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Abstract. We consider wavelength routing networks with and without wavelength converters, and several wavelength allocation policies.
Through numerical and simulation results we obtain upper and lower bounds on the blocking probabilities for two wavelength allocation
policies that are most likely to be used in practice, namely, most-used and first-fit allocation. These bounds are the blocking probabilities
obtained by the random wavelength allocation policy with either no converters or with converters at all nodes of the network. Furthermore, we
demonstrate that using the most-used or first-fit policies gives an improvement on call blocking probabilities that is equivalent to employing
converters at a number of nodes in a network with the random allocation policy. These results have been obtained for a wide range of loads for
both single-path and general mesh topology networks. The main conclusion of our work is that the gains obtained by employing specialized and
expensive hardware (namely, wavelength converters) can be realized cost-effectively by making more intelligent choices in software (namely,

the wavelength allocation policy).
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1 Introduction

Recent advances in wavelength division multiplexing
(WDM) and optical switching make it possible to
contemplate the deployment of wavelength routing
networks that will provide backbone connectivity
over wide-area distances and at very high data
capacities [8,4]. A wavelength routing network
consists of wavelength routers and the fiber links
that interconnect them [6,11,7]. Wavelength routers
are optical switches capable of routing a light signal at
a given wavelength from any input port to any output
port, making it possible to establish end-to-end
lightpaths, i.e., direct optical connections without
any intermediate electronics. The functionality of
optical switches may be enhanced by employing
wavelength converters, devices that are capable of
shifting an incoming wavelength to a different
outgoing wavelength [15]. Wavelength conversion is
a desirable feature since it improves the performance
of the network in terms of call blocking probability.
However, this gain in performance must be weighted
against the cost of wavelength converters.

While the operation of wavelength routing net-
works is expected to be similar to that of conventional
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circuit-switched networks, several new issues arise
which add significant complexity to the problems of
design and performance evaluation of the former.
Specifically, the existence of multiple distinct wave-
lengths makes it necessary to employ a wavelength
allocation policy to assign an available wavelength to
an incoming call. Similarly, the wavelength conver-
sion feature gives rise to new problems associated
with evaluating the benefits of conversion and
optimally placing the converters at the various
network nodes. Also, dynamic (or adaptive) routing
is tightly coupled with wavelength allocation, since it
involves a search over the available wavelengths in
addition to a search over the possible paths for
establishing a call.

The problem of computing call blocking probabil-
ities under static (fixed or alternate) routing with
random wavelength allocation and with or without
wavelength  converters has  been  studied
[1,13,2,10,16,18]. The model presented in Barry and
Humblet [1] is based on the assumption that the
wavelength use on each link is characterized by a
fixed probability, independently of other wavelengths
and links, and thus, it does not capture the dynamic
nature of traffic. In Kovacevic and Acampora [13] it
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was assumed that the statistics of link loads are
mutually independent, an approximation that is not
accurate for sparse network topologies. In [2] a
Markov chain with state-dependent arrival rates was
developed to model call blocking in arbitrary mesh
topologies and fixed routing; this technique was
extended to alternate routing in [10]. While more
accurate, this approach is computationally intensive
and can only be applied to networks of small size in
which paths have at most three links. A more tractable
model was presented in [16] to compute recursively
the blocking probabilities assuming that the load
on link i of a path depends only on the load of link
i — 1. Finally, a study of call blocking under non-
Poisson input traffic was presented in [18], under the
assumption that link loads are statistically indepen-
dent.

Other wavelength allocation schemes, as well as
dynamic routing are harder to analyze. First-fit
wavelength allocation was studied using simulation
in [3,13], and it was shown to perform better than
random allocation, while an analytical overflow
model for first-fit allocation was developed in [12].
A dynamic routing algorithm that selects the least
loaded path-wavelength pair was also studied in [12],
and in [14] an unconstrained dynamic routing scheme
with a number of wavelength allocation policies was
evaluated. Except in [16,17], all other studies assume
that either all or none of the wavelength routers have
wavelength conversion capabilities. The work in [16]
takes a probabilistic approach in modeling wave-
length conversion by introducing the converter
density, which represents the probability that a node
is capable of conversion independently of other nodes
in the network. While this approach works well when
the objective is the estimation of the expected call
blocking performance, it cannot be used to calculate
the actual blocking probability on individual paths
when the placement of converters is known, nor can it
be used to compare various converter placement
strategies. Finally, in [17] a dynamic programming
algorithm to determine the location of converters on a
single path that minimizes average or maximum
blocking probability was developed under the
assumption of independent link loads.

Most of the approximate analytical techniques
developed for computing blocking probabilities in
wavelength routing networks [13,2,10,18,12,14,17]
make the assumption that link blocking events are
independent and amount to the well-known link

decomposition approach [9]. Also, the development
of some other techniques is based on the additional
assumption that link loads are also independent. Link
decomposition has been extensively used in conven-
tional circuit-switched networks where there is no
requirement for the same wavelength to be used on
successive links of the path taken by a call. The
accuracy of these underlying approximations also
depends on the traffic load, the network topology, and
the routing and wavelength allocation schemes
employed. While link decomposition techniques
make it possible to study the qualitative behavior of
wavelength routing networks, we believe that more
accurate analytical tools are needed to efficiently
evaluate the performance of these networks, as well as
to overcome complex network design problems.

