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wavelength on di ffe rent fibers to resolve the 
prickets c.octentlon probl!'.m This network 
environment can potentially tc~n 5fcr 
hundreds of !.cl1lbits-per-secorxl of dab on 
eaeh fiber link in the n~rk. which resula 
III bener performance in the ease of no 
failure. However, a $ingle link (ailure in the 
multI-fIber QPS network rna)' fail all fibe rs 
between the nodes ,imulbJ~ly. The in­
lenuvtion of servICe for even st.ort period> of 
time In the multI' fiber mVllonment ml )' 
have catastrophIC and f"a r-reachmg 
oonsequences since II se;oere service loss as 
well as massive traffic interrup tion WIll oc.­
C UI . Thus. network survivability is 
consrdered a fundamen131 dcsl8l1 ractor for 
optlCRl packet swi tching networks. In 
general, network survivability is defined as 
the ,bill ty of • network. 10 maintain or 
restore an acceptable level or netWOrk 
performaocc in the event of fa ilu re !>Cenanos 
10 , upport a. committed quahty of serviCt; 
(QoS). By the use of passive eCIlIICClions and 
appropriatcdes iBn of network topology, it is 
pouible to provide multi -fIber COMectiOns 
among p&irs of nodes via str.!rnds runnin!! in 
different cables. Such a design will carry 
with It the improved pcnormauce associated 
with multi-fi ber desi8J1 while also enliinong 
the sUl'Vlvabilr ty of the network. Wa~·elength 

oonvMllon. if avarll ble, provides 1I10 th~r 

mechanism for enhUICUlg the end-to·end 
performance. 

Wavelength convertible swi:c.hes (WCS), 
oplical switches (OSW) employing 
wavelength converters (WC), oITer flexible 
lrgh!-path , witching, contention resolution, 
and network interoperabi liry IS well as 
haMparency of the oplical laYr!. An 

importAnt feature of WCS~ is thai Illey allow 
optical networks 10 be reconflgumble on a 
WlIvelength·by-wavelenglh basii to match 
cJwrging traffic demands and to restore the: 
netwo& In case of ra llu res The major 
categories of WCS~ are reviewed below. 

The dedIcated WCS offers a wavelength 
convener for each outgoing wavelength 
allowing IIny incoming wavelength 10 be 
switched 81 8 duired wavelength to lhe 

de'.llled link [21. [lJ. More COSHffectivc 
architectures U$e different convertCl"-smnng 
mechan,~ms [3J. A s hare- per ' l\ od~ WCS 
offers I II out~oinll lin ks I\. shared collection 
of converters that can be used by ~ny channel 
on any link [2], (3 ).Jn the sh. re-per-hnk 
wCS. tile oonverter:s at the switch in!! node 
are dtv ided into I number of conversiol1 
banks. E~ch cO)1version bank i$ dedIcated 10 
one of the outgoing fiber hnks. Thc 
conveners tn a specific <:QIlvcrsion bank can 
0e3CCeS5ec1 only by the incoming V4~lu,gth! 
that are destined for any wavelengths in the 
outgoing link that th is conversion bl nk I. 
associated with [ I ) 

"The assessment of nct""lllk SrHvlvabihty 
perform(ll"l()C has two facets · The assessment 
of the frequency of occurrence of abnormal 
conditions and the assessment of the ImJmC1 of 
th_ conditions T hefeforc. network 
5U lVlv3b,1r1y can be centered on I) th~ 

ITe<:jueflc)' offadur~ events. 2) the duration of 
the oUI.I!t:es, and 3) the Impact of fail ure on the 
~y5tem The fi15t tWO 'iems may be resoh-ed 
by IVllllbillty analysIS when the system 
fai lure rntchanlsms art kno~. The mi,d l\em 
can be lrandled by system failure Impact 
analySIS to find out the transient performance 
degrad-lluon when fail ure oteurs. A 
quanlJta twe approach for evaiuating n~"'Oik 
survivability ;, proposed In 14]. which 
anaLyud wireless ad·lloe networks and IS an 
ClUlITlple of I network survivability perfo,· 
n \8llCC evaluatIon. 

