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Abstract— We analyze limited wavelength translation in
all-optical, wavelength division multiplexed (WDM) wrap-
around mesh networks, where upto W wavelengths, each
of which can carry one circuit, are multiplexed onto a net-
work link. All-optical wavelength translators with a lim-
ited translation range permit an incoming wavelength to
be switched only to a small subset of the outgoing wave-
lengths. Although more restrictive than full wavelength
translation (which permits an incoming wavelength to be
switched to any outgoing wavelength), limited wavelength
translation is a topic of recent study, since current practical
wavelength translators are capable only of limited transla-
tion. We consider the case where an incoming wavelength
can be switched to one of k (k = 2,3) outgoing wavelengths
(called the feasible wavelength set), and we obtain the prob-
ability that a session arriving at a node at a random time
successfully establishes a connection from its source node
to its destination node. Our analysis captures the state of
a feasible wavelength set at a network node, which allows
us to obtain the probability of successfully establishing the
circuit. Based on this probability, we quantify the benefits
of limited wavelength translation by demonstrating that in
mesh networks, it can obtain most of the performance ad-
vantages of full translation at a fraction of the cost. Our
work is the first to analyze limited wavelength translation
for mesh networks under a probabilistic model, and accu-
rately predicts the network performance over a wider range
of network loads than previous works.

I. INTRODUCTION

Recent interest in all-optical networks ([22], {4], [6])
has focused attention on wavelength division multiplexing
(WDM) (see, for instance, [8], [9], [10]) as a promising tech-
nique for utilizing in a natural way the terahertz bandwidth
of optical fiber. By dividing the total available bandwidth
into a number of narrower channels, each corresponding to
a different optical wavelength, WDM provides the poten-
tial to fully exploit the enormous fiber bandwidth. A crit-
ical functionality for the scalability and improved perfor-
mance of multihop WDM networks is wavelength transla-
tion [1], that is, the ability of network nodes to switch data
from an incoming wavelength ¢; to an outgoing wavelength
¢;,J # i. Two different classes of wavelength-routing nodes
are important in this context: nodes with a full-wavelength
translation capability, which translate an incoming wave-
length to any outgoing wavelength and nodes with no-
wavelength translation capability, which map each incom-
ing wavelength to the same outgoing wavelength, the so
called wavelength-continuity constraint (see, for instance,
(3], [21], [14], [31], [5]). The requirement of wavelength con-
tinuity increases the probability of call blocking and can be
avoided by the use of wavelength translation, as illustrated
in Fig. 1.

Although full-wavelength translation is desirable because
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Fig. 1. The benefits obtained through wavelength translation are
illustrated. The new session that arrives at node s requires a
path that passes through node s+ 2, as shown. If the wavelength
continuity constraint is imposed, the session will be blocked, since
wavelength ¢;, which is the only free wavelength on link s is
being used by an originating session on link s + 1. If, however,
wavelength translation is allowed, the session can be connected
through a path that uses wavelength ¢; on link s and ¢ on link
s+ 1. This reduces blocking and increases the number of sessions
that can be served.

it substantially decreases blocking probability (see [2], [16],
[7], and [19]), it is difficult to implement in practice due to
technological limitations. Since all-optical converters are
still being prototyped in laboratories and are likely to re-
main expensive, researchers have turned their attention to
searching for suitable alternatives [28]. A recent analysis
by Subramaniam et al [24], found that there is no signifi-
cant degradation in network performance even when only
a few (as opposed to all) of the network nodes have a full-
wavelength translation (conversion) capability. (A variant
of this problem was first studied by Lee and Li [18], with
a limited number of wavelength convertors per node.) A
natural question that arises is, whether or not similar per-
formance advantages can be obtained by using switches
that have only a limited wavelength translation capability,
where an incoming wavelength can be translated to only a
small subset (as opposed to all) of the available outgoing
wavelengths. This problem assumes practical significance
when one considers that all-optical wavelength translators
demonstrated in laboratories to date are, in general, capa-
ble only of limited translation (see, for example [13], [33],
and [28]).

Realizing this limitation, researchers have recently begun
studying limited wavelength translation in a systematic
way in order to quantify its advantages vis-a-vis no wave-
length translation and full wavelength translation. Yates et
al [28] were the first to present a simple, approximate prob-
abilistic analysis of this problem, while Gerstel et al [12],
[11], were the first to examine limited wavelength trans-
lation for ring networks under a non-probabilistic model.
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Recently, Wauters and Demeester [32] have provided new
upper bounds on the wavelength requirements for a WDM
network under a static model of the network load, while Ra-
maswami and Sasaki [23] have provided a non-probabilistic
analysis of the problem for tree networks and, under certain
restrictions, for networks of arbitrary topology. Although
their models are valuable and make no assumptions about
traffic behavior, they only consider the static (one-time)
problem, where there is a set of source-destination pairs
that have to be connected and the objective is to serve as
many such connection requests as possible. Such a model
does not capture the dynamic nature of a network, where
requests arrive and leave at random instants of time con-
tinuously over an infinite time horizon.

