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SUMMARY In this paper, we investigate the blocking char-
acteristics of all-optical WDM (Wavelength-Division Multiplex-
ing) networks under distributed wavelength assignment policies.
For assigning wavelengths in a distributed manner, we consider
two algorithms: random and locally-most-used algorithm. For
a random wavelength assignment policy, we develop new block-
ing models of unidirectional /bidirectional ring networks based on
the M/M/c/c queueing models under uniform/nonuniform traffic
conditions. These models are shown to be more accurate than the
previous blocking models since our approach considers the large
traffic correlation among links in ring networks. We also analyze
the blocking performance of the locally-most-used algorithm by
comparing with that of the globally-most-used algorithm in fixed
routing networks. We show that our analysis models match well
with the simulation results in ring and mesh networks. Through
the comparison with the previous centralized/distributed algo-
rithms, it is demonstrated that the distributed locally-most-used
algorithm is computationally efficient with good blocking perfor-
mance.

key words: Wavelength-division multiplezing (WDM) network,
wavelength assignment, distributed algorithm, blocking perfor-
mance.

1. Introduction

All-optical WDM (Wavelength-Division Multiplexing)
networking has emerged as a promising technology for
future broadband networks. All-optical transmission
enables data to be transferred from a source to a des-
tination without opto-electric/electro-optic conversion,
which overcomes network bottlenecks while simplifies
network management. An optical fiber in WDM net-
works can accommodate multiple channels, each of
which operates at a different wavelength and at a high
speed of the order of gigabit per second.

In WDM networks, a call request is accommodated
by a direct optical path (called a lightpath) established
between two communicating nodes. A lightpath may
span along several nodes which have optical switches
[3][4] with a capability of wavelength routing. If each
node does not have a wavelength conversion capabil-
ity, establishing a lightpath may require a wavelength
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which is commonly idle at all links on its routing path.
This requirement is known as a wavelength continu-
ity constraint. There have been considerable researches
on the blocking performance of all-optical WDM net-
works with/without a wavelength conversion capability
[5][6][7]. Usually, a network with a wavelength conver-
sion capability shows a lower call blocking rate than
that without it.

To decrease the call blocking probability, it is very
important to determine how to route a lightpath on a
physical network and how to assign a wavelength. This
is typically known as routing and wavelength assign-
ment (RWA). As the number of wavelengths available
at a link increases, the utilization of a wavelength may
be improved by efficient RWA. The RWA problem in
WDM networks has also been extensively studied [1][8]-
[14] by relying on linear programming or heuristic al-
gorithms.

The RWA algorithms are operated in either a cen-
tralized or a distributed manner depending on whether
or not there exists a supervisory node responsible for
maintaining and controlling the global network. For
example, the most-used (MU) algorithm [1] assumes
a centralized control because a supervisory node finds
out a wavelength being used the most in the network
for setting up a lightpath. In general, a centralized al-
gorithm needs a larger control traffic overhead because
a supervisory node must always maintain the state in-
formation of whole networks. It also accompanies large
computational complexity to obtain an optimal solution
in controlling a global network. On the other hand, a
distributed algorithm exploits less amount of network
information, but is sub-optimal compared to a central-
ized algorithm. Most of the previous works have fo-
cused on a centralized RWA algorithm and its blocking
performance without considering the inherent compu-
tational overhead.

In this paper, we investigate the performance char-
acteristics of the distributed wavelength assignment
(DWA) algorithms. We assume a circuit-switched net-
work where any source-destination pair can be con-
nected by a single-hop lightpath on a fixed routing path.
As DWA algorithms, we consider a random assignment
algorithm and a locally-most-used (LMU) algorithm in
WDM networks without a wavelength conversion ca-
pability. In the LMU algorithm, a wavelength is as-



signed that is being used the most on the links which
are connected to the routing node where a call request
is routed.

As a major contribution, we investigate the block-
ing performance of the DWA algorithms by deriving
blocking models under fixed routing in ring and mesh
networks. In particular, under the random wavelength
assignment policy, we present new blocking models of
ring networks based on uniform/nonuniform M/M/c/c
traffic models [2] which take into account the large traf-
fic correlation among links. We also analyze the block-
ing performance of the LMU algorithm by comparing
with that of the globally-most-used algorithm [1] in
fixed routing networks. By simulation, we compare
the two DWA algorithms with the previous central-
ized/distributed wavelength assignment algorithms in
terms of blocking performance. The comparison shows
that the analytical results closely match the simulation
results.

