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Blocking in All-Optical Networks
Ashwin Sridharan and Kumar N. Sivarajan

Abstract— We present a new analytical technique, based
on the inclusion–exclusion principle from combinatorics,
for the analysis of all-optical networks with no wavelength
conversion and random wavelength assignment. We use
this technique to propose two models of low complexity for
analysing networks with arbitrary topologies and traffic pat-
terns. The first model improves the current technique by
Birman [5] in that the complexity of calculation is indepen-
dent of hop-length and scales only with the capacity of the
link as against that of [5] which grows exponentially with
hop-length. We then propose a new heuristic to account for
wavelength correlation and show that the second model is
accurate even for sparse networks. Our technique can also
be extended to analyse Fixed Alternate and Least Loaded
Routing.

I. INTRODUCTION

Wavelength division multiplexing is a promising tech-
nology which, in conjunction with wavelength routing,
can make optical networks with hundreds of nodes and
throughput of the order of Gbs/sec per node practical in
the near future. This is because wavelength routed all-
optical networks offer wavelength reuse and remove the
electro-optic bottleneck. In this work we consider cir-
cuit switched all-optical networks since they are a natural
outcome of current WDM technology [1]. Call requests
arrive at random and are assigned a free wavelength (if
available) on each link of the path they use for the du-
ration of the call. If the nodes have wavelength conver-
sion capability, the call can be assigned different wave-
lengths on each link of the path used. In such a situa-
tion, the all-optical network reduces to a conventional cir-
cuit switched network. However, if the nodes cannot per-
form wavelength conversion, the call must be assigned the
same wavelength on all the links of the path used. This is
known as the wavelength continuity constraint and makes
networking in the all-optical domain significantly different
from conventional circuit switched networks. Networks
with wavelength changers have a lower call blocking prob-
ability compared to those without because they can accept
a call if a wavelength (which can be different) is free on
each link of the path, whereas networks without changers
require the same wavelength to be free on all the links of
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a path in order to honor a call. Wavelength converters are
still in the experimental stage and are likely to remain ex-
pensive, if implemented. Hence it is important to quantify
the call blocking performance of optical networks without
wavelength conversion to verify the effectiveness of wave-
length changers.

Research has shown that the wavelength continuity con-
straint introduces load correlation between links, and that
the blocking in the network is affected not only by the rout-
ing scheme used but also by the choice of a wavelength
assignment scheme. A bound on the carried traffic in an
arbitrary network by any Routing and Wavelength Assign-
ment algorithm (RWA) algorithm was derived in [2]. The
bound is however only asymptotically achievable. Vari-
ous schemes that combine the wavelength assignment and
routing problem have been proposed and studied through
simulations in the literature, for example [8], [9] and [14].
Analytical models for the first fit wavelength assignment
scheme have been proposed in [8]- [10]. They however
use versions of the overflow traffic model and are applica-
ble only when the number of wavelengths is small (4 to 8).
Least Loaded Routing has been studied in [13] and Fixed
Alternate Routing in [14]. The reader is referred to [12]
for a review of these schemes and their effectiveness.

Analytical models for analyzing the performance of op-
tical networks with fixed routing, random wavelength as-
signment and without wavelength conversion have been
proposed in [4]-[6]. In [4], Barry et al. proposed an analyt-
ical model to study the effectiveness of wavelength chang-
ers, taking wavelength correlation into account. However
the model does not take into account the dynamic nature of
the traffic. The model proposed by Subramanium et al. [6]
takes both dynamic traffic and wavelength correlation into
account and has been shown to be accurate even for sparse
networks like rings. Moreover, the model has a moderate
complexity. It is however applicable in the strict sense only
to networks with uniform traffic and regular topologies. In
case of irregular topologies and traffic distributions, only
ensembles like the average degree of a node are used. An-
other model proposed by Birman [5] uses a reduced load
approximation approach with state-dependent arrival rates.
The model is shown to be good for small networks where
multi-link traffic is not appreciable and is applicable to ar-
bitrary topologies and traffic patterns. It is however com-
putationally intensive, with the complexity growing expo-
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nentially with the number of hops. It also ignores the load
correlation between links due to the continuity constraint.
Hence it is tractable only for small, dense networks. The
reader is referred to [11] and [12] for a review of these
analytical models.