In this paper, we analyze limited wavelength translation
in all-optical WDM mesh networks, where an incoming
wavelength can be translated only to a subset consisting of
k of the W outgoing wavelengths (i.e., to k — 1 wavelengths
in addition to itself). We call this k-adjacent wavelength
switching and we call the set of output wavelengths the
feasible wavelength set. Qur aim is to address the follow-
ing question: For a given network topology, how much of
the performance improvement provided by full-wavelength
translation over no wavelength translation can we achieve
by using switches that have only a limited translation ca-
pability?

Our analysis for the wraparound mesh demonstrates that
k-adjacent wavelength switching with only & = 2,3 suf-
fices to give performance significantly superior to that ob-
tained with no wavelength translation, and close to that
of full wavelength translation. The results that we obtain
are very close to the corresponding simulation results, and
predict network performance over a wider range of network
loads than previous works. Furthermore, we find that the
extent of translation k£ does not have to be a function of
the total number of wavelengths W, as argued in previous
works. This is because the models used by previous works
are based either on trying multiple options simultaneously,
or on using backtracking when establishing the connection,
so that the improvements obtained in those cases increased
both with £ and with W. When a more realistic scenario
is considered, where a setup packet examines at each hop
only the outgoing wavelengths at that hop, instead of ex-
amining all possible paths from that hop onward, it turns
out (see Sections 11 and III) that k is no longer a function
of W. Thus, as long as W > k, the improvements ob-
tained by limited wavelength translation are essentially a
function only of the extent % of translation, and our results
show that relatively small values of k yield performance
close to that of full wavelength translation.

The remainder of the paper is organized as follows. We
focus first on the 2-dimensional wraparound mesh as a rep-
resentative network and analyze 1t in detail in Section II. In
particular, in Subsection TI-A, we explain the node model
used, while in Subsections II-B and 1I-C, we discuss the
auxiliary queueing system that we use for the case of k = 2-
adjacent wavelength switching. In Subection II-D, we de-
rive the expression for the probability that a session arriv-

ing at a random time successfully establishes a circuit. In
Section III, we compare our analytic results for the success
probability with those obtained by simulations for the two-
dimensional mesh, and discuss our results. Our conclusions
appear in Section IV,

II. LIMITED WAVELENGTH TRANSLATION IN THE TORUS
NETWORK

In this section, we examine limited wavelength transla-
tion in a 2-dimensional wraparound mesh network, more
popularly known as the torus network. We focus on the
mesh because it is a natural topology that fits the geog-
raphy and has nodes of small degree, and we expect the
results obtained for the mesh to be representative of the
performance obtainable from a real network.

A p x p wraparound mesh consists of p? processors ar-
ranged along the points of a two-dimensional space with
integer coordinates, with p processors along each dimen-
sion. Two processors (zs,%1) and (y2,y1) are connected
by a (bi-directional) link if and only if for some i = 1,2
we have |z; — y;| = 1 and z; = y; for j # ¢. In addition
to these links, wraparound links connecting node (x2,1)
with node (z3,p), and node (1,z;) with node (p,z1) are
also present. The routing tag of a session with source node
z = (xg,21) and destination node y = (y2,y1), is defined
as (t2,%1), where

t:{w—%
77 \yj —xi —posgn(y; — ;)

for all j € {1,2}, and sgn(z) is the signum function, which
is equal to +1 if ¢ > 0, and equal to —1, otherwise.

In the analysis that follows, we consider the case of 2-
adjacent wavelength switching, where each wavelength ¢;,
j=0,1,...,W—1 on an incoming link can be switched on
the outgoing link, either to the same wavelength ¢; or to
the next higher wavelength ¢,.1. (In [25], we have shown
how our analysis can be extended in a straight-forward
manner to the case of 3-adjacent wavelength switching.)
We call the set {¢;+1,¢;} of output wavelengths, the feasi-
ble wavelength set of input wavelength ¢;. For symmetry,
we assume that the boundary wavelength éw_1 can be
switched to wavelengths ¢w_1 and ¢o. Note that this is
not merely an analytical convenience, but is also essential
for performance to distribute the load equally among all
wavelengths on a link.

