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Abstract

In this paper, we consider a lightpath establishment policy for WDM networks with full-range
wavelength conversion capability. The optimal policy considered here is such that the service differ-
entiation for the connection loss probability is provided while the total connection loss probability
is small. We derive the optimal policy for the lightpath establishment based on Markov Decision
Process (MDP). In numerical examples, we show that the optimal lightpath establishment policy
can provide the service differentiation for the connection loss probability, decreasing the total con-
nection loss probability. We also show the effectiveness of the optimum lightpath establishment
policy in a uni-directional ring network.

Index Terms: Service differentiation, Markov decision process, Lightpath establishment policy,
Connection loss probability, WDM networks

I. INTRODUCTION

In wavelength routing networks, a connection called lightpath is established with wavelength
between end nodes and data is transmitted over the lightpath [10]. Because the lightpath is routed
optically from one link to another link at each node, the data transmission does not require opto-
electronic-optic (O/E/O) conversion.

In dynamic lightpath configuration, when a lightpath-establishment request arrives at a node,
an available wavelength is allocated to the lightpath. If all the wavelength allocations in the nodes
along the path succeed, the lightpath is eventually established. When there is no data transmission
in the established lightpath, the lightpath is released. If there is no available wavelength in some
node along the path, the lightpath establishment fails.

The recent increase of Internet users and the diversity of network applications have required the
service differentiation in WDM networks. In the wavelength routing networks with the dynamic
lightpath configuration, the service differentiation for the connection loss probability has been
studied [3], [4], [8], [9]. When the networks have the full-range wavelength capability, the number
of available wavelengths for each node is pre-determined so that higher priority class can utilize
more wavelengths than lower classes [3], [11]. This can simply provide the service differentiation
for the connection loss probability, however, wavelengths are not utilized efficiently due to the
static wavelength allocation, and this results in small wavelength utilization and high total loss
probability.
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In this paper, we consider a lightpath establishment policy for the wavelength routing networks
with the dynamic lightpath configuration. In order both to provide the service differentiation and
to decrease the total loss probability, we derive the optimal lightpath establishment policy using a
Markov Decision Process (MDP).

[5] studied the optimal wavelength allocation policy for a two-hop WDM network using the MDP.
In this MDP model, the number of traffic classes is limited, and a decision for the wavelength
allocation policy is made at each node only when a lightpath departs from the network.

In this paper, we further develop the model studied in [5] so that a policy decision is made at both
the arrival and departure epochs of a lightpath. In addition, multiple priority classes are provided.
In the developed model, the event of connection loss as well as the number of used wavelengths is
taken into consideration, and the reward function is defined as the sum of reward for the lightpath
establishment success and cost for the failure of lightpath establishment. With the resulting optimal
policy, we evaluate by simulation the connection loss probability for a uni-directional ring network,
and show the effectiveness of the optimal lightpath establishment policy. Moreover, we investigate
how the reward function affects the lightpath establishment.

The rest of the paper is organized as follows. Section II summarizes the static wavelength
allocation for the service differentiation of the connection loss probability. In Section 111, we present
the lightpath establishment control for the service differentiation. In Section IV, we formulate the
method as the MDP and derive the optimal lightpath establishment policy. Numerical examples
are shown in Section V and conclusions are presented in Section VI.

II. STATIC WAVELENGTH ALLOCATION FOR SERVICE DIFFERENTIATION

In this section, we summarize the static wavelength allocation for the service differentiation [3],
[11] which is considered as a conventional method in the remainder of the paper.

We consider a wavelength routing network with the capability of the full-range wavelength conver-
sion. Let W denote the number of wavelengths multiplexed into an optical fiber. In this wavelength
routing network, M classes require different acceptable loss probabilities. The M classes are num-
bered from 1 to M and the class ¢ has high priority over the class j when i < j, and the class ¢
requires smaller connection loss probability than the class j. Therefore, connections of the class 1
have the highest priority and requires the smallest loss probability.

In order to provide multiple service classes for the connection loss probability, the number of
available wavelengths for each service class is pre-determined. The number of available wavelengths
for the class i (i = 1,---, M) is W;, and W; satisfies the following.

0 Wy <--<W;<---<Wy=W. (1)

The inequalities (1) imply that higher priority class can use more wavelengths and it is expected
that the resulting connection loss probability of high priority class becomes small. Therefore, the
service differentiation is provided in terms of the connection loss probability.

