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Abstract—The effects of wavelength conversion on wavelength model. Finally, we use this model to analyze the blocking
routing optical networks with dynamic non-Poisson traffic are performance of two networks in Section IV.
investigated in this letter. A model that characterizes any non-
Poisson traffic by its first two moments is utilized. The arrival
occupancy distribution of busy wavelengths for this model process II. MODELING NON-POISSON TRAFFIC

is derived and is used to analyze the effects of wavelength o ) ) _
conversion. The model predicts that traffic peakedness plays an  Traffic in circuit-switched networks is often characterized

important role in determining the blocking performance. by the busy circuit distribution induced by it in an infinite
Index Terms— Blocking probability, BPP model, moment- trunk group [3]. Instead of attempting to study the effect
matching, wavelength conversion, wavelength routing. of specific non-Poisson traffic types, we employ a moment-

matching techniqgue commonly used in teletraffic theory to
study overflow streams in telephone networks. Assuming that
the first few moments of the offered traffic are known, the
HE blocking performance of wavelength routingechnique consists of choosing aguivalent procesghat
wavelength-division multiplexing (WDM) networks with yields the same moments and employing it to obtain the busy
dynamic traffic has received considerable attention recenttyrcuit distribution [4], [5]. In practice, the number of moments
The performance of such networks is strongly influenced lyat are matched varies from two to four.
wavelength conversienthe capability of network routing We use a widely used model for moment matching called
nodes to change the wavelengths of signals. Performanhe BPP model. This model has provided fairly accurate
models for networks with and without wavelength conversiorsults in telephone networks, and is attractive because of
under Poisson traffic have been presented in [1], [2]. Theige simplicity and the ease with which the model parameters
models predict that wavelength conversion significantlyan be obtained from the first two moments. The system is
improves the blocking performance in moderately denseodeled as a birth—death process in which the service times are
networks such as the mesh-torus, and does not haveimfependent indentically distributed (i.i.d.) exponential, and
significant an effect in sparse and dense topologies suchaagvals occur according to a conditional Poisson process with
the ring and the hypercube. state-dependent rates.
Since Poisson traffic may not be representative of the
statistics of input traffic in future optical networks, our oba pefinitions and Notation
jective in this paper is to investigate the sensitivity of those ) e )
conclusions on the Poisson assumption. We employ a mode§Up99‘°‘e caII; arrive to an |nf|n|te—C|rCU|_t.I|nk according to
for non-Poisson traffic called the Bernoulli—-Poisson—Pascfonditional Poisson process whose ratgjisn statek. (The
(BPP) model, and extend a previous performance model fJAt€ Of the system is the number of busy circuits.) Let call
Poisson traffic [2]. We evaluate the blocking probability anfolding times be i.i.d. exponential with medriy. Let {pj.}

obtain the performance dependence on network parameffsthe steady-state occupancy distributiod, the expected
such as conversion density and traffic peakedness. number of busy circuitsoffered load, and V' the variance

In Section II, we review the BPP framework for modeling’ the number of busy 3Liccuits. Theeakednessf the input

non-Poisson traffic. Section Ill presents the network blockiraffic Z is defined asz = V/M. Peakedness is a measure
of a traffic’s burstiness and has been used to quantify the
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circuits, and thearrival occupancy distributioris the steady- to the call. The call is blocked if no wavelength is available
state distribution{p}, } of the number of busy circuits observedn a segment. Let the number of wavelengths per fibeF.be
by an arrival. When the arrival process is non-Poisson, theBa make the analysis tractable, the states of different links are

two distributions are not the same [3]. assumed to be statistically independent. We have found this to
be a reasonable assumption under Poisson traffic for networks
B. The BPP Model that are not sparse, such as the mesh-torus and hypercube [2].

Given the first two moments (load and peakedness) o We first derive the probability distribution of the number

an offered traffic, the BPP model consists of an appropria? occupied wavelengths”on a I|nI'< as seen by an arrving
selection of state-dependent arrival rafes }, depending on call request, and then utilize this distribution in the blocking
whetherZ is less than, equal to, or gréatér than one. analysis.

