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Abstract

In this paper, we address the wavelength assignment prob-
lem for light-tree protection under different traffic moslel

For static traffic, we formulate the problem mathematically
and propose two new heuristics (tabu search and iterated
hill-climber) to solve it. For dynamic traffic, in contrast

to previous work, we analyze the traffic characteristics and
propose a Low Cost First Serve (LCFS) strategy to maxi-
mize the gain and throughput of network systems. Numer-
ical results show our heuristics can achieve good perfor-
mance in terms of session blocking probability.

Keywords: wavelength assignment, light-tree protec-
tion, static traffic, dynamic traffic

1 Introduction

In all-optical networks, data are transmitted throughtligh
paths from source to destination in the optical domain with-
out undergoing opto-electronic conversion. light-tree
supports multicast applications such as HDTV and video
conference. Moreover, by incorporating the multicasting
capability with light-tree at the routing nodes, we can in-
crease the logical connectivity of the network and may fur-
ther reduce the average packet hop distance and the number
of transceivers [1]. Since high-speed networks carry huge
volumes of traffic, even a brief interruption may lead to se-
vere consequences. The protection problem for a light-tree
is more challenging than that for a lightpath because a net-
work failure will impact several destinations of the seassio
Generally, the light-tree protection problem consists
of two separate steps: light-tree routing and wavelength
assignment. Previous work, such as Singhal & Mukher-
jee [2] proposed to build two kinds of treqwimary tree
andbackup tree, for light-tree protection. Zhou & Subra-
maniam [3] gave a overview of the survivability problem
and reviewed different protection schemes. Zang et al. [4]
compared different light-path routing and wavelength as-
signment algorithms under static and dynamic traffic. Al-
though there exist many heuristics for light-path routing
and wavelength assignment, due to the different charac-
teristics of light-tree and light-path, many of them cannot
be applied to light-tree protection directly. In this paper
we focus on the wavelength assignment problem for light-
tree protection and analyze our heuristics with both static

and dynamic traffic models. Given a time series of pri-
mary and backup trees (e.g., generated by algorithms such
as Kong [5]), we heuristically optimize their wavelength
assignment. Considering the cost of wavelength converters
and the state of related technology, throughout the paper,
we assume the light-tree based multicast sessions obey the
wavel ength-continuity constraint.

2 Problem Definition and Protection

Schemes

In the following, we give a formal definition of wavelength
assignment problem for light-tree protection.

Definition 1. Wavelength Assignment for Light-Tree Pro-
tection in WDM Optical Networks (WA-LTP).

Given a 4-tuple< G,W,Q,T >, whereG = (N, L)

is a directed graph representing the network topolayy (

is the set of nodes in the network aidis the set of di-
rected links);W is the set of wavelengths on a fiber link;
T = {(pi,bi)} is the sequence of the trees, one pair per
sessiony; represents the primary tree abydrepresents its
backup tree) is a set of quadrupleS s;, D;, t;, h;)} (for
theith sessiong; represents the source nodg; is the set

of destination nodeg, represents the starting time ahgd
represents its duration). The goal is to maximize the total
number of sessions established in the network over all time
steps by assigning appropriate wavelengths to the primary
and backup trees for each session

The general problem of WA-LTP is NP-hard since a
light-tree is the generalization of a lightpath and the wave
length assignment problem for lightpath is NP-hard [6]. we
can categorize light-tree protection into two typeded-
icated light-tree protection (DLTP) and shared light-tree
protection (SLTP). In DLTP, we allocate an available wave-
length to the backup tree of each established session. The
resources are reserved during the life-time of the session,
which is called al + 1 scheme. The signals are transmit-
ted concurrently in the primary tree and backup tree. In
SLTP, two backup trees share the same wavelength chan-
nel on a link if the corresponding primary trees are edge-
disjoint, which is called shared light-tree protection and
isal : N scheme. In this case, the signals are transmitted