A. The Node Model

In our model, connection requests or sessions arrive at
each node of the torus over an infinite time horizon accord-
ing to a Poisson process of rate v, and their destinations are
distributed uniformly over all nodes, except for the source
node. Each session wishes to establish a circuit (or connec-
tion) to its destination node for a duration equal its holding
time X, which is exponentially distributed with mean X,
and does so by transmitting a setup packet along a path
to its destination. Setup packets use dimension-order rout-
ing to establish the circuit, that is, they either traverse all
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links along dimension 1 (horizontal) followed by all links
along dimension 2 (vertical) or visa versa. In our model,
links are bidirectional, so all incident links of a node (and
their wavelengths) can be used simultaneously for trans-
mission and reception. Our routing scheme is oblivious, or
non-adaptive; that is, the path followed by the session is
chosen at the source, and the setup packet insists on that
path as it progresses from its source to its destination. If
the setup packet of a session is successful in establishing
the circuit, the wavelengths required by the session are
reserved for the session duration. Otherwise, the session
is reinserted randomly into an input queue for the node
(which is ordered as per the times at which the sessions
in 1t must retry), and tries again when its turn arrives.
Thus, a session may try several times before it is finally
successful. Sessions that are blocked during a particular
trial are reinserted into the input stream and are eventually
served. (The interarrival time between sessions inserted in
the input queue is several times the interarrival time be-
tween external arrivals, so that the combined arrival pro-
cess of the new sessions and the reinserted sessions can
still be approximated as a Poisson process.) By contrast,
in the call dropping model used in other analyses, sessions
with longer path lengths are dropped with a higher prob-
ability. The call dropping model, in addition to treating
unfairly long connections, also tends to overestimate the
maximum throughput achievable, by favoring connections
that require a smaller number of links.

In 2-adjacent wavelength switching, the switching of a
new session arriving on a wavelength ¢; on an incoming
link of a node (or a new session originating at the node that
wishes to use wavelength ¢; on its first outgoing link}, de-
pends only on the availability of wavelengths ¢; and ¢;41
on the outgoing link.  Because of symmetry, we focus,
without loss of generality, on an incoming session that ar-
rives over a particular wavelength, say é9, and wants to
use outgoing link L of a node. Such a session can only
be switched to wavelengths ¢¢ or ¢; of link L. We also
consider the (wavelength, incoming link) pairs that can be
switched to either wavelength ¢g or ¢, of link L (see Fig. 2).
As shown in Fig. 2, D}, D? and D? denote wavelength ¢,
on the incoming links D!, D?, and D3, respectively, which
can be switched only to wavelength ¢, on link L. Simi-
larly, D!, D%, and D3, denote wavelength ¢_; on links
D', D? and D3, respectively, which can be switched only
to wavelength ¢o on link L. (In our notation, wavelength
¢_1 corresponds to wavelength éw_1.) Finally, D}, D2,
and D3 denote wavelength ¢o on the incoming links D!,
D?, and D3, respectively, which can be switched either to
wavelength ¢ or to wavelength ¢, on link L. We define the
joint state of a pair of outgoing wavelengths according to
whether they are being used or not by ongoing connections
and, if they are being used, according to the incoming link
and wavelength over which these connections arrive. The
state of the outgoing wavelengths ¢, and ¢p is therefore
represented by the pair A = (A1, Ao), where A; and A
denote those wavelengths on the incoming links that are
being switched to wavelengths ¢; and ¢g respectively on
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Fig. 2. The relationship of the set of incoming wavelengths to the
set of outgoing wavelengths at a node s of the network when 2-
adjacent wavelength switching is used. As shown, wavelengths
¢—1 and ¢; on an incoming link may be switched only to wave-
length ¢o and ¢; respectively on the outgoing link L, whereas
wavelength ¢y on an incoming link can be switched either to
wavelength ¢o or to wavelength ¢; on the outgoing link. The
labels D;- identify the wavelength 7 and the link D? on which the

setup packet of a session arrives.’

link L. A wavelength on link L may also be idle or be used
by a new session originating at node s. We will denote by
G the state in which a wavelength is being used by a newly
generated session at a node, and by I the state in which
a wavelength is idle. Based on this, the possible states of
wavelengths ¢ and ¢; of link L are

def

AUE{Dl—laD(1)7D2—1aD(2)aD:111DgaIaG}:SO! (1‘1)

and
Ay €{D}, D} D2 D2 D3 D3 1,GYE s, (1)