In the Pascal model, the call arrival rate at states
M=a+(k—a)8, k=0,1,---, for somea >0, 0< g <1.
The steady-state distribution of the infinite server system isLet A; and p; denote the call arrival and departure rates

A. Arrival Occupancy Distribution

given by the Pascal distribution when ¢ circuits are busy. The BPP model assumes that the
N X unconditional occupancy distribution in thié-server system
pi = <1 _ ﬁ) <E> <’Y+ k— 1)) k=01, is a truncated Pascal, Poisson, or binomial distribution (de-
2 2 k pending on the value of) [4]. To this end, we assume that

. . A= A.i=01---.F—1.
wherey = 3)(1— ). Settingp = 1, one obtainsM = v i R
v — a7(1 _(6;3/)/ Zl(ndZ/i 1/(1 _%L o1 7GivenM and ;;’ Let @;; denote the conditional probability that an arrival in

the arrival process can therefore be modeled as a Mark%t\‘?ady state finds the system in staggiven that the previous
process withy = 1, « = M, and = 1 — 1/Z arrival found the system in state The arrival occupancy

The Bernoulli model is used to model smooth traﬁigistribution is the solution to the Chapman—Kolmogorov equa-
pgns P = ¥, piQi;, i =0,1,---, F. Since service times

(Z <1). In this model, the state-dependent arrival rates a - o ) X )
given by \f = A(n—k), fork =0,1,---,n—1, and % =0 are exponentially distributed?;; is easily determined [6].
9 ? ? ? ? ? C I . . ’ .
for & > n. The steady-state distribution of the resultiné{s'ng the expressions fapi; and p;, it can be shown that
finite-state Markov chain is pi = (Ai/wi) piy, ¢ = 1,2,---F. Note the difference be-
N i tween the arrival occupancy distribution and the unconditional
«_(n A |2 E=0.1- . occupancy distribution which satisfigs = (\;—1/u;) pi—1,
=k )\0F ) \Ox ) T i =12 F
L _ _ . The carried loadn, which is given bym = % ip;, is
yielding M _.”)‘/()‘Jr“) ‘?‘”dZ = i/ (A+p). Given M and rﬁlated to the offered load by, = M(1 — p%.). Hence, it can
% < 1, the arrival process is modeled as a Markov process Wllg _ g ol .
L e shown thatr = (X2, pi Af — X, pidi)/pr, Where;
p=1,A=(1-2)/z andn = M/(1—Z). Alimitation of " o"5 2| rate at statein the infinite-circuit link /
the Bernoulli model with a finite link capacity’ is that it is '
applicable only wher¥Z > 1 — M/F [4]. The BPP model has
been found to produce sufficiently accurate numerical resu
for blocking probabilities in telephory{4]. Given the offered load per station the offered load per
The evaluation of blocking probabilities in telephony doelink M can be computed using the uniform traffic and shortest-
not require the arrival occupancy distribution to be computeBath routing assumptions. The arrival occupancy distribution
As we will see in the next section, this distribution is necessa@j a single link can be computed using this valueiéffor

for the performance analysis of WDM networks withouvarious values of link peakednésg using the BPP model.
wavelength conversion. Note that the actual load carried by each link will be less than

M due to blocking (which in turn depends dd). We have
observed that ignoring this feedback effect does not produce

ignificantly different results when the blocking probabilities

. . . . SI
This section presents the blocking performance analyss&% low (on the order of @) while considerably decreasing
WDM networks using the BPP model. Calls are assumed g, computation time.

arrive to the network according to a random point process
and each call holds a wavelength on each link of its rou
for the random duration of the call. The offered traffic fo O
all node-pairs is assumed to be the same, and the offeigbe waveleng(tlr)ls on Fam'hog path.t,f ) |s(l_gl|)v(?n by the
load per station is denoted by An arriving call is assigned "€cUrrence [2kn" = 3>2i_, 32— K(nli,j)t; "pr_;where
the shortest pafhon the physical topology. In each segmert; 1S obtained using the BPP model and the results

ﬁs Networks without Wavelength Conversion

I1l. BLOCKING PERFORMANCE ANALYSIS

t’The probability of blocking on an-hop path istél),
v(vahere tﬁf) is the probability of an arriving call finding:

. 1
between successive wavelength converters along the chogenSection IlI-A. Note that t) = pr_,. From [2],
path, one of the available wavelengths is randomly assignﬁgn%j) _ <7L1> <f—_7:>/<§> if max(0,i+j— F) <

INote thatn need not be an integer in the Bernoulli model. Factorials are
replaced by Gamma functions whenis not an integer. 3Link peakedness, the peakedness of a traffic on a link, is a function of the

2In the presence of multiple shortest paths, one path is chosen randomigffic’'s peakedness at a station [7]. It (as opposed to station peakedness) is
Here, the length of a path is the number of physical links or hops on the patised as a traffic parameter in this paper.



