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Abstract of wavelength-routing nodes in this context: nodes with
full-wavelength translationapability (see, for example [4],
We present a new analysis of wavelength translation in [10], and [7]), which can exchange an incoming wave-
regular, all-optical WDM networks, that is simple, compu- length with any outgoing wavelength, nodes wlithited-
tationally inexpensive, and accurate for both low and high wavelength translatiorapability (see, for example [23],
network loads. In a network with wavelengths per link, [22], [16], and [18]), which can switch an incoming wave-
we model the output link by an auxiliaty /M /k/k queue- length to a subset of the outgoing wavelengths, and nodes
ing system. We then obtain a closed-form expression forwith no-wavelength translatiocepability (see, for example
the probability P, that a session arriving at a node ata [5], [13], [8], [22], [6], and [20]), which can map each in-
random time sccessfully establishes a connection from its coming wavelength only to the same outgoing wavelength;
source node to its destination node. Unlike previous analy- the so called wavelength-continuity constraint. The require-
ses, which use the link independence blocking assumptionment of wavelength continuity restricts the routing flexibil-
we account for the dependence between the acquisition ofty and increases the probability of call blocking.
wavelengths on successive links of the session’s path. Based Recently, several researchers have examined wavelength
on the success pbability, we show that the throughput per  translation in all-optical, circuit-switched networks, with
wavelength increases superlinearly (as expected) as we infull- or no-wavelength translation. A study of this litera-
crease the number of wavelengths per link; however, theture reveals that although this initial work correctly identi-
extent of this superlinear increase in throughput saturates fies several parameters that affect the performance of wave-
rather quickly. This suggests some interesting possibilitiesjength translation (such as path length, number of wave-
for network provisioning in an all-optical network. We ver- |engths, switch size, network topology, and interference
ify the accuracy of our analysis via simulations for the torus |ength), and provides useful qualitative insights into net-
and hypercube networks. work behavior, several difficulties remain. One problem is
of accurately aaounting for the load correlation between
the wavelengths on successive links of a session’s path.
Kovatevi¢ and Acampora [10] provided a model to com-
pute the approximate blocking probability for Poisson in-
o ) ) ) put traffic in all-optical networks with and without wave-
Wavelength division multiplexing (WDM) exploits the  |ength translation. As pointed out by them, however, their
terahertz bandwidth potential of optical fiber by dividing gl is inappropriate for sparse networks because it uses
the total available bandwidth into a number of narrower he jink independence blocking assumption, which does not
channels. A critical funcuongllty for the scalability gnd IM-" consider the dependence between the acquisition of wave-
proved performance of multihop WDM networksW@ve-  angths on successive links of a session’s path. Furthermore,
length translatior{2], which is the ability of network nodes  thejr model requires the iterative solution of a set of Erlang
to switch data from an incoming wavelengghto an out-  fiyed-point equations, which is cumbersome and is known
going wavelengthy;, j # i. There are three natural classes 5 pe computationally expensive. Barry and Humblet [4]
T Research supported by DARPA under the MOST Project. pregentgd a new model that takes the link load dependence
2This work was done while the author was a Post-Doctoral ResearcherPartially into account, but they assumed that a wavelength
at the University of California, Santa Barbara. is used on a link independently of other wavelengths. Al-
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though their simplified model makes good qualitative pre- ing assumption, but instead account partially for the depen-
dictions of network behavior (predicting even some non- dence between the acquisition otsassive wavelengths on
obvious behavior observed in simulations [19]), it is unable the path followed by a session. As will be seen in Section 2,
to predict the behavior of simulations with numerical accu- our formulation s intuitive, analytically simple, and compu-
racy. The analysis presented by Birman [7], on the other tationally inexpensive (it avoids, for example, Erlang fixed-
hand, uses a Markov chain model with state dependent arpoint or reduced load approximations), and scales easily for
rival rates. Although moraccurate than the previous mod- larger network sizes and arbitraky We also note that our
els, its calculation of blocking probabilities involves mod- analysis applies equally well to multi-fiber networks, with
ified reduced-load approximations and is computationally no wavelength translation.
intensive. Furthermore, the analysis is tractable only for  Using our analysis we show how, for the mesh and hy-
small networks with at most two or three hops per path and percube networks, the extent of improvement in achievable
a modest number of wavelengths per link. Yet another dif- throughput, for a fixedP;,.., depends on the number of
ficulty with the previous analyses, which are based on thewavelengths: per link. We find that although the through-
“blocked calls cleared” model, is that in addition to treating put per wavelength increases superlinearly Witthe incre-
long connections unfairly, they also tend to overestimate themental gain in throughput per wavelength (for a fi¥ed...)
achievable throughputfor a given blocking probability. The saturates rather quickly. This implies several interesting al-
analysis presented in [18] for limited wavelength translation ternatives for network provisioning and network expansion
accounts partially for the link load dependence, and main-in an all-optical network, some of which we discuss in Sec-
tains fairness to all connections by retrying blocked sessionstion 3. For instance, instead of building a network in which
at a later time. Although this analysis can be applied to every node can translate betwdéhwavelengths, it may be
full-wavelength translation, the number of states grows ex- beneficial to build a network in which every node consists
ponentially with the degree of translation (in this case the of 1¥/k simpler switching elements operating in parallel,
number of wavelengths), and is impractical for large k. each of which translates only oviewavelengths. Similarly,
The analysis that we present for studying wavelength a.network designer may start with simple ngtwork nodes,
translation in regular, all-optical WDM networks over- With a few parallel channels, and grow them incrementally
comes many of the difficulties highlighted above. We first Py @dding more channels as network traffic increases.
present a general analysis applicable to any regular topol- The organization of the remainder of the paper is as fol-
ogy, and then apply it to study the performance of wave- lows. In Section 2, we first .present a general analysis for
length translation in the torus and hypercube networks. InWavelength translation applicable to any regular network,
our model, sessions or connection requests arrive indepen@nd then apply it to the torus and hypercube networks. In
dently at eacmode of the networlaccording to a Poisson Sectlon 3, we present our results _for the success probabil-
process with rate per unit time, and session destinations 1Y Psucc obtained from our analysis and compare them to
are uniformly distributed over the remaining nodes. A cir- those qbtalned via simulations, and we discuss our results.
cuit between the source node and the destination node is esn Section 4, we present our conclusions.
tablished by sending a setup packet along a path determined
at the source. We assume that at each attempt the setug, Analysis For Regular Networks
packet randomly chooses a route to the destination from
among the allowed shortest-path routes. If the setup packet |, this section, we first present a general analysis for full
is su_ccessful in estgbhshmg a connection, the WavelenthsiNavelength translation in regular networks, and then ap-
requwe(_j by the session are reserved for Fhe session du_rano ly it to analyze the performance of full wavelength trans-
Otherwise, the session is randomly assigned a new time ajaion in the torus and hypercube networks. The general
which to try. This is done such that the combined arrival ormylation that we develop provides a method to analyze
process of new sessions and retrials can be approximate@ner regular topologies that have been proposed for build-
by a Poisson process. ing all-optical networks, such as the family of banyan net-
The capacity of each link is divided infobands, where  works, e.g., shufflenet ([1], [15]), wrapped butterfly net-
each band corrpsnds to a distinct wavelength, aedch works ([18]), and deBruijn networks [19].
node has full-wavelength translation capability. We model  Our choice of the mesh and hypercube topologiesreflects
thek wavelengths on an outgoing link of a node by an aux- our interest in analyzing two significantly different types
iliary M/M/k/k queueing system. Using the occupancy of networks. The torus is a sparse topology with a small
distribution of this system, we derive a closed-form expres- (fixed) node degree and diameter that is linear in the mesh
sion for the probabilityP;,.. of successfully establishinga dimension, and is a natural choice for building wide-area
circuit from a source node to a destination node. To evaluatenetworks (WANSs). The hypercube, on the other hand, is a
this probability, we do not use the link independence block- dense topology, with node degree and diameter that increase