Both Iva.lability and performance PIC 
IIlwgntl components of survivability. 
U lercfole, a lI ierarchical sur-vlvability model 
for multi·flber OPS netwoiks that consists of 
availabili iy and perfu.m1l1~e IlllslySl$ is 
proposed In this paper. A survivabIlity 
comparison , wdy between sing,ie-fiber and 
multi- fiber OPS environrnents i~ conduc ted Ul 
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this research. The improvements in end-te ·end 
blocking performance and survivability In 

mulu-fibcr OPS netWOrks employing mull]­
fiber multi-hop architecture under different 
M velength oonver'Jion scenarios are 
inYeSugated 

Mult i-fiber coMectivity topolog)' IS 
proposed for the survivable mullJ-fioor WDM 
networks in Section 2, The perfoonance 
analysis of the multi-fiber OPS network is 
plesenleci in Section 3. In Section 4, the 
Sle3dy-$late availabiltry of the network i.oI 

detaittd_ These twO models are combined 10 
ronSlrucr a hierarchical survivability 
evaluation model in Section 5. Numeri<:al 
l esult~ are discussed in Section 6. Section 7 
coflcludes the paper, 

2. SUr"\'ivable Multi-Filler OPS "Net-
work5 Configuration 

Our study is focused on a homogenwus 
multi-fi ber netv.crk in which the number of 
fibers in each link IS the same and thc 
number of wavelengths in each fiber i~ the 
same. An easy extension and a simil ill 
analysis can be appliod to more general 
multi· fiber networks }-hving r pam lJel 
fibers 011 the same physica.l link thai is 
connected by a paIr of nudes in the mulli· 
fiber WDM ne(.wOlk proVIdes a hIgh 
blocking performance, but the survivabilit), 
of this multi-fiber configuration is very low 
due 10 thc fai lure of al l fibers when a Ji"~ 
fa Ilure oc.o.us. Therefore, in sUiVl V!lbJe 
mulLi-liber WDM networks. !.he multiple 
fibers between nodes have to be in diffelen! 
physical cabl~ even though the fiber 
connectivity topology is shown as a direa 
connt.ction between nodes. ThIs may mean 
hllving a passive C(lnneaion lit the 
intermediate nodC$ between source and 
des tination. Figure 13 shows II sample 
physical topology !llat prOVIdes ty,() fibers 
between nodes. The fibers between nodes I 
and 4 are from two different cables, while 
nodes 2, 3, 5 and 6 C()uld be passive 

connectors betl.l.'OeIl these 1v."O nodt$ rf II link 
betwccn nodes I and 4 fui ls, the tnffic. on th is 
link can be restored using IIvAilAble fibers in 
OUlef cables thllt conncct these two nodes. 
Figure 1 b Illustrates Ihc fiber connectivity 
bel\~n nodes I and 4 as three di rect 
connections betwe~n these two nodes. The 
fiber conncc.ll vity topology IS considered l!1 

the Imnsient perfonnance evalualio:'l and 
availability analysis . Our results show that 
the mult i· fiber connectiVIty lopology 
providd better performal"lce amI hJgher 
surviv-ability for multi·fiber WDM 
networks 

,--._ ... _ ... 
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FiguTC I Fiber CQnno; llvity in survlv~llie IIlul li·flbCl 
ors ncl""llfk, oj Multi·F,ber Phr,.,a! TopolocY. b) 
Mulli·I' .bel CUflllcc liv;ly Topokl!ty behOU;:ll SandO 

3. Multi-liber OPS Netwn,ks Pt.rfor-
mance Analysis 

In this section, a performance [l)ooel \5 J, II] 
for II multi ·flber OPS switch that opcmtcs in 
a slotted mod e will be presented . In Q slotted 
system, the mcommg packets are 
sYOclUOllized at the inpulS berore they are 
processed, The developed model IS a COIn­
prehensive model \hal tall lie used to 
evaluate the slotted CPS sYv1tch uoder 
different conditions and operation parameters 
such Il3 number of wavelengths, number of 
libelS, number of converters , Rnd different 
switch COllfigu ral ions A sym metric OPS 
..... lth N inputs, coming fr om different 
SOUICC$, and destmed to N outputs links, 
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each consisting ofF parallel fibers, as shown 
in Figure 2, is considered. 