Future wide area networks are most likely to be all-
optical networks with tens, if not hundreds of nodes, con-
nected in an arbitrary fashion. In such a situation, the mod-
els in the current literature would not apply satisfactorily
to the analysis of the network in question. Thus our goal is
two-fold. We require a technique applicable to arbitrary
topologies which is computationally tractable, and also
gives reasonable estimates of blocking probabilities for de-
sign purposes and the analytical study of issues like ben-
efits of wavelength changers, alternate routing and so on.
With these goals in mind we propose two techniques in this
paper which reduce the complexity of calculation consid-
erably and are applicable to arbitrary topologies and traffic
patterns. The first technique makes the same assumptions
as in [5] and is called the Independence Model. Estimates
of the blocking probability from this model are reasonable
when the network is dense or end-to-end traffic is negli-
gible, but this model overestimates significantly when the
multi-hop calls have appreciable traffic and the network is
sparse. In fact, we show that the estimates are identical to
those obtained in [5], but without the bottleneck of expo-
nential complexity in hop-length. The complexity scales
only with the capacity of the link and is independent of
hop-length. To account for wavelength correlation we pro-
pose another model which we call, naturally, the Correla-
tion Model. We show that this model is accurate even for
sparse networks.

The rest of the paper is organized as follows. In Sec-
tion II we outline the basic network and traffic assumptions
used throughout the paper. We present the Independence
Model in Section III and the Correlation Model in Section
IV. We present our results in Section V and conclude in
Section VII.

II. NETWORK AND TRAFFIC MODEL ASSUMPTIONS

In this section we state the assumptions about the net-
work and traffic that are used in our models for calculating
the path blocking probability of an optical network with
no wavelength changers. All assumptions stated here are
valid throughout the paper.

A. Assumptions regarding the Network and Offered Traf-
fic

1. The network consists of
�

links connected in an arbi-
trary fashion.
2. Each link has the same � wavelengths

3. Calls for a node pair � arrive according to a Poisson
process with rate ���
4. The duration of each call is exponentially distributed
with unit mean.
5. A call can be accommodated on a route only if the same
wavelength is free on all the links of the selected route. If
there is no such wavelength free, the call is blocked and
lost.
6. The wavelength assigned to a route is chosen randomly
from the set of free wavelengths. This assumption makes
all wavelengths identical and the analysis tractable.

B. Traffic Model

We assume that the idle wavelength distribution on a
link can be described by the state dependent routing model
first proposed by Kelly and developed in [7]. The same
model is also used in [5]. Below, we describe the model
and its assumptions.
Let ��� be the random variable representing the number of
free wavelengths on route 	 .
Let ��
 be the random variable representing the number of
free wavelengths on link � . Let
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be the probability that exactly � wavelengths are free on
link � . The random variables ��
 are assumed to be inde-
pendent, that is
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Following [7] we assume that, given exactly � idle
wavelengths on link � , the time until the next call setup
on � is exponentially distributed with parameter *(
 ����� . It
then follows that the number of idle wavelengths on link �
can be modelled as the outcome of a birth-death process.
We then have
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where
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The call set up rate is a function of the routing scheme
used. We assume fixed routing in this section and the next
two sections also. This means that each node-pair has ex-
actly one pre-determined route. If an arriving call does not
find a free wavelength on this route, it is blocked and lost.
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For fixed routing the call setup rate when there are ex-
actly � idle wavelengths on link � , * 
 ����� is obtained by
combining the contributions from all the request streams
that have link � as their member. This expression was first
obtained for an all-optical network in [5].

*3
 ����� � 5 if � ��5� :
� � 
�� � ��� ��� � ����� 5
	 ��
 �����
� � ,�� 4 � ) ) ) �&� ) (4)

Typically, in a network, the blocking probabilities and
arrival rates to a link are coupled to each other by the fact
that the blocking determines the traffic carried by the net-
work and the carried traffic in turn determines the block-
ing. This leads to a set of coupled non-linear equations
which must be solved to obtain the blocking probabilities.
The usual scheme implemented in most analyses including
ours is solution by iteration.

III. THE INDEPENDENCE MODEL

In this section we present a technique for calculating
the blocking probability along a path using the link dis-
tributions. The probability that a call traversing a route	 consisting of a single link � (say) is blocked is simply
given by 
 � � 
 
���5�� (5)

which is the probability that there is no idle wavelength on
link � . In order to calculate the blocking probability for
a multi-hop path we introduce the following random vari-
able:
Let ����� 
 be the random variable denoting the state of wave-
length � on link � . Define����� 
 � 5 � if wavelength � is free on link � ,����� 
 � ,�� if wavelength � is used on link � .

