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Abstract—We study the effect of multiple fibers in circuit- wavelength continuity constraint. In multifiber WDM networks,
switched all-optical wavelength-routing networks. Anew analytical  each link consists of multiple fibers, and each fiber carries
model—the multifiber link-load correlation (MLLC) model—is = intormation on multiple wavelengths. A wavelength that cannot
developed to evaluate the blocking performance of such networks. . . . .
To our knowledge, the MLLC model is the first model that takes the  cONtinue on the next hop can be switched to another fiber using
link-load correlation into account in multifiber WDM networks. ~ anoptical cross-connect (OXC) if the same wavelengthis free on
We show that the MLLC model is accurate for a variety of network  one of the other fibers.

{/(\)/polcl;gies bé (:ﬁrrtlparing }lhe anglytic?lf_rgsults to Sir;}w_&lticint results.  Much research has been done in obtaining the call blocking
e opserve at a small numper ot fipers are sutfcient to guar- : -
antee high network performance in multifiber WDM networks.g performancg of single-fiber .WDM netwgrks [3]’ [5]_.[101' A
Markov chain (MC) model with the consideration of link-load
Index Terms—Call blocking performance, link-load correlation,  correlation in [3] is accurate, and has a moderate complexity.
multifiber networks, optical networking. As pointed out in [8], the MC model is an approximate model,
because the arrival rates vary with the state of the Markov
|. INTRODUCTION chain. However, the approximation does not affect the accuracy
significantly. Analytical models have also been proposed in
multiblexi d lenath routi bl luti L4], [11]-[14] to study the performance of WDM networks
piexing and wavelength routing are a viable SOIUtIof .y, i nitaq wavelength conversion. A simple analytical model

for future wide-area networks (WANs) and metropolitan-arelg developed in [4] for two-hop and multihop paths. A model

netvv_orks (MANS.)' In WDM netv_vorks_, each_ node has a dyfo compute blocking probabilities for mesh-torus networks is
namically reconfigurable photonic switch. Signals are kept§

the optical domain from a source node to a destination no [esented in [13]. A more general model that can be used in
b a‘?'iy topology is proposed in [14]. However, this model can only

thereby providing end-to-end protocol and data format trangé used in networks with small values of conversion degree,

parency, and simplified management and processing Comp%%%ause of the approximation made in the model. Since link-load

to |rr?uvt\;2_gel|r(]g r?yfr?-arrgjtgzlnﬁlﬁéglzi;fr\?\fs&:oggxésrl}s”i' ht- correlation is not considered, the analysis may not be accurate

athis an “o %ical communicgtion ath’ between tv,vgj]nodefor sparse network topologies. There has also been considerable
P : P . P 'Rterest in analyzing the blocking performance of multifiber
established by aIIopatmg the same wave!ength throughout M networks. The independent wavelength load model in
route of the transmitted data [2]. The_ requirement that the sal is extended to multifiber networks in [15]. The results of
wavelength must be used on all the links along the selected p,

is known as the wavelength continuity constraint. Two lightpaths model are not numerically accurate for Poisson traffic
-ngth y . gnip rI}Jecause of the assumption that the load on one wavelength is
can share the same fiber link, only if they use different wav

?ﬁdependent of those on the other wavelengths on a link. The

lengths. A connection request encounters .h'gh performaqlc load independence model proposed in [5] is extended to
degradation because of the wavelength continuity constraint, ltifiber networks in [16]. However, this independent model is

each intermediate node on a p"’?th IS e_quped W'.th a wavelenﬁ H accurate [16]. It overestimates the blocking performance for
converter, the wavelength continuity is not required. Howevef, 1 and underestimates f& > 1inamesh-torus network

the technology of all-optical wavelength conversion is not ma;

ture vet. The cost of an all-ontical wavelenath converter is likel he blocking performance models for first-fit wavelength
ure yet. ptical wav 9 v IS gssignment in [17] and [18] are also proposed to be applicable

to remain high in the near future. Sparse wavelength ConverS'Enmultiﬁber networks. However, both of these models require

and limited wavelength conversion are proposed t_o reduce fensive computation due to their iterative procedure to solve
cost of wavelength converters in [3] and [4], respectively. Multk—