III. LiGHTPATH ESTABLISHMENT CONTROL FOR SERVICE DIFFERENTIATION

In this section, we consider a lightpath establishment control for the service differentiation. Each
node has a controller for the lightpath establishment and the controller investigates the number
of established lightpaths for each class at an output link. This investigation is performed just
after either a connection arrival or a connection departure. According to the state of the link, the
controller decides which class is accepted for the next lightpath establishment. In other words, the
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controller decides an action for the next lightpath arrival among an action set, say A. The set A
includes the following actions.

o A lightpath for the class i (i = 1,---, M) can be established.

« A lightpath for the two classes i and j (i # j) can be established.

o A lightpath for the m (2 < m < M) classes i1, 2, -, iy, can be established.

o A lightpath for all the M classes can be established,
Note that, when the number of service classes is M, the number of possible actions is 2™ — 1.

Let N; denote the number of the established lightpaths for the class i (i = 1,---, M). Note that
0< N, <W and Ef\il N; < W. We define the current state of the link, s, as

8:(N17N27”'7NM7I)7 (2)

where I is given by
1, if a connection loss occurred at the last event,

I= : 3)
0, otherwise.

Let S denote the system state space. The event considered here is either a connection arrival or a
connection departure, and hence I takes 0 if the last event is a connection departure. The controller
decides an action a among the set A according to the current state s (€ S). This mapping between
state s (€ S) and action a (€ A) is denoted as a policy 7, and 7 indicates which action should be
taken in each state.

For example, suppose that some policy « is adopted. According to the policy m, any state has
the corresponding action. When a connection request for the class ¢ arrives at the node and the
output link of the node is in some state s (€ S), the controller decides whether the lightpath is
established or not according to the current action a (€ A). If the state of the link s changes to a
state s’ (€ S) according to the action a, the controller decides a new action a’ (€ A) based on the
state s’. When a connection is released, the state of the link changes to a new state s” (€ S) and
an action a” (€ A) is decided based on the state s”.

The policy 7 significantly affects the effectiveness of this lightpath establishment control. In the
next section, we develop an MDP model for a single link network and derive the optimal lightpath
establishment policy. The readers are referred to [2], [6], [7] for the detail of the MDP.

IV. OrpTiMAL POLICY BASED ON MARKOV DECISION PROCESS

We focus on a single link in the wavelength routing network and use the following assumptions.

o W wavelengths are multiplexed at the single link.

o The number of classes is three and the class i (i = 1,2, 3) has priority over the class j if i < j.

« Connections of the class ¢ arrive at the single link according to a Poisson process with rate A;.

« Connection holding time of the class i is exponentially distributed with rate p;.

e No queueing for connection request is permitted, that is, the connection is lost immediately

after the connection establishment fails.

Let s; denote the system state at time ¢. From the above assumptions, the process {s;;t > 0} is
a continuous-time Markov chain whose transitions are either the event of an arrival or a departure
of a connection.

In this section, first, we formulate this lightpath establishment problem as a continuous-time
MDP. Next, we translate the initial continuous-time MDP into an equivalent discrete-time MDP.
Finally, we derive the optimal policy for the lightpath establishment with the discrete-time MDP.



TABLE 1
STATE TRANSITION IN MDP.
Current state Event Action Next state Transition probability

8:(N17N27N3,[) a 8, :S/
Arrival of class 1 1,4,6,7 (N1 + 1, N2, N3, 0) A /v

2,3,5 (N1,N2,N3,1) )\1/1/

K<W Arrival of class 2 2,4,5,7 (N1, N2 + 1, N3,0) A2 /v
1,3,6 (N17N27N371) )\2/1/

Arrival of class 3 3,5,6,7 (N1, N2, N3 +1,0) A3/v

1,274 (N17N27N371) )\3/1/

K=W Arrival of any class | 1,2,3,4,5,6,7 (N1, N2, N3, 1) Aatt /v
Ni >0 Departure of class 1 | 1,2,3,4,5,6,7 | (N1 — 1, N2, N3, 0) /v
Nz >0 Departure of class 2 | 1,2,3,4,5,6,7 | (N1, N2 — 1, N3,0) w2 /v
N3 >0 Departure of class 3 | 1,2,3,4,5,6,7 | (N1, N2, N3 — 1,0) us/v

A. Problem Formulation

The MDP consists of an action space, a state space, a state-transition structure, and a reward
structure [1], [12], and we explain those in the following.