From the assumption of random wavelength assignment,
we then have that the the probability that a fixed set of �
wavelengths is free on some link � is

� � � �>'�� 
 ��5 � ) ) ) ������� 
 ��5 � � 9:; %�� 
 
 ����� � ; ���� 9 � � ) (6)

Note that since the wavelengths are identical by virtue of
the assumption of random assignment, all sets of � wave-
lengths are equally likely to be free.

Denote by� ��� 
 ������� � '�� 
 ��5 ������� 
 � 5 � . . . ������� 
 � 5 � (7)

the probability that a fixed set of � wavelengths is free on
link � .

Now, the probability that a multi hop-route 	 (say)
is blocked is the probability that there is no wavelength
which is free on all the links used by 	 . We have
 � � ��� � ��� � 5 � � , + � � � ��� � 5 ��)

Let ! �� be the probability that a fixed set of � wavelengths
is free on the route 	 . Then, from the inclusion-exclusion
principle and the assumption of random wavelength as-
signment, it follows that��� � ����� 5 � � 9: � %(' � +�, � � @ '#" � �%$ ! �� )
For notational convenience we describe in detail the
method of calculation of ! �� for a two link path consist-
ing of links & and



. The method is readily generalized

for paths with higher hop-lengths. For the two link path

! �� � ��� � � �>'�� ' ��5 ��� '�� ( ��5�� � � ����� ' � 5 ������� ( �<5�� �) ) ) � ����� ' ��5 ������� ( ��5�� ��)
Using the assumption that the sets of wavelengths on links
are independent (1), we have! �� � ��� � � '�� ' ��5 ������� ' � 5 � ) ) ) ������� ' ��5 �*)��� � � '�� ( ��5 ������� ( ��5 � ) ) ) ������� ( ��5 � �
or, from (7) ! �� � � ��� ' ) � ��� ( )
The method described above immediately generalizes to
higher hop lengths. The probability that a call is blocked
on a + –hop route 	 is given by
 � � ��� � ��� ��5 � � , + ��� � ����� 5 � (8)

where ��� � ��� � 5 � � 9: �.%(' � +�, � � @ '#" � �,$ ! �� (9)

and ! �� is given by ! �� � $

 � 
��A� � ��� 
A) (10)
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A. Calculation of State Dependent Arrival Rates

The arrival rate of a request stream from route 	 to link� , given that there are � wavelengths free on link � , is
given by (4) as

* �
 ����� � 5 if m=0� � � ) ��� � ��� � 5 	 ��
 ������ � ,�� 4 � ) ) ) �&�
where

*3
 ������� :

 � 
�� � * �
 �����&)

If the route consists of a single link then the probability
term is clearly 1 for � ���5 . The term for a multi-hop path
may be calculated as follows.

� � � ��� � 5
	 ��
 ������� ;: �.%(' � +�, � � @ ' " � � $ ! �� � ��
 �����
(11)

where ! �� � � 
 �8��� is the conditional probability that a
fixed set of � wavelengths is free on the route 	 given ex-
actly � wavelengths are free on link � . It may be calcu-
lated as ! �� � ��
 � ��� � $

� � � � �#� ���% 

� ��� � � ; � �� 9 � � (12)

because

� � � � '�� 
 ��5 � ) ) ) ������� 
 ��5
	 ��
 ������� � ; ���� 9 � � )
Note that the summation in (11) runs only up to � since� is an upper bound on the number of free wavelengths
on the path.

B. Algorithm for Computation of Blocking Probabilities in
the network

As mentioned in Section II, we need to solve a set of
non-linear coupled equations to obtain the blocking prob-
abilities. Though we have not been able to prove that a
fixed point exists for this system of coupled equations (and
if it does whether it is unique), in practice the method of
solution by repeated substitution converges in a few itera-
tions for a variety of topologies. The method of repeated
substitution to solve for the blocking probabilities may be
implemented as follows:
Let

 � be the probability that a call for route 	 is blocked.

1. For all routes 	 initialize �

 � to zero. For � � ,�� ) ) ) � �

initialize * 
 ��5���� 5 and*>
 ������� �� � 
 �A� � � , � � ,�� ) ) ) � .

2. Determine the idle capacity distribution of all links
 
 (.), � � ,�� ) ) ) � � using (2) and (3).
3. Calculate

��� � � for all links, � � ,�� ) ) ) � � and � �,�� ) ) ) �&� using (6)
4. Calculate *>
 (.) , � � ,�� ) ) ) � � using (4), (11) and (12)
5. Calculate


 � for all routes using (5) if it is a single link
and (8) and (9) and (10) for a multi-hop path.
If 	�

� � 	 
 � + �


 � 	���� then terminate. Else let �

 � �
 � and go to step 2.