INote that establishing a session means both the primary aridip
trees are assigned successfully.
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only in the primary trees if no failure occurs. Two primary
trees will not fail at the same time since they do not share
a common edge. If there is a failure, the end nodes of the
affected primary tree will use a special signaling protocol
(e.g.automatic protection switching) to inform the source
node to switch over to the backup tree for transmission.
Thus, SLTP utilizes the capacity more efficiently, whildi sti
achieving 100 percent recovery from failures.
Under

3 Wavelength Assignment Static

Traffic

In the static traffic model, all trees are to be assigned are
available at the same time and all trees are persistent, i.e.
they will not end. Thus we have = 1 andh; = oo for

each session. Correspondingly, we replace a sequence of
the sessions with a set of sessions. We begin our presen-
tation with an ILP formulation and then give two heuris-
tics based on Tabu Search and iterated Hill-Climber ap-
proaches, which have been observed to be better than other
greedy approaches in avoiding local optima.

3.1 Integer Linear Program Formulation

The WA-LTP problem can be defined as an integer linear
programming problem (ILP). Table 1 lists variables and
constants used in the formulation.

Table 1. Constants and variables used in the ILP formula-

| Description |
Set of nodes in the network

Set of links in the network

Directed graph representing
network topology

Set of wavelengths.

Multicast session)

= 1 if the primary tree of the sessiaf}
is established with the wavelengih

= 0 otherwise.

= 1 if the backup tree of the sessign
is established with the wavelengih

= 0 otherwise.

= 1 if the primary tree of the sessian
is established:= 0 otherwise.

= 1 if the backup tree of the sessign
is established= 0 otherwise.

e; = 1 if the sessiony; is established;

= 0 otherwise.

P Set of sessions that have lihkn

their primary trees.

Set of sessions that have lihin

their backup trees.

= 1 if the primary tree of the sessiafy
shares an edge with the primary tree @
the session); = 0 otherwise.

EP;

EB;

B

PijﬂJfk

—

I. Objective function:  Maximizing the total number of multi-
cast sessions established.

Mazimize: Z = Z €;
P €EQ

subject to the constraints that defined below.
1. Constraints:

Link constraint (DLTP) — Two trees with a common link can-
not share a wavelength.

S XPiax+ Y XBix <11€L, XeW (1)
Pi€PR Yi€B

Link constraint (SLTP) — In Constraint 2, if a primary tree
shares a common link with another primary tree or a backup
tree, the same wavelength will not be assigned to both trees.
In Constraint 3, if two backup trees share a common link
and their corresponding primary trees share a common edge,
then they will not reserve the same waveleAgth

Y XPia+XBja <1
Y, ER
Y; €B, leLl, Ae W

)

> XPa+XBjx+XBix < 1 ®)

i EPy
Yj, Y € By, PMUJjﬂle =1 1lel, A eW
Tree constraints — A primary tree or a backup tree is estab-
lished by using one and only one available wavelength.

EP, = Z XPiy v €Q (4)

AeW

EBi=Y XBix % €Q

AeW

©®)

Session constraint— A session is established if and only if both
primary and backup trees for this session are assigned.

2-e,=FEP,+EB; ¢, €Q (6)

IIl. Bounds: All XP; x, XB;x, EP;, EB;,e;, € {0, 1}.

We can obtain optimal solutions through ILP formu-
lations. However, they are not practical for large-size net
works with tens of nodes. Efficient heuristics must be de-
veloped.

3.2 Heuristic Algorithms

One of the simplest schemes iseast-Cost Session

First (LCSF) in which we first sort the sessions in increas-
ing order of |T;|, where|T;| denotes the cost of the pri-
mary treep; and the backup trelg for session);. The cost

of a light-tree is the sum of the costs along all of its fiber
links. Then the sessions are established one after another
by assigning a pair of appropriate wavelengths for its pri-
mary tree and backup tree. The procedure follows a first-fit
approach. When searching for an available wavelength, a
lower numbered wavelength is considered before a higher

2Recall that in a directed graph, each edge contains two imkppo-
site directions.



numbered wavelength. The first available wavelength is
then selected. In this way, we always try to pack all of the
in-use wavelengths toward the low end of the wavelength
space. It should be noted that the primary and backup trees
for a specific session don't have to be assigned the same
wavelength.

