:

Step |
Step | Assume one link (ailure 1
; ; Step 2 !
Search all possible routes of every node pair P A 4
Apply YWP or WP procedure |
Step 2 l |
Step 3
Sel up cach connection in ¥ random manner
Yes —< Other link failure
Step 3 y

Siep 4 v

Rearrange existing optical pa(hs (o achicve a
more cfficient allocation

Determine number of tibers require? l

on ¢ach link
Step 4 l Step S v
( Detennine the total network cost ) ( Minimize the k= I‘"“‘ S2 }
cach columa of matrix R

(a) (b)
Fig. 2. Procedure of (&) the path accommodation and (b) MC restoration

Step 1:  All possible routes between each node pair are scarched
Step 2: Randomly select an appropriate physical roule for each traffic connection
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Step 3: After all connections have been established, the next step is an attempt to
rearrange the existing allocation, so that the overall network cost is reduced. To
accomplish this. each connection is reconsidered in tam to see whether they can be
redirected on another route that leads to more efficient wavelength resource utilization
Step 4: As the VWP system assigns wavelengths on a link-by-link basis, the number
of wavelength channels required on each link is equal to the number of optical
connections passing through the corresponding link. The number of fibers required on
each link can be obtained from [P/M | where P is the number of optical paths going
through the link and M is the number of wavelengths multiplexed in one fiber. Note
that [ X1 is the smallest in teger greater than or equal to X. Consequently, the network
cost can be obtained from the summation of the number of required fibers of every
link times the number of wavelengths. In WP system, the wavelength assignment
procedure is applied before determining the protection cost

The following restoration algorithm guarantees 100% protection against any single
link failure in the network and it can be applied to both VWP and WP systems. The
outline of this algorithm is shown in Figure 2 (b).
Step 1: A fiber link ; is removed from the original structure for simulating a link
failure event i. The resulting network is referred here as an incomplete network 1.
Note that there exists a total of L different incomplete networks
Step 2: Apply algorithms of VWP or WP to the incomplete network i and determine
the number of fibers required for each fiber link, a total of L-1 results. These numbers
are then memorized in row i of an LX L matrix R. Each row i in the matrix R contains
results from each failure event i. Each column j contains the number of fibers required
on link j for each failure event
Step 3: Repeat step 1 until all link failure events have been considered
Step 4: The maximum value of column j in the matrix R is taken as the number of
fibers required to place on link j. Therefore, the total number of fibers required for full
protection is the summation of the largest value in each column
Step 5: The matrix R obtained from the above steps is used as an initial result for
further improvement, Since the network cost depends on the largest value in each
column, it is useful to reduce the largest value of a certain column while keeping the
largest values in all other columns unchanged. This technique can be repeated
iteratively, until no further cost reduction is observed

3  Multi-ring Protection Technique

The design approach uses a heuristic algorithm which can be divided into two main
steps. In the first step, ring selection and wavelength allocation are performed. The
second step improves the design in order (o minimize cost of the network and increase
wavelength utilization in selected ring while getting rid of those rings that have low
wavelength utilization. This step is iteratively performed until a satisfied solution is
obtained, or no further improvement is observed. The details of each step are given as
follows:

Step 1: Figure 3 (a) depicts the flowchart of step 1 process. Ring selection is a
process in which an appropriate small set of rings is selected from all possible rings
for handling all traffic demands. For each connection, a criterion used in the algorithm



is that only one ring is sclected to support all traffic of connection. The ring must
include the shortest route between that node pair and should also be of the smallest
size possible since a smaller ring is found to be more efficient in terms of bandwidth
usage. Note that a ring provides two disjoint paths betwecn each conmection.
Selecting the shortest ring that contains the shortest route ensures that traffic demands
are transported over the shortest distance. This is similar to the mesh design, in which
high resource utilization could be achieved. If therc is more than one appropriate ring,
a ring which accommodates the highest number of shortest routes of ali connections is
selected in order (o minimize the number of selected rings. This process is performed
on each connection until there is no further unassigned connection. Next. the
wavelength allocation is accomplished ring-by-ring by algorithms H3 and H4
proposed in [8]. The number of fibers required on each ring can then be obtained from
[Ny /M| where N is the number of maximum wavelengths required in all links and M
is as defined previously. The network cost can be obtained from the summation of
each selected ring cost which is the number of required fibers times the number of
nodes in that ring -

Step 1

Find 3 shortest psth between each conneelion
and fiad 31l smallest ring comsining that psth

Is 1here only ane
+ smallext ring?
Select 3 nag which can ||ry a:u!_hul
support the sdIRIUA Yer coanection

b
pumbder of sharnest rovies ‘ 4

Step?