IV. THE CORRELATION MODEL

As will be shown in Section V the Independence model
presented in the previous section gives good results for
dense networks but overestimates the blocking probabil-
ity significantly for sparse networks like rings. This is be-
cause it does not account for load correlation introduced
by the wavelength continuity constraint between adjacent
links. That is, it assumes that sets of wavelengths on ad-
jacent links are independent, which is not a good assump-
tion when the network is sparse ([4], [6]). In sparse net-
works like rings, the number of choices for a route is small.
Hence calls tend to stay together over a longer set of links
leading to increased correlation since they use the same
wavelength on all the links.

In this section we extend the Independence model to
take this correlation into account. The tradeoff for accu-
racy however, as will be shown later, is that the complex-
ity of calculation increases. But we will see that it is still
much less than that of the model in [5].

The network and traffic assumptions made in Section
II remain the same. All the notations and variables used
in the previous section retain their original meanings. We
also assume that the parameters

� ��� 
 may be calculated as
before, using (6). The point of departure from the previous
model is that we no longer make the assumption of uncon-
ditional wavelength independence made previously while
calculating the blocking on a multi-hop path 	 . Through-
out this analysis we assume that the links on a route are
ordered and the direction of a call is fixed a priori.

To cater for link correlation we make a set of assump-
tions as described below:� A1. The state of a wavelength � on link � is independent
of the state of some other wavelength � on link � + , , given
the state of the same wavelength � on link � + , , or the state
of wavelength � on the same link � . More formally,����� 
�� � � � 
 @ ' � �� � given � � � 
 or ����� 
 @ ' )
� A2. On a given route, the state of a wavelength on a link� is independent of the state of the same wavelength on
previous or successive links of the route, given the state of
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the wavelength on link � +-, . More formally����� 
 � � ��� � � �� �
given ����� 
 @ ' )

The probability of blocking on a multi-hop route 	 is given
as before by
 � � ��� � � � ��5 � � , + ��� � � � � 5 �
and

� � � ��� � 5 � ��� � � ����� 5 � � 9: � %(' � +�, � � @ ' " � � $ ! ��
where the ! �� s retain their usual meaning.

We now depart from the technique in the previous sec-
tion in that we derive a new expression for calculating ! �� .
For clarity of exposition we first derive the expression for! �� on a two link path. We shall then extend it for higher
hop-length paths. Consider a two link path 	 (say) over
links & and



. We have! �� � ��� � � �>'�� ' ��5 ��� '�� ( ��5�� � � ����� ' ��5 ������� ( ��5�� �)�)�) � � ��� '���5 ��� ��� ( ��5�� ��)

Using the chain rule and assumption (A1) this may be sim-
plified to! �� � ��� � ����� ' ��5
	 ��� @ '�� ' ��5 ) ) ) � '�� ' � 5 ������� ( ��5 �) ) ) ��� � � '�� ' ��5
	 � '�� ( ��5 � ) � ��� ( ) (13)

The term
��� � ����� ' ��5
	 ��� @ '�� ' ��5 ) ) ) �>'�� ' ��5 ������� ( � 5 �

can be further simplified as follows. Define the following
new variables

�����	�
�� 
 @ ' � ��� � ����� 
 ��5
	 ����� 
 @ ' ��5 � (14)

and
� � ' �
�� 
 @ ' � ��� � ����� 
 ��5 	 ����� 
 @ ' � , ��) (15)

Note that the � ��
 �
�� 
 @ ' s do not depend on the wavelength in-
dex � since all wavelengths are identical. Also define

� ��� 
 � � ��� 
 if � � ,
� � ��� 
� � @ '�� 
 otherwise ) (16)

Observe that � ��� 
 is the conditional probability of wave-
length � being free given that � +�, other wavelengths are
free, i.e.,

� ��� 
 � ��� � ����� 
 ��5
	 � '�� 
 ��5 ������� 
 ��5 � ) ) ) ����� @ '�� 
 ��5 ��)

The above defined terms along with assumption (A1) and
Bayes rule allows us to write, after some manipulation:��� � ����� ' ��5
	 ��� @ '�� ' ��5 ) ) ) �>'�� ' ��5 ������� ( � 5 � ��

� �
�	�( � ' � ��� '
���
�	�( � ' � ��� ' 1 ��� ' �( � ' )/� , + � ��� ' � ) (17)

Substituting (17) in (13) yields

! �� � �$
� %('

� ���	�( � ' � � � '
���
�	�( � ' � � � ' 1 ��� ' �( � ' )/� , + � � � ' � ) � ��� ( ) (18)