We denote by §2 the set of states of a feasible wavelength
set, where

Q = {(AlyAO)‘AlESl,AOGSO,A()#Al,

orAg=A; =G,orAg = Ay =1},

and we denote by 7(A) the steady-state probability that a
feasible wavelength set on link L is in state A. The states
(D§, D§), (DE,D%), and (D3, D3) are infeasible, since we
consider unicast communication, where an incoming ses-
sion is switched to a single outgoing wavelength. The states
(I,1) and (G, G) however are feasible, and correspond to
both outgoing wavelengths being idle or to both being used
by originating sessions, respectively. We use the convention
that the probability m(A) of an infeasible state A is zero.
The number of states in Q for a d-dimensional mesh can
be found to be 16d% — 2d + 1 when k = 2-adjacent wave-
length switching is used, for a total of 61 states for the torus
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Fig. 3. The auxiliary system @, which consists of two subsystems
Q1 and Qop, each consisting of one server and no waiting space.
Customers of type o arrive at the system with rate v*(c), o € &,
I = 0,1, as shown in the figure, and are served according to the
rules explained in the text. The rates v*(c) are chosen so that
rate at which customers of type ¢ depart from subsystem [ is
v(o), 1 =0,1.

network (d = 2). The case k = 3, where an incoming wave-
length can be switched to two wavelengths in addition to
itself is analyzed in [25]; in that case the number of feasible
states of a d-dimensional mesh is (6d—1)3—(30d—-7)(2d—1),
for a total of 1172 states for a torus network.

B. The Auziliary System

We focus on setup packets emitted on wavelength ¢g or
¢1 of link L, and we define the type o of a setup packet
(and of the corresponding session) according to whether
it belongs to a session originating at the node or accord-
ing to the incoming link and wavelength D}, i = 1,2,3,
j = 1,0,—1, upon which it arrives. Therefore, the set of
possible types ¢ is So U 81 — {/}. We also let (o) denote
the rate at which setup packets of type o are emitted on an
outgoing wavelengt_}_l [, 1 = ¢o, ¢1, at a node of the torus.

To calculate 7(A), A € Q, we approximate m(A) as the sta-
tionary distribution of an auxiliary system Q defined as
follows (see Fig. 3).

The system O consists of two subsystems @; and @,
each of which has a single server and no ‘waiting space.
Customers of type o arrive at the system @ according to
a Poisson process with rate v*(o). Customers arriving at
rate y*(¢), o = Di,i = 1,2,3 ask for the server of Q;,
while those arriving at rates v*(¢), 0 = D' ,,i = 1,2,3
ask for the server of Qp, and these customers are lost if
the corresponding server is busy. Customers of type o =
Dy,i = 1,2,3 arrive at rates v*(o), and they ask for the
server of Qg or Q; with equal probability. If the server
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Fig. 4. The four possible states of a wavelength on network link L are
illustrated. State O corresponds to the case where a wavelength
is idle. State 1 corresponds to the case where a wavelength on L
is used by a session originating at node s. State 2 corresponds
to the case where a wavelength on L is used by a session that
is going straight at s. State 3 corresponds to the case where a
wavelength on L is used by a session that is making a turn at
node s.

they ask for is busy, they ask for the other server, and are
dropped only if both servers are busy. Finally, we require
that the rate at which customers of type o are accepted
in the auxiliary system @ be the same as the rate v;(o) at
which setup packets are emitted from an incoming (link,
wavelength) pair & to the outgoing wavelength ¢; in the
actual system. For this the condition given in Eq. (2) must
hold.

C. Calculation of Arrival Rates for the Auxiliary System

In this section, we obtain the arrival rates (o) at which
setup packets that arrive over the incoming (link, wave-
length) pair o are emitted over outgoing wavelength ¢;.
To calculate the rates v,(c), we observe that each wave-
length of a network link can be in one of the four states
illustrated in Fig. 4. State 0 corresponds to the case where
the wavelength is idle, that is, o = I. State 1 corresponds
to the case where a wavelength on the outgoing link L at
a node s is used by a session originating at node s (a class
1 session), that is, a session of type o = G. State 2 corre-
sponds to the case where a wavelength on L is used by a
session that is going straight at node s (a class 2 session),
that is, a session of type ¢ = D?,j = 0,1,—1. Finally,
state 3 corresponds to the case where a wavelength on L
is used by a session that is making a turn at node s (a
class 3 session), that is, a session of type ¢ = D}, i =1,2
and j = 0,1, —1. Setup packets that place a link in state
1, 2, or 3, will be referred to as being of class 1, 2, or 3,
respectively.