This paper is organized as follows. We present the
definitions for the DWA algorithms in section 2 and an-
alyze the blocking performance in section 3. In section
4, we provide the numerical results on the blocking per-
formance of various centralized/distributed wavelength
assignment algorithms obtained through simulation us-
ing a uniform M /M /c/c traffic model. Finally, we con-
clude this paper in section 5 .

2. Distributed Wavelength Assignment Algo-
rithms

In this section, we describe the distributed wavelength
assignment (DWA) policies for WDM networks. For
DWA, we consider two kinds of algorithms: the ran-
dom algorithm and the locally-most-used (LMU) algo-
rithm. In the random algorithm, each node can select a
wavelength randomly among available wavelengths and
assigns it to a lightpath originating from the node. This
algorithm has an effect of distributing the traffic load
uniformly to all wavelengths, so that each wavelength
exhibits nearly the same utilization.

The LMU algorithm assigns a wavelength to a
lightpath which is being used the most at a local area.
Given a routing path from a source node to a desti-
nation node, the local area refers to a subnet which
consists of the nodes on the routing path and the fiber
links connected to the nodes. The LMU algorithm has
an effect of packing available wavelengths to increase
the efficiency. Since each node on a routing path main-
tains the information of whether the wavelength is busy
at the fiber links connected to it, the most-used wave-
length at a local area can be determined in a distributed
manner unlike the centralized MU algorithm[1], where
a supervisory node communicates frequently with the
other nodes to maintain and control the global network.

To characterize the LMU algorithm, we define
some terminology.
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Notations:
e N : Number of nodes in a network.
o {w;|1 <i < W}: Set of all wavelengths in a network.
e [ : Set of wavelengths which are commonly idle on
a routing path before wavelength assignment. That is,
wavelength w; is idle on the routing path for all 7 € I.
e U, : Number of fiber links in a network.
e U; : Number of fiber links at a local area.
e p;; ¢ Utilization of a wavelength w; at a local area.
® hg 4 : Physical hop distance of the routing path from
a source node s to a destination node d.

Assume that w,, is a locally-most-used wavelength
at a local area consisting of ¥; fiber links for m € I.
Then, it is obvious that

pim =max {py;|i €I} (1)

Considering the fact that a wavelength w; is commonly
idle on a routing path for all i € I, w,, is also the
most-used wavelength on (¥; — hg 4) fiber links.

Before we develop the blocking models in section 3,
we discuss the complexity of the amount of information
needed by the LMU algorithm, which is usually far less
than the centralized algorithm. In order to see that, we
compare the average value of ¥y, i.e., ¥;, with a value
of ¥,, where ¥; is computed as follows:

¥ = [(hsa+1)-2A] — 2-hy g (2)

= 2(A—1)-heq + 2A

where Bs,d denotes the average physical hop distance
and A denotes an in-degree and an out-degree of a node.
In general, ﬁs,d depends on a virtual topology as well
as a physical topology in a network. Particularly in
a bidirectional VN x v/N two-dimensional mesh-torus

network, hs 4 is given as follows [15]:

. LN
hoa= 2 L] ®

In this case, by Egs. (2)-(3),
¥, = O(VN). (4)
On the other hand, it is straightforward that

N -2A
U, = 5

= NA. (5)

Since our algorithm operates by referring to O(v/N)
fiber links, it requires a lot smaller control traffic over-
head and computational complexity than those of the
centralized wavelength assignment algorithms.

As an example, Fig. 1 is a bidirectional 5 x 5 two-
dimensional mesh-torus network. In this example, a
lightpath is to be set up by assigning a wavelength along
the marked nodes from source node 7 to destination
node 14. The thick fiber lines in Fig. 1 denote the fiber
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Fig. 1 Example of a local area around a routing path in a 5
X 5 bidirectional mesh-torus network.

links belonging to the local area. Since N =25, A =4,
and h = 2.5, it is obvious that ¥, =100 and U, = 23.
The algorithm looks for a wavelength w,,, which is used
the most on thick fiber links among {w; | ¢ € I'} in Fig.
1 and assigns it to the lightpath.