logarithmically with the number of nodes, and is an attrac- to the samespatial groupwith respect tal if there exists
tive topology for optical interconnects, especially given the a7 such thatl'(/;) = /. We use this mapping to partition
recent advances in optical switch design (see for examplethed — 1 incoming links of a node (except fdr) into [,
[3],[17], [14]). [ < d — 1, different groups (or types), so that the links of
In our model, external session requests are generated ineach group have the same spatial relationship with respect
dependently at eachode of the networkaccording to a  to outgoing linkZ. The total number of incoming links of
Poisson process with rate and their destinations are uni- type! is denoted byl/; (see Fig. 1(a)). Originating setup
formly distributed over all nodes, except the source node.packets that are emitted on linkare defined as being of
The holding time, or duration, of a session is exponentially type s = 0, while transit setup packets are defined as be-
distributed with meanx, and connections are established ing of types = 1,...,[ if the incoming links over which
by transmitting a setup packet from the source to the des-they arrive are of type.. We also lety(s) denote the rate
tination. Our routing scheme is oblivious, or non-adaptive; at which setup packets of typeare emitted on an outgoing
that is, the path followed by the session is chosen at thelink.
source, and fixed for the entire connection attempt. If the
setup packet is successful in establishing the circuit, the
wavelengths required by it are reserved for the duration of
the session. Otherwise, the session is blocked and is rein-