: : . he Erlang fixed-point equation. Multifiber WDM networks have
fiber WDM networks are an alternative solution to overcome the_ " '« died in [19]-[21].
We study the effect of multiple fibers in circuit-switched all-
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formance. A network operator could easily pick up/aandiV Cy
combination with the consideration of both cost and network per- c \>
formance. A new analytical model—a multifiber link-load corre- "

lation (MLLC) model—is proposed to compute the blocking per- 0 =m =®
formance of multifiber networks in this paper. The MLLC model \_/

is based on the Markov chain (MC) model for single-fiber net- \\

works proposed in [3]. Similar to the Markov chain model, we G

start by considering a two-hop path. We use hop and link inteFr_— Calls arrivi d leavi awoch "

changeably throughout this paper. Since we assume that the logg ©2s armving and leaving on a two-hop path.

on thelth hop is dependent only on the load on the- 1)th hop, ) o
the probability of blocking on thé-hop path can be computedcons'Sts of several LCs on successive links. The LCs on a path

using the results for a two-hop path. This is done by viewing tff& or may not be on the same fiber. Let a wavelength trunk
first (I — 1) hops as the first hop and tfign hop as the second (WT) )\? be a cqllectlon of the LCs/LPs using wavelengtton
hop of a two-hop path. The difficulty in the study of a multifibe@!! the fibers. Fig. 1 shows a two-hop path withWTs on each
two-hop path results from the continuing calls from the first ho 'k, i-€., éach WT consists df fibers. We define a WT *free”
to the second hop. To simplify the study, we divide the wav&? a_Ilnk if the vyavelength is freg on at Ieagt one of thg fibers on
lengths on the two-hop path into different groups. The distribif2€ link. AWT is “busy” on the link otherwise. A WT is “free”
tion of continuing calls is computed in each group. on apathif t_hat WT is free on all of the Iinks constituting the
To our knowledge, this is the first analytical model taking thBath- A WT is “busy” on the path otherwise.
link-load correlation into account in multifioer WDM networks. ' the analytical model, we start by analyzing a two-hop path
Comparing to the link independence model in [16] and [14], oS Shown in Fig. 1. The states of a two-hop path can be modeled
model is an accurate and general model that is applicable H8t"9 & three-dimensional Markov chain as follows. Cetbe
only to regular networks but also irregular networks. the number of calls that enter the path at node 0 and leave at
This paper is organized as follows. A multifiber link-load corlode 1. Let, be the number of calls that enter the path at node
relation model is developed to analyze the performance of m@i&nd continue on to the second link. Anddgt be the number
tifiber WDM networks in Section Il. The model is applied to £f calls that enter.the _pat_h at node 1. Therefore, the number of
variety of network topologies and the results are shown in S&@lIS that use the firstlink i - C.. and the number of calls that
tion Ill. We observed that the analytical results obtained fro€ the second link is;. + C,,. Since the number of calls on a
the MLLC model match closely with simulation results for thdink cannot exceed the total number of available light channels,
typical network topologies we studied. The accuracy of the afi+V, We haveC; + C, < FW, andC, + C,, < FW.
alytical results is significantly improved from the MLLC com- The f_ollowmg conditional probabilities are defined for the
pared to the link independence model proposed in [16]. We aléee-dimensional MC on a two-hop path.
observed that limited number of fibers is sufficient to guarantee * Bwrrc(Ng, Xy, ze,,yp) = Pr{the probability that
high network performance in multifiber WDM networks. We Ny, WTs are free on a two-hop patf;, WTs are free
present our final remarks in Section IV. on the first hop of the pathy,, LCs are free on the second
hop, andz., LCs are busy on both of the links occupied
by continuing calls from the first to the second hdp}.
[I. A M ULTIFIBER LINK-LOAD CORRELATION MODEL o U(ze,|x g, ,yy5,) = Pz, LCs are occupied by continuing
calls from the first link to the second linjke ;, LCs are free
on the first link, andy;, LCs are free on the second lipk
see (1) at the bottom of the next page.
* S(ys, |z ) = Pr{ys, LCs are free on the second lifky,
LCs are free on the first link of the path}, see (2) at the