Figure 2.S1ocltd multi· tiber OPS switch IlIciJitectw-e 

The switch supports a WDM signal with w 
wavelengths per fiber and a conversion bank 
of C converters in case of convertible switch 
configuration. The packet length is assumed 
to be fixed for one lime s lot. The full 
derivation of this performance model was 
presented in [5], {I]. The aim is to use such 
a switch model to evaluate the degradation 
performance of the multi-fiber sloned OPS 
network under link failure condition. The 
network fiber connectivity topology, which 
is shovm in Figure lb, is considered to 
evaluate the end-to-end blocking probability 
of the network. 

Also, the traffic at the Input of the switch 
is assumed to be equally likely to be 
destined to any output port. Therefore, the 
number of packets competing for an output 
per wavelength in a given time slot and 
destined to the output link under 
consideration follows the binomial 
disuibution for x = O ... NF, i.e. 

PlX, ~$)= (N",) (~r ~- Z(N (l) 

Where X; is a random variable representing 
the number of packets present at an output 
on A, in a given time slot. The probability 
that a packet arrives at an input in a given 
time slot is denoted by p, which corresponds 
(0 the normalized offered load. for a given 
lime s lot, if the number of arrivals per wave-

length that are destined to the considered 
output is more than F packets, contention 
among them will occur. F packets out of the 
contending ones leave the switch directly 
using wavelength of interest Xu one on each 
fiber. Note that direct refers to packets lhat 
are directly routed from inputs to ou tputs 
without going through converters. The rest 
of these packers are forwarded to the 
conver3ion bank that belongs to the output 
port under consideration. The number of 
packets that are forwarded to the conversion 
bank from a single wavelength was derived 
on [5). [IJ as follows : 

PCt',. uJX.:> F) ... P ,(Y.p ~;p;~ F) (2l 

J'(Y, = .J)(,>':) = (:'!,) ,(: (F' 
(1- f)",-,-F 

1-E! .... ,.,.X::::.1) (3) 

Let Ny be a random variab le representing the 
number of wavelengths thai are competing 
for conversion resources. Ny could take any 
value between zero to w. So the distribution 
of Ny forny = O ... w is as follom : 

P(jI-, ='.) ~ (::) Cf P(?r "" ,) '" 
10 'p, I 

(t.p<x~ ;r ·· '" 
The number of packets that can utilize 
conversion resources and leave the switch 
depends on the mjnimum of the total 
available wavelengths on a ll fibers at the 
output and the number of available convert­
ers. Since the packet length is fixed. all 
converters are available at the beginning of 
the time slot Accordingly, the total number 
of wavelengths that are available on the 
output link after aU direct packets are 
assigned to outgoing wavelengths has to be 
found . To find the available wavelengths on 
the output link for a given NY, B is defined 
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ulhe ,..,,(Ioft, ...,labIc rQ".en1!n11he total 
....... \IeI' 01 f_ "'''''ltailhs Oft !lie ~ 
link ",ukr COhs"t.,.tlOll It .... y I'~ !i_ 
.Iat_ The random _lib .. 8 is lompI~ .... 
sum (If llIe nurnbe-r of f.ben in !he PO" \hal 
""~ 110 direct pKIIel on A.. The ruttIom 
.. ,;able 0 ",~Icl .. ~~ any ~llve ~....,~ uom 
I-I>d r (_n1). n...-ero.-. •. for I II '""" NY. ltot 
d'>lribllllOl> lifO "II'v" by' 