3. Analysis of Blocking Performance

In this section, we present the analytical blocking
performance of the random and the LMU algorithm.
We first apply the random algorithm to unidirec-
tional and bidirectional ring networks under the uni-
form /nonuniform M /M/c/c queueing models. By in-
vestigating the large traffic correlation among links in
detail in ring networks, we obtain accurate analytical
results. Then we analyze the blocking performance of
the LMU algorithm by comparing with that of the MU
algorithm [1] under a fixed routing policy. In this anal-
ysis, we consider a mesh as well as a ring network.

A. Random Wavelength Assignment Algorithm

We present the call blocking performance of uni-
directional /bidirectional ring networks under a random
wavelength assignment policy by using the M/M/c/c
queueing model. The M /M /c/c model represents a loss
system with a limited number of ¢ service channels. For
this model, we denote the arrival rate and the service
rate at anode k (1 £ k £ N) as A and py, respectively.
We call the arrival rate uniform if A is the same at all
nodes; otherwise we call it non-uniform. In ring net-
works, the state of one link is heavily correlated to that
of another because of very weak connectivity. We in-
vestigate this correlation existing among links in detail,

obtaining an accurate blocking model.

We first consider a unidirectional ring network with
a total number of available wavelengths, W. Nodes are
numbered from 1 to N. Let Pbs7 ’id denote a probability
that a wavelength w; is already used on at least one link
in its routing path from a node s to a node d. Given a
call request from the node s to node d, the call blocking
probability P, 4 ig given as follows:

w
d ,d
prt =1 r (6)
=1

For mathematical convenience, we assume d > s. Defin-
ing Agi, s <k <d—1, as an event that a wavelength
w; is idle on a link from a node & to k£ + 1, then by the
conditional probability theory,

1— P;f = Pr(A,;) - Pr(Agi1i | Asi) (7)
o Pr(Agoni | Asyis Astryir o Ad—2,i)-

In this equation, Pr(A4, ;) = 1— p where p is the average
utilization of a wavelength in the network. We also de-
fine By ; as an event that there exists a lightpath with
a wavelength w; originating from a node k. Then, it is
straightforward that

Pr(A;| Asi, Ast1,, 5 Ag—1,4) =
1 —Pr(By,; | As,iy Ast1,is 5 Ar—1,i)- (8)

The average number of lightpaths originating from a
node k is approximated to A/ under the assump-
tion that the blocking probability is much less than 1
as in circuit-switching networks. Similarly, the average
number of lightpaths on a link not originating from a
node k is Wp(_y) where p(_y) is equal to p times the
ratio of 3~ (Aj/j) to Zjvzl (Aj/pj). Since a node k
selects a wavelength among W (1 — p(_y)) wavelengths
to set up a lightpath accommodating the call request,

Ak 1

Pr(B iAsiaAs i:"'aA— 1,:_7_9
(Br,ilAs,i» Ast, k—1,i) i =7 9)
By Egs. (7)-(9),
d—1
B Ak 1
prl=1-(1-p) [1——7_ (10)
b k:Hm i W (1 = p—ry)

To describe the call blocking probability for any s and
d, we use the following definition.

Definition: R(s,d) is the index set of intermedi-
ate nodes on the routing path from a node s to d. For
example, R(1,5) denotes {2,3,4} and R(5,3) denotes
{6,7,---,N,1,2}.

Then, by Egs. (6) and (10),
w

pri=(1-11-p] ] [1—ﬁ ! . (11)

reR(sd)r  PE W= p-w)

3



Averaging P,f’d for all s and d (# s), we can get the
average blocking probability,

_ Ei\lzl Zd;és Pb&d
~ N(N-1)

As a special case, under the uniform traffic condition,
A = Xxand pp, = pfor 1 £ kK £ N. Then by def-
inition, the cardinality of R(s,d), (|R(s,d)|), is equal
to hs,q — 1. Thus, Eqs. (11) and (12) are reduced as
follows, respectively:

Py

(12)

Py(hs,q) =
hea—1\W

N—-1 — A 1 ’
a1 (““‘f’][ - S > )

—— (13)

N—-1
L Py(hs,

p, = Zle=l b d). (14)

N-1

Next, for a bidirectional ring network, we assume
that a lightpath is routed along the shorter path be-
tween a clockwise and a counterclockwise path. To
formulate the routing path, we use the following def-
initions.