The authors have considered the problem of
computing call blocking probabilities in meshed
wavelength routing networks with fixed and alternate
routing and random wavelength allocation in [20].
Unlike previous studies, we have developed an
iterative path decomposition algorithm for analyzing
arbitrary network topologies. Specifically, we analyze
a given network by decomposing it into a number of
single path sub-systems. These sub-systems are then
analyzed in isolation using our algorithm for
calculating the blocking probabilities in a single
path in a wavelength routing network [19]. The
individual solutions are appropriately combined to
form a solution for the overall network. This process
repeats until the blocking probabilities converge. Our
approach accounts for the correlation of both link
loads and link blocking events, giving accurate results
for a wide range of loads and network topologies. It
also allows non-uniform traffic, in the sense that call
request arrival rates can vary for each source-
destination pair. Finally, our algorithms can compute
call blocking probabilities in a mesh network where
only a subset of arbitrarily selected nodes are capable
of wavelength conversion.

In this paper, we study the blocking performance of
several wavelength allocation policies for various
network topologies and traffic patterns. Our main
results are as follows. First, we show that the most-
used and first-fit policies have very similar call
blocking probabilities for all calls in a network,
regardless of the number of hops used by the calls.
Through numerical and simulation results we obtain
upper and lower bounds on the blocking probabilities
for two wavelength allocation policies that are most
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likely to be used in practice, namely, most-used and
first-fit allocation. These bounds are the blocking
probabilities obtained by the random wavelength
allocation policy with either no converters or with
converters at all nodes of the network. This result is
important since, for the random policy with or without
converters, efficient analytical solutions have been
developed for networks of large size. We also present
results which indicate that the call blocking prob-
abilities of the first fit and most-used policies is
similar to that of the random policy when a number of
converters is employed in the network. Overall, our
results contradict previous studies, which have only
concentrated on random wavelength allocation, and in
which it was suggested that sparse wavelength
conversion is beneficial to wavelength routing net-
works. Although we have identified regions of
operation where converters do offer significant
benefits, the regions are characterized by very high
call blocking probabilities, and it is unlikely that
networks will be designed to operate in these regions.

In Section 2 we study a single path in a wavelength
routing network, and in Section 3 we consider both
regular and irregular mesh network topologies. We
conclude with a summary of our findings in Section 4.

2 A Single Path of a Wavelength Routing
Network

We consider a single path of a wavelength routing
network, such as the k-hop path shown in Fig. 1. A k-
hop path consists of £ + 1 nodes labeled O, 1, ...k,
and hop i,i = 1,...,k, represents the link between
nodes i — 1 and i. (Unless noted otherwise, the terms
““hop’” and *‘link’’ will be used interchangeably.)
Each link in the path supports exactly W wavelengths,
and each node is capable of transmitting and receiving

on any of the W wavelengths. We assume that calls
arrive as a Poisson process. Let )v,-j, j > i, denote the
arrival rate of calls that use hops i through j of the
path, i.e., calls that originate at node i — 1 and
terminate at node j. For instance, 4,, is the arrival rate
of calls that only use hop 2 (that is, those arriving at
node 1 and leaving at node 2), while 4, is the arrival
rate of calls using hops 1 and 2 (refer to Fig. 1). If the
request can be satisfied, an optical circuit is
established between the source and destination for
the duration of the call. Call holding times are
exponentially distributed with mean 1/u. Also, let
pij = 4/ 1 denote the offered load of calls using hops
i through ;.

We define a ‘‘segment’’ of a k-hop path as a sub-
path consisting of one or more consecutive links of the
original path. We let n, j > i, be a random variable
representing the number of calls using hops i through j
that are currently active. We also let fl-j7 j>1i, be a
random variable representing the number of wave-
lengths that are free on all hops i through j. We shall
see shortly that random variables n; and f;; are part of
the state description of the Markov process corre-
sponding to the k-hop path.

Some of the nodes in the path can be equipped with
a wavelength converter. These nodes can switch an
incoming wavelength to an arbitrary outgoing
wavelength. If no wavelength converters are
employed in the path, a call can only be established
if the same wavelength is free on all the links used by
the call. This is known as the wavelength continuity
requirement, and it increases the probability of
blocking for calls using multiple hops. If a call
cannot be established due to lack of available
wavelengths, the call is blocked. On the other hand,
if a call can be accommodated, it is assigned one of
the wavelengths that are available on the links used by
the call. If there are multiple wavelengths available, a

Fig. 1. A k-hop path.
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wavelength allocation policy must be employed to
select a wavelength for the call. Different selection
policies lead to different call blocking probabilities. In
this paper we investigate the following four wave-
length allocation policies:

® Random allocation: a call is randomly assigned
to one of the wavelengths that are available on
all the links that will be used by the call. This
policy has been extensively studied in the
literature. As mentioned in the introduction,
we have developed approximate analytical
algorithms to evaluate the call blocking per-
formance for a single path and mesh topologies
[19,20].

® Most-used allocation: among the free wave-
lengths in the path, the one that is already in use
on the largest number of links in the network is
assigned to the call; ties are broken arbitrarily.
The objective of the policy is to keep more
wavelengths available for calls traveling over
long paths.

® Least-used allocation: among the free wave-
lengths in the path, the call is assigned to the one
that is currently used in the smallest number of
links in the network, with ties broken arbitrarily.
Intuitively, this policy results in ‘‘wavelength
fragmentation,”” and leads to higher blocking
probability for calls traveling over long paths.

e First-fit allocation: the wavelengths on each link
are given labels in a fixed order, and the call is
assigned to the wavelength with the smallest
label that is available on all the links it requires.
The objective of this allocation scheme is to
minimize wavelength fragmentation. As we
shall show later, its performance is very close
to that of the most-used policy, but it is easier to
implement since there is no need to maintain
information on the global use of wavelengths.

In a path with wavelength converters, each of the
above allocation policies is used in order to assign a
wavelength to the call within each segment of the path
whose starting and ending nodes are equipped with
converters. In addition to the above wavelength
allocation policies, we will also consider the
following case:

o All-converter paths: paths in which there are
converters at all nodes. In this case, a call can be

established as long as at least one wavelength
(not necessarily the same one) is free on each of
the links required by the call, in a manner similar
to conventional circuit-switching. Consequently,
wavelength allocation is not an issue under an
all-converter scenario, and all allocation poli-
cies, including the ones studied here, reduce to
random allocation within each link.