r,o · .... ' . . .. ' (""'" 11' ",' 
• • 
•• 1-<..... I-

",he" HB (~) " 'M probloblhry I",",,,toni 
function of B Packel IaSI u,ke!' place when 
.U A.I &Ie biny on.n Oltl80'R8 r f,bers and 
mcrou,l numbe. o(~ckeu folWlrded ICl \he 
(OJllvL!l'lion bMI.. " 1It'e.lLet!han \he min,mum 
number of Iv"lIbl. COn"ertel1 I-I>d ft.., 
..... elt'llJlllI Oft !he OUIpUl On \he ~heo­
hInd. Ion", of !he ~ec'ed plclrelS from \he 
direct OOMOCIIon can be lC .... ed by .... 'h~"1 
liIe .~.jlaOle .... ""lttnams Ind /u..., \he 
IWl1Ch by .I!,na convened 10 _ of .he 
IVI,lobl~ eIllMeb on Ihe ou'pu~ prov,ded 
lllere &Ie lies A., <NI llie ourput port ultdeo 
COIIl lGcfllian Accord'''lIly. the .v ... got 
n"",bet of pedeo. forwarded 10 !he 
00,,"."1011 bano, f! ITj, wluch is C\lual to" 

1.1") E 1'1,",', "'·,1 in, 1. 1) fi i';; 
'.~ 

where EIYj. II \be a ...... se numbar of 
padtlS NI are fc,.-.-ded 10 tile con_""l'Oft 
bMJI per _..., l"'l!!h, ThI1l. !he '~"i' 
""mber (If paclr... thai Will III dropped. 
Eld j. 1$ nklJla!erl as tM dlfferen .... belween 
!he ........ of 1Ou,1 (OlWlltdcd pKkcll to 

c:onvers"," bank. E{Tj .• ~d llIe .vetlge 
~ prim (0. C(UI~_, E{Aj , 1$ 

I;...en by ' 

E:':I" LIT) CIA! 17 

Tho: I~ae number of """keo: &l11V1Js pet 
_eImgIb on !he OUIploI unkI 
".,...,dcn._ II eq ... 110 f " Thus, doe roW 
e.pooed ......-.1 II) Ill' OUIpIIl hilt, shown '" 
!he denon>' .. !Or of eq ... lion 9. IS I''''''' by 

I>{(I- .. F I' r"l 
'The ,,,,,Icl>-bIod;."1 probAll ,IrI)'. Pi1. " !hen 
defined ., lIIe .. io of exp«red nornbef of 
"Ioh" los •• E {d) •• 0 !he!(ltaJ lIWflber of 
a",,,,, 11 or rhe oulpllt pOtt, E flJ 

A.n .r obtaon'IIj !he "Iodunll prob&boliTy {ar 
CKh 1IId,.rntu.1 IWlI<.h ... Ih¢ path. lire en~· 
IO..,nd p,clt~, los! p,alMbittly of ~ .. robe. 
<;Onr\C",vny 'OJlOllI&y of. I'Jl'n\'lbIc: m~!\o­
fibc< Iiolted OPS n~work ""n be (;.IIlcul~1f!(I 
• rolto ..... _ 

/'" :1 -Iq~ (tI': 

.... ere H d~ the n.-n!>e.ofhaps IIDnS I 
",!h In ~ber c.ontIeclJ",ty ropoloay in llIis 
...ode1 .• 11 nodes lima Ih" JlIIth are I»umed 
IC ~I~e l im,l.. 'nPU I !rUfoc lbo .. 
c:ond'''OIlI d.,..;:"bc !he ,ymnu'ln~ ".rr", 
flaMc of Ihe opucaJ pi ckel S".,jlCh ,n lho: 
net"'lll~ 