For cach conacclion, reassign 1affie intvo
another sharlest-path ring in 3 rspdow mazzer

Ko

Perform wavelengih stlocation in sll selectez
tings dad tecalcnlaie total pelwart cof:

walhic s
—{ moved
back

Disteidute sh) traffic of
L—P1 considered conneciion into
that ring

O(ho! unagsigned teafliv ek
“

Ne

Perform wavelength sllocation in esch selected riag and
derermine 10131 network cost

(a)

Fig. 3. (a) Procedure of the ring selection and wavelength allocation
(b) Procedure of the design improvement

Step 2: In general, the first solution may not always be satisfactory because the
number of selected rings could be very large. In an extreme case, the total number of
rings in the network can be equal to the number of connections because the traffic of
each connection is exclusively supported by an individual ring. Under this condition,
the total network cost will be very expensive. Therefore, it is used as an initial result
which needs further improvement using the following process. The traffic demand
between each connection is considered again in turn to see whether other alternative
rings would result in a more effective allocation. In each round of improvements. the
traffic between only one connection js considered. We attemnpt (0 move this traffic
from pre-selected ring into a random altemative ring. For each conmection. a
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candidate ring is selected randomly and must be a member of previously selected ring
set. If an alternative ring produces similar or beuer results, the new design outcome is
accepled as the current solution before performing the next iteration. Otherwise, the
traffic will be moved back to the old ring. This procedure is repeated until all traffic
demands are considered and no further improvement is observed. The process
described above is shown in Figure 3 (b).

4 Simulation Results and Discussion

4,1 Protection Cost

A network topology from {9] is used to illustrate the protection costs of mesh and
multi-ring approaches with varying values of M (1,2.4,8), see Figure 4 (a). This
network which is referred to here as Euro-Core is deliberately selected for. discussion
purposes in this paper, because it has relatively small number of nodes (N = 11 nodes)
such that the ILP can still obtain the bound on the protection cost within a reasonable
period of time. In addition, the network has very high level of connectivity, allowing a
clear distinction between the costs of both design approaches. The traffic demands are
assumed uniform with five levels of traffic volumes, i.e. 1 to S. Therefore, the traffic
volume of level i is defined as i times the total number of active paths among all node
pairs, i.e. 1 x N(N-1)/2 active paths.

1000 T
200 A—A Mo uA i 4
+— Ko protection UG /
& |- e /.
—a uA /
1o .| s e e
Z o "
) e e e i LR B
S P / e
3 = er= I
g “w / i R
H 5
ok '/_,:y‘/ .......................
‘m H 5‘
= 2 3 4 s
Traflic volume
() (b)

Fig. 4. (a) Experimental network: Euro-Core (N=11, L=25) (b) the protection cost with M=1

Figure 4 (b) shows the protection ¢ost of every approach with M=1. Note that
when M=1 there is no difference between the WP and VWP systems. Let first look at
the bound on the total network cost obtained from the ILP formulation and the cost of
the MC design scheme achieved by the heuristic algorithm. It appears that the
network costs with full protection from the MC design are slightly higher than the
fower bound for ali traffic volumes. This implies that the heuristic algorithm is quite
effective for this network sample. When comparing Lhe network costs of the MC and
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SLB designs (the SLB network cost is obtained from the heuristic algorithm jn {7]), it
is found that the differences between them are marginal, meaning that the SLB
scheme can be made as cost-cffective as the MC.