In our routing scheme, destinations are distributed uni-
formly over all nodes (excluding the source node) and no
sessions are dropped (recall that blocked sessions are ran-
domly reinserted into the input stream). Thus, wavelength
utilization is uniform across all wavelengths of the network,
and the probabilities ¢o, ¢1, g2, and ¢s that a wavelength
is in state 0, 1, 2, or 3 can be obtained simply by counting
all possible ways in which a wavelength can be in each of
these states and normalizing appropriately. The calcula-
tion of the probabilities g, q1, g2, and ¢s is given in the
Appendix. We denote by p the total rate at which setup
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packets that are finally successful are emitted on an outgo-
ing wavelength of a link. We also denote by p;, ¢ = 1,2,3
the total rate at which class i setup packets that are finally
successful are emitted on a given outgoing wavelength of a

link. Clearly,
p=p1+p2+ps. (3)

By applying Little’s theorem to the system that consists
of class i sessions at a particular wavelength, we obtain

qi
pi = ?'

where X is the mean session holding time.
Applying Little’s Theorem to the entire network, and
equating the average number of wavelengths used to the

product of the average number of active circuits in the sys-
tem and the mean internodal distance A, we obtain

fori=1,2,3, (4)

vXh
aw -

(5)

The mean internodal distance b of the torus can be calcu-

lated to be
7 p/2, if p is odd;
- { (P/Q);fi—l, if p is even.

p:

(6)

Referring once again to the actual system depicted in
Fig. 2, we see that the rates v;(c), at which setup packets
of type ¢ are emitted on wavelength ¢;, I = 0 or 1, of
an outgoing link L, can be related in the following way to
the rates p;,i = 1,2,3 at which class ¢ setup packets are
emitted on outgoing wavelength ! (we write the equations
for outgoing wavelength ¢p; the case of wavelength ¢, is
similar):

p3 = 71(Dg) + 71 (D}) + m(DF) + (D7),
P2 = "/1(Dg) + 71 (DY),
and
p1=7(G).

Using the symmetry of the rates on the wavelengths of
incoming links, we obtain

%3, for o € {D!, DL, D', D2, D2, D2 .};
n(o) = %, for ¢ € {D3, D}, D3, };
m, fore=0G.

(7)

for o € {D}, D§, D3};
for ¢ € {D},,D%,,D3,};
for o € {D%,D%,D?};

for o =G.

Equation (7) when substituted into Eqgs. (2) and (3) gives
us the arrival rates for the auxiliary system of Fig. 3. The
steady-state probabilities 7(A), A € £, of the auxiliary sys-
tem (which can be obtained numerically without approxi-
mations) are used to approximate the probability that the
wavelengths ¢o and ¢; (or, more generally, ¢; and ¢;41)
of the outgoing link L are in state A. These probabilities
will be used in the next subsection, to obtain the proba-
bility that a session successfully establishes a circuit to its
destination.

D. Probability of Successfully Establishing a Circuit

The probability that a new session arriving at a random
time successfully establishes a circuit from its source node
to its destination node depends on its routing tag (t2,%1),
defined in Section I1I. We denote by Psycc(ta2,t1) the prob-
ability that a new session will succeed in establishing a
connection on a particular trial, given that it has a routing
tag ({o,11). Using the approach in [26], we will first find
an approximate expression for Pyycc(t2,%1), and from it an
expression for Pyyc. the probability that a session trying to
establish a circuit at a random time is successful.

The path followed by a session with routing tag (t2,%1)
will make I(¢3,¢1) — 1 turns along the way, and will go
straight for a total of |t3| + [¢1] — I(t2,t1) steps, where
I(t3,t1) € {0,1,2} is the number of non-zero entries in
(t2,t1). Thus, the probability a that a wavelength on the
first link of the path is available is the probability that the
chosen wavelength on the outgoing link is idle, and is given

simply by
= Z (i, I).
icS,

(8)

At each hop at which a session does not make a turn, the
probability that a wavelength ¢; or ¢;41 on the next link
L is available given that a wavelength ¢; on the previous
link L — 1 used by the session was available, is

Pr (¢;or ¢;410n L available |¢;on L — 1 available )
Yies, m(i, 1) + 3 jes, m(1,5) —=(I,1)
i#Dg i#D;
1= s, m(i, D3) - Zjesn n(D3, )
Similarly, at each hop at which a session makes a turn, the

probability that a wavelength ¢, or ¢;41 on the next link
L is available given that a wavelength ¢; on the previous

def

= a.(9)
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link L — 1 used by the session was available, is