3.2.1 Tabu Search and Iterated Hill-Climber

To further improve the performance of LCSF approach,
we propose a Tabu search heuristic algorithm, which is re-
ferred to as TS-LTP. Our solution space is defined as the
setR of successfully established sessions. We use the solu-
tion obtained by the LCSF algorithm as the initial solution
ro of TS-LTP. Given a particular solutione R, the neigh-
borhood of such a solution is denoted Nyr). A solution

in the neighborhood is obtained in two steps. Kgtbe the

set of sessions whose primary trees are assignedyith
Our first step is to unassign all primary and backup trees
of X, placing them in a queue which is the set of previ-
ously unassigned sessions sorted by cost and followed by
X sorted by cost. Then we use the first-fit approach to as-
sign wavelengths on the sessions in the queue in order. The
final solution from first-fit isN; (r). N(r) is the unior of
N;(r) over all j. Among the neighbors, the solution that
establishes most sessions is chosen to be the next current
solution, and the current move will be forbidden for next
iterations. An exception exists when a tabu move generates
a solution which establishes more sessions than the best so-
lution (r*) found so far. In this circumstance, this solution

is taken as the next point. This feature is cakegiration
criterion. The terminating condition we adopt in TS-LTP

is ak (k = 100 in our algorithm) iterations in which the
best solution found cannot be improved.

The second heuristic we propose is an iterated Hill-
Climber, denoted as IHC-LTP, where we first generate a
current solution by randomly assigning sessions with free
wavelengths until no more sessions can be assigned. Then,
a set of neighbors of current solutions are generated by us-
ing the same method as in TS-LTP. The new current solu-
tion which establishes the most number of sessions is se-
lected from the solutions in this set that are better than the
current solution. The procedure stops if there are no better
neighbors. After iterating this proceduré &« = 20 in our
algorithm) times, the best overall solution is returnedti\i
this approach, we try to escape local optima by starting a
new search from a random location.

4 Wavelength Assignment Under Dynamic
Traffic

4.1 Low Cost First Serve Heuristic

Under dynamic traffic, the requests come one by one in
real time. Correspondingly, each sessions will be estab-

SNote that with our definition ofV(r), it may be the case that the
union over allr of N(r) might not equal the entire solution space. We
define N (r) this way to improve our heuristic’s efficiency.

lished base on its arrival time and will hold its resources
until the holding timeh; ends. So we cannot use the
preplanned methods (e.g., ILP formulation) for traffic as-
signment, and the objectives are: (1) minimize the session
blocking probability. (2) assign the wavelengths to the ses
sions as quickly as possible. Fast on-line heuristics have
to be developed to meet the objectives. We Edang to
measure the traffic rate which equals the total number of
sessions per holding time (e.g., if the average request num-
ber isn per unit time and the average duration of each re-
guest isT unit time, the Erlang i x 7). We evaluate the
performance of our heuristics by the blocking probability
of sessions which is calculated by the ratio of the number
of sessions blocked to the number of total sessions.

In developing our approach, we notice that the objec-
tive is to minimize the blocking probability, and establish
ing a session with small tree cost and short holding time
brings the same gain as establishing a session with large
tree cost and long holding time. Thus, it may be beneficial
if we selectively drop some sessions with high cost even if
there are wavelengths available. We define the session cost
asc; = |L;| * h;, where|L;| is the cost of the trees of ses-
sion; (e.g. the total number of links), and and is the
holding time of sessiofy;. Our algorithm uses; to decide
whether to establish sessign. l.e. if ¢; is large, we may
not establish sessiafy, expecting that more upcoming ses-
sions with smaller costs can be assigned later. With some
abuse of the terminology, we call our approdaiw Cost
First Serve (LCFS). This is in contrast td-irst Come First
Serve (FCFS), which establishes sessions as they arrive if
sufficient bandwidth is available.