For the mulfi-ring protection technique, it is interesting to see that when no
protection is provided the network cost (No protection MR) is just a little higher than
that of the MC mesh approach (No protection MC). Note that the network cost of the
MC approach is easily obtained from the surnmation of the number of lowest hop
count of all node pairs; this is truly a minimal cost. The heuvristic algorithm used for
the MR design is therefore considered effective, because it is able 1o optimize the path
allocation, such that both costs are comparable. The additional cost of the MR in
respect to that of the MC is caused by the constraint that connections between a node
pair must be confined only on one selected ring. For a given set of selected rings a
pattern of traffic distribution, the multi-ring algorithm will attempt to balance the
traffic load on every link of each individual ring, so that the number of fibers in the
rings are minimized. To achieve this, some traffic loads will have to be assigned on a
longer route.

We now turn to consider the differences between the MR and MC design
approaches when protection is provided. For the multi-ring, it is a well-known fact
that 100 % extra capacity is always needed for full protection. For the MC mesh the
amount of extra capacity depends on the network topology and its connectivity in
relation to traffic patterns. Usually the higher the connectivily is the lower the exira
capacity will result. As mentioned earlier that this network sample has rather high
connectvity. i.e. each node has on average 4.54 links adjacent (o it, it is expected that
the amount of extra capacity should be rather small. The heuristic algorithm used for
finding the protection cost for the MC scheme described in this paper was able o
achieve very good results, as the protection cost is only approximately 22.93% over
the unprotected network cost. This particular example is certainly in favor of the MC
mesh design, as it is much more expensive (up to 78.09%) to employ the multi-ring
protection scheme in comparison to the MC mesh design. However, in a practical
system which does not require 100% protection, the level of protection can easily be
scaled to the desired level by removing some protection rings without changing or
rerouting the existing design; this is an advantage of the multi-ring design over the
mesh design.

In order 1o demonstrate further the differences between the protection costs of the
multi-ring design and the MC mesh design, the results of several different network
scenarios are given in Table 1. The traffic demands assumed in these networks are
uniform with a volume of one and only one wavelength is multiplexed in each fiber.
In the NSFNet, the multi-ring design requires 55.31% more capacity over the MC
mesh counterpart. whereas in the ARPANet the difference is even smaller, i.e. only
40.74%. These two network configurations show a closer gap between the costs of the
multi-ring and the mesh design when full protection against single link failures is
provided. It is interesting to point out that both network structures have almost the
same average number of links adjacent to a node i.e. 3, meaning that they both should
theoretically require spare capacity of about 50%. This figure is obtained from 2
simple calculation. If a failure occurs at a certain link of a node, the traffic carried
over that link would have (o be redirected through the remaining 2 links connected to
the node. If these disrupted traffic loads are split equally over the two links, each of
the two links will have to provide an extra capacity of 50% of the nommal traffic. It
turns out that the ARPANet demands more than 50% spare capacity (54.14%)
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whereas the reverse is true for the NSFNet (40.00%). As Lhe costs of the multi-ring
and MC mesh are not very different when no protection 15 included, it means that the
total cost differences between the multi-ring and the MC mesh will depend on that
how much each individual topology can take advantage on the alternative routes
under a network failure.

Table 1. The network costs with and withou! protection achieved from the MC and MR
heuristic algorithms. The value of C is the average number of links adjacent to a node. The
percentage of difference between the cost with and without pratection of MC is given in
parenthesis

MC MR MRMC) 168
Neweart | N | L | € without with without with i
protection protection protecilon protection proiecilon)
o _ﬁ\
'f‘“‘%],/«
I a9 s 526 = $97 1194 63.11%
o ,gﬂ\ : (39.16%) :
!
UKNet
o /IS_‘T
i\yi 505
N d 394
£ “'ﬂ 18 | 35 | 189 136 50354 39 288 $6.04%
EON
ﬁ
837
20 | 31 | 310 §43 o 589 1178 40.74%
ARPANet
213
‘é@* 1s | 21 | 3.00 195 Zai 50) 212 a2 55.31%
NSFNet

