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Abstract

With the explosive growth of the Internet, QoS provisioning becomes increasingly important
in all-optical wavelength routing network. In this paper, we consider connection loss probability
as QoS metrics and propose a wavelength allocation method to provide multiple QoS classes in
terms of the connection loss probability. With our method, wavelengths are classified into two
types of sets, dedicated wavelength sets and shared wavelength set, and connections are established
using idle wavelengths within either set at each node. The performance of our proposed method
depends on the capability of wavelength conversion and we also consider how the method is applied
to a wavelength routing network with limited-range wavelength conversion capability. To evaluate
the performance of our method at node in the network, we model the system with our method
as a two-stage queueing system and calculate the connection loss probability of each class with
equivalent random method (EQRM). Moreover, we evaluate the performance of the method for
ring and mesh-torus networks by simulation. Numerical example show that the shared wavelength
allocation method is effective regardless of network topology and network scalability.

Index Terms: All-optical wavelength routing network, QoS provisioning, limited-range wave-
length conversion, two-stage queueing model.

I. INTRODUCTION

Wavelength division multiplexing (WDM) can readily support ultra-high-speed data transmis-
sion with many hundreds of gigabits per second (Gbps) on a single optical fiber. However, opto-
electronic-optic (O/E/O) conversion is bottleneck. To resolve the bottleneck, all-optical wavelength
routing network have been studied and developed [1]. In all-optical wavelength routing network,
connections are established using wavelengths between end nodes and data are transmitted with
connections (2], [3], [4], [5], [6], [7].

With the explosive growth of the Internet, a number of users utilize a variety of applications in
all-optical wavelength routing network and hence QoS provisioning becomes increasingly important.
In [8], the signal degradations due to the length of established connection has been considered and
connections are established by wavelengths which can provide sufficient QoS. In [9], the routing
problem has been studied in terms of multiple QoS metrics such as bandwidth and delay and it has
been shown that the problem is NP-complete.

In [3] and [10], the general approach for service-specific routing and wavelength allocation has
been proposed. With the approach, connection is established according to twofold metrics, i.e.,
QoS metrics (service requirements) and resource metrics (quality constraints). As for QoS metrics,
transmission quality, restoration, network management, and policies have been considered and those
QoS can be guaranteed. However, to the best of our knowledge, QoS provisioning for connection
loss probability in all-optical wavelength routing network have not been considered.
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In this paper, we focus on the connection loss probability as QoS metrics and propose a shared
wavelength allocation method to provide multiple QoS classes in terms of the connection loss
probability.

In the shared wavelength allocation method, wavelengths consists of multiple dedicated wave-
length sets and a shared wavelength set. Each QoS class can utilize wavelengths within its dedicated
wavelength set. To provide multiple QoS classes for the connection loss probability, wavelengths
are classified into dedicated wavelength sets such that the dedicated wavelength set of high pri-
ority class includes more wavelengths than that of low priority class. When a connection request
arrives at node, one of available wavelengths in the dedicated wavelength set for its priority class
is allocated to the connection. If there are no available wavelengths in the dedicated wavelength
set, one of wavelengths in the shared wavelength set is allocated to the connection. Since shared
wavelengths are utilized by all classes, it is expected that the shared wavelengths decrease the total
connection loss probability.

Since a connection may utilize dedicated and shared wavelengths along its route, wavelength
conversion between those wavelengths is required at intermediate nodes. As a result, the wavelength
conversion capability of each node affects the performance of the proposed method. The wavelength
conversion is classified into two categories: full-range wavelength conversion and limited-range
wavelength conversion [1], [11], [12], [13], [14]. Full-range wavelength conversion can convert any
input wavelength to any output wavelength and hence our proposed method is applicable. However,
it is difficult to provide the full-range wavelength conversion under the current technology [11].

The popular conversion technique is limited-range wavelength conversion which can convert input
wavelength to the wavelength among a limited number of wavelengths. With limited-range wave-
length conversion, our proposed method is not directly applicable due to the restriction of wave-
length conversion capability. In this paper, we also consider how to apply the shared wavelength
allocation method to the all-optical wavelength routing network with limited-range wavelength con-
version capability. To be more precise, wavelengths are classified into multiple wavelength subsets
in advance, and then the shared wavelength allocation method is applied to each subset.