More generally, since the objective of wavelength as-
signment is to maximize the gain of the system and each
session may bring different gains, it is more reasonable to
assign each session according to its cost relative to its gai
(e.g. financial reward for establishing it). We define this
relative cost as

RelativeCost = M

Gain
By selectively blocking some sessions with high relative
cost, we expect more benefit can be achieved. Correspond-
ingly, when relative cost is considered, we evaluate the per
formance of our heuristics by the total gain obtained. An-
other advantage is by computing relative cost, we can bal-
ance the utilization of sessions (e.g. giving the broadcast
sessions high gain value to keep them from being always
blocked).

4.2 Blocking Strategy for LCFS

In this section, we describe the blocking strategy used for
our algorithm. Basically, LCFS always attempts to estab-
lish a session when its cost is lower than a threshold and
drops a session when its cost is higher than another thresh-
old. For the remaining sessions, LCFS establishes them



probabilistically. Since the threshold needs to vary to ac-
commodate dynamic traffic patterns, we base our thresh-
olds and variance of the session costs. Specifically, we use
Exponentially Weighted Moving Average (EWMA) to com-

pute the estimated mean value of tttesession;). When
using this procedure, the estimatgis computed ag; =
(1—a)*ci+axp—1, whered < a < 1is called the gain
parameter, and is typically set between 0.1 and 0.2. Corre-
spondingly, theMean Sguare Error (MSE) is computed as
MSE, = %Zﬁzl (e;—pu:)?, which is an estimate of the vari-
ance of the forecast error. Thus, the estimate of standard

deviation ¢;) is computed as;, = (/15! (¢; — pi)?.

We then define our lower threshold as- a * o, and our
upper threshold ag + b x o, wherea andb are two real
number$, choice of which depends on the application and
can be adjusted empirically.

Assignment Probability (y)

A
gy
y=A*x+B
4
0 y=0 .
Session Cost (:
u-a*o u ut+b*o

Figure 1. Assignment probabilities of sessions.

We use the slope to represent the selection probabil-
ity of the sessions with cost between the lower and up-
per thresholds. As shown in Figure 1, the probability
of establishing a sessionis = A xx + B with A =
(-=1)/((a+b)*c)andB = (u+bx*xoc)/((a+b) *x o)

If there arew wavelengths available, whefe< w < W
andW is the total wavelength number, then we generalize
the session selection probability by — 1 — (1 — y)*.
Other computation method of the probability can also be
employed.

5 Numerical Results

We evaluated the performance of our algorithms on 21-
node Italian network and 14-node NSFNET. The topolo-
gies of NSFNET and Italian networks are shown in Fig-
ures 2 and 3, respectively. The Italian network is com-
posed of 21 nodes and 34 edges and NSFNET consists of
14 nodes and 21 edges. Every edge in the network repre-
sents two fiber links in opposite directions. We use MCPR
algorithm [5] to create the primary and backup trees for
each session.

5.1 Results for Static Traffic
Inthe case of DLTP under static traffic, we randomly gener-

ate 20 groups of multicast sessions based on NSFNET and
the Italian network topologies, respectively. Each group
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Figure 3. The high-speed Italian network.

of sessions includes 20 sessions and each fiber link carries
8 wavelength channels. We attempt to establish the ses-
sions by ILP solver, LCSF, IHC-LTP, and TS-LTP heuris-
tics respectively. The ILP formulation is solved by ILog
Cplex Optimizer 6.5. The average numbers of established
sessions, denoted by, and time obtained by the four ap-
proaches are compared in Table 2.