serted into the input stream so that the combined process
of exogenous arrivals and retrials can be approximated as a
Poisson process, and all sessions are eventually served. By
contrast, in the call dropping model used in previous anal-
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yses, sessions with longer path lengths are dropped with a
higher probability (unfairly treating long connections), and
the maximum throughput is overstated, especially at higher
loads.

In full-wavelength translation, the switching of a new
session arriving over an incoming link of a node on a
wavelengthé;,7 = 1,...,k or a new session originating
at that node, depends on the availability of a wavelength
$3,7 = 1,..., k on the desired outgoing link. A session ()
is blocked and scheduled to retry only if all of thevave- y(0)'
lengths on the outgoing link are unavailable. We assume Q
that a setup packet selects the desired outgoing wavelength \
from among th& wavelengths on the link with equal prob- 1
ability. In the subsequent sections, we d_efing the auxiliary vay
system that we use to model the outgoing link at a node, X 2
and obtain the probability’s,.. of successfully establish- Y(2) —
ing a circuit.
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2.1. The Auxiliary System V(1) —p]

We first describe a general framework for regular net-
works, and then present an analysis for the torus and hy-
percube topologies. We focus on setup packets emitted on
outgoing link L, and define theype o of a setup packet
according to whether it behgs to a session originating at
the node oraccording to the incoming linkipon which it
arrives. Consider a network where a linku at a nodey
is denoted by(u, v). A 1 — 1 functionT defined over the
set of nodes of7 will be called an automorphism if link
(u,v) € G is mapped to7T'(u),T(v)) € G. T will be
called a fixed automorphism fat if it maps L to itself.
We say that two incoming linkg and/-» of nodes belong

(b)
Figure 1. (a) We illustrate how the incoming
links are related to the outgoing link at a node
of the network, where each link has & wave-
lengths. (b) The auxiliary A /M/k/k queueing
system Q.