4. M"I(j·t;\oc r ors NtIWc"" Auilo"llr ry 
Anftlys i. 
In Ihrs seG.loon . the aVI,I.b,l,ry ",odel \ha. 

COUnU for f"Iu~ . repa" behav,or ofllle poth 
bet....-en ~,n o( nodes on \ht nerworlr f'ber 
OOnnteliv'ly topololl)' IS d •• "lopOO Thil 
",,,,,,"' ,,"u"""'S !he.arne ... mbct'" r,beq on 
III hops ,n the pllio bct_ the .ogree· 
iksllflll>On PI" or inler .. t (S. 0) AllY""' 
11'101 !loCI'. I1C F fibus "",Io~ belween 
nodes oM !he 1 .. 118 1\1 "nk flilu"."" .-pt." 
Ire I!>lpooenlllny drsulbt.tled wah n''''' , and 
i, 'csC)C.,,,v,,ly Also IU,,_ thal I ,,,,Ie 
repln facllJly 1I "'&1«1 by.1I the linicJ Th. 
lva.lIbolory model <I \ha:I • bomr:IS­
CTMC "'llh lilt ltate d,..,-.rn !.hOWl' In 
F~rel 

1 1 " 

® • • 
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fizure] Cicncnl ,vaiiabilily model 

Here. !he Stille tndex deooIes the number 
of I'IOIl ·f311OO fibers I~ the nd~rk . The 
steady·slate probability for the number of 
norl·fal led fibe~ In the netWOrk IS grven by: 

Pl " ~.- - • • (F_ .~t;l "t' . •• I , l. .. F ~1I ) 

~here the sEu dr-state s~tem unava ilability 

" 
,. ~' .. I t L (1 )' [ '~'... l ' 

, ~ . I f-/)I .,. 
(H) 

5. Hierarc hical SurviYlb ility ~{odd 
StudYing the opriail network survlYlbility 
ISSlies by quantifying the performanC( 
degradation of the network ~cn diITerent 
fa Ilures occur or by evlluating the re$Ouroes 
Ivailability for restorll tion after failure does 
not ren~t the CO IToct measure of the opllcal 
netwolk survivability Thus, as preVIously 
menl loncd, network rnources aVllilatulity 
l1IalYSls and ntiwork failure impecl analysis 
have to be a)ns idered IS irMegl1l1 components 
of the wrvivability perfonnance evaluation. 
In thIS ieCtioo an aCGurate net\Oo·orX Stll· 
vivabiltty measure, which includes both 
perfomlall(;e and availlbility III1 R l ysi.~ of the 
network, is developed. 
A gr.c;efully degradll18 nel~l k IIllloy be 
able 10 su ...... lve the faLl ute of one 01 m(lIe of 
liS actJvc compoocnls and contHlUC 10 
prOVIde servic;c at a reduced level The 
hierarchical model is one of the most 
conunonly Ulecl (e(bruques fo. modeltng elf 
gra~fully degradab1t! network$ In Ihis 
model, Ihe ava llablilly modd developed III 

the prevIous section IS tumed IAIO • Ma.rkov 
rcWJld model {MRM) [8) 

11111 Markov ReWlld Model is a Markov 
chalA With a reward Rte 1IS!lIgned 10 each 
state. It is assumed !hit !he system can be 
In one of 8 specified set of Slate!. Each 
state IS usoc.rated wiJh a specIfic per­
fOmllnte level as a rCW3rd rale Therefore, 
for tne general network 541rvivabrlity 

model , path aVll labillt)' b~" pailS of 
nodes III the network is modeled u gener.1 
behavlOf of tho net"'''Olk and the model IS 
snlve<! for the study stalc probability that 
II~ path is up 18~ The steady state 
probability that there lie I DOn-faJ led paths 
lA the network IS denoted by Ai. 

t., flf. I). ·· I"'!· ! i . 
~ :x x >-

( 
,. 