Action space: Let A denote the action set, and an action a (a = 1,---,7) in the set is shown as
follows.
1. A lightpath of the class 1 can be established.
A lightpath of the class 2 can be established.
A lightpath of the class 3 can be established.
A lightpath for the classes 1 and 2 can be established.
A lightpath for the classes 2 and 3 can be established.
A lightpath for the classes 3 and 1 can be established.
7. A lightpath for the classes 1, 2, and 3 can be established.
The controller decides an action a among the set A for the next arrival or departure of a lightpath
after each event.

SAERANE S

State space: The state space of this system is S and a state of the system is denoted by s (€ S).
As shown in the previous section, the system state s is given by the vector (N1, No, N3, I) where
0<N; <W and I =0,1. Note that >3 | N; < W.

State transition: Let K = Ny 4+ Ny + N3 denote the total number of the established lightpath.
Assume that the current state is s = (N1, No, N3, I). We show possible state transitions from s in
Table I. Table I also shows P, which will be explained in the following subsection.

Reward Structure: We consider the transition from the state s = (N1, No, N3, I) to the state
s’ = (Ni, N3, N3, I') with some action a. Let r; (i = 1,2,3) denote the reward assigned to the
lightpath establishment for the class i. The rewards satisfy the following inequalities in order that
high priority class can establish more lightpaths than low priority class,

O<rg<rg<ry <l (4)

We define the one-step reward function R?, associated with the transition from s to s’ under the

action a as
R%, = a(riNj +roNj +r3Nj) — (1 — a)I'. (5)
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where 0 < a < 1 is the weighted parameter for the service differentiation and the connection loss.

R?, depends only on the state s’ and does not depend directly on the state s and the action a.
However, note that s’ depends on s and a through the above state transition. As a becomes small,
the connection loss becomes more important factor than the service differentiation.

Optimal goal: The optimal goal is to determine the lightpath establishment policy which maxi-
mizes the expected reward over infinite time.

B. Uniformization of the Continuous-Time MDP

In the previous subsection, we formulated the lightpath establishment problem as a continuous-
time MDP. In this subsection, we convert the continuous-time MDP into an equivalent discrete-time
MDP by the well-known uniformization technique in order to utilize dynamic programming [2].

For the uniformization, we introduce a random sampling rate v = \; + Ao+ Az + W (1 + p2 + p3).
With this random sampling rate, we can convert the continuous-time MDP into an equivalent
discrete-time MDP. In the discrete-time MDP, only one single transition can occur during each time
slot, and in addition to the arrival and departure of lightpaths, fictitious event with which the system
state does not change occurs. Let P%, denote the state transition probability from s to s’ under the
action a. We show P2, in Table I, except for the fictitious event. In Table I, Ag;; = A1 + Ao + As.
For the fictitious event, we have P% = {(W — Ny)u1 + (W — Na)po + (W — N3)us}/v.

C. Derivation of Optimal Policy

For the discrete-time MDP obtained in the previous subsection, a policy m of the MDP is a
mapping between states s and actions a, and it indicates which action should be taken in each
state. Under the policy m, let V7 (s) denote the expected discounted reward. For each state s,
V7™ (s) is given by

VT(s) = 3 PLIRE, + V()] (6)
¥

Our objective is to obtain the stationary policy 7* that maximizes the discounted reward V™ (s).

Let V,,(s) denote the expected discounted reward over n time steps from the initial state s. Since
the state space S is finite and both the state transition probability and the one-step reward are
explicitly given, the following iteration algorithm

Va1 (s) = max Y | PL[REy + V()] (7)

converges to the optimal value function [2], [5], [7]. Therefore, V™ (s) satisfies the following equation
V™ (s) = lim V,(s), (8)
and we can obtain the optimal policy 7* numerically.

V. NUMERICAL EXAMPLES
A. Optimal Policy

In this subsection, we investigate the characteristics of the optimal policy for the service differ-
entiation.



TABLE II
OPTIMAL POLICY IN THE CASE OF A1 = Ay = A3 = 3.0.