_We denote the state of an outgoing link by the vector
S = (S0, 51, ...,S51), whereSj is the number of originat-



ing sessions on the link, ar},, o = 1, ...,1, is the num-
ber of transit sessions of type using the link. Clearly,

The path followed by a session with source destination
pair (s, d), consists of an originating node followed by a

the set of feasible states of the outgoing link is given by sequence of transit nodes. Thus, the probabilifythat a

F =1{S :|S] < k},where|S| = Sy + S1 + ...+ S

is the cardinality ofS. We letr(S) be the steady-state
probability that an outgoing link is in statg, and we ap-
proximater(S) as the stationary distribution of an auxiliary
M/M/k/k queueing syster@, defined as follows (see Fig.
1(b)). Customers of type, ¢ = 0,1,...,1, arrive to the
system() according to a Poisson process with ratés ),

and ask for a server from among thédentical servers. If

all £ servers are busy, the customer is dropped, never to ap
pear again. We require that the rate at which customers o

type o are accepted in the ailiary system( be the same
as the rate/(o) at which setup packets of typeare emitted
on an outgoing link in the actual system. For this to hold,
we must have

7o) = P

1552, ) M

To calculate the steady-state probabiliti€s’), for all

feasible states, we write down the global balance equation

of the Markov chain that corresponds to the auxiliary sys-
temq@ :

Sy (o)m(S —eo)+ > u(Se + D)w(S +eo)

g o:|S|<k

YuSe 4+ 3o y*(o) ’

o:|S|<k

m(S) =

(2)
wheree,, is a unit vector of dimensioh whosesth com-

ponent is one, “+" corresponds to componentwise addi-

tion, and X 1/p is the average service time. Equa-
tions (1) and (2) together with the normalization condi-

tion } 5 - 7(S) = 1, can be solved iteratively to ob-
tain the steady-state probabilitie&S) and the rates* (o),
oc=0,1,...,1. These probabilities are used in the next sec-
tion to obtain the probability of sucessfully establishing a
circuit.

2.2. The Probability of Successfully Establishing a
Circuit

To determine the probability;,, .. that a session arriving
at a random time sicessfully establishes a circuit from its

source node to its destination node, we first find an approx-

imate expression for the probabili§...(s, d) that a ses-
sion with a given source-destination pé&ir, d) is success-
ful on a particular trial. We then average over all source-
destination pairs to determine the probabilRy,.. that a
session arriving to the network at a random timecass-
fully establishes a circuit.

f

wavelength on the outgoing link of the originating node is
available is simply the probability that at least one wave-
length on that link is idle, and is given by

g = Z 71'(?)

5:S|<k

(3)

At each transitnode, the probability that a wavelength is
available on an outgoing link, given that a wavelength
was available on an incoming link — 1, and that a transit
setup packet proceeding from a wavelength/on 1 to a

wavelength onl is of types can be found to be

k—1 .
> () (1 - 55;)
S5,=0 35:|5|<k

Qg = P s
1= ¥ &5

SU:l glglzk‘

(4)

where M, is the number of input links of type. The nu-

dnerator in Eq. (4) is the sum of all of the state probabilities

where at least one wavelength on outgoing links avail-
able, conditioned on the fact that the wavelength on which
the transit setup packet arrives on lihk— 1 is available.
The multiplicative factof1 — S, /k M, ) is needed because
the wavelengths in use on link cannot be in use by ses-
sions from the particular wavelength on lidk— 1 upon
which the transit setup packet arrives. The denominator is
one minus the sum of the probabilities of all states where
link L is unavailable, conditioned on the fact that the wave-
length on which the transit setup packet arrives on linkl
is available.

In writing Egs. (3) and (4) above, we dmt assume
that the probabilities of acquiring wavelengths orcas-
sive links of a session’s path are independent. Instead, we
account partially for the dependence between the acquisi-
tion of successive wavelengths on a session’s path, by us-
ing the approximation that the probability of acquiring a
wavelength on link. depends on the availability of a wave-
length on linkZ —1 (in reality this probability depends, even
though very weakly, on the availability of a wavelength on
every link1,2, ..., L — 1 preceding linkL). As the simula-
tion results presented in Section 3 demonstrate, our approx-
imation is a very good one, however.