Pr (¢;or ¢J+1 on L available | ¢; on L — 1 available )
21651 7( +Z]E$o (I j)— (1)
i#D} J;&D

def
1- Zzesl Z]ESU ( ) a ﬁ.(m)

In writing Egs. (9) and (10) above, we do not assume
that the probabilities of acquiring wavelengths on succes-
sive links of a session’s path are independent. Instead,
we account partially for the dependence between the ac-
quisition of successive wavelengths on a session’s path by
using the approximation that the probability of acquiring
a wavelength on link L depends on the availability of the
corresponding wavelength on link L—1 (in reality this prob-
ability depends, even though very weakly, on the availabil-
ity of corresponding wavelengths on all links 1,2,..., L —1
preceding link L). As the simulation results presented in
the next section demonstrate, our approximation is a very
good one, however.

The (conditional) probability of successfully establishing
a connection is then given by

) = p - a|t2|+|t1l_1(t2,tl)

. ﬂl(tg,tl)—l

which, for uniformly distributed destinations, gives

_‘1 ZPsucc tZa

ta,t1

Psucc(t2y tl

PSUCC -

After some algebra, the above expression yields [26]

-l () ]

for p odd, and

PSUCC

ag

B(p? - 1)

e () (52 oo

for p even, where D = |p/2], and o, o and 3 are given by
Egs. (8), (9), and (10), respectively. The probability that
a session is blocked is therefore given by

PSUCC

Poyge :I—Psucc-

III. RESULTS AND DISCUSSION

In this section, we present simulation and analytical re-
sults for the torus network for three different cases: the
case of no wavelength translation (or I-adjacent wavelength
switching); the case of limited wavelength translation using
k-adjacent wavelength switching, where k = 2, 3; and the
case of full wavelength translation (or WW-adjacent wave-
length switching) in a WDM network with W wavelengths
per link (fiber). We note that full-wavelength translation
provides the best achievable performance (in terms of the
realizable probability of success for a given arrival rate per
wavelength, or in terms of the realizable throughput per

Mesh size p-—‘l1 Wavelengths W=20

Probability of Sticcess £,

i L
) 0.05 0.1 0.15 0.2 0.25 0.3
Arrival rate per wavelength A=v/W

Fig. 5. The probability of successfully establishing a connection Psuce
versus the arrival rate per wavelength A, for a mesh of size p = 11,
for W = 20 wavelengths per link. The plots show the analyti-
cally predicted values and simulation values of Paycc for the case
of 1-adjacent wavelength switching (k = 1; no wavelength trans-
lation), for the case of 2-adjacent wavelength switching (k = 2;
limited wavelength translation), and for the case of W-adjacent
wavelength switching (k = W full-wavelength translation). All
calculations and simulations have been done with session holding
times exponentially distributed with mean X = 1.0.

wavelength for a given probability of success) for a given
number of wavelengths W per fiber.

When no wavelength translation is used, the different
wavelengths on a link do not interact with one another,
and an all-optical network with W wavelengths per fiber is
essentially equivalent to W disjoint single-wavelength net-
works operating in parallel. To obtain the probability of
success in this case, it is therefore enough to focus atten-
tion on any one of the W independent parallel networks,
for which the analysis given in [26] applies.

In Figs. 5 and 6 we present the results comparing our
analysis and simulations for the probability of success Psyee
plotted versus the arrival rate per node per wavelength
A = v/W when limited wavelength translation to only one
or two additional wavelengths (i.e, & = 2,3) is permit-
ted. The analytical results for ¥ = 3-adjacent wavelength
switching shown here, were obtained using the analysis pre-
sented in [25]. Each point in our simulation was obtained
by averaging over 2 x 10% successes. We note that our
results are very accurate, with the analysis and simula-
tions agreeing to within 1%. Observe that, for the range
of rates shown, limited translation to only one or two ad-
Jjacent wavelengths provides a considerable fraction of the
improvement that full wavelength translation provides over
no wavelength translation.

Observe also that the benefits of wavelength translation
diminish as the extent of translation & increases, and even-
tually appear to saturate. We see therefore that our analy-
sis and simulations predict that limited translation of small
range, i.e., k = 2 or 3, gives most of the benefits obtained by
full wavelength translation, where k = W. See for instance
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Fig.6. The probability of successfully establishinga connection Py
versus the arrival rate per wavelength A, for a mesh of size p = 7,
for W = 16 wavelengths per link. The simulation parameters are
the same as those given in Fig. 5.