Table 2. Results comparison of the ILP, LCSF, IHC-LTP,
and TS-LTP approaches for DLTP. Time is in seconds.

| Network | NSFNET] Italian |
YCPLEX 16 15.6
CPLEX Time | 14904.62| 19688.1
Y LC5F 13 124
LCSF Time 0.06 0.07
\TS=LTP 15.2 14.6
TS-LTP Time 0.5 0.6
Y AC=ITP 14.8 15
IHC-LTP Time 2.9 3.2

All heuristic algorithms solve the problem in short
time. The LCSF approach is the most efficient one, but the
results are fair. The TS-LTP and IHC-LTP algorithms take
longer time than the LCSF algorithm (e.g., 8 to 10 times or
longer). However, they can assign abdbits to 20% more
sessions than LCSF. TS-LTP and IHC-LTP yield similar re-
sults, and IHC-LTP usually takes longer time than TS-LTP.

In the case of SLTP under static traffic, we also ran-
domly generate 20 groups of multicast sessions based on
the two topologies, respectively. However, each group in-
cludes 25 sessions instead of20The average numbers

5with SLTP scheme and 8 wavelength per fiber link, TS-LTP ar@-IH



of established sessions and time obtained by the four ap-
proaches are compared in Table 3.

Table 3. Results comparison of the ILP, LCSF, TS-LTP, and
IHC-LTP approaches for SLTP. Time is in seconds.

| Network | NSFNET | Italian |

\CPLEX 20 154

CPLEX Time 86400 | 86400
\LC5F 166 | 148
LCSF Time 0.07 0.1
\TS=ITP 19 174
TS-LTP Time 0.68 0.92
XIHCfLTP 19 17.2
IHC-LTP Time 4.2 54

From the results, we can see that SLTP establishes
more sessions than DLTP due to its efficient utilization of
wavelength channels. Since the ILP formulation for SLTP
contains more constraints and more sessions are consid-
ered, the CPLEX optimizer is unable to find the optimal
solution for any instance within 24 hours. Thus, in table 3,
we only give the best values that CPLEX reports. Some-
times, the results reported by CPLEX solver are worse than
those of our heuristics. For example, the average number
of sessions established in Italian network is 15.4 by using
CPLEX, which is not as good as the ones reported by TS-
LTP (17.4) and IHC-LTP (17.2). Similarly, TS-LTP and
IHC-LTP algorithms take longer time than the LCSF algo-
rithm, but they can assign abolt% to 18% more sessions
than LCSF.

5.2 Results for Dynamic Traffic

To simulate the dynamic traffic, we randomly generate

5000 session requests on both NSFNET and Italian net-
work. The session requests arrive according to a Pois-
son process with exponentially distributed holding time.

Combining different blocking schemes and wavelength as-
signment algorithms, we evaluate two different heuristics

FCFS and LCFS with and without relative cost.

In Figure 4, we compare the simulation results of
FCFS and LCFS approaches without considering relative
cost, which is equivalent to thatl sessions have the same
gain value. Thus, we can obtain a high gain value if the
session blocking performance is good. We observe that
LCFS yields significantly lower blocking probability than
that of FCFS. In Figure @), the average improvement of
blocking performance i$0% for DLTP and7% for SLTP
in NSFNET. In Figure ), the average improvement of
blocking performance i$2% for DLTP and10% for SLTP
in the Italian network. These indicate that dropping high
cost sessions can effectively improve the blocking proba-
bility. The improvement is more obvious when traffic load
is high. For example, in Figurg4), under DLTP scheme,

LTP can often assign all 20 sessions successfully.

the blocking probabilities of FCFS and LCFS are 0.15 and
0.13 respectively wheiivriang = 10, and therefore the
improvement i2%. However, the improvement increases
to 10% at 25 Erlang load where the blocking probabilities
of FCFS and LCFS are 0.46 and 0.36 respectively. This is
because when the traffic load is high, more conflicts will
occur between low cost and high cost sessions. By block-
ing high cost sessions using LCFS, more low cost sessions
can be established.