The (conditional) probability of stcessfully establish-
ing a circuit is then given by

l
Psucc(s, d) = g H aZU(s,d)’

o=1

wheref, (s, d) is the number of hops on which the tran-
sit session is of type for a particular source-destination



pair (s, d), and the product is taken over all typeso =
1,...,0,1 < d -1, of transit sessions. For uniformly dis-
tributed destinations, the average probability afcass for
a new arrivalPs, .. can be written as

1
Poyee = m (ZC;) PSUCC(Sa d)a

incoming link is in one dimension and outgoing lidkis
in a different dimension; andtraight-throughtypes ¢ =
2), where the incoming link is in the same dimension as
outgoing link L. Originating sessions that are emittedion
are defined as being of type= 0. Transit sessions using
L that arrive on an incoming link that is a bend type are
defined as being of type = 1, and transit sessions using
L that arrive on an incoming link that is a straight-through
whereN is the total number of nodes in the network. type are defined as being of type= 2. Therefore, for the

In our model, sessions that are not successful in estabtorus network, the set of feasible states of the outgoing link
lishing a circuit are blocked and reinserted into the input js 7 = {S: E?:o S; < k}.
stream. Since sessions with longer path lengths are blocked The ratesy(c) can be calculated using Little’s Theorem
and reattempted with higher probability than sessions with and the symmetry of the torus network to be
shorter paths, the destination distribution of the arrivals

(5)

(both new and reattempting sessions) may no longer be the vh(p? — 1) B T
same as that of only new arrivals. The success piitibab ap[E=1] o = 0 (originating)
of a random session arrival (averaged over all trials, both VI _2 )2
new and reattemptingy;... can be written as y(o) = 1 F;Q_l] , o = 1 (bend); (7)
Pl
5 _ Are=27(e=2
Psuee = Z PsuCC(Sa d)w(s, d)a Y { 2p2-|—L1 2 J . o = 2 (straight),
(s,4) 4p[ 5]
where herel is th internodal di fth d
Piake(s, d) whereh is the mean internodal distance of the torus and can

w(s,d) =

Yo,y Pouce(s, d)

is a weighting factor to account for the retrials, which re-

duces to
N(N —1)

Z(s,d) PS_UlCC(S’ d) .

Note thatP;,.. is the harmonic mean of th&,..(s, d)
over all pairs(s, d), s # d.

Psucc =

(6)

2.3. P.uc. for the Torus Network

In this section, we derive the expressions Rf,.. in a
torus network. The x p torus consists oV = p? proces-

sors arranged along the points of a 2-dimensional space with

integer coordinates withprocessors along each dimension.
In addition to the links connecting nodes that differ in ex-

actly one coordinate, the torus also has wraparound links

connecting the first and last node aloegch dimension.
Therouting tagof a session with source node= (s1, s»)
and destination nodé= (di, d), is defined as = (¢1,¢2),
where

-]

forall j € 1,2, and wheresgn(z) is the signum function,
which is equal tot+-1 if 2 > 0, and equal te- 1, otherwise.

To define the feasible states of an outgoing linkwe
note that in the torus network, we can partition the incoming
links into two spatial typesbendtypes ¢ = 1), where an

if |dj — ;] < |
if |d; —sj] > |

dj — sj,
dj —sj —p-sgn(d; — s;),

I;

D
2
Z

be calculated to be

{p/?, if pis odd;

(p/2)55=g, if piseven.