Definitions: Ry(s,d) is the index set of intermedi-
ate nodes on the counterclockwise path from a node s
to d. Similarly, Ra(s,d) is that on the clockwise path.
For example, R;(3,7) denotes {4,5,6} and R»(3,7) de-
notes {8,9,---,N,1,2}.

The cardinality of R(s,d) is then given as follows:
|R(s,d)| = min{|Ry(s,d)|, | Rz(s, d)]}, (15)

from which it is obvious that 0 < |R(s,d)| £ [(N —
2)/2|. Assuming that a call request at a node k is uni-
formly serviced along either a clockwise or a counter-
clockwise path, the average number of lightpaths orig-
inating from a node k along each directional path is
approximated to Ag/2ug. The call blocking probability
thus is given as follows:

s,d _
Pt =

1-[1-p Y,

kER(s,d)

[ M V,V<16)

]- A 1rr/1 - N
2uk W (1= p(—r))

and the average blocking probability can be computed
in a similar manner as in Eq. (12) under the non-
uniform M /M /¢/c queueing model. Under the uniform
traffic condition, Egs. (13) and (14) are reduced as
follows, respectively:

Py(hs,q) =

. A
1-[1-p] l—ﬂm (17)
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[N—2]/2

n -1 Q-Pb(hs,d) +Pb(N/2)

2.4 NI , N even number
P, = (18)

)

) , N odd number.

B. Distributed LMU Algorithm

In this part, we analyze the blocking performance
of the LMU algorithm by comparing with that of the
MU algorithm under a fixed routing policy. We first
assume that wavelength usage on one optical fiber is
statistically independent of that on another and that a
routing path is predetermined regardless of wavelength
utilization. We define X, ; to be the number of fiber
links with a busy wavelength w; in a global network.
Similarly, we define X; ; to be the number of fiber links
with a busy wavelength w; at a local area. Assuming
that v is the number of wavelengths commonly idle on
a routing path, the probability distribution function of
Xi,m is given as follows for a locally-most-used wave-
length wy,:

Px, .. (n) = Pr(X;m;m <n) —Pr(X;,;, <n—1) (19)

= ﬁ PI‘(X[)Z' < n) - ﬁ Pr(Xl,i <n— ]-)

i=1 =1

= [fm)]" =[f(n=D]

E;‘:o< ‘I;l )p]’(l—p)“’l—% n20 o

0, n < 0.

f(n) =

Then, the average of X; ;,, Xl,m, is given as

0, W, —1
Xim = Zon - Px,,. (n) =9, - [f(¥)]"~ ZO [f(n)]".(21)

The average utilization p; ,, of a wavelength w,, at a
local area with ¥, fiber links is thus given as follows:

>ono [f()]"
7, '

Xl,m

Plym = T, (f(2)]" —

(22)
Since, by assumption, a local area is determined regard-
less of wavelength utilization, p; ., can be approximated
to the average utilization of a wavelength w,, in the
network. The average of X ,, is thus obtained from ¥,
and pym:

Wi—lieo
Sy 2 T, ([f(%)]” - W) @)

However, a locally-most-used wavelength at the local
area is not always equal to a globally-most-used wave-
length when there exists X, ; which is larger than Xg,m
for some i (# m). The conditional probability that a
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locally-most-used wavelength is not equal to a globally-
most-used wavelength for some v is then given as fol-
lows:

Pr(Jisuchthati #mand X,; > X, |V =0v) (24)
=1-Pr(X,; <X, foralli(m)|V=no)

S v—1
Xg,m

=1-12 ( ‘I}g )pf'(l—p)“’g‘j

Jj=0

where V is a random variable denoting the number of
wavelengths commonly idle on a routing path. Since
the probability that a wavelength is commonly idle on
consecutive hs 4 fiber links is (1 — p)ftd,

Pr(V = v) = Py(v) = < v ) P(L=p)Vr (25)

where

p=(1-p). (26)

Consequently, the probability that a locally-most-used
wavelength is not equal to a globally-most-used wave-
length is given as Py where

Pi=Pr(Fi,i#mand X,; > X, ) (27)
w

= Pr(3i,i#mand X, ; > X |V =v) - Py(v).
v=2

To obtain the analytical blocking performance of the
LMU algorithm, we relate PLMYU with PMU as a func-
tion of P; where PEMU and PMY are the blocking
probabilities of the LMU and the MU algorithm, re-
spectively. That is,

PN = YT f(Pa) (28)

where f(P;) is defined as a weighting function.