In our study, we will use six different traffic load
patterns to compare the four wavelength allocation
policies against each other and against the all-
converter scenario. The six patterns are representative
of the wide range of loading situations that one
expects to encounter in practice. Figs. 2 and 3
illustrate the six traffic patterns for a 10-hop path.
Specifically, the figures plot the load p, of each hop /,
[=1,...,10, in the path, defined as the sum of the
offered loads p,-j,i <1 <j, for all calls that use hop /,
for each load pattern. In the ‘‘uniform’’ pattern, all
hops are equally loaded. The ‘‘bowl’’ (respectively,
“‘inverted bowl’’) pattern is such that the load
decreases (respectively, increases) from hop 1 to
hop 5, and then it increases (respectively, decreases)
from hop 6 to hop 10. These patterns are shown in Fig.
2. The ‘‘ascending’’ and ‘‘descending’’ patterns are
such that the load increases or decreases, respectively,
from hop 1 to hop 10. Finally, in the oscillating pattern
the load at each hop alternates between a low and a
high value. The last three load patterns are shown in
Fig. 3. To ensure that the results are comparable
across the different patterns, the load values were
chosen so that the total load (or, equivalently, the
average load per hop) is the same for all patterns.

2.1 Policy Comparison for 2-Hop Paths
We will first study the blocking probabilities of the
wavelength allocation policies for 2-hop paths, as
shown in Fig. 4. The state space of these systems is
small enough so that we can obtain exact numerical
solutions for the call blocking probabilities.

2.1.1 Exact and Approximate Markov Processes

We have shown in [19] that the evolution of a 2-hop
path with random wavelength allocation can be
characterized by the four-dimensional Markov pro-
cess (nyy,My2, Mo, f12). The first three random
variables in the state description provide the number
of active calls between the three source-destination
pairs in the path, and the last random variable gives
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Fig. 2. The “‘bowl”’, “‘inverted bowl’’, and ‘‘uniform’’ load patterns.
the number of wavelengths that are free on both links where fi; =W —n;| —ny, and fop = W— ny — nyp.

of the path. The state transition diagram of this
Markov process is shown in Fig. 5 for W =2
wavelengths, and it is straightforward to see that the
process is not time-reversible [19]. By modifying a
few of the transition rates of this process, we were
able to derive a time-reversible Markov process with
the same state space, which has a product-form
solution. If we let G(W) denote the normalizing
constant for a 2-hop path with W wavelengths per link,
the solution of the approximate Markov process is
given by [19]:

nrandom(nll y 125 M2, le)

Ny Mo

(fll)( nyp )
1 prlllllplzpzz fi2/) \Jna —J12

B G(W) nyy'njplng! (”11 +/1 >
I

(1)

We have demonstrated in [19] that the blocking
probabilities obtained through the product-form
solution to the time-reversible Markov process are
very close to the blocking probabilities obtained
through the numerical solution to the original Markov
process for a wide range of traffic loads.

Let us now consider the same 2-hop path with the
most-used wavelength allocation policy. This policy
can be modeled as a Markov process with the same
state description as the random policy case, i.e.,
(111, M1, Maa, f12). The key difference is that, under
the most-used policy, if n,; >n,,, then we know that
there is at least one wavelength that is used on hop 1
but not used on hop 2. Thus, an incoming call that uses
the second hop only will be assigned a wavelength
that is already in use on the first hop, and will cause a
transition to state (1,715, 1y + 1, fi,); similarly for
n,, >ny; and incoming calls using only the first hop.
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(Under the random wavelength allocation policy, the
transition could be to either state (ny;,7n5,%, +
1, fio) or to state (ny;,n,ny + 1, fi, — 1) if the
number of free wavelengths on both hops f;, >0 and
one of these wavelengths is assigned to the call.)
The state transition diagram of the Markov process
for the most-used allocation policy is shown in Fig. 6

l” ;"'32
Aoz _f 0) I'T-1 -\:' 2 .H'I'
e t___; *-t__ 7
hop 1 hop 2

Fig. 4. A 2-hop path.

it

]

&

=)

Hop number

descending’’, and ‘‘oscillating’’ load patterns.

for a 2-hop path with W = 2 wavelengths. Again, it is
straightforward to verify that this Markov process is
not time-reversible. Comparing to Fig. 5, we note that
despite having the same state space, the two processes
differ in two ways. First, some of the transition rates
are different; for instance the transition rate from state
(0,0,1,1) to state (1,0,1,1) is equal to A,;/2 for the
random allocation, but Z;; for the most-used
allocation. Second, some of the transitions are missing
in the new Markov process. For example, there is a
transition from state (0,0,1,1) to state (1,0,1,0) under
random allocation in Fig. 5, but there is no such
transition in Fig. 6. Furthermore, since there is a
transition from state (1,0,1,0) to state (0,0,1,1) in Fig.
6, but no transition in the reverse direction, it is not
possible to obtain an approximate time-reversible
process by simply modifying some of the transition
rates, as we did for the random wavelength allocation
policy. Although we do not have an approximate
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product-form solution for the most-used allocation
policy, the state space for a 2-hop path is small enough
so that the solution to the Markov process can be
obtained numerically for up to W = 20 wavelengths.

Based on similar arguments, it can be determined
that the least-used wavelength allocation policy can
also be modeled by a Markov process with the state
description (nyy,15, 190, f1»). The state transition
diagram for this process is shown in Fig. 7, and it
can be easily verified that the process is not time-
reversible.