To evaluate the performance of our proposed method, we investigate connection loss probability
of each QoS class using approximation analysis and simulation. In the approximation analysis, we
model the proposed method at node in wavelength routing network as a two-stage queueing model
which has multiple primary stations and single secondary station. Using equivalent random method
(EQRM), the connection loss probability of each QoS class is calculated. We also investigate the
performance of the method for ring and mesh-torus networks by simulation. In numerical examples,
we show how the shared wavelength allocation method affects the connection loss probability in
the wavelength routing network with limited-range wavelength conversion.

The rest of the paper is organized as follows. Section II explains the shared wavelength allocation
method and how to apply the proposed method to the node with limited-range wavelength conver-
sion. In Section III, to investigate the performance of the shared wavelength allocation method, we
present our analytical model at node in wavelength routing network and evaluate the connection
loss probability with EQRM. Numerical examples are shown in Section IV and conclusions are
presented in Section V.
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Fig. 1. Shared wavelength allocation method.

II. SHARED WAVELENGTH ALLOCATION METHOD FOR LIMITED-RANGE WAVELENGTH
CONVERSION

A. Shared Wavelength Allocation Method

In this section, we explain the shared wavelength allocation method. First, we consider an
all-optical wavelength routing network where each node has a full-range wavelength conversion
capability and W wavelengths are multiplexed into an optical fiber. M QoS classes in terms
of connection loss probability are provided and each QoS class requires different acceptable loss
probability. M QoS classes are numbered from 1 to M and class ¢ has high priority over class j
when ¢ < j. That is, connections of class 1 have the highest priority and require the smallest loss
probability. For simplicity, we call a connection of class i i-connection.

In the shared wavelength allocation method, W wavelengths are classified into two wavelength
sets: one is the dedicated wavelength set D(®) which includes W (9 wavelengths and the other is the
shared wavelength set D(*) which includes W) wavelengths (see Fig. 1). Here W@ + W) = 1y
In the following, we call wavelengths in the dedicated wavelength set dedicated wavelengths and
wavelengths in the shared wavelength set shared wavelengths.

The dedicated wavelength set D(4) is further classified into M dedicated wavelength subsets D)
(1t = 1,2,---, M) and i-connection can use dedicated wavelengths in the subset D® . There are
W@ wavelengths in the dedicated wavelength subset D) and we assume that W) satisfies

W(M)<...<W(i)<...<W(1)7 (1)

and
M
S wh =w @, (2)
=1

Inequalities of (1) imply that higher priority class can use more wavelengths and may have smaller
connection loss probability.

On the other hand, shared wavelengths in D) are utilized by any i-connection when there is
no idle dedicated wavelength in D). At each node in wavelength routing network, wavelength for
i-connection is chosen according to the following procedure.

Procedure I:

step 1: If there is at lease one idle wavelength in D@, an idle wavelength in D) is chosen to

establish ¢-connection.



D(conv)
e
Wavelength conversion: Wavelengths
AT IR AEE]
W1 X W§n+1 Wn+\:v(3) / Ww
W2 We Ww-1
Wnax(1,n+Wb) Wmin(Wh+1-6)

Fig. 2. Relation of W) W(conv) and 4.

step 2: If there is no available wavelength in D and there is at least one idle wavelength in
D®) | an idle shared wavelength in D) is chosen to establish i-connection.

step 3: If there is no available wavelength in both D® and D), j-connection is lost.
i-connection is eventually established only when all intermediate nodes allocate wavelengths for the
i-connection.

As we mentioned in the Introduction, the shared wavelength allocation method depends on
wavelength conversion capability. In the next subsection, we develop our proposed method for the
all-optical wavelength routing network with limited-range wavelength conversion.

B. Shared Wavelength Allocation under Limited-range Wavelength Conversion

As for limited-range wavelength conversion, a four wavelength mixing (FWM) converter has been
considered because it does not depend on the modulation format and the bit rate [15]. In this paper,
we also consider FWM limited-range wavelength conversion. According to [1] and [11], we assume
that the range of FWM limited-range wavelength conversion for wavelength w; (1 < i < W)
is from Wax(1,i—0) 10 Wmin(i+9,w) where 6 is a non-negative integer and called threshold in the
following. Note that the FWM wavelength conversions with # = 0 and W — 1 are corresponding to
no wavelength conversion and full-range wavelength conversion, respectively.