Figs. 5 and 6, which also illustrate the network performance
for k = W = 20 and for ¥ = W = 16 wavelengths, respec-
tively. As is evident from the plots, increasing the extent
of translation k& beyond some value leads to diminishing
returns. In fact, we conjecture that increasing the extent
of translation k beyond the network diameter, will result
in only a negligible increase in the probability of success.

By contrast, using the model that they had considered,
Yates et al [28] had predicted based on their simulations
that limited wavelength translation of degree +50% (which
corresponds approximately to k¥ = (W — 1)/2 in our nota-
tion, since Yates et al define the degree of translation by
the number of translations allowed on either side of the
input wavelength and do not permit wraprounds) would
be needed to give performance nearly equal to that of full
wavelength translation. Yates et al, however, obtained im-
proved results by using a model where a new session at-
tempts to establish a connection by trying different starting
wavelengths, and, in fact, by examining all alternate routes
emanating from each of those wavelengths. Such improve-
ments are based essentially on trying multiple options si-
multaneously, or, alternatively, on using backtracking while
establishing the connection, which would not be practical
in many cases in view of roundtrip delays and the blocking
of other sessions that will occur during the setup phase, if it
is done through multiple setup packets. The improvements
obtained by trying different options increase with increas-
ing W and k. They increase with k because at each node a
session examines all k options (which would be impractical
when the roundtrip delay is comparable to session holding
time, but could be practical otherwise), and they increase
with W because at the first hop a session examines all W
wavelengths on its outgoing link. Indeed if the link uti-
lization information available at a source is accurate and
connection setup takes zero time (that is, the roundtrip
delay a 0), then the results of Yates’ et al correspond to

Mesh si:.ze p=11, W:evelengths ?cho

: : Analysis (present model) :
0.8F o Yo R O i, 7.nmAhalysis (indep. blocking assumet) |
: : S o, ' —X— Simulation :

Probability of Success P,
o o o o
B (L2 Loz ~

o
(2]

i
0 0.05 0.1 0.15 0.2 0.25 0.3
Arrival rate per wavelength A=v/W

Fig. 7. Comparing the probability of success Psycc for the torus
network, obtained by using the link independence blocking as-
sumption and the present analysis. For small degree networks,
like the mesh, The independence assumption is seen to break
down at larger loads, where as the present analysis accurately
captures network performance over the entire range of loads.

finding a path when running the routing algorithm, and it
would be possible in this case to gain even further by try-
ing not only alternative wavelengths, but also alternative
topological paths from the source to the destination.

Our model, on the other hand, considers the more prac-
tical (in many cases) situation, where, at its first hop, a
new session selects a wavelength upon which to attempt
and at each subsequent hop looks only at the availability
of the wavelengths at that hop and not of those beyond,
and therefore does not try to “see the future,” as it were.
Our analysis illustrates that a favorable trade-off may re-
sult between the extent of translation k and the fraction
of the performance of full wavelength translation that is
achievable by using limited wavelength translation. Fur-
thermore, as is evident from the results presented in Figs.
5 and 6, for a large range of network loads, limited transla-
tion of relatively small degree suffices to give performance
comparable to that obtained by full wavelength translation.

In Fig. 7 we compare the probability of success obtained
via our analytical and simulation results with that obtained
by using the link independence blocking assumption, for
the torus network. As is evident from the plots, the present
analysis is very accurate for a large range of networks loads,
including heavy loads; the independence blocking assump-
tion, however, becomes inaccurate at heavy loads. The sig-
nificant difference for the mesh between the present anal-
ysis and an analysis using the independence blocking as-
sumption can be attributed to the small node degree and
large diameter (and mean internodal distance) of the mesh.
A small degree leads to less mixing of traffic and therefore
a non-negligible dependence between the probability of ac-
quisition of successive wavelengths on the path followed by
the setup packet of a session. A large diameter tends to
amplify the inaccuracy in the probability of acquisition of
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each link, since some paths are long.

1V. Concrusions

We examined the case of limited wavelength translation
in wavelength routed, all-optical, WDM mesh networks,
and demonstrated that limited wavelength translation of
fairly small degree is sufficient to obtain benefits compara-
ble to those obtained by full wavelength translation. An
important conclusion of our analysis was that the efficiency
with which capacity is used depends on the extent of trans-
lation k¥ and not on the total number of wavelengths W per
fiber, as long as W > k (equivalently, the throughput of the
network for a given blocklng probability increases with k,
and increases only linearly, and not superlinearly, with the
number of wavelengths W). Increasing W with k fixed
does not increase the probability of success Piyee for the
same value A = v/W of admissible throughput per node per
wavelength. This seems at first view to contrast with the
observation made in [24], where the authors had found that
for sparse wavelength conversion, converters help more (in
improving efficiency) the more wavelengths there are per
fiber. The model used in [24], however, essentially relies on
back tracking or trying multiple options simultaneously,
which may not be a feasible option in WANs with large
propagation delays, as discussed in Section III. Our re-
sults also indicate that the network performance improves
as the extent of translation k increases, but that the rate
of improvement typically decreases with increasing k, and
becomes negligible when k is equal to the diameter of the
network.