If a converter is placed at node 1 of the 2-hop path
shown in Fig. 4 (the only interesting possibility in this
case), the system becomes a 2-hop all-converter path,
and it can be described by the three-dimensional
Markov process (11,15, 1y,). Random variable f,
becomes redundant because calls continuing on both
hops can now use any of the (W —ny, —ny)
available wavelengths on the second hop. It is well-

known that this Markov process has the closed-form
solution:

LA pis ps
Tes (11512, 122) :Wm”n'nzz'. (2)

In Fig. 8 we show the state space of a 2-hop all-
converter path with two wavelengths. Although this
path is described by the above 3-dimensional Markov
process, we include in the state description of Fig. 8
the random variable f;, to make it easier to compare to
Figs. 5-7. For instance, the fact that there are no
transitions into state (1,0,1,0) in the figure can be
explained by recalling that fj, =0 (i.e., that no
wavelength is free on both links of the path) implies
that calls traversing both hops are blocked. However,
since exactly one wavelength is free on each hop
(even if it is not the same one), calls traversing both
hops cannot be blocked in the all-converter path, and
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Fig. 7. State space (1,15, n»,f12) of a 2-hop path with W = 2 wavelengths (least-used allocation).
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Fig. 8. State space (n;,,n,, 1y, ) of a 2-hop path with W = 2 wavelengths (all-converter).

the system will never enter state (1,0,1,0), but only
state (1,0,1,1).

The first-fit wavelength allocation policy can be
modeled as a Markov process with W state variables
(li,...,1y). Each random variable /; corresponds to
one of the W wavelengths, and can take one of five
values representing the status of wavelength i on the
two links of the path: 0O, if the wavelength is free on
both links, 1, if it is free on the first link and busy on
the second, 2, if it is busy on the first link and free on
the second, 3, if the wavelength is used by two
different calls on each link, and 4, if it is used by a call
traversing both links of the path. The state space of
this Markov process is quite different than that in Fig.
5-8, and its states and transitions cannot be compared
to those of the previous Markov processes.
Furthermore, the size of the state space is in the
order of W?, too large to obtain a numerical solution
even for relatively small values of W. In view of this,

the blocking probabilities for this policy are obtained
by simulation only.

2.1.2  Numerical Comparisons

Let us first consider the blocking probabilities of the
random, most-used, least-used, and all-converter
systems for calls traversing both links of the 2-hop
path. In Figs. 5 to 8, the blocking states for these
calls are those with f, =0, i.e., those states in
which neither of the two wavelengths is free on both
links. We also observe that, except for state (1,0,1,0)
at the bottom of each of the four figures, the
transitions (and transition rates) in and out of all
other blocking states are exactly the same for all
four wavelength allocation policies. Consequently,
we expect that the difference in the blocking
probability experienced by calls traversing both
links of the path under the different policies will
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be mainly due to the steady-state probability of
blocking state (1,0,1,0).

Referring to Fig. 8, we note that the corresponding
Markov process never enters state (1,0,1,0). Thus, we
expect that calls traversing both hops will experience
the least blocking probability in an all-converter path.
In Fig. 6 (most-used policy) we note that there are two
transitions into state (1,0,1,0), and four transitions out
of it. The blocking probability will be higher under
this policy compared to the all-converter case. The
Markov process in Fig. 5 (random policy) has two
additional transitions into state (1,0,1,0) from states
(0,0,1,1) and (1,0,0,1) with rates A,;/2 and 1,,/2,
respectively. Therefore, the blocking probability of
these calls under the random policy will be higher
than under the most-used policy. Finally, the Markov
process in Fig. 7 (least-used policy) has the same
transitions as the one in Fig. 5, but the transition rates
into state (1,0,1,0) from states (0,0,1,1) and (1,0,0,1)
are /4y, and Z,,, respectively. Therefore, we expect

that these calls will experience the highest blocking
probability under the least-used policy.

We now note that the lower the blocking probability
for calls traversing both hops, the larger the number of
such calls accepted, and the larger the number of
wavelengths they occupy, thus leaving fewer wave-
lengths available for calls using a single link (either
the first or the second) of the path. Hence, we expect
that the behavior of the four policies in terms of the
blocking probability of calls using a single link of the
path will be exactly the opposite of what was
discussed above. Specifically, we expect the least-
used policy to provide the lowest blocking probability
for these calls, followed by the random, the most-
used, and the all-converter policies, in that order.

The above conclusions, derived by direct compar-
ison of the states of the Markov processes, are in
agreement with intuition. We have confirmed these
conclusions by numerically comparing the blocking
probabilities of the various policies for 128 different
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load values and load scenarios similar to Figs. 2 and 3.
Figs. 9 and 10 show results for two cases
corresponding to a uniform and descending load
pattern, respectively (see the patterns in Figs. 2 and 3)
and for W = 10 wavelengths. More specifically, the
arrival rates (refer also to Fig. 4) used to obtain the
results in Fig. 9 were 4;; = 0.2, 4;, = 0.1, 5, = 0.2,
while for the results in Fig. 10 we used 4;, = 3.0,
Alp = 2.0, 4y =2.0. In both Figs. we plot the
blocking probability for the three types of calls,
namely, calls using the first hop only (label ‘‘hop 1°’
in the x-axis of the figures), calls using the second hop
only (label “‘hop 2°’), and calls using both hops (label
““both hops’”). We first note that the results are
affected by the traffic pattern used. For instance, under
uniform loading (Fig. 9), calls using the first hop only
experience the same blocking probability as calls
using the second hop only, while in the descending
pattern (Fig. 10), due to the lower load offered to the
second hop, the latter calls experience a much lower

blocking probability for all four policies. More
importantly, the relative values of the blocking
probabilities for the four policies are also consistent
with our discussion above. Very similar results have
been obtained for all 128 different load values that we
have studied.