We propose a new analytical model to compute the blocking
performance of multifiber WDM networks in this section. In
the analytical model, we assume Poisson input traffic with
arrival rate \ at each node and exponentially distributed call
holding time with mean }/. A single path is preselected for
each source—destination (s—d) pair, and a wavelength assigned Pottom of the next page. _
to a connection is uniformly randomly selected from the set of 1€ U(ze, x5, yy,) and S(yy, |z s,) are functions of the
free wavelengths on that path. LEtbe the number of fibers Steady- state probability of statéc;, c., c,.) thatis given by [22]

per link, andWW be the number of wavelengths per fiber. We <)\l>cz <)\ )CC <)\ >cn

assume that” andW are the same on all links and fibers of a

network. We also assume that an incoming request on one input "

1t 1t

port can be switched to any output port using OXC as long(c;, c.,c,) = al c! - cn!/, -
as the output port has the same wavelength free regardless of WEWE S WE A A\ (e
which fiber it is on. If the wavelength is not free on all of the ! ZJ L L L
fibers at the output, the request is blocked on this wavelength. i S 4! 5! k!
N I h i ilabl . = = =

o wavelength converter is available at any node 0<atc <WE 0<cte, <WF

We define a light channel (LC) as a wavelength on a fiber
on a link. A lightpath (LP), defined in previous section, is a 3)

connection between a Sour(_:e_deStination (s—d) pair L.JSing thﬁ’n this paper, we put a hat on the variables for the number of WTs to differ-
same wavelength on all the links of a path. Note that a lightpahtiate them from the variables for the number of LCs on a link.
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where);, X., A,, are the arrival rates of calls that leave the first .
link, continue from the first link to the second link, and enter G( zc,) <
at the second link, respectively,iis the expected value of the “
exponentially distributed call holding time.

Because of the assumption that the load onithehop is  G(w- QCZ)<(_)-----------_____‘\_;_/'_ ______________ Db
dependent only on the load on tfie— 1)th hop, the blocking a— —o ||
probability on anl-hop path can be computed recursively w Zg,

by viewing the firstl — 1 hops as the first hop and tHéh
hop as the second hop of a two-hop path. Then we focti§: 2 Thel WTs are divided into two groups.
on the analysis of a two-hop path, i.e., the computation of
Rwrro(Ng,|Xf, 2e,,uy,) in the following. The following  second groupi(W — Z., ), which has ., — Z., F') continuing
notations are needed to obtain the blocking probabilities.  calls but no busy WT is occupied completely by the continuing
* Letw be the number of considered WTsonalink< W. calls. Rwrrc(Ng, | Xy, 7, ¥y, ) IS given by
w is used as a subscript in the expressions of this paper to
indicate that the computation of the expressions iswon

e Rwrrc(Np| Xy, Zeyr Ugs)

.. |zeo /F]
* Let 22 be the number of continuing calls on a two-hop . i p (Z |X . Yo
path which occupy only part of a WT, i.e., do not use all T WAoo ez Yo )W
Zey=0

the £ LCs on any WT. In other words, no busy WT is o
occupied completely by? calls. .PQ(Nf2|Xfl,zgz,yfz)w_zcz (4)
* Lety,, be the number of busy LCs occupied by entering

calls on the second link of the two-hop path. We know that B 5o .
o, = WE —yp, — 2. wherez2, = z., — Z., I'. Here PL(Z.,| Xy, 2e,, Yf, Jw=w IS

the probability tha@cZ busy WTs are occupied completely by
continuing calls given tha?f(f1 WTs are free on the first hop of
- _ ) PN the pathyy, LCs are free on the second hop, andbusy LCs