In case P; = 0, which means that the wavelength
selected by the LMU algorithm is always equal to the
wavelength selected by the MU algorithm, it is obvious
that PbLMU is the same as PbMU, ie.,

PPMY = PMU . f(Py=0) = P (29)
Thus,
f(Pa=0)=1. (30)

In case P; = 1, the wavelength selected by the
LMU algorithm is no longer the same as the globally-
most-used wavelength selected by the MU algorithm.
Though the locally-most-used wavelength has been se-
lected to have a packing effect of wavelength usage at
a local area, it may not have a global packing effect.
Hence, from the aspect of a global network, a locally-
most-used wavelength can be assumed to be close to
a randomly-selected-wavelength when P; = 1. In that
case, PbLMU can be approximated to PbR, ie.,

MY = pMY . f(Py=1) = B (31)

and

R
f(Pa=1) = pf]@U. (32)

Unfortunately, however, it is difficult to conjecture
how f(P,) appears except for the values of P; =0 and
1. In this paper, we assume that f(P;) could be ap-
proximated to a monotonously increasing or decreasing
function of P;. We show in the next section that this
approximation is quite valid by comparing with the sim-
ulation results. So, instead of getting the exact form of
f(Py), we simplify f(Py) to a linear function of Py us-
ing the end-point values obtained from (30) and (32) as
follows:

f(Py) =1 —Py)+ PE/PMY - P, (33)

As a result, the blocking probability of the LMU algo-
rithm is obtained as in the following equation:

PFMY — (1 - p;)- PMY + P, . PE. (34)
4. Simulation and Performance Comparison

In this section, we compare the blocking performance of
various centralized/distributed wavelength assignment
algorithms. We also verify the accuracy of the analytic
models developed in the previous section by comparing
with simulation results. Throughout the simulation, we
use a uniform M/M/c/c queueing model, where calls
are generated at each node according to the Poisson
process with the same rate A\. Each call arrival at a
node is independent of another call, and the call dura-
tion is exponentially distributed with mean % When a
call request arrives at a node, it is destined to the other
nodes with an equal probability. More than 106 calls
are generated and statistics are gathered after the net-
work has reached the steady state. The traffic load per
wavelength per fiber link is given in Erlang as follows:

A N hy
- A (35)
w U, W

In Fig. 2 and 3, we consider the blocking model

of the random wavelength assignment in unidirec-
tional/bidirectional networks. We compare our block-
ing model with the blocking model presented in [5] and
the Lee’s blocking model [17], [18]. The results show
that our model is the most accurate among them. Since
the Lee’s model ignores the large link correlation in
ring networks, it results in a higher blocking probabil-
ity compared to the simulation results. The blocking
model in [5] considers the link correlation, but is less
accurate than our models because it assumes that a link
has the same wavelength utilization as another regard-
less of link connectivity. It is noted that the difference
between the simulation results and the analytical re-
sults becomes larger as the number of wavelengths in-
creases. This is because the models are represented
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by the average utilization of a wavelength raised to
the power of the number of wavelengths. With such
blocking models, it is actually very difficult to estimate
the blocking performance correctly when the number
of wavelengths is large because the blocking probabil-
ity becomes very sensitive to the variation of average
utilization of a wavelength.

Next, we compare the LMU algorithm with other
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ment algorithms versus the number of wavelengths in a 10-node
unidirectional ring network; traffic load/wavelength/optical fiber
= 0.6 [Erlang].

heuristic wavelength assignment algorithms. For the
comparison, we consider the first-fit (FF) and the MU
algorithm. In the FF algorithm, wavelengths are in-
dexed in an ascending order and a wavelength with the
lowest index among available wavelengths is chosen and
assigned [1], [9]. The least-loaded and minimum-sum
algorithms described in [16] can be reduced to the MU
algorithm in case of a single-fiber network. We evalu-
ate the blocking performance with three types of net-
works: a 10-node unidirectional ring network, a 10-node
bidirectional ring network, and a 5 x 5 bidirectional
mesh-torus network. A bidirectional link consists of
two single optical fibers, each of which directs to op-
posite directions. A unidirectional ring network rep-
resents a topology with very weak connectivity, while
a mesh-torus network represents a topology with rela-
tively strong connectivity. For a fixed routing policy [8],
we use the X-Y routing algorithm presented in [9] for a
bidirectional mesh-torus network, and use the general
shortest-path routing algorithm for a bidirectional ring
network.