A. Estimation of the Correlation Coefficients

We have introduced two new parameters � ���	�
�� 
 @ ' and
� � ' �
�� 
 @ ' which characterize the load correlation between
two adjacent links. The same correlation coefficients were
first obtained in [4] and derived again in [15]. We now pro-
pose a method to calculate these coefficients for arbitrary
topologies and under general traffic patterns.
Let � � 
 �� be the probability that a session occupying wave-
length � on link � does not continue to link � 1 , .
Let � � 
 �� be the probability that a new call arrives on wave-
length � at link � . A new call on � is one which does not
pass through link ��+-, . Then

� �
�	�
�� 
 @ ' � ��� � ��� � 
 � 5
	 ��� � 
 @ ' ��5 � � � , + � � 
 �� � (19)

and

��� ' �
�� 
 @ ' � ��� � ��� � 
 �<5 	 ��� � 
 @ ' � , � ��� � 
 @ ' �� � , + � � 
 �� �
(20)

This may be explained as follows. ���
�	�
�� 
 @ ' is the proba-
bility that wavelength � is free on link � given that it is free
on link � +0, . This is simply the probability that no new
call arrives on wavelength � on link � which by definition
is � , + � � 
 � �� � . ��� ' �
�� 
 @ ' is the probability that wavelength �
is free on link � given that it is used on � +�, . This is the
probability that wavelength � is used on � + , by a session
that does not continue to link � and that no new call arrives
on wavelength � on link � which is � � 
 @ ' �� � , + � � 
 �� � .
Hence the correlation coefficients are actually � � 
 �� and� � 
 �� which are then substituted in a suitable form to ob-
tain the final expression for ! �� .� � 
 �� may be calculated as

� � 
 �� � �� � � � � 1 , ����
 (21)

where
���
 � 9:; %(' *>
 ����� ) 
 
 ����� (22)
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is the average arrival rate of traffic to link � , and

�� � ��� � ��� :
��� ��������� � 9:; %(' * �
 ����� ) 
 
 ����� (23)

is the rate of accepted traffic which passes through link �
but does not pass through link � .
Thus, we model � � 
 �� as the ratio of arrival rate of traffic to
link � that does not continue to link � 1 , to the total traffic
arriving at link � which is a reasonable approximation.
We calculate � � 
 �� as follows. Let � 
 be the probability
that a wavelength is busy on link � , i.e., � 
 is a measure of
wavelength utilization of link � . Then

� � 
 �� � �A
 �� � ��� ��+-, ��� 
 (24)

where � 
 is given by

� � � , + ��� � �>'�� 
 ��5 � � , + � '�� 
 ) (25)

Hence � � 
 �� is the probability that the wavelength is in use
on link j and the session using it is one that arrives without
passing through link ��+-, , i.e., a new session.
Substituting for � ���	�
�� 
 @ ' and � � ' �
�� 
 @ ' from (19) and (20), the
expression for ! �� may be written as

! �� � �$
� %('

� � � '
� � � ' 1!� � ' �� � , + � � � ' � � ��� ( ) (26)

Observe that if we put � � ' �� =1 (negligible two-link traffic),! �� reduces to the expression obtained in the Independence
model presented in the previous section which is correct.
Again, if � � ' �� 	 5 , (negligible single link traffic) the ex-
pression reduces to

� ��� ( , which is also correct. Hence we
expect the Correlation Model to perform well under dif-
ferent patterns of traffic, an observation confirmed in Sec-
tion V. Also observe that the final expression for ! �� after

substituting for � ���	�
�� 
 @ ' and � � ' �
�� 
 @ ' is independent of � � 
 �� !
This comes about because we make the assumption that
the probability that a new call arrives on wavelength � on
link � is independent of the state of the wavelength on link��+-, , that is, � � 
 �� is independent of � � 
 �� .

The expression for blocking probability can now be eas-
ily generalized to higher hop paths. For symbolic conve-
nience, let the links on the path be numbered ,�� 4 � ) ) ) ��+ .
Only the expression for ! �� needs to be modified. This is
done as follows. We make use of assumption (A2) to di-
vide the path into two link subsections and proceed as be-
fore for each two link subsection to obtain the probability

of blocking on a multi-hop path as��� � ��� ��5 � � , + ��� � ��� � 5 � (27)

and ��� � � � � 5 � � 9: �.%(' � +�, � � @ ' " � � $ ! �� (28)

where

! �� � 

@ '$


 %('
�$
� %('

����
 �
� ��
 � 1!� � 
 �� ) � , + � ��
 � � � ��� 
 ) (29)