Since FWM wavelength conversion is restricted to threshold 6, whether any wavelength in D) is
converted to shared wavelength in D) or not depends on how to choose wavelengths for the shared
wavelength set D®). To understand the relation of W, W) and 6, we first consider the case where
the whole wavelength set {wy,---,wy} consists of one dedicated wavelength set and one shared
wavelength set. In the following, we assume that the shared wavelength set D) contains successive
wavelengths wy1,wn 12, -+, and w,,, (s for some n (see Fig. 2). From the constraint of wavelength
conversion due to 6, the minimum index number of the wavelength which can be converted to any
wavelength in D) is max{1,n + W) — #} and the maximum one is min{W,n + 1 + #}. That is,
any wavelength in the set

(conv) _
D = 1 Wmax{1,n+W -0} Wmax{2n+ W) —0+1}> » Wn-1, y W W (s) )

Wmin{W —1,n+0}> wmin{W,n—i—l—‘,—@}} )
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can be converted to any wavelength in D). If D(co) ig a subset of {wy, -+, ww}, the minimum
and maximum indices are given by n -+ W —gand n+1+6, respectively. In this case, the number
of wavelengths in D) is equal to

2(0 +1) — W) = pyleonv), (3)

Note that (") decreases as W(®) increases.

When W < W(nv) " any wavelength in {wy,- -+, ww} can be converted to a shared wavelength
in D) and this is equivalent to the full-range wavelength conversion. Therefore it is easy to apply
the shared wavelength allocation method to this case.

If W > W) there are some wavelengths which cannot be converted to shared wavelength
in D®) due to the restriction of # and we cannot directly apply the shared wavelength conversion.
Now consider the classification of the whole wavelength set into subsets such that we can apply the
shared wavelength conversion. Suppose that the whole wavelength set is classified into IV subsets
(D1, -+, Dpn). We introduce the following notations.

W, : The number of wavelengths in D,, (1 <n < N).

DS ). The dedicated wavelength set of class i (1 <i < M) in D,,.
qui) : The number of wavelengths in Dq(f ).
Dq({g) : The shared wavelength set in D,,.

WT(LS) : The number of wavelengths in Dﬁf).

Note that
N M ‘
Swa=w, Y wWO+w=w, 1<n<N\,
n=1 i=1
N . .
SSwh=w®  1<i<M,
n=1
and

N
ST Wl =w
n=1

For simplicity, we assume that for all m and n (m # n),
(W, — W,| < 1. (4)

That is, the number of wavelengths in D,, is almost the same as others. We also assume that for
all m and n (m # n),
Wi - Wi <1 (5)

From the inequality (4) ((5)), W, (Wi¥) is given by [W/NT (W) /NT) or [W/N| (W) /N])
where [z] (|x]) is the ceil (floor) function of z. From (3), each wavelength in D, is converted to
any wavelength in Dq({g) if W,, and Wés) satisfy

W, <20+1)—W®), 1<n<N. (6)
Since W,, > [W/N| and W) > |[W() /N |, we obtain

{%J + WV()J < 2(0 +1). (7)
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Fig. 3. Application to limited-wavelength conversion.

Note that in general, || <z < |z] + 1, and hence

lz] >z —1.
Applying this inequality to (7) yields
W we
— —-2<2(0+1
and finally we obtain
W+ we)
N>———. 9
Z 20+2) )
Therefore, given W, W) and 6, N is determined by
W+ W)
N=|——— 1. 10
{2@+2)J+ (10)

To apply the shared wavelength allocation method, each subset D, is further classified into Dﬁf )
(1<i<M)and DY) (see Fig. 3).

A newly arriving i-connection selects D,, according to subset selection strategy. In this paper,
we consider random strategy and first-fit one. In the random strategy, D, is selected randomly
with probability 1/N. The first-fit strategy selects the wavelength subset with the smallest index
number such that the subset has idle wavelengths for the connection. Note that first-fit strategy
gives smaller loss probability than random one. Since the wavelength allocation procedure depends
on the subset selection strategy, we propose the following two procedures.

Procedure II-A (Random strategy):

step 1: A wavelength subset D,, is selected among N subsets according to random strategy to

establish ¢-connection.

step 2: If there is at least one idle wavelength in D,(f ) )

step 3: If there is no available wavelength in Dﬁf ) and there is at least one idle shared wavelength

in fo), an idle shared wavelength in Dﬁf) is chosen.