The difficulty in computingRyyrrc(Ny, | X, 7e., up. ) T8 continue from the first to the second hop. We assume here that
sults from the continuing calls from the first hop to the secongle calls are arranged on the two links such that all possible LC
hop. To simplify the computation, we divide th WTs on the - configurations to reach the stat& {, 7., vy,) are equiprob-
two-hop path into different groups. The conditional distributiogpjez Thus we can distribute the, continuing calls to the two

of continuing calls is computed in each group. links first, then distribute the leaving and entering calls on the
We first divide theW WTs on the two-hop path into two

groups as shown in Fig. 2. The first grou@(Zc )’ consists of 2The arrival rates actually change with the state of the Markov chain because

2 . 2 L f blocking on other links of the network. However, modeling it in multifiber

ZC2 busy WTs that are OCCUp'ed corr)pletely by continuing cal se would considerably complicate the model. We show later that the loss in

on both of the links. The otheW( — Z.,) WTs belongs to the accuracy due to our assumption is not significant.

A. Computation oRwrrc(Np, | X, Zer, 4 )

U(zcz|xf17yf2) = Pr(CC = Zc2|01 +Cc=WF - xflvcn +C.=WF — yfz)
T(WF — Tp = Zeys Zoy, WE —yyp, — Zey )

= 1
min(WF—z; ,WF—y;,) ( )
Z T(WF —xp — Tey, Teo, WF =y, — Ze,)
Ten =0
S(yf2|xf1) = Pr(On +C.=WF— Yre |Ol +C.=WF - xfl)
min(WF—z; WF—y;,)
Z T(WF —xp — ey, %y, WF —yp, —xc,)
z ., =0
— 2
- WF—zp WF-z., 2

> e =)

Zo2=0 Ty =0
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second link in th@(f(bl) group, then the number of entering
callsmtheG(Xfl) groupisyx, =y, —¥yx,, - 1he probability

Py(Np X g 2248w _z,, in (4)is given by

Xb1 }'Xb1
~ ~ » )
G(W- Zc, + —+ P(Nf2|Xfl,Zc2,yf2) w=W—Z,,
G( ) ______________ " ______________ zp
st <u &'/L 5 Xflyxf] 62 wF—z, —yp,
w 1l Z Z
p
Zcy Yby
2 =0 yx, =0

Fig.3. TheWTsin thé?(W—Zz ) group are divided further into two groups.

) P4(yXbl 7Xf 7Ub27Xb17Xf1)'w

. - Py(Ah Xb X
first and second link to reach the stat&X [, z.,,us,). (2, 7 Ko X

P1(Zy)|X 4, s Zey» Ys, o=w CaN be computed as PN X g 2% uxs )k, @)
5 1% where
P (Zcz |Xf1 ) Zea yfz)'w
0 Zey + Xp > W Xble—Xfl—ZCZ, zg)([ =28 — 2%,
J1 1
0 Yfo + 2o, > WF and
w
= <Zc )f(762’w Z027F) (5) yX_[l = Yb, _yXbl'
2 otherwise
<WF) HerePy(z%, |22, Xs,, X1,). is the probability that’, con-
Zes

tinuing calls are in the subgrou@(Xbl) glven that2, calls are

wherez? = 2., — 2., F, andf(z, k, F) is the number of ways ' randomly distributed in the grouf(iv — ZCZ)and no busyWT