Our analysis also answers partially the question raised
in {26], namely, would the throughput of a circuit-switched
mesh network with k (k > 1), circuits per link be expected
to improve by more than just a factor of &7 Since the suc-
cess probability in our case depends on the extent of trans-
lation k and is independent of the number of wavelengths
W per link (W > k), we can also view the P, curves in
Figs. 5 and 6 for k = 2,3 as representing the probability of
successfully establishing a connection in a circuit switched
mesh network with a capacity of % circuits per link. We
observe that with & = 2,3 circuits per link, the improve-
ment in throughput over a network with a capacity of only
1 circuit per link is considerably greater than by just a fac-
tor of k. (If the improvement obtained was only a factor
of k, the curves for k = 2 and k = 3 would overlap the
curves for k = 1, which is not the case.) However, increas-
ing k further, say from 2 to 3, gives diminishing returns.
This observation agrees with the result obtained by Koch
[15], who proved that the maximum total throughput of a
d29-node butterfly with a capacity of k circuits per link is

©(2¢/d/*), and, therefore, that the increase in efficiency
obtainable by using links with larger capacity diminishes
as the capacity k per link increases.

Finally, our analysis was based on the use of fixed short-
est path routing to establish a connection. The effect of
alternate or dynamic routing when combined with limited
wavelength translation is a possible area for future work.
Furthermore, as observed in [24], the success probability is
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only one measure of network performance. A study that
looks at other measures of network performance, such as
the input queueing and connection delays, to evaluate the
benefits of limited wavelength translation would also be
useful.

V. APPENDIX: DERIVATION OF WAVELENGTH STATE
PROBABILITIES

A. Derivation of the probabilities q;,1 = 1,2, 3 for the torus

In this appendix, we evaluate the probabilities ¢;,7 =
1,2, 3 for the torus or 2-dimensional wrap-around mesh net-
work. We treat separately the cases p odd and p even.

(a) Case p odd :
The probability ¢s that a wavelength on an outgoing link
L is used by a turning session is given by

lp/2] lp/2]

PR

ta=— LP/ZJ tl——' LP/ZJ

ta#

s =K 1=K@p-12% (A1)

Similarly, the probability ¢, that a wavelength on an out-

going link L is used by a straight-through session is given
by

(/2] lp/2]

o [ S Y (l4inl-2)

tz——LP/2J ti=—{p/2]

taf t1#£0
9 Lp/ZJ
+(3) X dal-) (42)
ty=—1|p/2]
£270
After some algebra, Eq. {A.2) reduces to
“1\(p —
_gbhe=bp-3) (A.3)

4
The remaining probability ¢; that a wavelength on link L
is used by a session originating at that node is given by

g1 =K@p*-1). (A4)

{b) Case p even:
As before, the probability ¢s that a wavelength on an out-
going link L is used by a turning session is given by

lp/2)

3= K >

ta=—(lp/2]~1)
£2%0

lp/2]

2.

t1==(lp/2|-1)
t1#0

l=K(p—-1)% (A5)

The probability g, that a wavelength on an outgoing link
L is used by a straight-through session is given by

|

lp/2] lp/2]

2 2

ta=~(lp/2]-1) t1=~(lp/2]-1)

92 (It2] + [t1] = 2)

t2#£0 t17#£0
lp/2] _ 0N2
+G) S (tal - 1)] = Kp(—p—;)—.(A.s)

te=—(lp/2]~1)
toZ0



As before, the probability ¢; is given by Eq. (A.4).
Finally, a simple application of Little’s Theorem gives

(1-go0) - (4p")W = p’v Xk,

or .
i _vXh
o = aw
These relationships combined with Z?:o g =1 give
1—
K=—_2_ (A7)
p-[&=1

which when combined with Egs. (A.1) - (A.6) gives

_ vXh p?—1
S AR
XE [es2yjez2
=20 T (4.85)
W pe [
and - ,
_vXh (p-1)
gz = Wy [222__—1_', (A.8c)

where [z] is the largest integer less than or equal to z,
and [z] is the smallest integer greater than or equal to z.
Equations (A.8a)-(A.8c) hold for both p odd and p even.
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