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a  b  s  t  r  a  c  t

The  overall  burst  loss  probability  is  the  primary  metric  of  interest  in  an  optical  burst  switching  network
with  sparse  wavelength  conversion  capabilities  (SWCC-OBS).  With  the  overall  burst  loss  probability  as
the  optimization  objective,  one  has  to  solve  an  integer  nonlinear  programming  (INLP)  problem.  In order
to  overcome  the  computational  difficulties  we  propose  a  fictitious  play  method  to  approximately  solve
the INLP.  Consequently,  a  randomized  routing  strategy  can  be  achieved.  The  simulation  results  show  that
the proposed  strategy  can  give  a  near-optimal  route  that  avoids  the  conflict  of  burst  data  effectively  and
decreases  the  overall  burst  loss  probability.  At  the same  time  it also  performs  well  in balancing  loads
throughout  the  whole  network  under  different  kinds  of  burst  traffic  pattern.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

Optical Burst Switching (OBS) has been proposed as a promising
switching technology for the next generation of optical transport
network [1]. OBS combines the advantages of optical circuit switch-
ing (OCS) and optical packet switching (OPS) scheme and avoids
some drawbacks in many aspects [2,3]. One of the most important
issues in OBS network is burst loss due to congestion caused by tran-
sient or permanent overload. As a kind of contention-resolution
mechanism, wavelength conversion can effectively alleviate out-
put port contention [4]. Recent studies have shown that even the
most limited conversion range may  reduce path blocking probabil-
ities by several orders of magnitude, compared with no wavelength
converter (WC) [5]. Moreover, OBS with full WC  can achieve
significantly lower blocking probabilities than OBS with limited
WC.  However, wavelength converters are very expensive and still
immature technically. Due to these limitations in the implementa-
tion of full range WC,  limited range WC  is a more economical and
practical solution for optical network [6]. Consequently new chal-
lenges arise for the routing strategy in the OBS network with sparse
wavelength conversion capabilities.

In recent years, many routing algorithms have been presented
to decrease the overall burst loss probability in the SWCC-OBS
network. Teng and Rouskas [7] presented a traffic engineering
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approach to select paths for source routing to balance the traffic
load across the network links. Thodime and Vokkarane [8] pro-
posed a dynamic scheme for selecting routes at the burst sources.
Belbekkouche [9] applied integral linear programming routing
algorithm to reduce the contention between bursts, and so on
[5,10,11]. Most of these routing algorithm adopt fixed or alternate
routing mechanism, which can decrease the overall burst loss prob-
ability to some extent for OBS network with uniform traffic. They
perform not very well for non-uniform traffic because most burst
data choose the same routing path.

In this work, we  propose a fictitious play method to solve the
classical INLP model, from which a random routing strategy is
derived. This paper is organized as follows. Section 2 describes
the SWCC-OBS network and introduces INLP formulation for min-
imizing the overall burst loss probability. Section 3 presents the
fictitious play method and the random routing strategy. Section
4 performs simulation comparison with other classical routing
algorithms under different traffic patterns and validates the effec-
tiveness of the strategy. Conclusion is given in Section 5.

2. SWCC-OBS network model

This section describes the SWCC-OBS network and introduces
INLP formulation for minimizing the overall burst loss probability.
Section 2.1 describes of the SWCC-OBS network; Section 2.2 intro-
duces the switches blocking probability in the SWCC-OBS network;
Section 2.3 describes INLP formulation for minimizing the overall
burst loss probability.
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Table 1
Conversion capability matrix of WC with degree d = 1.
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2.1. A SWCC-OBS network

We  use G = (V, E, R, K) to denote the graph of a SWCC-
OBS network. The set of switching nodes is represented as
V = (S1, S2, . . .,  SN), N = |V |; the set of links is represented as
E = {l1, l2, . . .,  lM}, M = |E|. Each link is with the same number
of wavelengths, let W denotes the total number of wavelengths,
and the set of wavelengths is {�1, �2, . . .,  �W }. If a link lk con-
nects an output port of switching node Si to an input port of
switching node Sj, we will refer to Si and Sj as the tail and
head, respectively, of lk. We  define R = 2d + 1 as the conversion
range of the nodes equipped with wavelength converters, where
d is an integer in [0,

⌊
W/2

⌋
] and represents the conversion

degree. For any in-progress burst arriving on ingoing wave-
length �i, 1 ≤ i ≤ W ,  it can only be converted to an outgoing
wavelength �j in the range of [�max(i−d,1), �min(i+d,W)]. In addi-
tion, for any in-progress burst arriving on �i, an aim conversion
set Ni = {�j

∣∣j = (i + l)mod(W) , l = 0, ±1, . . .,  ±d} and R = |Ni|.
Table 1 shows a WC capability matrix with the conversion degree
d = 1, where each ingoing wavelength �i in rows can be converted
to the corresponding wavelengths in columns.