of distributingz LCs tok WTs such that no WT is fully occupied Is ocm:)p|ed completely by, calls.Ps(~%, |-, Koy K)o
by the continuing calls. Note that each WT consisté'dibers. given by
Suppose = |z/F|. f(z,k,F) is given by [16] Pg(zg’( E c27Xb17Xfl)
f(Z,k',F) . f(ZXbla‘XblaF)f(zX ) (’2 Xbl’F) (8)
0 z > (F-1k - f(2%,w, F) ’
LF S 4 . . .-
B < . ) z < F P4(y)(bl|ZJ;(61,Z];(fl,ybz,Xbl,Xfl)w in (7) is the probability
- i thatyx, LCs are distributed in the subgroug(X,, ), given
<kf) Z( ) _iF,k—i,F) otherwise. zg’%, zg’(h, and y, cAaIIs are distributed in groug/(X,, ),
i=1 © G(Xy,), andG(W — Z,,), respectively. Thus,
P4(sz,l A L Zg)(h >y Yo Xln ) Xﬁ )w
In (4), PQ(Nf2|Xf1, 22y )w _z, is the probability that X, F — 2 XpF— Zﬁ’(f
Nf2 WTs are free on a two-hop path with=W — ZCZ WTSs, _ Yx,, ' Yo, — UXy, '
given that¥ + WTs are free on the first hop of the patfy, LCs - wF — 22 _ P
are free on the second hog, calls continue from the first to < )y(;)l Xn )
2

the second hop but no busy WT is occupied completely by these
continuing calls. To CompUtE’2(Nf2|an 2, Uf )w —z., We P~(Nf2|Xf1,7Xf VYX 1 ) %/, in (7) is the probability that

divide the second WT group further int6(X,, ) QVOUIO and N, WTs are free on the two- hop path withWTs, given that
G(Xfl) group as shown in Fig. 3%(X3,) group consists of alj of the WTs are free on the first hopsx,, LCs are free on
X,, =W - Xy, — Z, busy WTs on the first hop, occupied bythe second hop, andy calls continue from the first hop to

continuing calls, or leaving calls, but no busy WT is occupleﬁ1e second hoo. To com ufe (N, | X
completely by continuing calls. The WTs in thi& X ;, ) group P- puté; (N f"7Xf WX w=Xp,’

are free WTs on the first hop. The WTs in these two groupée divide theG(X ;, ) group again into two groups. The group
may or may not busy on the second hop. Recalling our defié(Vy,) consists ofV;, WTs that are free on both of the first
tion of a “free” WT, some LCs may be set up on the WTs iROP and the second hop. The other gragipA,, ), consists of
G(Xfl) but the number of busy LCs on a WT is less tHan Ve, = X, — Ny, WTs, which are free on the first hop but
Let 2%, be the number of continuing calls distributed in th&usy on the second hop as shown in Fig. 4. kgt be the
G(Xbl) group. Then the number of continuing calls distributefumber of continuing calls distributed in the groGQsz)

on theG(X,) group '57X = 2L, — 7%, . Recall thaty, is Then the number of continuing calls distributed in the group

the busy LCs occupied by enterlng calls on the second link QKNfz is 7N = 7xf — 2R, - by Letyy,, be the number of
the two-hop path. Legx, be the number of entering calls at theentering calls dlstnbuted on thi,, WTs. The number of en-
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F we can compute the blocking probability on thleop path using
the results for a two-hop path in (9).
Fw win(FW-z;  FW-y;)

PG(I)(Nfzvyfz): Z Z

xs_ =0 Ze, =0
I
G(W-z¢ zﬁbzmbz lzs,_y /F)
G, o - > RwrreWNalNp_, s 2, 95)
f1 s A a -] O z[g ™ N
) < VSRR 5 Ny_y=0
w 2%y yx g ’ U(Zcz|yfzvxf171)s(yfz|xfzfl)

'Pélil)(Nfz—l’xfz—l) I >1 (10)
wherel/(z., |z, ,ys,) andS(yy, |z, ) are the conditional prob-
) o R _ abilities that defined in (1) and (2), respectively. The probability
tering calls distributed on th&y, WTSisyy,, = yx, —¥n,- that/V;, wavelengths ang, LCs are free on the first link of a
P5(Ny, |Xfl,z§(f1 YX ), ) IS derived as path is

Fig. 4. The WTsin thé}(X'fl) group are divided again into two groups.