Fig. 4, 5, and 6 show the analytical results and the
simulation results on the blocking probability versus the
number of wavelengths in three types of networks. We
also plot the blocking probabilities of networks with
wavelength conversion, which show the best blocking
performance. It is observed that the LMU algorithm
has better blocking performance than the random and
the first-fit wavelength assignment algorithm. It is also
observed that the algorithm has nearly the same block-
ing performance as the MU algorithm. The blocking
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performance of the LMU algorithm is conspicuously
better than the FF algorithm in a unidirectional ring
network, but is marginal in a bidirectional mesh-torus
network. Considering the fact that the LMU algorithm
simply exploits the status of wavelength usage in only
two links in a unidirectional ring network, its blocking
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ment algorithms versus traffic load in a 10-node unidirectional
ring network; number of wavelengths = 30.
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Fig. 8 Blocking probabilities of various wavelength assign-

ment algorithms versus traffic load in a 10-node bidirectional ring
network; number of wavelengths = 30.

performance is quite comparable and can be regarded
as satisfactory.

We also plot the blocking probabilities versus traf-
fic load in Fig. 7, 8, and 9. As shown in the figures, the
MU and LMU algorithms outperform the distributed
FF algorithm in a unidirectional ring network, but show
almost the same blocking performance in a bidirectional
ring and a bidirectional mesh-torus network. In Fig. 7,
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Fig. 9 Blocking probabilities of various wavelength assign-

ment algorithms versus traffic load in a 5x5 bidirectional mesh-
torus network; number of wavelengths = 30.

the blocking probabilities of the LMU algorithm are
higher than those of the MU algorithm by 5 to 12%,
while the blocking probabilities of the FF algorithm
shows about 32 to 89% increases compared to those of
the MU algorithm. In Fig. 8 and Fig. 9, the average
increase in blocking probabilities becomes smaller com-
pared to those of Fig. 7. In those figures, the average
increase of the blocking probability in the FF algorithm
is 25% and 6% each, and that of the LMU algorithm is
18% and 3%, which is greatly reduced value compared
to Fig. 7. From these numerical results, it can be seen
that the blocking performance of the distributed LMU
algorithm is better than those of the distributed ran-
dom and the FF wavelength assignment algorithm, but
is slightly worse than that of the centralized MU algo-
rithm. However, considering that the centralized MU
algorithm requires a large amount of information on a
global network to assign a wavelength, the LMU algo-
rithm is more efficient in large-size distributed WDM
networks.

We finally perform simulations to see how the
blocking probability of the LMU algorithm changes de-
pending on the length of lightpaths. We get the results
of the blocking probability versus the number of hops
for all of the mentioned algorithms in Fig. 10. The Fig-
ure shows that the blocking probability of the LMU al-
gorithm is nearly the same as that of the MU algorithm
in all the number of hops. It is consistently observed in
all topologies with the various numbers of wavelengths
and various loads.
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Fig. 10 Blocking probabilities of various wavelength assign-

ment algorithms versus the number of hops in a unidirectional
ring network; traffic load /wavelength/optical fiber = 0.6 [Erlang],
number of wavelength = 30.

5. Conclusions

In this paper, we investigate the performance of
distributed wavelength assignment algorithms in all-
optical WDM networks. We present new blocking mod-
els of the random wavelength assignment algorithm in
unidirectional /bidirectional ring networks. Our block-
ing models consider the large traffic correlation in de-
tail among links, and show more accurate results than
the previous blocking models [5], [17]. The analytical
results on the blocking performance of the LMU algo-
rithm also match well with the simulation results in ring
and mesh networks.

In addition, we show that the blocking perfor-
mance of the LMU algorithm is better than those of
the random and the FF algorithm, while it is almost
the same as that of the centralized MU algorithm. The
results indicate that the LMU algorithm can be an ef-
ficient solution for large-size WDM networks in terms
of blocking performance, control traffic overhead, and
computational complexity.
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