Finally, in Fig. 11 we compare the most-used and
first-fit policies for the same arrival rates as those used
for Fig. 10. As before, the blocking probabilities of the
most-used policy were obtained through a numerical
solution to the corresponding Markov process, while
the values for the first-fit policy were obtained through
simulation. We observe that the blocking probabilities
of the first-fit policy are almost identical to those of
the most-used policy for all three types of calls. This
result can be explained by noting that both policies
attempt to maximize the number of wavelengths that
are available for calls that use both hops of the 2-hop
path by reducing the ‘‘fragmentation’’ of the set of
wavelengths. The most-used policy assigns to an
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Fig. 11. Most-used vs. first-fit allocation, 2-hop path, descending traffic pattern.

incoming call that requires a single hop of the path a
wavelength that is already used on the other hop, if
such a wavelength exists. On the other hand, the first-
fit policy attempts to achieve the same goal by
searching the set of wavelengths in a fixed order, thus
increasing the chances that a wavelength used on a
single hop will be assigned to an incoming call using
the other hop. As can be seen from Fig. 11, the most-
used policy is slightly better, but overall the blocking
probability values of the two policies are very close.
Similar results have been obtained for all 128 traffic
loads that we have studied.

2.2 Policy Comparisons for Longer Paths

Consider a k-hop path, k>2, with the random
wavelength allocation policy. Paths consisting of
four links or less can be analyzed approximately by
solving the corresponding time-reversible Markov
process. For instance, a 3-hop path can be modeled by

the 9-dimensional Markov process (1, 112, 113, N2,
Ny3,M33,f12,f13,/23) Whose solution can be written
down as a straightforward generalization of expres-
sion (1). Paths longer than four hops are analyzed
using the iterative decomposition algorithm in [19] to
obtain the call blocking probabilities. The analytical
techniques developed in [19] are both accurate and
efficient, and can be used when the path employs
converters at nodes arbitrarily chosen. When all nodes
in a k-hop path employ converters (the all-converter
case), the call blocking probabilities can be also
obtained by using a straightforward generalization of
expression (2). For very large k, when the computation
of the normalizing constant becomes computationally
expensive, a decomposition algorithm similar to the
one in [19] can be used.

Let us now consider the most-used wavelength
allocation policy. It is relatively easy to derive an
exact Markov process to model a k-hop path, k> 2.
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However, the number of random variables in the state
description of the process for a k-hop path, k>2,
grows very large, and therefore it is difficult to obtain
the call blocking probabilities numerically by directly
solving the exact Markov process. Furthermore,
developing an iterative algorithm for analyzing long
paths by decomposing them into 2-hop path sub-
systems which can be solved in isolation, similar to
the algorithm developed for the random policy in [19],
has turned out to be a difficult task. For such an
algorithm, it is crucial to have an accurate estimate of
the blocking probability due to the wavelength
continuity requirement for calls traversing more than
one sub-system. Since the different wavelengths are
not equally utilized, as under random allocation, it is
difficult to derive an approximate expression for
blocking due to the wavelength continuity require-
ment that is accurate for a wide range of loads. In view
of all these, the results presented in this section for the
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most-used policy have been obtained by simulation.

For similar reasons, we have used simulation to
obtain the call blocking probabilities for paths with
the least-used and first-fit wavelength allocation
policies. (While approximate analytical techniques
based on overflow traffic have been developed for the
first-fit policy in [12,14], these techniques are
inaccurate since the link blocking events are taken
to be independent, an assumption that is not true over
a wide range of traffic loads.) Since the 95%
confidence intervals are very tight, to increase the
readability, we have decided not to plot them along
with the simulation results.

2.2.1 Numerical Comparisons

In this section we present results for 6-hop and 10-hop
paths, since the length of these paths (in hops) is
representative for future backbone wavelength
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Fig. 12. Policy comparison, 6-hop path, uniform traffic pattern.



280

Bicckirg Probakiliy

Bleching Probabilivy

o

0.0

QKK

a.1

o

(.00

Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

i i - 1

6 110 15 =0
Scurna-dastination pair labal

Fig. 13. Policy comparison, 6-hop path, bowl traffic pattern.

15 =0

10
Source-daslination pak knal

Fig. 14. Most-used vs. first-fit allocation, 6-hop path, descending traffic pattern.



Blcaing Probabikty

Biocking Probabiliey

Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

1
U oallconvenes s— ' '
random, no convarian -+
rardom, convamas al pode 3 o ]
Fsi-fil, no converians . e
e
'\.1‘: .._.'
. o
am 7
[nReal | -:I
[} : - - i
5 10 16 20
Source-destraton par kbl
Fig. 15. First-fit policy vs. random policy with converters, 6-hop path, bowl traffic pattern.
004 T T T T T
randcem, na canwatsrs —+— L o
lis 1, 10 CONvarees - o
al-ooemvarer -H--
e
X =|l'.|'_|-:-:|"“ patooEsoEaq
o -
LIEL N - E
[ER"]
o
P
QO I'E -
| I‘
18-05 [ 3
3 b
134:6 1 1 1 i i
1] 40 &0

20 30
Solne-destraton par el

Fig. 16. Policy comparison, 10-hop path, inverted bowl traffic pattern.

281



282 Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

1 mmmm' foem 4— ' ' .
| firsd i, M0 comvaniears ——- ,-""_'
a1 alcorrerler -0 -
[ 1 f‘
&
a0 'II"VI\ -
- _._._._+-|-'
1 ": FIIE PP

& o
L aa+ka
-Ia-l—\+-|--|-++-frﬁ !u-'q'!_ag{puﬂ'uup'up
eoiEatad @ o

%

1e-05 ILLE: 3 ' ; _ ;
il 20 30 40 50
Sounca-gaslination pakr lanal
Fig. 17. Policy comparison, 10-hop path, oscillating traffic pattern.
0o i

MANGC, N0 COnvarer —=—
Tiest T, i Gonwaers ——
all -corvmrier-swiiched -6--

i =

0Lt ?