Let K(0 ≤ K ≤ W)  denotes the number of WCs  in a switching
node, we assume that the core switching node be equipped with
the same number of WCs. Specially, if K = 0, it represents an OBS
network without wavelength converters; and if K = W,  it means the
network with full wavelength converters.

For OBS network with a limited number of WCs, one has to deter-
mine which core nodes to be equipped with WCs. This is usually
done in terms of the node degree. The node degree indicates the
importance extent of the corresponding node. Generally speaking,
the larger the degree is, the greater the probability of the burst data
conflict in the node. Therefore, the wavelength converters are allo-
cated with preference to core nodes with larger degree to decrease
the contentions among bursts.

2.2 The blocking probability in SWCC-OBS network

We  assume that each photonic switch is with N input/output
mono-fiber links each of which carries W wavelength channels
�1,�2,. . .,�W in OBS network. Some assumptions are made for the
traffic pattern in the switching nodes [12].

The arrival of bursts at each output port is a symmetric Poisson
process, in other words, the burst internal arrival time is exponen-
tially distributed and each burst arrives at any wavelength with the
same probability.

There are W independent burst sources denoted by
{s0, . . .,  si, . . .,  sW−1}, and each source si generates a burst flow to
wavelength �i. The internal arrival time of burst is exponentially
distributed with the mean of 1/˛, the arrival rate of a port is W × ˛.

The burst length is exponentially distributed with expectation
1/ˇ. The arriving bursts will be served in a manner of first-come-
first-served. The traffic intensity produced by each source si is ˛/ˇ,
and the traffic intensity of a port is W˛/ˇ.

According to the definitions above, when a burst arises from si
with a busy wavelength, the burst will be transmitted randomly to
one of idle wavelengths in the aim conversion set Ni; if either no

any wavelength converter is available or the wavelengths within
the aim conversion set Ni are all occupied, the incoming burst will
be dropped.

The system process at each output port can be described by a
two-dimensional Markov process and the state transition diagram
is shown in Fig. 1 [12]. The two-dimensional state (m,n) represents
that m wavelengths and n converters are occupied by the bursts,
where 0 ≤ n ≤ m ≤ W ,  and n ≤ K ≤ W .

For simplicity, we  only provide the transition rates for outgoing
streams from a given state (m,n) since any incoming stream is also
the outgoing one from other state (m′,n′). We  define Am,n, Bm,n, Cm,n,
Dm,n as transition rates from state (m,n) to other states, respectively
[12].

Am,n: The system state transform from (m,n) to (m + 1,n), for
m + 1 ≤ W.  This transition indicates that the incoming data burst
can be directly scheduled on an unoccupied wavelength without
using wavelength converter. Hence, input wavelength of the new
burst must be one of the (W − m) wavelengths that are not currently
used. Thus, the current state transition rate is Am,n = (W − m)˛.

Bm,n: The system transform from (m,n) to (m + 1,n + 1), for m +
1 ≤ W,  n + 1 ≤ K .This transition indicates that wavelength �i of
the incoming burst belongs to one of the occupied wavelengths,
and the aim conversion set Ni is not blocked completely. Conse-
quently, an idle converter with conversion degree d is assigned for
converting its input wavelength to other idle wavelength within
the same aim conversion set. Thus, the transition rate is

Bm,n =
{

m  ̨ m = 1, . . .,  R − 1(
m −

∑m
i=r(i − R + 1)ni

m

)
 ̨ m = R, . . .,  W − 1

where ni
m denotes average number of the successive occupied

wavelength arrays [13].
Cm,n: The system transform from (m,n) to (m − 1,n), for m −

1≥0, m > n.This transition indicates that a burst not using any
wavelength converter has been terminated in this destination node.
Currently there are (m − n) bursts not using wavelength converters,
therefore, the transition rate is Cm,n = (m − n)ˇ.

Dm,n: The system transform from (m,n) to (m − 1,n − 1). This
transition indicates that a burst using one converter has just been
terminated completely. As there are n bursts using wavelength
converters, the transition rate is Dm,n = nˇ.

Fig. 1. System state transition diagram of Markov process.
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Denote the stationary probability at the state of (m,n) by pm,n.
According to these transition rates above, we can derive the simul-
taneous equations as follows.⎧⎨⎩

∑
m,n

pm,n = 1

(Am,n + Bm,n + Cm,n + Dm,n)pm,n = Am−1,npm−1,n + Bm−1,n−1pm−1,n−1 + Cm+1,npm+1,n + Dm+1,n+1pm+1,n+1

(1)

Links in an OBS network can be divided into two kinds: E1 which
use the convertible core nodes as head node and E2 which use the
ordinary nodes as head node. Pb1k and Pb2k represent the blocking
probability of these two links, respectively. The blocking probability
of each link is composed of two terms below:

The blocking probability caused by having no idle output wave-
lengths at output port is Pb1k =

∑K
i=0pW,i.