In the torus network, the success proitibfor a ses-
sion arriving to the network at a random time instant de-
pends on its routing taff,¢-). Using shortest-path rout-
ing, the path followed by a session with routing {ag, ¢-)
will make 7(#1,¢2) — 1 bends along the way, and will go
straight-through for a total of 1| + [t2| — I(¢1,%2) Steps,
where I(¢1,t2) € {1,2} is the number of non-zero en-
triesin(¢1,72). The probability of sacessfully establishing
a connection is given by

h =

Pvce(ts, t2) = ag - ol ni2) =1 glhaltltal=Tnte) =gy
whereqy is given by Eq. (3), and; anda- are given by Eq.
(4) with M, = 2 and M- = 1, respectively. For uniformly
distributed destinations, the average probability afcess
for a new session can be written as

_alr/2l 9
1 9 l—aj 1
oli420 (S )
ar(p?—1
1_glp/2l
Psucc: Ozo[(l—|—0[1( 1—2a2 )] (9)
o)
b

The average probability of saess for a nadom arrival



(both new and reattempting) can be written as The average probability of saess for a nadom arrival
(both new and reattempting) can be written as

o0+ 222 )7 ), posd Loy 1y
ol 1oy | P = @-1(X (V) 575
o 11— —r/2] i1 ? Psucc(l)
Psucc == @y
Al + A=) ao(24 — 1) ¢ 1!
1 — _ 0
Lol = — {1+ —) -1 . (19
1 (1-a; lp/2]+ 2 o a
+a—1( e ) —=1], p even
. (10) 3. Analytical and Simulation Results
whereg = M’O’(l—‘ll.
In this section, we present our analytical and simulation
2.4. Py, for the Hypercube Network results for full wavelength translation in the torus and hy-
percube networks.
In this section, we give the expressions ft,.. in a hy- We first compare the probability of scess for a new

percube network with crossbar switches at the nodes. Eactarrival Ps... and for a random arrivaP,.. predicted by
node of a2¢-node hypercube network can be represented our analysis with that obtained via simulations for the torus
by a binary string(zy, z2, ..., x4), where two nodes are and the hypercube networks, for the number of wavelengths
connected via a bidirectional link if their binary represen-  ranging from 1 to 4 (see Fig. 2 and Fig. 3, respec-
tations differ in one bit. The routing tag of a session with tively). Each simulation point was obtained by averaging
sources and destinatior is just the bitwise XOR of the ~ over2 x 106 successes, after discarding initial transients.
binary representations of the source and destination. To deWe observe that there is close agreement between the sim-
fine the feasible states of an outgoing libkn the 2¢-node ulations and the analytically predicted values over the en-
hypercube network with crosshar switches, we observe thatire range of applicable input rates, which is a significant
due to symmetry, all of the incoming links are of the same |mproveme.nt.ov_er previous analyses. _Despltg Its accuracy,
spatial type. Originating sessions that are emitted @me our analysis is intuitive and computationally inexpensive,
defined as being of type = 0, while transit sessions using and considerably simpler than the analyses available in the
L are defined as being of type = 1. Therefore, for the literature, which allows it to scale easily for large
hypercube, the set of feasible states of the outgoing linkis ~ We define\(Psy.., k) to be the throughput per node per

F=1{S:S +51 <k} wavelength of a full-wavelength translation system with
The ratesy(s) at which setup packets of typeare emit- wavelengths, when the probability of @ess is equal to
ted on a link can now be found to be Poycc. Similarly, we definePs...(A, k) to be the probabil-
y ity of success of a full-wavelength translation system with
- o = 0 (originating); k wavelengths, when the arrival rate per node per wave-
y(o) = f/l[(d — 2)2d-1 4 1] _ length is equal to. = u/{e. To quant.ify the performgnce of
a2 1) , o =1(transit). full-wavelength translation for varying, we also define the

(11) incremental per-wavelength throughput gain (£1, k) of
a full-wavelength translation system with wavelengths,

Assuming that a session at its source is at a distance of Vel @ system with, wavelengths, for a giveRsuc., to be
1 hops from its destination, the probability ofcessfully _ MPsuce, k2) — M Psuce, k1)
establishing a connection is given by ANk, ka) = A(Pyvce, k1) x 100%.
(15)