, an idle wavelength in D,(f is chosen.

step 4: If there is no available wavelength in both fo ) and fo), i-connection is lost.



Procedure II-B (First-fit strategy):

step 1: n=1.

step 2: If there is at least one idle wavelength in Dg ), an idle wavelength in Dg ) is chosen.

step 3: If there is no available wavelength in Dq(f ) and there is at least one idle shared wavelength
in Dr(f), an idle shared wavelength in Dq({g)

step 4: If n < N and there is no available wavelength in both D,(f ) and Dq({g), then n — n+1 and

go to step 2.

is chosen.

step 5: If n = N and there is no available wavelength in both D%) and D](\?), i-connection is lost.

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the shared wavelength allocation method at node
in all-optical wavelength routing network with limited-range wavelength conversion. The following
assumptions are made for our analysis.

1. The number of wavelengths at each link is W.

2. QoS parameter is connection loss probability.

3. The number of QoS classes is M and class ¢ has priority over class j (i < j).

4. Connections of class ¢ arrive at node according to a Poisson process with parameter 2@ and

total arrival rate at node is A = 3", A(),

5. Connection holding time of class i is exponentially distributed with rate (9.

6. No queueing for arriving connection is permitted, that is, the connection is lost immediately

after the connection establishment fails.

7. All nodes in the network have FWM limited-range wavelength converter.

8. The threshold for FWM wavelength conversion is 6.

9. W wavelengths are classified into N subsets where N is determined by (10).

10. Random strategy is used to select a wavelength subset D,, among N subsets.

Now we consider the wavelength subset D,,. The D,, consists of D,(f )’s, the dedicated wavelength
sets for i-connections (1 < ¢ < M), and Dr(f), the shared wavelength set. A shared wavelength in

Dﬁf) is allocated to newly arriving i-connection when there are no available wavelengths in Dﬁf ),
We model this as a two-stage queueing system illustrated in Fig. 4.

The two-stage queueing system has M primary service stations and one secondary service station.
(4)
n

the number of servers of ith primary station is Wé" which is the number of dedicated wavelengths

The ith primary station is corresponding to Dy,’, the dedicated wavelength set of i-connection, and

in Dg ). Note that all primary stations have no waiting rooms and hence these are loss systems.
On the other hand, the secondary station corresponds to the shared wavelength set Dﬁf)
WT(LS) servers. In the following, Dg ) implies the ith primary station and DS) the secondary station.
We assume that i-connection arrives at the node according to a Poisson process with rate A(Y). Due
to the random strategy, arriving i-connection chooses the wavelength subset D,, with probability

quz) = 1/N. Hence i-connections arrive at D,, according to a Poisson process with rate )\%) =

and has

PT(li))\(i). The connection holding time of i-connection is exponentially distributed with rate u(®).

An i-connection arrives at the primary station DS ) and enters one of idle servers in DS ) if those

exist. After completion of holding time of the i-connection, the connection leaves the system. If
there are no idle servers in Dﬁf ), the i-connection becomes overflow and it goes to the secondary

2

station Dﬁf). If there are also no idle servers in Dy, ’, the i-connection is lost.
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Fig. 4. Two-stage queueing model for D,,.

In general, a two-stage queueing model with Poisson input, exponential service and one primary
station is analyzable and we can recursively calculate the probability that an arriving connection is
eventually lost. First we summarize the recursive calculation of the loss probability for the two-stage
queueing model with one primary station [16]. The readers are referred to [16] for details.

We assume the followings. The system has one primary station and one secondary station. The
numbers of servers in primary and secondary stations are ¢ and [, respectively. The customer arrives
at the primary station according to a Poisson process with rate A. The service time of servers in
both primary and secondary stations is exponentially distributed with rate u.

Let B, denote the blocking probability at the primary station with the number of servers in the
primary station equal to c¢. Then B, is calculated by the following recursion as a function of ¢ [16]

aB.

By =——7-— =0,1,2,--- 11
c+1 CLBC+C+1’ (& y Ly 4y ) ( )

where a is the offered load at the primary station and given by a = A/ u.
Let m,. denote the offered load to the secondary station. Then m, is given by

m. = aBg, (13)
and from (11), we obtain
Moy = MM 0 1.9.... (14)
c+1 mc—l—c—i—l’ y Ly 4y )

where mg = a.