The blocking probability caused by lacking limited wavelength
converters is Pb2k =

∑W−1
j=K (j/w)pj,K .

Thus, the probability of each link in OBS network is

Pk = Pb1k + Pb2k =
K∑

i=0

pW,i +
W−1∑
j=K

j

W
pj,K (2)

To extend this point further, the blocking probability of
Combining (1) and (2), we can derive the blocking probability Pk

b
as a nonlinear function with respect to the traffic intensity W˛/ˇ
of the port. For ease of presentation, we denote the function by p(·),
i.e.

Pk = p
(

W˛

ˇ

)
(3)

2.3. INLP formulation

In this work, we assume that the traffic pattern is described by a
N × N matrix � = [�ij], where � ij denotes the long-term arrival rate
of bursts originating at node Si and destined for node Sj. In practice,
� ij can be obtained by experience or prediction regarding the long-
term demands placed upon the network; while these values may
be updated over time [14]. Let 1/Uij denote the average length of
bursts traveling from switch Si to switch Sj, and {�ij} denote the
load of bursts from Si to Sj, where �ij = �ij/uij . Let xijk denote the
probability of burst traffic from node Si to node Sj that travels over
link lk, and 0 ≤ xijk ≤ 1. In this paper, we will restrict variables xijk

to take only two values, 0 or 1. In this case, the solution will yield a
single path for each source-destination pair, so it means we adopt
a fixed routing mechanism at first. Denote the load along link lk by
�k. Let Pk denotes the probability that a burst is dropped along link
lk. We  make the reasonable assumption that Pk � 1, ∀k. Then we
can formulate an optimization problem in terms of the burst loss
probability as follows [14]:

Minimize:

fobj =
∑

lk ∈ E

(
Pk ×

∑
i /=  j�ijxijk

)∑
i /=  j�ij

(4)

Subject to:

∑
lk ∈ tail(v)

xijk −
∑

lk ∈ head(v)

xijk =

⎧⎨⎩
1 v = i

−1 v = j

0 other

(5)

∑
lk ∈ tail(v)

xijk ≤ 1 (6)

∑
lk ∈ head(v)

xijk ≤ 1 (7)

Pk = p(�k) = p

⎛⎝∑
i /= j

�ijxijk

⎞⎠ (8)

where (5)–(7) represent the network flow constrains. Obviously,
the objective function (4) is a nonlinear function with respect to
xijk due to the nonlinearity of (8). In order to overcome the compu-
tational difficulties of solving the INLP, in this paper, we propose a
fictitious play method to approximately solve the problem. Conse-
quently we can achieve a randomized routing strategy.

3. Fictitious play

By investigating the INLP formulation above, we can find out
that, if we omit the constrain (7) by assigning Pk as a given value
(this can be done by predicting �k), the original INLP would become
a classical shortest path problem, which can be efficiently solved by
many algorithms such as Dijkstra algorithm. Based on this observa-
tion, we propose the fictitious play method by iteratively updating
the prediction about �k.

The superscript (u) represents the u-th iteration. The fictitious
play algorithm can be described below:

Step1: Initialize. Let u = 1, and �(1)
k
=

∑
i /=  j�ij/|E|.

Step2: Compute the blocking probability with respect to the
current prediction about the traffic load P(u)

k
= p(�(u)

k
).

Given the blocking probability P(u)
k

, solve (4) with constrains
(5)–(7) by Dijkstra algorithm. Denote the corresponding optimal
solution by x(u)

ijk
, and the optimal function value by f (u).

Step3: Check the stopping criteria by computing the changing
value of the average optimal function value. If∣∣∣∣∣
∑u

s=1f (s)

u
−

∑u−1
s=1 f (s)

u − 1

∣∣∣∣∣ ≤ ε

where ε is a predetermined threshold, then stop, otherwise con-
tinue.

Step4: update the prediction

�(u+1)
k

=
(

1 − 1
k + 1

)
�(u)

k
+

1
k + 1

∑
i /=  j

�ijx
(u)
ijk

u ← u + 1. Go to Step2.
From proposition 2.2 and proposition 2.3 [15], we  can guarantee

that the fictitious play above converges.
Next we design a random routing strategy according to the solu-

tion of the fictitious play above. Let

x̄ijk =
∑U

u=1x(u)
ijk

U
,

where U is the total iteration number. x̄ijk represents the probability
with which the route from Si to Sj pass lk.