Payee(n) = ag -0y, (12) We also define thincremental probability of stcess gain

o o . APqyce(ki, ko) of a full-wavelength translation system
wherea, is given by Eq. (3) and is given by Eq. (4) with \yith 1, wavelengths, over a system with wavelengths,

M :d__1~ o o for a given), to be
For uniformly distributed destinations, the average prob-
ability of success for a new arrival can beitten as APyee(ky, ke) = Pruce(A, k2) = Pouce(M k1) 10060
’ Psucc(/\, kl)
d (16)
1 d ) . .
Psyee = 1 Z ; Poyce(i) The throughput and probability of ecess gains measure

i=1 the degree of improvement that a full-wavelength transla-
g tion system withk. wavelengths provides over a similar

oo (2¢-1) [(1 +aa)? - 1] - 13 system witht; wavelengths.



four wavelengths per link achieved #4% gain in through-
put per wavelength over a system with two wavelengths per

10 . . . .
- | — | link. (Similar results also hold for the incremental success
nalysis . . .
fffff Simulation gains in both topologies.)
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Figure 2. Analytical and simulation results for . | ‘
Piuce Versus the arrival rate per wavelength 0 os o -
v/k, for (@) an 11 x 11 torus, and (b) 23-node Arrival rate per wavelength A=v/k
hypercube network. (b)

Figure 3. Analytical and simulation results for
P,.cc Versus the arrival rate per wavelength
In Fig. 4, we illustrate the analytically predicted proba- v/k, for (@) an 11 x 11 torus, and (b) 28-node
bility of successPs.,.. versus the arrival rate per wavelength hypercube network.
v /k, for k ranging from 1 to 16, for both the torus and hy-
percube networks. In Table 1, we show the per-wavelength

incremental throughput gains for am x 11 torus network As is evident from Fig. 4 and Table 1, for a givéq, ..,
and for a28-node hypercube network, for two values of the throughput per wavelength increases with increaking
Pycc. FOr example, in the torus network, fé%,.. = 0.9, (therefore, the network throughput increases superlinearly

using a full-wavelength translation system with two wave- with k). The linear increase in throughput isdause of the
lengths per link achieves 320% gain in throughput per  increase in capacity, while the superlinear increase is due to
wavelength over a system with one wavelength per link (i.e, the greater flexibility in establishing a circuit when a larger
with no wavelength translation). Likewise, a system with number of wavelengths is available. The incremental gain



in achievable throughput per wavelengti\ (1, k2), how- ally expand the nodes as network traffic grows, by adding
ever, decreases rapidly with increasihigThis result is in more parallel channels.

agreement with the results presented in [9] and [18], where

the authors had found that the incremental gain in through- 1.0x
put per unit of capacity obtainable by using links with larger
capacity (alternately, links with a greater number of wave-
lengths) diminishes as the capacityper link (alternately,
the number of wavelengthisper link) increases.

©
©

©
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Torus
Pauce | AXM1,2) [ AXN(2,4) | AX(4,8) | AX(8,16)
0.9 320% 114.3% | 55.6% 31.43%
0.5 86.7% 46.4% 25.6% 14.6%
Hypercube
Pauce | AXN1,2) [ AX(2,4) | AX(4,8) [ AX(8,16)
0.9 432% 125.6% | 60% 33%
0.5 107% 51.7% 273% | 17%

©
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Table 1. Incremental per-wavelength through- —00 o 02 0.4 0.6
. Arrival rate per wavelength A=v/k

put gains for a 11 x 11 torus and a 23-node

hypercube. 1.0

The above observation leads to some interesting design
options when building an all-optical network. It suggests,
for example, that wheml” wavelengths per link are avail-
able, simply building a network node with full wavelength
translation capability ovell” wavelengths may not be the
most efficient option. This is because it may be possible
to build a network node withV’/k simpler switching ele-
ments operating in parallel, each switching betweeo@:
intersecting subset df wavelengths, that achieves perfor-
mance comparable to that of thié-wavelength system at a
much lower cost.