In Figure 5, we compare the total gain obtained based
on different approaches when relative cost is considered.
The gain value of each session is decided by the the number
of its destinations. To further justify the effectiveneteor
strategy, we also evaluate the performance of LCFS with
and without relative cost consideration (selected or l#dck
by session cost). As expected, LCFS can dramatically in-
crease the total gain realized. In Figur@h where we
compare the heuristics under DLTP protection scheme, the
experimental results show that the average improvement of
LCFS over FCFS i$4.2%. We can also see that LCFS with
relative cost consideration outperforms LCFS withoutrela
tive cost consideration. An average3dt improvement can
be achieved. Similarly, in Figure®), under SLTP protec-
tion scheme, the average improvements of LCFS with rela-
tive cost considered over FCFS and LCFS without relative
cost consideration arel.6% and 3%, respectively. Like
the results in Figure 4, the improvement becomes more ob-
vious with high traffic load.

6 Conclusions

We investigated the wavelength assignment problem for
light-tree protection in all-optical networks. Since the
problem is NP-hard, based on different traffic models, we
proposed different heuristics and blocking strategiesto i
prove the system performance. For static traffic, we de-
scribed the problem as integer linear program formula-
tions and presented two heuristics (TS-LTP and IHC-LTP)
to achieve efficient results. Our heuristics are better than
other greedy algorithms in avoiding local optima. For
dynamic traffic, we developed the Low Cost First Serve
(LCFS) strategy to maximize the gain and throughput of
network systems and compared it with the First Come First
Serve (FCFS) strategy. All mathematical formulations and
heuristics are evaluated under both DLTP and SLTP pro-
tection schemes. The experimental results show our al-
gorithms can achieve good performance in terms of the
blocking probability of the sessions. For example, both TS-
LTP and IHC-LTP algorithms outperform LCSF algorithm
by assigningl5% to 20% more sessions under DLTP pro-
tection scheme, antd% to 18% under SLTP protection
scheme. TS-LTP has similar performance as IHC-LTP but
taking less time. Under dynamic traffic, we can achieves
much better performance by using LCFS strategy than us-
ing FCFS strategy. When there are 8 wavelengths on each
fiber link, the average improvement 18% for NSFNET
and7% for Italian networks under DLTP protection scheme
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Figure 4. Blocking performance of LCFS and FCFS approach#sadynamic traffic in NSF and Italian networks (8 wave-
lengths per fiber link).
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Figure 5. Gain performance of FCFS and LCFS approaches wiithrdic traffic in Italian networks.
and12% for NSFNET andl0% for Italian networks under [5] L. Kong, J. S. Deogun, and M. Ali, “Preplanned Recov-
SLTP protection scheme. When each session has a differ- ery with Redundant Multicast Trees in Optical Networks”,
ent gain value and relative cost is considered, LCFS can Proc. of SPIE OptiComm, pp. 419-423, Oct. 2003.
also dramatically improve the system performance. (6] B. Mukherjee, “Optical communication networks”,
Plans for future work include theoretical analysis of McGraw-Hill, 1997.

the blocking thresholds and evaluation of other blocking
strategies under dynamic traffic.

References

[1] L. H. Sahasrabuddhe and B. Mukherjee, “Light-Trees: op-
tical multicasting for improved performance in wavelenrgth
routed networks”,|EEE Communications Magazine, vol.

37, no. 2, pp. 67-72, Feb. 1999.

[2] N. K. Singhal and B. Mukherjee, “Protecting multicassse
sions in WDM optical mesh networks1EEE Journal of
Lightwave Technology, vol. 21, no. 4, pp. 884-892, 2003.

[3] D. Zhou and S. Subramaniam, “Survivability in opticat-ne
works”, IEEE Network, vol. 14, no. 6, pp. 24-32, 2000.

[4] H. Zang, J. P. Jue, and B. Mukherjee, “A review of rout-
ing and wavelength assignment approaches for wavelength-
routed optical WDM networks”Optical Networks Maga-
zine, vol.1, no.1, pp. 47-60, Jan. 2000.