A PN = P(N4, (0,0, FW —
PS(Nf2|Xf172§(h7ZJXfl)w 6 ( fl’yfl) 1( f1| » Uy yfl)W

e C. Computation of the Parameters
= Z Let P; be a route between a s-d pair using liHkP?§ as a
Ry, =0 route continuing from link to link ;. Let R; be a set of fixed
X, . . routes for calls that use link andEs ; be the set of fixed routes
<N ' )f(zf\rbz s Ny, F)g(Nyp,, 2%, —#N, »Ux,, —ym,) for calls that continue from link to link j. A, X\, and)¢ ; are
f m the arrival rates of calls entering at linkleaving link 7, and
f( X, F) <Xf1F Axp ) continuing from link: to link 5, respectively A}, A\, and X;;
t YxX are given by
whereg(Ny,, 2% ,yx,,) is the number of ways to distribute XK= > A (11)
2 ~
zﬁ,fz continuing calls angy,, entering calls taV;, WTs such PrACRE
that every WT is freeg(Ny, , 28, ,yw,, ) is given by Xo= Y Aa— g (12)
Pf‘iERi

lz+y/F] min(iF,z)

o= (Y (V)Y M= Y ha- g 13)
=1 =0

Pj‘?‘lERj
N iF N . P These arrival rates are used to compute the steady-state prob-
i )\ JIWN ==y = GF =0)- apility n(cr, e, cn) in (3). Leti(sd) be the length of a path be-

o tween an s—d pair. Le® be the number of s—d pairs in the net-
A closed-form expression @wrr.c(Ny, | Xy, ¥y, 7, ) iS0b-  work, andPg be the networkwide average blocking probability.

tained as Pg is given by
~ ~ FW
Avve 2z I(sd
RuricNal X up 2) P=Y S R0 A
L2y /F] 2ey—Zey F (W—Zey)F—ze, —yp, sd y7=0
Zoy=0 2%, =0 yx,, =0 D. Implementation and Complexity Analysis
b1

. Pl(Zcz IXfl,ch us) The above equations _;hows an approach on how to compute
r o v o the steady-state probability of a path that h&ge wavelength
) P3(ZX;,1 |28, Xoy, X5,) trunks. Comparing to the link-load correlation model for single
fiber networks [3], the MLLC model has the same computa-
P tional complexity except for the computation of the free WT
Ps(Np | X g, 2%, Sux ) (9) distribution on a two-hop pathRwzrc(Np, | X 1, us s 2e, )-
However, Ry rrc(Np, | Xf,, vy, 2,) does not depend on any
. . . network topology and traffic arrival rate. The only parameters
B. Computation of Avage Blocking Probability needed to ComPUtRW’TLC(Nf2|Xf17yf2775c2) is the number
LetPG(l)(Nﬁ,yﬁ)be the probability thalV ;, wavelengths are of fibers per link, F, and the number of wavelengths per
free on arl-hop path andy;, LCs are free on hop We continue fiber, W. Thus RWTLC(NfZ |Xf1 ,Yf., %e, ) Can be computed
to assume that the load on tkth hop is dependant only on theindependently. The results can be used repeatedly in different
load on the(l — 1)-hop. By viewing the firs{ — 1 hops as the topologies and traffic patterns, as long as they have the same
first hop and theth hop as the second hop of a two-hop patmumber of fibers per link and wavelengths per fiber.

» » ~ ~
y P4(sz,l |ZX;,1 ’ ZX_[1 > Ybs s Xb1 ’ Xfl)
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|

Blocking Probability
=

10° |

Fig. 6. A5 x 5 mesh-torus network.

1

10

10

‘ . —— MLLC Model
0.0 10.0 20.0 30.0

--- - Independence Model
# of Fibers per Link x Simulation

Fig. 5. Blocking probability versus number of fibers in a 10-node .
unidirectional ring network. The link capacity is fixed at 24.