To illustrate this, we consider the general wavelength
convertible switch architecture presented in Fig. 2 of [11], i
which consists of an optical switch followed by a system ool L L
of wavelength converters. The optical switch may be im- —0.0 . 05 1.0 15

. . Arrival rate per wavelength A=v/k
plemented as a non-blocking crossbar switch or as a mul- )
tistage sywtch. Alternately, the entire switch arch!tectureT Figure 4. The probability of Su  CCESS Pjuee Ob-
may be implemented as a single sys_tem th.at svyltches N tained from our analysis for (a) an 11 x 11
both the space and Wa}velength domains, using either a re- torus and (b) 25-node hypercube network, for
arrangeably non-blocking Twisted Bene's network, as pro-  varying from 1 to 16.
posed by Yoo and Bala [12], or the more general archi-
tectures proposed by Thompson and Hunter [21]. Assum-
ing the implementation in [12] (to be specific) witly/k
parallel groups of wavelengths, whezach wavelength is )
able to translate only to thewavelengths within the same 4. Conclusions
group, the component cost (in terms of elementary 2
switches) is%kdlog(kd) — ’g—d = Wdlog(kd) — kz—d, and We presented a new general analysis for wavelength
the increase in blocking probability becomes negligeable astranslation in all-optical regular networks that is intuitive,
k increases beyond some point. This suggests that a netsimple, and computationally inexpensive. Our analysis does
work designer may initially choose to build the network not use the link independence blocking assumption, and is
with nodes that have a small number of parallel channelsmore accurate than previous analyses over a wider range of
(groups), withk wavelengths per channel, and may gradu- network loads. We verified our analysis for the hypercube

o o o
> [&2] o]
e

P uee for 2 ®_node Hypercube

o
20
A




and torus topologies, and found that although the through-[13] Nagatsu, N., Hamazumi, Y., Sato, K., “Number of
put per wavelength increases with an increase in the numberwvavelengths required for constructing large-scale optical
of wavelengths, this increase saturates quickly. This obserspath networks,Electronics and Communicationsin Japan
vation leads to some interesting possibilities for provision- Part 1, vol. 78, no. 9, pp. 1-10, Sept. 1995.

ing an all-optical network from a performance-cost perspec- [14] Nishimura, S., Inoue, H., Hanatani, S., Matsuoka, H.,
tive. One direction for future work could be to obtain func- et al, “Optical interconnections for the massively parallel
tions that can appropriately measure the cost and the controtomputer,”IEEE Photon. Technol. Lettvol. 9, no. 7, pp.
complexity of the switch, so that different implementations 1,029-1,031, July 1997.

of all-optical networks may be compared in a fair manner. [15] Pankaj, R. K., and Gallager, R. G., “Wavelength re-
qguirements of all-optical networkdEEE ACM Trans. Net-
working vol. 3, no. 3, pp. 269-279, June 1995.

[16] Ramaswami, R., and Sasaki, G. H., “Multiwave-
length optical networks with limited wavelength conver-
sion,” Proc. INFOCOM’'97 Kobe, Japan, April 1997.

[17] Shionoya, S., “A study on multiwave interconnection
networks,” Record of Elec. and Commun. Eng. Conver-
sazioneTohoku Univ., vol. 65, pp. 265—-266, Dec. 1996.
[18] Sharma, V., and Varvarigos, E. A., “An analysis of lim-
ited wavelength translation in regular all-optical WDM net-
works,” submittedEEE Trans. on Comm(Short version
appeared in Proc. IEEE INFOCOM'98, vol. 2, pp. 893—
901.)

[19] Sivarajan, K. N., and Ramaswami, R., “Lightwave net-
works based on de Bruijn graph$2EE/ACM Trans. Net-
working vol. 2, no. 1, pp. 70-79, Feb. 1994.
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