Let now turn back to our EURO-core example. Figure S illustrates the protection
cost of the VWP system as a-function of M and in this case the traffic volume is set to
four. The network cost increases as the value of M increases. This means that, for
each link of the network, the fibers have many channels that are unassigned
wavelength for communications (in order words, the efficiency of fiber utilization of
that link is low). As the value of M gets large, the number of unassigned channels
becomes greater. Moreover, in multi-ring scheme, all links in a selected ring occupied
the same number of fibers, which is the maximum fiber requirement of all links. Thus.
the utilization of fibers in multi-ring scheme is certainly less efficient than the mesh
design,
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Fig. 5. The VWP protection cost with various values of M

Let us focus on the effect of M and the traffic demands on the ring utilizadon. To
illustrate this. the number of sclected rings is chosen to indicate the ring utilization as
shown in Figure 6 (a). When the traffic demand is set at low Jevel with a value of M
grealer than 1 (such as at point A), if the traffic loads are distributed among many
separated rings, cach ring will have a very Jlow link utilization. Therefore, it is useful
and more effective to aggregate these traffic loads into a smaller number of rings in
order to increase the utilization of these chosen rings. When (raffic is higher, each
fiber of ring is more filled up and has a high utilization ¢ven if the traffic loads are
distributed on many separated rings. Therefore, the higher traffic demand at this point
results in a higher number of selected rings (such as at point B). This is true until the
traffic is high enough that there are some remaining traffic loads which may need 1o
be assigned on a new fiber. The ring utilization will be at a low level as in the case of
a low waffic if the wraffic loads are distributed among many rings. To maximize the
ring utilization, a small number of rings are selected and this results in a decreased
value of selected rings again (such as at point C). As seen from Figure 6 (a). the
number of rings is repeated in this manner periodically. Morcover. the longer period
al a higher value of M implies that the value of ring utilization changes more slowly
when we multiplex more wavelengths into the fiber.

Here we investigate the effects of wavelength conversion. In the mesh designs. the
ratio of the total network costs between the WP and VWP systems tend to increase

with the number of wavelengths multiplexed in each fiber (M); this is depicted in

Figure 6 (b). This highlights the importance of wavelength conversion when using a
higher number of wavelengths in a fiber. This is particularly obvious in the SLB mesh
technique. A reduction of 20-35% in the network cost is observed with the values of
M between 4 to 8. On the other hand, in the multi-ring technique, wavelength
conversion has so little influence. Since conversion is not useful for wavelength
allocation in a single ring network as described in [8). no cost savings will be
accomplished.
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4.2 Execution Time Requirement of the ILP Technique
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Fig. 7. The computational time for the ILP technique

A chart of the computational time requirement of the ILP technique of the MC
approach is summarized in Figure 7. The execution results here are selected from test
samples and the traffic patterns are uniform. Experimental network topologies are
presented in term of the number of nodes and the physical network connectivity. The
network connectivity is defined as the ratio of the number of links of testing networks
to a full-connected network of the same number of nodes [9]. Based on these results.
the execution time is longer as the connectivity or the number of nodes increases
(corresponding Lo the large problem formulation). Therefore, the ILP technique is not
practical when the network is greater. For example, the solution cannot be found
within 30 minutes when the number of nodes is more than 10.
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5 Conclusions

Strategies for designing WDM transport network against the single link failure based
on the multi-ring and mesh designs have been discussed. In the mesh network, from
the concept of MC scheme, integer linear programming (ILP) and heuristic algorithms
are used to evalvate the protection ¢ost. The complexity of ILP, however, depends on
the network size, and the result is used as a lower bound of protection cost The
comparison between MC and SLB costs shows that the improvement due to the
former is marginal. It is clear that the SLB scheme is sufficient for finding the
minimal cost. In the mulli-ring design, a heuristic algorithm is proposed. It was found
that the protection cost of the multi-ring design is higher than that of the mesh design.
However, in the case when full protection cost of multi-ring is not required, there are
substantial benefits.

Based on our simulation, it is found that the number of wavelengths multiplexing
into a fiber M) plays a major role on the network protection cost in both mesh and
ring design. Wavelength conversion affects the protection cost in the mesh design
especially with a high value of M. In multi-ring design. It does not significantly
reduce the protection cosL.
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