SUBRAMANIAM et al. WAVELENGTH CONVERSION IN WDM NETWORKS 83

10 —_ 10 —
102 z=15 10"
> -
. :
5 . Z=125 0 10
. N . &
< 10° O
o] i AN 5
(] AN Q
T I AN F s
o RN T w0
O] AN (O]
z 4 \, . Z
10 RN Z
2 N ) S
8 N\ z=10 8 10t
2 | AN AN @
! \
-5 \\\
10 A s
. 5
z-09 10
10° : 10° 16 . e —
0.0 0.2 0.4 0.6 08 1.0 1.0 1.2 14 1.6 1.8 2.0
CONVERSION DENSITY PEAKEDNESS

Fig. 1. Blocking probability versus conversion density with offered load dfig. 2. Blocking probability versus link peakedness for a 128-node hyper-
1.0 per station for a 1 11 mesh-torus. cube with offered load per station of 1.0.

n < min(4, ), and zero otherwise. The overall blocking Fig. 2 shows the effect of link peakedness on the blocking
performance for networks without wavelength conversion Ryobability for the hypercube with a load @f = 1.0. It is
found by averagingél) over the hop-length distribution [2]. OPsServed that the probability of blocking increases dramati-

We will also uset® to analyze networks with wavelengthca"y as the link traffic becomes more peaked. The situation
conversion 0 is similar in the mesh-torus (not shown). This is due to the

fact that an arrival sees a much more congested system with

C. Networks with Wavelength Conversion peaked traffic due to the “bursty” nature of the arrival process.

Following the methodology of [2], we model networks with V. CONCLUSIONS
wavelength conversion by assuming that each node is capablgve have developed a methodology for studying the benefits
of wavelength conversion with probability, independently of wavelength converters for non-Poisson dynamic traffic. We
of the other nodes. (The parameteis called theconversion employed the BPP model which has been used by teletraffic
density [2].) The blocking performance we obtain is thesngineers to characterize the non-Poisson nature of carried and
ensemble average of the blocking probability over the randaierflow traffic from a trunk. We derived the arrival occupancy
placement of a random number of converters with expectggtribution for this model and utilized it to analyze the effect
value Ng, where N is the number of network nodes. Theof traffic peakedness on wavelength conversion benefits and
blocking probability on ari-hop path,Pb(l), can be computed call blocking performance.

recursively as [2] For the two topologies considered, our models predict
1 that for a fixed load, peakedness dramatically increases the
l l — @ 1—3 i ili i
Pb( ) _ té)(l gt +Z [1 —(1- Pb( ))(1 —té ))} blocking probability, and wavelength conversion can only

mildly alleviate performance degradation. When the metric of
(1= @)=t interest is the reduction in blocking probability with wave-
" length conversion, traffic peakedness reduces the benefits of

The blocking performance for different values of traffigvavelength conversion.
peakedness can now be studied. Next, we evaluate the effects
of link peakedness and wavelength conversion on call blocking
performance for two regular network topologies. [1] M. Kovatevic and A. S. Acampora, “Benefits of wavelength translation

in all-optical clear-channel networkslEEE J. Select. Areas Commun.
vol. 14, pp. 868-880, June 1996.
IV. PERFORMANCE RESULTS [2] S. Subramaniam, M. Azifgu, and A. K. Somani, “Connectivity and
. . sparse wavelength conversion in wavelength-routing network&too.
Performance results of applying the analytical model to two  |INFOCOM '96, Mar. 1996, pp. 148-155.

network topologies—an 1% 11 mesh-torus and a 128-node [3] A. Girard, Routing and Dimensioning in Circuit-Switched Networks
. . . Reading, MA: Addison-Wesley, 1990.
binary hypercube, both witli = 10, are presented. [4] L. E. N. Delbrouck, “A unified approximate evaluation of congestion

First, we show the blocking probability as a function of the ~ functions for smooth and peaky trafficdEEE Trans. Communvol.
conversion density for the mesh-torus in Fig. 1. It is observec% 29, pp. 85-91, Feb. 1981.
n

. . . R. I. Wilkinson, “Theories for toll traffic engineering in the U.S.A.,”
that the blocking probability decreases sharply as conversi Bell Syst. Tech. Jvol. 35, pp. 421-514, Mar. 1956.

density increases for Poisson traffi¢ &€ 1) and smooth traffic [6] S. Subramaniam, A. K. Somani, M. Azigi, and R. A. Barry, “A

: ; e performance model for wavelength conversion with non-Poisson traffic,”
(Z < 1). However, for peaked traffic, the blocking probabilities in Proc. INFOCOM ‘97 Apr. 1997, pp. 499-506.

do not diminish as rapidly. This suggests that peaked traffi7] s. Subramaniam, “All-optical networks with sparse wavelength conver-
decreases the usefulness of wavelength conversion. sion,” Ph.D. dissertation, Univ. Washington, Seattle, 1997.
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