4. Simulation result

In this section, we perform simulation to corroborate the
accuracy of the theoretical analysis results on the blocking per-
formances (using Matlab software). We  consider 16-node NSFNET
topology derived from the 14-node NSF network as shown in Fig. 2,
and assume that only two  switches have wavelength converters
and the convert degree d = 3. The number of limited capability
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Fig. 2. The topology network based on 16-node NSFNET.

wavelength converters in one switch node is K = 8, and the number
of wavelength channel is W = 16.

We assume that burst lengths are exponential distribution and
arrival processes are Poisson distribution. Three different traffic
flow patterns have been considered in our simulations: (i) Uni-
form traffic pattern: each switch generates the same traffic load,
and the traffic from a given switch is uniformly distributed to other
switches. (ii) Positive-correlation traffic pattern: the traffic load is
positively correlated with the path hop count between two arbi-
trary nodes in OBS network. (iii) Negative-correlation traffic pattern:
the amount of burst data has a negative correlation with the path
hop count between two arbitrary nodes.

At the same time, we compare three different routing algo-
rithms: (i) SP routing: bursts are routed over the shortest path (in
terms of hops) between source and destination. (ii) ILP routing:  lin-
earizing the INLP formulation (6) and restricting x(k)

ij
to take only

two possible values, 0 or 1. Then solving the ILP formulation using
MATLAB to obtain n sets of solutions about x(k)

ij
and plugging them

into BN, minimizing BN to get an approximate optimal path. (iii) Pro-
posed routing based on fictitious play: build an INLP model, and then
use fictitious play to calculate Nash equilibrium in mixed-strategy.
The Nash equilibrium solution is the final path.

As shown in Fig. 3, it indicates that comparing with SP routing
and ILP routing in NSFNET network topology with three different
traffic patterns, the proposed algorithm based on fictitious play can
obtain lower overall burst loss probability. And under the same
normalized network conditions, this advantage shows little change
with the increase of traffic load. This result is due to the fact that,
with the load increasing the blocking probability of both SP routing
and ILP routing shows non-linear growth as they use fixed rout-
ing mechanism, while the proposed algorithm adopt the random
routing mechanism to randomly distribute the load in a certain
probability. Under low loads, the blocking probability of proposed
algorithm is almost under 10−4, and is the lowest among three rout-
ing scheme. With the load increasing, shortest-path routing using
the same set of paths regardless of the actual traffic pattern makes
the big difference between links, therefore, a high link loading will
lead to high burst drop probability, regardless of the burst arrival
process. But the fictitious play algorithm can exploit the informa-
tion regarding the actual traffic, which leads actual load to maintain
relative balance.

Fig. 3(a)–(c) indicates that under three different traffic patterns
in NSFNET network topology, the performance of proposed algo-
rithm is significantly better than SP routing and ILP routing. Under
low loads, three different algorithms have a clear distinction and
the burst drop probability changes quickly. In high loads, the burst
loss probability of fictitious play algorithm is changing slowly with
the load increasing. In the whole process of load increasing, the
burst loss probability of proposed algorithm is always lower than
SP and ILP routing. Furthermore, Fig. 3(d) reflects the performance
of proposed algorithm in three different traffic patterns; it indi-
cates that the negative-correlation traffic pattern performs better

Fig. 3. The blocking probability of different algorithms. (a) Poisson arrivals, uniform
traffic pattern. (b) Poisson arrivals, positive-correlation traffic pattern. (c) Poisson
arrivals, negative-correlation traffic pattern. (d) Poisson arrivals, different traffic
patterns.
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than the other two patterns. Therefore, our algorithm is more
suitable for the amount of burst data has a negative correlation
with the path hop count between two arbitrary nodes.

The simulation results sufficiently indicate that the random
routing model based on fictitious play in SWCC-OBS network per-
forms significantly better than shortest path routing and ILP routing
in burst loss probability, at the same time, it can obtain load bal-
ancing of whole network in different traffic patterns.

5. Conclusion

We  have addressed the problem of selecting paths in prac-
tical SWCC-OBS network in order to minimize the overall burst
loss probability. By establishing the INLP optimization formula,
we propose a novel routing strategy based on fictitious play
in OBS network to achieve a set of optimal routing paths for
minimizing the burst loss probability. Our results indicate that,
comparing with fixed routing, this approach is successful in obtain-
ing paths that balance the load evenly, leading to a reduction in
the burst loss probability for different traffic patterns in NSFNET
network topology. Obviously, the randomized routing strategy
can reduce network’s blocking probabilities by several orders of
magnitude, compared with most of the fixed routing mecha-
nism.
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