We define P; as the proportion of time that there are j overflowed customers in the secondary
system. We also define 7; as the proportion of overflowed arrivals who find j overflowed customers
in the secondary system. The loss probability of overflowed customers at secondary station is given
by

Ml
= 15
iy’ . ( )
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Note that if I = oo, that is, the secondary station has infinite servers, the distribution {P;} has
mean m, and variance
ch{l—mc—km}mc. (16)

If there are M primary stations, the loss probability of the overflowed customers at the secondary
station cannot be calculated using (15). Hence we use the EQRM to calculate the loss probability
[16], [17]. The EQRM provides the approximation of the loss probability in this case.

In the EQRM, the two-stage queueing model with multiple primary stations is identified with the
two-stage one with an equivalent single primary station in the sense that a secondary station with
infinite servers has the same mean and variance of the number of customers in the secondary station
for this single primary station as it had for the original collection of multiple primary stations.

Let m; and V; (1 < i < M) denote the mean and variance of the number of customers in the
secondary station generated by ¢th primary station, and m and V be the corresponding quantities
generated by the collection of M primary stations. Then we obtain

M M
m:Zmi, V:ZW. (17)
i=1 i=1

The equivalent primary station is expressed with (¢, a) such that m and V in (17) are equal to m,
n (14) and V. in (16), respectively. Once (c,a) is determined, the loss probability at the secondary
station is approximated by (15).

Now we apply the EQRM to our case. Our goal is to calculate the probability that an arriving
i- connectlon at node is eventually lost. First, we focus on the two-stage queueing system in D,,.

Let B( 7) denote the blocking probability at the dedicated wavelength set D() with k£ dedi-

()
cated wavelengths. Since Dﬁl) has WT(L) dedicated wavelengths, BI(/I?(’;)) is required and this can be
calculated recursively with (11) and (12) where the offered load a is given by

(=al). (18)

(4) .
Let m,gD" ) denote the offered load to the shared wavelength set Dﬁf) generated from Dq(f )

(@)
calculate m(D(’;)) from (14) with al in (18).

. We can

We define V), Di) denote the variance of the number of used wavelengths in the shared wavelength

set Dﬁf) given that DS) has inﬁnite wavelengths and that DS ) has k dedicated wavelengths for i-

)

connection. Then, from (16), V( (z) is calculated by

ay) (D)

wi

(DY)
Wi

V(D(Z)): 1-m +

19
(D“>>+W(>Jrl O {19)

Let (WP, ab) denote the equivalent single primary station. We find (WP, a?) numerically such
that

Loy
i=1 "
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Fig. 5. One-hop network.

o~ (D)
wazl) = \%4 @ s (21)

where my» and Vi are calculated by (14) and (16), respectively.
Once (Wﬁ ,aP) is obtained, the probability that an arriving connection is eventually lost is given
by
m (s)
PéDn) _ Wi W, ' (22)

mwyll)

The loss probability of i-connection at D, is given by

(i)
Dy, wi) o (Dn
P = P, (23)
(%)
where m(D( '/ myyr is the proportion that the overflowed connection to the shared wavelength set

in D, is class 1. Finally, the loss probability of i-connection at node level is given by
Z POP. (24)

IV. NUMERICAL EXAMPLES

In this section,we show some numerical examples for the shared wavelength allocation method
under limited-range wavelength conversion. Three network topologies are considered: (i) one-hop
network, (ii) ring network and (iii) mesh-torus network. The performance metric is connection
loss probability. In the case of one-hop network, the connection loss probability is calculated by
the EQRM and compared with simulation result. In the cases of ring and mesh-torus networks,
the connection loss probability is calculated by simulation. In our simulation, we assume that the
followings in addition to the assumptions in Section III.

1. The number of nodes in the network is L.

2. Point-to-point traffic is assumed.

3. The pair of source and destination nodes of arriving connection is distributed uniformly, i.e.,

each pair is selected with the same probability.

A. One-hop Network

In this subsection, we consider one hop network with L = 2 as shown in Fig. 5.

We assume that the number of QoS classes M is equal to three and that (M) = x® = 1) = 1.0.
We consider random strategy and connections are established according to Procedure 1I-A.