-,
e
i

Blacking Prababiity

- .

wsl[d |

—_—
tetial

s

1e-06
20 b ]
Sourco-dasSnabion pair bl

Fig. 18. Policy comparison, 10-hop path, ascending traffic pattern.



Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

0.0 T T

P
—

| 1 . I

L] L]
most usad, no conmvaters —-—
linal-fil, o corrverers -

10 20 a0 40 50
Bourca-dasfination pair labsl
Fig. 19. Most-used vs. first-fit allocation, 10-hop path, bowl traffic pattern.
i

PRI Wit 3 CONVATGE -
random with § convarters —--
first-18, no convaters -0

0.0

Blaching Prokubiity

a0

18-06

Fig. 20. First-fit policy vs. random policy with converters, 10-hop path, descending traffic pattern.

283



284 Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

routing networks. Figs. 12 to 15 correspond to a 6-hop
path, and Figs. 16 to 20 are for a 10-hop path.

In Figs. 12 and 13 we compare the blocking
probabilities for the four policies (random, most-used,
least-used, and all-converter) under the uniform and
bowl traffic patterns, respectively. In both figures we
plot the blocking probability for the twenty one
different types of calls in a 6-hop path, numbered 1
through 21 on the x-axis. The calls have been
numbered so that numbers 1 through 6 correspond
to calls that traverse only a single hop in the path, that
is x = 1 is for calls using hop 1, x = 2 for calls using
hop 2, etc. Numbers 7 to 11 on the x-axis correspond
to calls that traverse exactly two hops in the path, that
is x =7 is for calls traversing hops 1 and 2, etc.
Numbers 12 to 15 on the x-axis correspond to calls
traversing exactly three hops, and so on.

From Figs. 12 and 13 we observe that the relative
behavior of the four policies is similar to that shown in
Figs. 9 and 10 despite the fact that the traffic patterns
in these figures are very different. Specifically, for
calls using one or two hops (calls one through eleven
in the figures), the least-used policy provides the
lowest blocking probability, followed by the random
policy, the most-used policy, and the all-converter
case. However, for calls traversing three or more hops,
the situation is reversed. The same behavior was
observed for other traffic patterns and paths of
different length. We also note that, under the least-
used policy, the blocking probability of calls using
multiple hops increases significantly, and that the
average blocking probability over all calls is higher
than other policies. Therefore, we will not consider
the least-used policy any further.

In Fig. 14 we compare the most-used and first-fit
policies for a 6-hop path assuming a descending traffic
pattern. Again, as in Fig. 11, we find that the two
policies give almost identical blocking probabilities,
not only for the end-to-end call, but for all calls,
regardless of the number of hops used by the calls.
Very similar results have been obtained for all traffic
patterns studied. Therefore, in the rest of the paper we
will concentrate on the first-fit policy, since its
implementation does not require that the network
nodes maintain information about the global use of
wavelengths. Using simulation results we will show
that the values of the blocking probabilities obtained
with this policy are bounded by the blocking
probability values obtained by the random policy
without converters and the all-converter case (i.e., the

random policy with converters at all nodes of a path).
Also, we will demonstrate that, for calls traversing
multiple hops, the gain (in terms of reduction in the
blocking probabilities) obtained by employing the
first-fit instead of the random policy is roughly
equivalent to using the random policy and deploying
converters in the network.

In Fig. 15 we compare the blocking probabilities of
a 6-hop path obtained using the first-fit policy to the
random policy with no converters, the random policy
and one converter at node 3, and the all-converter case
(i.e., the random policy and a converter at each node).
As we can see, the first-fit policy has an effect similar
to that of using the random policy and employing a
converter in the path. This is a general result that has
been observed for a wide range of traffic loads, and
will be discussed below in more detail.

Figs. 16 to 20 present results for a 10-hop path and
various traffic patterns. In Figs. 16 to 18 we compare
the first-fit policy to the random (no converters) and
all-converter cases for the inverter bowl, oscillating,
and ascending traffic patterns, respectively. Two
interesting observations can be made from these
three figures. First, the blocking probability values of
the first-fit policy are always between the corre-
sponding values of the random and all-converter
cases. In other words, the blocking probability values
under the random and all-converter cases provide
lower and upper bounds for the blocking performance
of the first-fit policy. Note that the random policy
provides a lower bound for calls using one or two
hops, and an upper bound for calls traversing three or
more hops; the reverse is true for the all-converter
path. Second, it appears that the first-fit policy is quite
effective in reducing the blocking probability of calls
traveling over multiple hops (which are the ones that
experience the highest blocking probability under the
random policy) close to the level of the all-converter
case.

In Fig. 19 we compare the first-fit to the most-used
policy for the descending traffic pattern. As before,
the blocking probability values of the two policies
match for all types of calls. Finally, in Fig. 20 we
attempt to quantify the effect of the first-fit policy in
terms of ‘‘number of converters.”” Specifically, we
plot the blocking probability values for the first-fit
policy as well as those of a random policy with either
three or five converters. The converters are placed at
nodes in a way that minimizes the blocking
probability of calls traveling over all 10-hops, using



Y. Zhu, G. Rouskas, H. Perros/A Comparison of Allocation Policies

the techniques developed in [19]. Note that, by
employing converters at some of the nodes, the
blocking probability of calls traversing multiple hops
improves, since converters reduce the requirement
that the same wavelength be used on all hops of the
path taken by the call. However, this improvement is
at the expense of calls using a single hop, which now
experience higher blocking probability. As we can
see, the effect of using the first-fit policy in place of
the random policy has an effect similar to employing
converters.