10% |
We present a new analytical model that can be used for bo
regular and irregular multifiber WDM networks in this section. £
In the next section, we apply the analytical model to study th.8

call blocking performance for different topologies.

ty

bi

I1l. NUMERICAL RESULTS AND ANALYSIS

Blocking Prol

In this section, we assess the accuracy of the multifiber lin 453 |
load correlation (MLLC) model by comparing it to the simula- -
tion results. We also compare the MLLC model to the multifiber ' LJ
independence model presented in [16], and show that the MLL = '
modelyields more accurate results than the independence moc )
The MLLC model is applied to two regular topologies: the ring o
and the mesh-torus networks, and an irregular NSF T1 backbo
network (NSFnet). We are interested in finding the effect of mul
tifibers on these networks. The question we attempted toansw 10" /5 100 20.0 30.0
is how many fibers are required in these multifiber nonwave # of Fibers per Link
length-convertible networks to provide similar performance as
that of full-wavelength-convertible networks. Fig. 7. Blocking probability versus number of fibers in ax55 mesh-torus
In the networks we studied, the link capacity is fixed at 22tWork- The link capacity is fixed at 24.
light channels, i.e /"W = 24 on each link. We vary the number

of fibers on each linkf, from 1, 2, 3, 4, 6, 8, 12 to 24, and the We first study a 10-node unidirectional ring network in which
number of wavelengths on each fiber is variediBy= 24/F the gain of using wavelength converters is limited. The call
accordingly. We assume Poisson traffic arrives at each node, &hstking probability against the number of fibers per link is
the destination for an arrival request is uniformly distributeplotted in Fig. 5. The traffic load is 2 Erlangs per node. Analyt-
among other nodes.We adjust the traffic load such that theical and simulation results are plotted for different fiber—wave-
blocking probabilities are around 18. Each data point in the length pair configurations. The close match between the ana-
simulations was obtained using®e@all arrivals. lytical and simulation results and the fact that the analytical re-
3The MLLC model could also be used for nonuniformly distributed trafficSU|tS follow the trend of the simulation results indicate that the

using (11)—(13). The uniform distribution assumption is made only for sin{-nOd(_al is adequate in analytical!y predicting the pe_rformar)ce in
plicity. Note thatlink loads in the NSFnet are nonuniformly distributed. the ring networks. For comparison, we also plot in the figure
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Fig. 8. The NSF T1 backbone network topology.

the analytical results obtained from the independence model 10" l .
[16]. It is seen that the independence model severely overes
mated the blocking probability when the number of fibers pe MLLC Model
link, I, is small, and underestimated the blocking wii&be- x Simulation
comes larger. We observed that 6 fibers per link are sufficient i
provide similar performance as that in full-wavelength-convert
ible networks " = 24, W = 1).

Wavelength converters are useful to reduce the blocking pro
ability in the mesh-torus networks. A6 5 mesh-torus network
shown in Fig. 6 with node traffic of 17 Erlangs is studied. TheZ
results are shown in Fig. 7. We observed that the MLLC mode§
performs better than the independence model, although the dg
ference is not as much as in the ring networks. The reasonis tt 2
the traffic in mesh-torus networks tends to mix well such that th '
effect of the link-load correlation is not significant, especially in®@ %
multifiber networks. We also observed that 4 fibers are sufficier 10° | *x ™ .
to guarantee high network performance. Recalling that multipl
fibers have similar effect as limited wavelength conversion it
WDM networks, our observation is coincident with the results ir
[4], which showed that with a conversion bandwidth that cover
only 25% of the whole transmission bandwidth, the blocking
probability is almost identical to the one with full-range con-
version. - ' .