B. Calculation of State Dependent Arrival Rates

Recall from Section II, that in order to calculate state
dependent arrival rates, we need to calculate the probabil-
ities��� � ����� 5 	 ��
 ����� � ;:� %(' � +�, � � @ ' " � � $ ! �� � ��
 �����

(30)
where ! �� � � 
 �8��� is the conditional probability that a
set of � wavelengths is free on the route 	 given exactly �
wavelengths are free on link � . We calculate this by split-
ting the path into three independent subsections, the path
consisting of links before � , link � , and the path consisting
of links after � .
Then, ! �� � ��
 ����� is modified to

! �� � ��
 � ��� � 

@ '$

� %('� �% 

�$
� %('

� ��
 �
����
 � 1 � � � �� � , + ����
 � � ) � ��� 
 � ; � �� 9 � �

if � �� +
� 


@ '$
� %('

�$
� %('

����
 �
����
 � 1 � � � �� � , + ����
 � � ) � ; � �� 9 � �

if � � + ) (31)

where all symbols retain their usual meaning.
Note that the summation in (30) runs only up to � be-

cause � is an upper bound on the number of free wave-
lengths on the path. The algorithm for calculating block-
ing in a network using the Correlation Model is similar to
that given in the previous section and hence we omit it. We
note that the Correlation Model is directional and may not
yield the same results if we proceed along the path in the
opposite direction. To reduce this effect, we assume that
half the traffic on a route is offered in one direction and
half in the other. We then calculate the blocking probabil-
ities for the path in each direction and take the average of
the two blocking probabilities.
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V. RESULTS AND NUMERICAL COMPUTATION

In this section we analyse the complexity of the tech-
niques presented in this work and also examine their accu-
racy by applying them to various topologies under differ-
ent traffic patterns.

A. Complexity

One of the main aims of this paper was to propose ana-
lytical models with reduced complexity to enable the study
of large networks. We now study the complexity of the var-
ious techniques presented in this paper and also compare
them against those presented in [5].

The computational requirements of the Independence
model are � � � � � � for calculation of the

�
s (6) and � � � �

for calculation of path blocking. Note that the complex-
ity of calculation is independent of hop length. More-
over, the � � � � � � for calculation of

�
can be reduced to

� � � � � by parallel computation. The computational re-
quirements for the Correlation model are the same as those
of the Independence Model for the calculation of

�
s and

� � 4 + � ��1 � � � � for path blocking calculations since
we are computing blocking for a path in both directions.
Though no longer independent of hop length, the complex-
ity requirements are still considerably less than those of [5]
and [6].

The complexity of computation of route blocking for
the technique presented in [5] is � � � 
 � for fixed routing,
which limits its applicability to small dense networks. We
highlight this computational advantage by presenting re-
sults of time taken for computation for two networks, the
6-node ring and the 21-node ARPA-2 network, in Table I.
All computations were done on a Sun Ultra SPARC sys-
tem running at 150 MHz and the load was chosen through
simulations such that the average network blocking proba-
bility was 5 ) ,�� . The maximum hop-length was limited to
3 in the 6-node ring, and 4 for the ARPA-2 network. As
can be seen from the results, the Independence and Corre-
lation Models are far superior to that of [5] in terms of time
complexity. Although, not explicitly evident, the Indepen-
dence model gives exactly the same results as the model in
[5]. This is because both models make the same assump-
tions, and calculate the number of free wavelengths cor-
rectly, albeit in different ways, under these assumptions.

B. Numerical Results

We now present results of both our techniques for a va-
riety of topologies and compare them against simulations
to study their accuracy.

For fixed routing, 4 topologies were chosen, a 6-node
ring, a 12-node ring, a 13-node Mesh network (Figure 1),

Birman’s Indepe- Corr-
Network Model -ndence -elation

(secs) (secs) (secs)

Ring, � ��� 3.89 0.06 0.18

Ring, � � ,�� 69.72 0.29 0.84

ARPA-2, � ��� 263.02 0.29 3.46

ARPA-2, � � ,�� 2.02 � , 5
	 1.73 6.52

TABLE I
TIME COMPLEXITY OF THE THREE MODELS FOR THE

ARPA-2 AND 6–NODE RING NETWORK. ALL TIMES ARE IN

SECONDS, AND � REFERS TO THE CAPACITY OF EACH LINK.