3 Mesh Wavelength Routing Networks

In this section we compare further the effects of the
first-fit policy to the random policy with converters,
by studying two network topologies: a regular 5 x5
torus network, and the NSFNET irregular topology.

3.1 The 5x5 Torus Network

We consider the 5 x 5 torus network shown in Fig. 21,
with W = 10 wavelengths per link. Since there are
600 source-destination pairs in this network, it is
impossible to present numerical results for all of them.
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We present, therefore, the call blocking probabilities
for only 24 different source-destination pairs, namely,
those with node 1 as the source. Because of the regular
topology, the selected pairs are a representative
sample of the various source-destination pairs.
Similar to previous figures, the source-destination
pairs have been labeled such that numbers 1 through 4
correspond to pairs for which a 1-hop path is used,
numbers 5 to 12 correspond to pairs for which a 2-hop
path is used, and so on, as shown in Table 1.

In our study we have used two traffic patterns. For
the first pattern, the call arrival rates were selected
such that

0.4,
0.3,
0.2,
0.1,

if the length of the path from s to d is 1
if the length of the path from s to d is 2
if the length of the path from s to d is 3"
if the length of the path from s to d is 4

j'sd =

3)

This selection of arrival rates was intended to capture
the locality of traffic that has been observed in many
networks. The utilization of each link in the network
for these arrival rates is in the range [3.140,3.144].
The tight range of link utilizations can be explained by
the fact that both the topology and the traffic load are
symmetric. For the second pattern (which we will
refer to as the random pattern), each arrival rate 4,
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Table 1. Selected source-destination pairs for the torus network.

1,7 (1,10)

Pair (1,2) (1,5) (1,6) (1,21 (1,3) 1.4

Label 1 2 3 4 5 6 7 8
Shortest Path Length 1 1 1 1 2 2 2 2

Pair (1,11) (1,16) (1,22) (1,25) (1,8) (1,9) (1,12) (1,15)
Label 9 10 11 12 13 14 15 16
Shortest Path Length 2 2 2 2 3 3 3 3
Pair (1,17) (1,20) (1,23) (1,24) (1,13) (1,14) (1,18) (1,19)
Label 17 18 19 20 21 22 23 24
Shortest Path Length 3 3 3 4 4 4 4

was selected from a uniform distribution in the range
(0.1, 0.4).

In Fig. 22 we compare the blocking probabilities
obtained through the most-used and first-fit policies
for the pattern based on locality of traffic. From the
figure, we observe that calls using a single hop (labels
1 to 4 in the figure) experience the lowest blocking

probability, calls traveling over two hops have the
next lowest blocking probability, and so on. (The fact
that the blocking probability values are almost the
same for all calls using the same number of hops is
due to the symmetry of both the topology and the
traffic pattern.) We also see that the two policies result
in almost identical blocking probability values for all
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Fig. 22. Most-used vs. first-fit allocation, 5 x 5 torus network, traffic pattern based on locality.
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Fig. 23. Policy comparison, 5 x 5 torus network, traffic pattern based on locality.

calls, further confirming our claim that the (simpler)
first-fit policy can be used as a quite accurate
approximation of the most-used policy. Similar
results, not shown here, have been obtained for the
random traffic pattern.

In Figs. 23 and 24, we compare the first-fit policy to
the random policy with no converters and the all-
converter case, under the two traffic patterns. It is
clear from both figures that the blocking probability
values for the first-fit policy fall between those for the
other two cases, a behavior which is consistent with
our earlier results on single paths. However, there is
also an important difference in the two figures. The
first-fit policy appears to have a significant effect for
the traffic pattern based on locality (Fig. 23), in that
the blocking probability values for calls using
multiple hops drops significantly from the corre-
sponding values under the random policy with no
converters. This effect, however, is less pronounced in
Fig. 24 for the random traffic pattern. This difference
can be explained by noting that the values of the
blocking probability for calls 13 and higher in Fig. 24
are more than 0.1, about an order of magnitude higher

than the values for the corresponding calls in Fig. 23.
At such high values, not many wavelengths are
available for these calls, and as a result, the actual
wavelength allocation policy used will have little
effect on the blocking probability. It is at these high
blocking probability values that using converters at all
nodes (the all-converter case) will help. However, it is
unlikely that realistic networks will be designed to
operate in this region.

In Figs. 25 and 26 we compare the first-fit policy to
the random policy with 4 and 12 converters employed
in the torus network (note that these values correspond
to 16% and 48%, respectively, of the network nodes
having converters). As can be seen using the first-fit
policy is roughly equivalent to employing a sig-
nificant number of converters in the network. Another
important observation is that the converters introduce
an uneven effect on the blocking probabilities of the
various calls. Specifically, calls whose path includes a
converter experience a rather dramatic drop in the
blocking probability. However, the effect of con-
verters on the blocking probability of other calls is
considerably smaller. The first-fit policy, on the other
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hand, decreases evenly the blocking probability for
calls traveling over long paths. This result is evident
not only in Figs. 25 and 26 but in the results for the 6-
hop and 10-hop paths, as well as for the NSFNET
discussed next.

3.2 The NSFNET Topology

We have also considered a realistic example of a
backbone network with an irregular topology, namely,
the NSFNET shown in Fig. 27. Since we used the
traffic data reported in [5], following that study, we
have also augmented the 14-node NSFNET topology
with two fictitious nodes, nodes 1 and 16 in Fig. 27, to
capture the effect of NSFNET’s connections to
Canada’s communication network, CA*net. The
resulting topology consists of 16 nodes and a total
of 240 source-destination pairs. As in the previous
subsection, we only present detailed results for the
blocking probabilities of only a small number of calls,
those  involving nodes along the path
(3,5,6,7,9,12,15,16). (We note, however, that the

shortest path used by some of these calls is not a
sub-path of (3,5,6,7,9,12,15,16); for instance, the
shortest path for calls between nodes 3 and 15 is
(3,5,11,15).) There are 28 source-destination pairs in
this path, and in Figs. 28 to 32 they have been labeled
so that numbers 1 to 7 refer to pairs one-hop paths,
numbers 8 to 15 correspond to pairs with two-hop
paths, etc. (refer to Table 2).