Fig. 6 shows how the shared wavelength allocation method provides multiple QoS classes in
terms of connection loss probability. In this figure, we set W = 32, AD = 2\@ =)\B) 9=09, and
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Fig. 6. QoS provisioning with shared wavelength allocation method for one-hop network: L = 2, W =
32,0 =9, andW®) = 8.

W) = 8. From (10), we classify W wavelengths into N = 2 wavelength subsets and wavelengths
are classified into two wavelength subsets D; and D as follows.

( )

In Fig. 6, linear curves and dots denote the results of the approximation analysis with EQRM and
simulation, respectively. From this figure, we observe that these two results are almost the same
regardless of the increase of total arrival rate and that the EQRM provides good approximation in
this case.

We also see that connection loss probability of each class increases as the total arrival rate
becomes large. With our proposed method, however, the loss probability of the highest priority
class 1 is lower than others even when the total arrival rate is large. At the same time, the loss
probability of the lowest priority class 3 is still higher than others. As we expected, the shared
wavelength allocation method can provide different connection loss probability for each QoS class.

Fig. 7 shows the connection loss probability versus the number of shared wavelengths W (). Here
we set W = 60 and 6 = 60. In this case, we can change W) from 0 to 60 keeping N = 1. We also
assume that (W(l), W@ we), W(S)) = (ngv(s), Wﬁgv(s), Wﬁgv(s) , W(S)). This keeps the following
relation

1 2 3 s
WO W@ w® e
W2(1), W2(2), W2(3)’ WQ(S)

7,4, 1, 4
7,4, 1, 4

w® . w® . wh —3.92.1,

In terms of connection arrival rate of each class, we set A(!) = X2 = A\G) = 14.0.

In Fig. 7, linear curves represent the results of the EQRM approximation and dots represent
simulation results. In addition to the loss probability of each class, the total loss probability of
connections regardless of QoS classes is plotted.

When the number of shared wavelengths W) is small, the connection loss probability of the
highest priority class 1 is quite small while the connection loss probabilities of classes 2 and 3

(25)
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Fig. 7. Impact of shared wavelengths for one-hop network: L = 2, W = 60, and 6 = 60.

are high. As W) increases, the connection loss probability of class 1 becomes large and those
of classes 2 and 3 become small. In addition, large W) decreases the whole connection loss
probability. When W) increases, however, the loss probabilities of all classes become the same
and the shared wavelength allocation method can not provide multiple QoS classes in terms of loss
probability.

It is known that a development of FWM wavelength conversion technology or a new wavelength
conversion technology is required to increase 6 and resulting cost is quite expensive. Therefore we
have to decide the optimal number of shared wavelengths W) considering the QoS requirement of
each class, the wavelength conversion capability, and the resulting cost.

The approximation of the EQRM provides the significant information to determine the value of
W),

B. Ring Network

In this subsection, we investigate the performance of the shared wavelength allocation method
for ring network by simulation. As stated in [4], ring topology provides the worst performance
among the topologies which have the same numbers of nodes and wavelengths. Here, we consider
a unidirectional ring network as shown in Fig. 8.

In this subsection, we assume that M = 3 and p() = ) = ;43 = 1.0. To select a wavelength
subset, we use first-fit strategy.

Fig. 9 shows how total connection arrival rate affects connection loss probability of each QoS
class. In this figure, we set L = 10, W = 32, # = 9, and W) = 8. According to (10), N = 2 and
wavelengths are classified as follows;

1 2 3 s
< Wlﬁl} Wl;} {3} o ; )Z < o 4) : (26)
W2 P 2 W2 9 W2 67 47 27 4

We also assume that \(D) = \(2) = \3),



13

Ty
i l

1
z 01
3
S oot}
g o
A
b
= 0.001}
g ' Full-range conversion——
c 0.0001r 2 Limited-range conversion--+-
Q 5
O Class1 - -
Class 2 ~o~
le-05¢ Class 3 —=~ 1

20 30 40 50 60 70 80 90 100 110
Tota arrival rate
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We also consider the loss probabilities under the following two cases; (a) full-range wavelength
converters are used, and (b) FWM limited-range wavelength converters are used but our method
is not applied. In both cases, QoS classes are not taken into consideration and the loss probability
of connections under single class is calculated by simulation. Connection arrival rate in these two
network is the same as the total arrival rate A.