and the 21-node ARPA-2 network (Figure 2). The ring
networks were chosen to study the efficacy of our meth-
ods when applied to sparse networks, and the Mesh and
ARPA-2 were chosen as examples of two arbitrary topolo-
gies. Calculations are shown for 32 wavelengths. The
maximum hop length was restricted to 3 for the 6-node
ring, 6 for the 12-node ring, and 5 for the 13-node Mesh
and the 21-node ARPA-2 network. The number of routes
considered are 18 in the 6-node ring, 72 in the 12-node
ring, 73 in the Mesh network, and 76 routes in the ARPA-
2 network. The accuracy of our models were studied un-
der three different traffic patterns. They can be compactly
written by the equation

� 
 � 
 
 @ ' ) � ' (32)

where
� � is the traffic on a � -hop path. Three values of 


were chosen:� 
 � , ) 5 : Uniform Traffic,� 
 � 5 )�
 : Traffic dominated by smaller hop routes (low
correlation), and� 
 � , )�
 : Traffic dominated by larger hop routes (signif-
icant correlation).

For simulations, 4,00,000 calls were taken in each batch
and 20 batches were run for each load. The data points
reported are the midpoints of the 95% confidence intervals.
When using the iterative algorithm for analysis, iterations
were stopped when blocking estimates in successive steps
differed by less than � � , 5 @

�
.

We now discuss our results for each traffic pattern and
network. Due to lack of space, we show results of the
uniform traffic pattern only for the mesh, ARPA-2 and 12-
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node ring with 32 wavelengths, and results of the non -
uniform patterns ( 
 � 5 )�
 , and 
 � , )�
 ) only for the 12-
node ring and the ARPA-2 Networks for 32 wavelengths.
However, results for other networks and wavelengths un-
der these traffic patterns are similar and the observations
we make are valid for them also.

For the ARPA-2 network (Figure 3) as well as for the
13-node Mesh network (Figure 6) we observe that the
Independence Model gives reasonable estimates for the
blocking probability under uniform traffic ( 
 � , ) 5 ) since
the networks are well connected. The estimates obviously
improve when the multi-link traffic is less ( 
 � 5 )�
 ) as
shown for the ARPA-2 network in Figure 4 because of re-
duced correlation. However, when correlation increases
( 
 � , )�
 ), the results of the Independence model degrade
for the ARPA-2 network (Figure 5) indicating that the ap-
proximation that sets of wavelengths on adjacent links are
independent is no longer a good one. The Correlation
Model is seen to give fairly good results for both these
topologies under all traffic conditions as can be expected
from the original formulation.

Results of the 12-node ring network accentuate this dif-
ference in the Correlation and the Independence models
in handling wavelength correlation. The Independence
model overestimates the blocking for the 12-node ring
(Figure 7).The results improve only marginally for the 12-
node ring under non-uniform traffic with reduced corre-
lation ( 
 � 5 )�
 ) (Figure 8) and the estimates are off by
more than two orders of magnitude when the correlation
increases ( 
 � , )�
 ) (Figure 9) confirming results of previ-
ous researchers that sparse networks introduce significant
wavelength correlation. The accuracy of the Correlation
Model in handling this correlation is confirmed by appli-
cation to such networks. Under all traffic patterns for both
the ring networks it is seen to give reasonable estimates .
We hence conclude that the Independence Model gives
fair estimates for topologies which are well connected and
have traffic patterns that result in low to medium correla-
tion, while the Correlation Model may be used on a wide
variety of networks even when connectivity is sparse and
traffic patterns induce large correlation.

VI. FIXED ALTERNATE AND LEAST LOADED

ROUTING

We have extended the Independence Model to analyse
the Fixed Alternate and Least Loaded Routing schemes.
However, we do not present the theory here due to lack of
space but instead show two plots for these schemes. In Fig-
ure 10 we have plotted the results for the 6-node ring with
16 wavelengths and Fixed Alternate Routing for a reserva-

tion parameter1 of � � 5 and observe that the results are
reasonably accurate for analytical purposes. In Figure 11
we have plotted results for a 4-node fully connected net-
work with 16 wavelengths and Least Loaded Routing for
a reservation parameter of � � 4 . Again it is seen that
the results are fairly accurate. We are still researching the
problem of estimating the correlation coefficients for the
Correlation Model under these schemes and hence do not
show any plots for it.

The computation requirements for Fixed Alternate
Routing are � � � 	�� � � 1 � � � �"	�� � where � is the to-
tal number of node pairs and 	 is the average number of
routes for each node pair. This assumes that computations
are done using the Independence Model. The computation
requirements for Least Loaded Routing are similar to those
of [5] because only two hops were considered, although
our analysis can clearly be extended to larger number of
hops without worsening the complexity.