We have used two different traffic patterns with the
NSENET topology. The first traffic pattern is similar
to one of the two patterns used with the torus network.
Specifically, the arrival rate A, for a source-
destination pair (s,d) is given

0.5, if the length of the path from s to d is 1
0.4, if the length of the path from s to d is 2. ( 4)
0.3, if the length of the path from s to d is 3
0.2, if the length of the path from s to d is 4

}”sd =

The second traffic pattern was designed to reflect
actual traffic statistics collected on the NSFNET
backbone network, as reported in the traffic matrix in
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Fig. 27. The NSENET topology.
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Table 2. Selected source-destination pairs for the NSFNET topology.

Pair (5,6) (15,16) 6,7) (12,15)
Label 1 2 3 4
Shortest

Path Length 1 1 1 1
Pair (12,16) 9,15) (7,12) 3.,6)
Label 11 12 13 14
Shortest

Path Length 2 2 2 2
Pair 9,16) (7,15) (3,15) 3,12)
Label 21 22 23 24
Shortest

Path Length 3 3 3 3

9,12) (7.9 (3.,5) (5,15) (C))] 6,9
5 6 7 8 9 10

1 1 1 2 2 2
3.9 (5,16) (5,12) 5.9 (6,15) (6,12)
15 16 17 18 19 20

2 3 3 3 3 3
3,1 (6,16) (7,16) (3,16)

25 26 27 28

3 4 4 4

[5, Fig. 6]. The data in this traffic matrix represent the
measured number of bytes transferred between two
nodes in the NSFNET backbone within a certain 15-
minute interval. Clearly, this data, collected over a
packet-switched network, cannot be directly applied
to a circuit-switched wavelength routing network,
such as the one considered in this work. However, our
intention is simply to capture the relative traffic
demands among the different source-destination pairs.
To this end, we first divided the entries of the matrix in
[5, Fig. 6] by the link capacity (T3 links) to obtain the
“‘offered load”” p,, per source-destination pair. Since
the resulting values were too small, we multiplied
them by a constant to obtain reasonable values for the
offered load. Then, assuming that all calls have a
mean holding time 1/u = 1, the offered load values
become the arrival rates 4y, used in the experiments.
As a result, the relative values of these arrival rates
reflect the relative traffic requirements among the
different source-destination pairs according to the
specific traffic pattern reported in [5].

Our results are presented in Figs. 28 to 32. Fig. 28
compares the first-fit to the most-used policies. Figs.
29 and 30 demonstrate that the random and all-
converter cases provide upper and lower bounds on
the performance of the first-fit policy, and Figs. 31 and
32 attempt to quantify the effect of the first-fit policy
in terms of the number of converters. The converters
were placed in the network using the optimization
techniques in [20]. The overall behavior of the graphs
shown in these figures is very similar to that discussed
earlier for the torus network and the single path case,
indicating that our observations and conclusions are
valid for a wide range of network topologies and
traffic patterns.

4 Concluding Remarks

We have studied the blocking performance of several
wavelength allocation policies for various single path
and network topologies and under various traffic
patterns. Our conclusions can be summarized as
follows:

e We have shown that the most-used and first-fit
policies have very similar call blocking prob-
abilities for all calls in a network, regardless of
the number of hops used by the calls. The two
policies tend to favor calls using long paths at
the expense of calls using short paths. This is a
desirable feature, since calls traversing multiple
hops experience higher blocking probability.
However, the most-used policy requires that
the network nodes exchange information about
the network-wide usage of wavelengths, while
the first-fit policy only relies on a fixed ordering
of wavelengths, thus making it significantly
easier to implement.

e We have also demonstrated that the random
policy without converters and with converters at
all nodes provide lower and upper bounds on the
call blocking probability under the first-fit (or
most-used) policy. Specifically, for calls using
one or two hops, the random policy without
converters provides a lower bound and the all-
converter case provides an upper bound, while
for calls using longer paths the bounds are
reversed.

e We have presented results which indicate that
the call blocking probabilities under the first-fit
policy are similar to that under the random
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policy but employing a number of converters
(between 15% to 50% of the number of nodes)
in the network. More importantly, in most cases,
introducing the first-fit policy results in a
decrease in the blocking probability of calls
traveling over multiple hops to a level very close
to the blocking probability experienced under
the all-converter case. Note that, in terms of
implementation, there is no significant differ-
ence between the first-fit and random policies.
Consequently, the gains obtained by employing
specialized (and expensive) hardware can be
realized by making more intelligent choices in
software.

e It also appears that the benefits of the first-fit
policy diminish at high loads (blocking prob-
ability values of 0.1 or more). It is in these
situations that employing converters would
benefit calls traversing a large number of hops.
However, the number of converters to be
employed in this case must be very large, close
to the number of nodes in the network, and even
if all nodes contain converters the blocking
probability will remain at (reduced but) high
levels. Since it is unlikely that future wavelength
routing networks will be designed to operate
with such high call blocking probabilities,
attempting to reduce the call blocking probabil-
ities in this case may not be of practical
importance.

Overall, our results appear to contradict previous
studies which have indicated that ‘‘sparse’” wave-
length conversion capabilities (i.e., selective
placement of converters in a subset of network
nodes) will be beneficial to wavelength routing
networks. Those studies measured the improvement
obtained by employing converters in conjunction only
with the random wavelength allocation policy. We
have shown that an equivalent improvement can be
achieved merely by using appropriate allocation
policies such as first-fit or most-used.
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