The above two regular topologies have been intensivel 10 0.0 10.0 20.0 30.0
studied in the literature [4], [15]. However, few analytical # of Fibers per Link
models are applicable in irregular multifiber networks. We ) y ) ) )
apply the MLLC model to the NSFnet shown in Fig. 8 anglg. 9. Blocking probability versus number of fibers in the NSfnet. The link

. . . . apacity is fixed at 24.
show the results in Fig. 9. The traffic load per node is 12

Erlangs. It is seen that the analytical results follow the treg)q ki ¢ . teedi lifib tworks with
of the simulation results. No result of the independence mo £pcKing periormance IS guaranteed in muttmber NEworks wi
is shown in the figure because the independence model is ﬁgtmall number of fibers per link in differenttopologies.
applicable in irregular networks. We observed that the network
performance is not significantly improved with full wavelength
conversion f* = 24, W = 1) in the NSFnet compared to no We study the effect of multiple fibers in circuit-switched all-
wavelength conversiorF{ = 1, W = 24). It is also interesting optical WDM networks. To evaluate the blocking performance
to note that only 4 fibers per link are sufficient to providef such networks, we have developed an analytical model taking
similar performance as that of using full wavelength convertetise link-load correlation into account. We have shown that the
in the NSFnet. model is accurate for a variety of network topologies by com-
Fromthe above simulation and analytical results, we know thzdring the analytical results to the simulation results. Comparing
the MLLC model is applicable in both regular and irregular nete the independence model of [16], the MLLC model is more ac-
works. The analytical results are close to the simulation resultsdarate both in regular networks (the ring, the mesh-torus) and ir-
all of the three examined topologies. We also observed that gaedular networks (the NSFnet). An important conclusion of our

10% | .

X

IV. CONCLUSION



LI AND SOMANI: NEW ANALYTICAL MODEL FOR MULTIFIBER WDM NETWORKS 2145

study is that a multifiber network has similar blocking perfor- [14] T. Tripathi and K. N. Sivarajan, “Computing approximate blocking prob-
mance to that of a fu||_Wave|ength_convert|b|e network, if we abilities in wavelength routed all-optical networks with limited-range

] ; . ' wavelength conversion,” iProc. IEEE INFOCOM '99 vol. 1, Mar.
select the wavelength-fiber-pairs adequately. A limited number ;999 op. 329-336.
of fibers is sufficient to guarantee high network performance[i5] G. Jeong and E. Aynoglu, “Comparison of wavelength-interchanging
Most of the current optical networks are built on multiple fibers. and wavelength-selective cross-connects in multiwavelength all-optical
Multifiber WDM networks without wavelength conversion are [16

networks,” inProc. INFOCOM'’96 Mar. 1996, pp. 156-163.
g . ) ] S. Subramaniam and R. Barry, “Dynamic wavelength assignment in
not only feasible, but are also a desirable choice under current
technologies.

fixed routing WDM networks,” inProc. IEEE ICC '97 Montreal,
Canada, Nov. 1997, pp. 406-410.
A. Mokhtar and M. Aziz6gu, “Adaptive wavelength routing in all-op-
tical networks,”|IEEE/ACM Trans. Networkingvol. 6, pp. 197-206,
Apr. 1998.
. . . [18] E. Karasan and E. Ayanoglu, “Effects of wavelength routing and se-

The authors would like to thank the reviewers and editors for ~ lection algorithms on wavelength conversion gain in WDM optical net-
their valuable comments that helped improve the presentation ~ works,”IEEE/ACM Trans. Networkingol. 6, pp. 186-196, Apr. 1998.

f this paper [19] X. Z_h'c}ng and C. Qiao, Wa\_/elength assignment for dynamic traffic in
0 paper. multi-fiber WDM networks,” inProc. ICCCN'98 pp. 479-485.
S. Baroni, P. Bayvel, R. Gibbens, and S. K. Korotky, “Analysis and
design of resilient multifiber wavelength-routed optical transport net-
works,” J. Lightwave Technqlvol. 17, pp. 743-758, May 1999.
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