J( 
,., 

) " ~ .. '1\ ... . ~ ..... .. , 
]( " 

~- ~-
;;:r , , " , 

Figure 4 H.erwchiCl l llCt..uk sur.;vlbJiily modd 

The loward rtl te for each state CUI be 
fo und uSln8 performance anllyllS of tho 
network using Expressioo 10. The 
perl'orllWlu model depends on the number 
of f.be,s , routing llgonthm, and number of 
convertel1 lA the system. This analysIS 
could be callied AS a Markov ek<l in 
ltIalytlu l mcdill , or as slmulauOl; 
modeling FljUro 4 illusLratas the proposed 
gCfleral model of ltelworir: survivability fOI 
multi-fiber sloned OPS networks 

By ('oml>lnITli the aVIIlability model .nd 
performanee of the netwOrk in the prest!11CC 
of fl liure as I n MRM, we can fllld the 
survivlb, itty of the net .... ,ork Att'ch a 
rewald ri le n to the sla te I of the aVlll llbll­
Ity model Ind find the Iolal lou d~ 10 
IIM1Yallabtbty of path(s) lind al$O due to 
capacity constraints 00 the ahemati\IC F 
paths between nodes.. ThU$, the tot. l los.s of 
l~ffic at time o( fai lure, susuptib,lity, Ii 
gIven by : 

, ., 
.\·,,;n1ffiJ·' !"jJ -" ~. + L 1'1'" _.,"; _, : 1:.1 ) 

'.' 
In staleO, lhe,e is no p.th lva ll.ble bet_ 
the nodes; therefore, .11 the traffic IS lost 
.nd the reward ra te IS I (rO - I) The 
net~rk SUfVlVlblhty can be calculated IS 
follows 
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"'''"'' ..... lk UP""""" 10 liz .. _ 
"~III~) u. ... u. .... 
ptoe&d u .... blod""11 tl1Cbltb. I", ro. coou of 
J (,bort 10 I WI ,1M bo. ::.Icozloud. TheM: 
..... 1 .. ore """" • "'-,~ ,,'" II D4>'''. 
,,001 11 710. m. m. 1D ..t 7'1"4 un be 
Ihund us •• , ~~a._ 11 . nd ,I. n..,. 
"''''IS 1(11 --..,....., LO r"", liz< 
,uIU(:Ub,'oIy and 1""";""'''1)' of Iht not· 
-t ""'I ._" .... I) and \_ W. 
-me I 1 __ 1 ... ,....,'k toPOIOn' on(! 

''"lit ... ree-cIcst>_ pi" ... -eII • h.d 
........ 1 aJplih.. bco_ ....,<a lind 
den.'Il''''" 

In F ....... '. "",.mu of ,.aiI,b.I" , ... '*'. 
....... "'bil~y of tho noI-': " • ...sed by 
cIoaIalnl .... _. rliIL In lhu; F ....... 

~ e<wo'" '"ZV1 .... ~,l~y it plo".d .. , r~Z'oCti .... 
ofofJcrod klId pet "" ... Iaop. 1"0, "'" rn~M'· 
~bt< aM WiIIo 4 ~bo" . ...... otI<fop.. pc< 
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'bet IS h~ '*" 1cfIa~ • • ond fOf Q,rr."<!l 
.- fila I::t .. fin" _ ... ... 
puf",1IIAlIU or 

. . 

~ 
• 

~ 
-+-:;:,t • 

. 
. 

' .... , ,!01, ......... 
..... _It is __ ... _ ... oInoc_k 
•• "",, .. biloly w!lh .... caru:de<inj f .. lul(!· 
..~, bolo ... ", ... "'" no_. """",It 
ond..:...,. an ... a>lob,lt,y of 100% TIl,. 
..;awwo """'" IhzzI ...... _ paf~ 
"' ... ,".. .. . n .Mz<:OlO' of nel"",l 
..... , ....... ,', .. 100"",_'''' 111 ___ "," J 
.nd I. d,fl' ..... 11 ' ... " .. "" (.01 and DOS) 
lie <OIl" ....... ~ r - DOl "' ... _ 
""""""'. 111 0 ~" ... rc",,,,,,1 . " .. "obrl,,. 
modol " ~<OaI :0 _M""''r ... 1<.oUt. 
_-t ... ",:vaIIoI,!), A. cq>""'od ........ 
"'IS ....... ,."'111)" ...... " ... --."'" "'e 
ptlfunlWlte and • ••• llb.liry ,"01)1''' 0\ .... 