(a) Impact of the reward ro (r1 = 1.0,73 = 0.1, = 1.0).
State [ (0,0,0) ][ (7,0,0) [ (2,2,2) [(0,7,0) [ (0,0,7)

ro = 0.9 7 4 4 4 4
ro = 0.4 7 1 4 1 1
ro = 0.2 7 1 1 1 1

(b) Impact of the weighted parameter o (r1 = 1.0,72 = 0.4,73 = 0.1).
State | (0,0,0) [ (7,0,0) | (2,2,2) [ (0,7,0) [ (0,0,7)

a=0.6 7 1 4 1 1
a=0.3 7 4 4 4 4
a=0.01 7 7 7 7 7

A.1 Impacts of the reward and weighted parameter

First, we investigate how the reward 7y for the class 2 and the weighted parameter « affect the
optimal policy. In the following, we set W = 8, Ay = Ao = A3 = 3.0 and p1 = ps = u3 = 1.0.

Table II (a) shows the optimal actions for some states against 9 in the case of 1 = 1.0, r3 = 0.1,
and a = 1.0 1. We obtained the result that for any N1, No and N3, the optimal action (N1, N, N3, 0)
is the same as (N1, Na, N3, 1). Therefore the value of I is omitted from the state in Table II.

From the case of ro = 0.9 in this table, we observe that the action 4 where the classes 1 and 2
can establish a lightpath is optimal, except for (0,0,0). This is because the rewards for the classes
1 and 2 are larger than that for the class 3. When ro becomes small, the priority of the class 2
also becomes small. As a result, the action 1 where the class 1 can establish a lightpath becomes
optimal instead of the action 4. We verified that several types of the service differentiation can be
provided by changing the rewards 2.

On the other hand, Table IT (b) shows the optimal actions for some states against « in the case
of r1 = 1.0, ro = 0.4, and r3 = 0.1. From the case of @ = 0.6 in this table, we observe that three
actions are obtained for the optimal policy, and this implies that the service differentiation can
be provided with those actions. When « becomes large, the weight of the connection loss in the
reward function (5) becomes large. As a result, the action 7 with which a connection request for all
classes is accepted becomes optimal for any states. This implies that the small a cannot provide
the service differentiation.

A.2 Impact of the connection holding time of each class

Next, we investigate how the holding time of each class affects the optimal policy. Here, we set
W = 8, )\1 = )\2 = )\3 = 10, r = 1.0, ro = 04, and r3 = 0.1.

Tables I1II (a) and (b) show the optimal actions for some states against both 1/u1 and 1/p9 in
the cases of & = 0.6 and o = 0.2, respectively. In both tables, we set 1/u3 = 1.0. From the case of
1/p1 = 1/pe = 1/pug = 1.0 (the first row in Table III (a)), we find that the service differentiation
can be provided with the action 4. When 1/u; and 1/ps become large, the action 1 where only
the class 1 can establish a lightpath becomes optimal. This results from the large reward r, even
though the holding time of the class 1 is the same as that of the class 2.

!The optimal actions for other states are omitted due to the page limitation.
2We investigated the effectiveness of r1 and rs and obtained the results similar to r2.



TABLE III
OPTIMAL POLICY IN THE CASE OF 71 = 1.0,79 = 0.4, AND 73 = 0.1.

(a) Impacts of the holding times 1/u1 and 1/u2 (o = 0.6).
State (0,0,0) | (7,0,0) | (2,2,2) | (0,7,0) | (0,0,7)

1/pi(2) = 10° 7 4 7 4 4
1/pi(2) = 10 7 1 1 1 1
1/pi(e) = 10° 6 1 1 1 1

(b) Impacts of the holding times 1/u1 and 1/u2 (a0 = 0.2).

State (0,0,0) [(7,0,0) [ (2,2,2) [ (0,7,0) ] (0,0,7)
1/p1c2) = 10° 7 7 7 7 7
1/p1(2) = 10 7 6 6 6 1
1/p1c2) = 10° 6 3 6 3 1

On the other hand, in the case of & = 0.2 (see Table III (b)), the weight of the connection loss is
larger than that of the service differentiation. Therefore, when 1/p1 and 1/p9 are equal to 1.0, the
action 7 where all classes can establish a lightpath is optimal. As 1/u; and 1/us become large, the
actions 3 and 6 become optimal. Note that in both actions, the class 3 which is the lowest priority
class can establish a lightpath. This result implies that the optimal policy considerably depends
on the holding time of high priority class when the connection loss is more important factor in the
policy than the service differentiation.