VII. CONCLUSIONS

We have proposed two analytical techniques of low
complexity, the Independence Model and the Correlation
Model, for the study of wavelength routed networks with
arbitrary topology and traffic patterns. Through computa-
tions we have shown that the Independence Model gives
good estimates when the network is well connected while
the Correlation Model is accurate for both sparse and well
connected networks under fixed routing. We have also
shown, by analysing their complexity and through numer-
ical computation, that these techniques have low compu-
tational requirements and are suitable for analysis of large
networks. The Independence Model in particular, has a
complexity which is independent of hop-length. Also, it
gives the same estimates as the model in [5], without suf-
fering from the exponential computation bottleneck. The
Correlation Model also has low computational cost, but
is however not insensitive to the direction in which we
proceed along a route when we compute the blocking
probability and may lead to incorrect results under highly
skewed traffic patterns. We have also extended the In-
dependence Model to study Fixed Alternate Routing and
Least Loaded Routing and found it to give reasonable re-
sults, though more experiments are required to thoroughly
analyse its efficacy.

A possible bottleneck in our techniques is that of round-
off errors. In the inclusion-exclusion equation (9), the
combinatorial term becomes extremely huge for large ca-
pacities ( � ��� wavelengths) and when multiplied by the

�
A reservation parameter of � signifies that a route must have at least

����� free wavelengths if it is to be used as an alternate route for a call.
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probability term can introduce significant round-off errors
if the blocking probabilities are small ( � , 5 @

�
). This re-

sults in blocking probabilities that are negative or greater
than 1. Hence we feel that caution must be used when us-
ing this technique for analysing networks with very large
capacities at very low blocking probabilities. However
current networks have a capacity of around 30-40 wave-
lengths and we feel that our techniques are adequate for
analysing them. A possible heuristic for skirting the er-
rors is to set the offending probabilities to zero since they
would be extremely small in the first place to have caused
such errors. This may result in the iterative procedure fail-
ing to converge and can be avoided by reducing the margin
of error. We have applied this technique with some success
and show the results for the ARPA-2 network in Figure 12
with 64 wavelengths and fixed routing. The iterations were
stopped when the blocking estimates in successive steps
differed by less than , 5 @ 	 . As can be seen from Figure 12,
the results are reasonably accurate.

Several extensions to our work are possible. An im-
mediate possibility is to extend our technique to include
limited-wavelength conversion. Further, techniques are
required which can give accurate estimates for networks
with first fit wavelength assignment when the number of
wavelengths is large. This is especially important, since
for large capacities, the first fit would yield much better
throughput at low blocking than random wavelength as-
signment. Another possible direction is to develop more
accurate heuristics, or even better, correct expressions for
wavelength correlation between adjacent links which is in-
sensitive to the direction in which we trace a route while
calculating blocking probabilities.
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Fig. 1. A 13-node 18-link mesh network

Fig. 2. The 21-node 26-link ARPA-2 network
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Fig. 3. Plot showing average blocking probability of the ARPA-
2 network for C=32 and uniform traffic
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Fig. 4. Plot showing average blocking probability of the ARPA-
2 network for C=32 and nonuniform traffic ( ������� � )
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Fig. 5. Plot showing average blocking probability of the ARPA-
2 network for C=32 and nonuniform traffic ( ���	�
� � )
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Fig. 6. Plot showing average blocking probability of the 13–
node mesh network for �	����
 and uniform traffic
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Fig. 7. Plot showing average blocking probability of the 12-
node ring network for � � �

 and uniform traffic
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Fig. 8. Plot showing average blocking probability of the 12-
node ring network for � � ��
 and nonuniform traffic ( � �
��� � )
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Fig. 9. Plot showing average blocking probability of the 12-
node ring network for � � ��
 and nonuniform traffic ( � �
�
� � )
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Fig. 10. Plot showing average blocking probability of the 6-
node ring network for � �	� �

, and Fixed Alternate Routing
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Fig. 11. Plot showing average blocking probability of a 4-node
fully connected network for � � � �

, uniform traffic and
Least Loaded Routing ( ��� 
 )

260 280 300 320 340 360 380 400 420 440 460
10

−4

10
−3

10
−2

10
−1

Total Load in Erlangs

A
ve

ra
ge

 B
lo

ck
in

g 
P

ro
ba

bi
lit

y

Blocking in the 21 Node ARPA−2 Network

q=1.0

C=64

Correlation Model
Simulation       

Fig. 12. Blocking in the ARPA-2 network with C=64 and uni-
form traffic