....,. 01 "',1_ .. _""'/1 __ .... won. 
• ...... nbol,1y N. ", ... ady ..... o.o'''IzoI ~r 

deQ....., by dCOOiUS'''8 ,100 "'1"''' .. , ...... 
.,,, ... ,,·abol,i)' or 'M ... ,_k ""' .. ~ 
Thuc .-.. ...... .., -'" 
.......... bol~y ~n(. ""._ Il0<>016 
,r..:hIGe bod! .... "'OIk ,.",,'1'001 , .. ,'ob.l~r 
"""IJ'SlI oou1 pIIff".,...,... "".Ir.ootco" of dlc 
~~~ 

III F'a'" 6, !hi ",.,rt~' __ 
.u,,",v&\>IliTY ' . plouod .. , 1\0""""" of ,lie 
otfOfCd Io&d fO< d.ffer ..... "",bcQ of r.btn 
.. "'''''''' .. one __ ,k pc.""""'" 
_, . .. fO< .11..,..,. (H - IS. r - 001 
and ~ 0 I. C" 2. '" -.) H.~," ..... f, b<\t ......... 
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d'''' 
.s F - I, 6nd F .. 4 cOI'Teapond$ I(l four 
penllel fibe~. More fibetS betwoen source 
and datinaLJotI GM provide 6dd,L.!onal rouLes 
between the nodes and In(:~_ the 
survlYAbility or !he nell,'uT'" In ~ or 
6111uto. The su rv ivabIlity or the neLWQ l it carl 
be signlfiCln(ly illlproved JUll by addl~£ one 
I(UlitlOnal fiber to the smgle·fiber 
tnvuonmenL. Thf SlgniriC&llte of addina 
mo .... "d InOfe fibers 10 the OPS network 
elJV1lOOmen! doc:ruse$ IS the number of 
.dded fibers ~ due. to th~ abundance 
of b.JndWKJIlI tN.! II ;nuoduced wi lh every 
.ddt<! fiber. TIus wty.\l&biliry behavior or 
the nelwe,it _II cont inue li0ii101 II reach 
surv;Ylblh lY $Al.uralOOtl, where addlllg more 
fibet will not IIIcrIMH nclv>ork survi .... billly 

In 1'll1\'re 7, the erreet or _velength 
conVC1S1Ofl on !he suNwlblllly of Ih. 
IW!rwo,k is 6plOfcd UslnS the _vclCllSth 
CQn\'elllon , the OPS netWOfk .nc:rta!illl 

M~r1o: 5UlV\vabIJity by resolving the 
_vdcnaltl conten tion problem As can be 
seen In figlln~ 1 .• 1 06 offer-cd load, the 
JUfVlvablhty imprOVC!Tlef11 for eonvel$lOI'I 
cue un rt-lch 30%. ThIs I~U1t shoW$ the 
erreel or the _vclcnph COil yerslOn on 
nelwork sUNjv.bdll), I lowever, usina 
wavd tnSth convers.on ;m;lU$tS COIL 
IIIrrd_~ oomplexil)', and spx.e rcqurre· 
mCIIIS 10 the network, implying polCllual 
II'1IdeolTs between surviVilbliJty pelro~nce 

aMI Ihe nu!l>bet o r ..... velc1glh con.~e", 
neo:Utd . 

In Fig" r. 8, the sue or the nel~ IS 
incre.ucd by Intrusina the n"mtMr of hops 
10 s:udy the cITed or nelwotlt rueh on 
sUIVlVllbilrty Incr_lIlt tfIc nUlTlbtr of hO{l5 
dccte.as~ nd"-Otk s"rvIVllb ll" y, as ex-

" . . • . . . . ,. · · · 
I " _. . 