From Fig. 9, we observe that our proposed method can also provide different connection loss
probability for each QoS class in the ring network. The connection loss probability of the case
(b) is always larger than that of the case (a). The shared wavelength allocation method can
provide smaller loss probability for the highest class 1 and provide better quality of service for loss
probability than full-range wavelength conversion.

On the other hand, the connection loss probabilities of classes 2 and 3 are larger than that in the
case of FWM limited-range wavelength conversion. This is due to the small numbers of dedicated
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Fig. 10. Connection loss probability vs. the number of wavelengths for ring network: L = 10 and 6§ = 4.

wavelengths of both classes.

When the total arrival rate is small, the loss probability in the case of full-range wavelength
conversion is close to that of class 1. As the total arrival rate increases, the loss probability in the
case of full-range wavelength conversion is close to that of class 2. Hence our proposed method is
more effective in heavy traffic condition.

Next we investigate the impact of the number of total wavelengths on our proposed method.
Fig. 10 shows how the number of wavelengths affects the connection loss probability of each class.
In this figure, we set L = 10, § = 4, and A(D=X®) = X\®) = 100/3.

The number of wavelengths W increases with increments of eight wavelengths. When W = 8k
(k=1,2,---), we set W) = 2k and W,, wavelengths are classified as follows;

WA, WD, W W) = (3.2,1,2), 1<n<k

From Fig. 10, we observe that the connection loss probability of each QoS class decreases as the
number of wavelengths becomes large. The loss probability of class 1 decreases as well as that
in the case of full-range wavelength conversion while the loss probabilities of classes 2 and 3 less
decrease than that of class 1.

Even if 4 is fixed due to the constraint of wavelength conversion technology or cost, our method
can provide multiple QoS classes in terms of connection loss probability and lower loss probability
can be achieved by increasing the number of wavelengths.

C. Mesh-torus Network

Finally, we consider an n x n mesh-torus network [10], [4] as shown in Fig. 11. The number of
nodes in this network is L = n x n and those nodes are connected with bidirectional links. Three
QoS classes are provided with the shared wavelength allocation method. We also set p(!) = p2) =

3 =1.0
1 .0.
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Fig. 12. Connection loss probability vs. total arrival rate for mesh-torus network: L =25, W =32, 6 =9,
and W) = 8.

As is the case with [4], connections are established between source and destination nodes using
the deterministic routing algorithm as follows. We define D, and D, as the shortest distance in the
number of links from source node to destination node along the x and y axes, respectively. When
D, > D,, we choose a link on the x axis as the next one to get close to the destination node. When
D, < D,, alink on the y axis is chosen. We repeat this procedure until D, and D, become zero.

We also consider the two cases of full-range wavelength conversion and FWM limited-range
wavelength conversion where our proposed method is not applied. Moreover first-fit strategy is
used to select a wavelength subset and the performance of our method is evaluated by simulation.

Fig. 12 shows the connection loss probability versus the total connection arrival rate. We set
W =32 n=>5,ie, L=25and § =9. When W) =8, we apply our proposed method as shown
in (26). In terms of connection arrival rates, A(!) = A(2) = \(3).
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From Fig. 12, we find that the shared wavelength allocation method can also provide multiple
QoS classes for connection loss probability in the mesh-torus network. We further observe that the
loss probability of each class in the mesh-torus network shows the same tendency as that in the
ring network. Hence our proposed method is effective despite of network topology.

Fig. 13 shows how the number of nodes in mesh-torus network affects the connection loss prob-
ability of each class. In this figure, we set W = 32, §# = 9 and W) = 8. Our method is applied as
shown in (26). Moreover we assume that A1) = A\(2) = X() = 400.

In this figure, multiple QoS classes are always provided in terms of the connection loss probability.
Hence our method is applicable for a large mesh-torus network under the limited-range wavelength
conversion. In addition, the class 1 connection achieves the lowest loss probability even when the
number of nodes are large.

From Figs. 12 and 13, we conclude that our proposed method is quite efficient even when the
network has large number of nodes and is highly congested.