B. Performance Comparison

In this subsection, we compare the performance of the optimal lightpath establishment policy
with that of the static wavelength allocation in Sect. II. We consider a uni-directional ring network
with 10 nodes which have full-range wavelength conversion capability. We set W = 16, Ay = Ay =
A3 = 10, and gy = pe = pz = 1.0. The pair of source and destination nodes of a connection is
distributed uniformly, i.e., any pair is selected with the same probability.

Here, we change the rewards rq, 73, and r3 from 0.05 to 1.0 with 0.05 increment, respectively,
and « is set to 0.1, 0.5, 0.8, and 1.0. For each parameter set (r1,r2,73, ), we firstly derived the
optimal lightpath establishment policy with the MDP. Then, with the resulting optimal policy
for the parameter set, the connection loss probability Pl(ozzs (i = 1,2,3) of the class i in the ring
network was calculated by simulation. We assume that each class requires that the connection loss
probability Pl(ozz . is smaller than or equal to the constant &;.

Figs. 1 (a) and (b) show the results for the optimal poloicy and the static wavelength allocation,
respectively, in the case of & = 0.2, &, = 0.7, and &3 = 1.0. The loss probabilities of the classes 1
and 2 such that ‘Pl(ols)s <&, Pl(oi)s < &9, and Pl((i)s < &3 are plotted in Fig. 1.

From Fig. 1 (a), we observe that the optimal lightpath establishment policy can provide several
types of the service differentiation in terms of the connection loss probability. We also find that
the loss probabilities of the classes 1 and 2 for the optimal policy are smaller than those for the
static wavelength allocation. This implies that wavelengths are utilized effectively with the optimal
policy in the case of &4 = 0.2, & = 0.7, and &3 = 1.0.

Next, we consider the case where each class requires smaller loss probability than the Fig. 1 case.
Fig. 2(a) ((b)) shows how & (&3) affects the minimum total loss probabilities for both methods.
Each total loss probability plotted in both figures is the minimum among the set where Pl((g s <&
for : = 1,2, and 3.
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Fig. 1. Performance comparison of the optimal policy and the static wavelength allocation in the case of
§1 = 0.2,§2 = 0.7, and §3 =1.0.
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Fig. 2. Minimum total loss probability vs. £ and &s.

First, we consider the case where the class 1 requires a loss probability smaller than or equal to
0.2. From Fig. 2(a), we observe that the minimum total loss probabilities for both methods are
almost the same in the case of £, = 0.2. When the class 1 requires small loss probability, i.e., &;
becomes small, the minimum total loss probability for the optimal policy becomes smaller than
that for the static wavelength allocation. This is because the optimal policy is determined so as
to decrease the total loss probability with small . Therefore, the optimal lightpath establishment
policy can use wavelengths effectively when high priority class requires a small loss probability.

Next, we consider the case where the class 3 requires a loss probability smaller than or equal to 1.0
when & = 0.1 and & = 0.15. From Fig. 2(b), we observe that the minimum total loss probability
for the optimal policy is smaller than that for the static wavelength allocation regardless of &3.
Moreover, the optimal policy can provide the service differentiation even when &3 is smaller than or
equal to 0.6. In this case, the static wavelength allocation cannot provide the service differentiation.
Hence, the optimal lightpath establishment policy can also use wavelengths effectively when the
low priority class requires small loss probability.

VI. CONCLUSIONS

In this paper, we considered the optimal lightpath establishment policy for the service differentia-
tion in wavelength routing networks with full-range wavelength conversion. In numerical examples,
we found that the optimal lightpath establishment policy is determined depending on the reward
for each class, the weighted parameter, and the lightpath holding time. Simulation results showed
that the optimal policy can provide the service differentiation, decreasing the total connection loss
probability in the uni-directional ring network. We also observed that the optimal lightpath estab-
lishment policy is effective when each class requires a small loss probability. Currently, the study



of the optimal lightpath establishment policy in wavelength routing networks with limited-range
wavelength conversion is in progress.

(1]
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