l -~ir--

. 
• ... . -- ' . . . 

, . 
• . 

" 
• .. .. · • • _ .. " ..... :::.-:J .. • . 

f~ .... 1.s.,..-.I. a;'; I':)' '" "H.~1w4 

peClcd B ut using wa\lelm,u. eonvcn;ioll or 
.ddlllS mote fibers can IIIIPIO"t net .... o'k 
surv\\lablh t~ ThIS resul( shows the clfed of 
multi- fIber ntr......:Jfk con('1uratlOlI on 
survivabilIty aMI networ k ~Ite 

7. Conc\usinnJ 
A h. t Qrchi(;ll1 model 10 e,".I" ate S)'SICm 

survlv.abllity performance wa$ dlWctoped. 
The ,,"d·lo-<md perrormll'lce or mul(l ·fl ller 
OPS networks In mu lll'ttup t nv;mnrl1C111S IS 



modeled ~nd t'_:aluolfd ""m "'" WI\houIi 
_.elM,th ,o~~~i<:In These models Wffe 

uuJ .... d \0 evlJIWe pco1Qm\A>l<;O cIes,a<;\alion 
when I f .. lure occu"'. Tn.: per/'onnanc:e 
dr.:"M1Ilu)n .nodel arM! !he aval~b<hly 
anllysOl model .... -ere comb'r>ed to c.onslfUCl . 
hie'a:eh,cal _,it iUTVI""b,J,IY e-.'IJuaU(HO. 

m!ldel W. dcline netwook '"!V1VI\lIi1ly as. 
tompO$,1c: ~~ Ilw "",hide. both rlilu •• 
dUI'IIIOn and r.il..-e ' mpI'1 on lhe ne\"wl 
The ""","villiliry of Iho. OPS M~ 
dfCrc.ua IS slead1 WI\!! ., .. ,lIbihl)o 
d_ nUl resuh ~ Ihe hypolhes" 
or thl> ' e:oeII~h ~I I.. 1M 1<;aI'"1e 
IUl\'wtobthly IlIta'1U •• <lr ,!>e Oj1!IcaI flf!r...-u,k 
hi . \0 coouotlcw both perfonnanot <iel,&lbuon 
duMa Ii>e "me <If &11w-e and ....... 1«1 

••• ,IIIb1h!), II thl l.1\'lIe <If f.,l""" A Mw 
1p!)IOKh for I more ... ",,.·I ble <l1JI1CII1 
n_" "' ... p,utdlrOd III'd .v.lulled Tlu. 
neIN Iwroar:h provides nlU~ 'pk (,ben 
bttv.'I)aI lhe nocIG. bill IheK (,ben "e ""'" 
Oft II1t s.an~ plrY11Ga1 link and ,,"'e the 
In,mned_ ~odru borhovUIi IS plln .... 
CllnneClI>I'I 

The 11\1dy silo .... !Nt m. "" of mulirpk 
r, t>c1'1 I t \he connfOCu,,"y LQp<ll<lllr IC"'Ii1 o( 
OPS 1It'I-.ics pro-d • ..,jdilM)DoI MI ..... ,\r: 
cal",<.ny :u.d IIlc,ealOl n"""O,," I"rvlvallih!), 
~ . euslllllM same ott <If waveitn,ths !II 

mu"'" f'j~ In CIIt <lr lin~ fa, III,., The 
use of wa1<dealtlo COt:¥t'll ___ !he 
1oU1\'" .. "' I-,!), by _Ivong the ...aV't/er1alh 
0lrIICI'I1I0fI problem. Howt_, us'''& 
""'''dent'' ~OII tan ""CreMe CIlII, 
luild ..... rr col:'Iplellty, and IPlC% 
requ1l_ ID 1M n<f\ooOflr:, Impl)'lns 
p<IIealllJ 1JIdcow, ~~ \he performl"" 
IIld the n.....t>cr of .... ."vdcnSUl convcneo; 

"""'" 
I, kdt~_~~ 
Ilj f A. Al-Zahqnj,~Mood,,,g. 
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