V. CONCLUSION

In this paper, we have proposed the shared wavelength allocation method to provide multiple QoS
classes in terms of connection loss probability. Because our method is affected by the wavelength
conversion capability, we have considered how the method is applied under the limited-range wave-
length conversion. We have modeled the system with our method as a two-stage queueing system
and calculated the connection loss probability of each class with the equivalent random method
(EQRM). Then we have evaluated the performance of the method under three network topology;
one-hop, ring, and mesh-torus networks.

From numerical examples, we have found that our method can provide multiple QoS classes in
terms of the loss probability. Moreover our method is efficient for the scalability of network under
the restriction of wavelength conversion capability.



(16]
(17]

17

REFERENCES

J. Yates, J. Lacey, D. Everitt, and M. Summerfield, “Limited-Range Wavelength Translation in All-Optical
Networks,” in Proc. IEEE INFOCOM’96, Mar. 1996, pp. 954-961.

R. A. Barry and P. A. Humblet, “Models of Blocking Probability in All-Optical Networks with and without
Wavelength Changers,” IEEE J. Select. Areas Commun., vol. 14, no. 5, pp. 858-867, June. 1996.

A. Jukan and H. R. van As, “Service-Specific Resource Allocation in WDM Networks with Quality Constraints,”
IEEFE J. Select. Areas Commun., vol. 18, no. 10, pp. 2051-2061, Oct. 2000.

M. Kovacevi¢ and A. Acampora, “Benefits of Wavelength Translation in All-Optical Clear-Channel Networks,”
IEEE J. Select. Areas Commun., vol. 14, no. 5, pp. 868-880, June 1996.

M. Ma and M. Hamdi, “Providing Deterministic Quality-of-Service Guarantees on WDM Optical Networks,”
IEEFE J. Select. Areas Commun., vol. 18, no. 10, pp. 2072-2083, Oct. 2000.

S. Ramesh, G. N. Rouskas, and H. G. Perros, “Computing Blocking Probabilities in Multiclass Wavelength-
Routing Networks with Multicast Calls,” IEEE J. Select. Areas Commun., vol. 20, no. 1, pp. 89-96, Jan. 2002.
S. Subramaniam, M. Azizoglu, and A. K. Somani, “All-Optical Networks with Sparse Wavelength Conversion,”
IEEE/ACM Trans. Networking., vol. 4, no. 4, pp. 544-557, Aug. 1996.

K. C. Lee and V. O. K. Li, “Routing for All-Optical Networks Using Wavelengths Outside Erbium-doped Fiber
Amplifier Bandwidth,” in Proc. INFOCOM’9/, vol. 2, 1994, pp. 1235-1241.

Z. Wang and J. Crowcroft, “QoS-routing for Supporting Multimedia Applications,” IEEE J. Select. Areas Com-
mun., vol. 14, no. 7, pp. 1228-1234, Sep. 1996.

A. Jukan, QoS-based Wavelength Routing in Multi-Service WDM Networks. New York: Springer , 2000.

H. Harai, M. Murata, and H. Miyahara, “Performance Analysis of Wavelength Assignment Policies in All-
Optical Networks with Limited-Range Wavelength Conversion,” IEEE J. Select. Areas Commun., vol. 16, no. 7,
pp. 1051-1060, Sep. 1998.

O. Gerstel, S. Kutten, R. Ramaswami, and G. Sasaki, “Worst-case analysis of dynamic wavelength allocation in
optical networks,” IEEE/ACM Trans. Networking, vol. 7, no. 6, pp. 8333-8456, Dec. 1999.

R. Ramaswami and G. Sasaki, “Multiwavelength optical networks with limited wavelength conversion,”
IEEE/ACM Trans. Networking, vol. 6, no. 6, pp. 744-754, Dec. 1998.

V. Sharma and E. A. Varvarigos, “Limited Wavelength Translation in All-Optical WDM Mesh Networks,” in
Proc. IEEE INFOCOM’98, Mar. 1998, pp. 893-901.

R. Ramaswami, and K. N. Sivarajan, Optical Networks: A Practical Perspective. San Francisco: Morgan Kauf-
mann Publishers, 1998.

R. W. Wolff, Stochastic Modeling and the Theory of Queues. New Jersey: Prentice Hall, 1989.

R. I. Wilkinson, “Theories for Toll Traffic Engineering in the U. S. A.;” Bell Sys. Tech. J., pp. 421-514, Mar. 1956.



