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Abstract—This paper focuses on the assignment of multiple-
wavelength lightpaths and presents a computationally simple
algorithm to increase the number of simultaneous lightpath
assignments in optical networks. Several approaches for
lightpath assignment have been proposed in the literature,
and most of them involve some variation of selecting or
rejecting edge-disjoint paths for lightpath allocation, fol-
lowed by assigning wavelengths in order. We have developed
the Hybrid algorithm which either selects or rejects an edge-
disjoint path, depending on the length of that path. We show
using simulations that the algorithm performs significantly
better (up to ~1,300%) than the consistent selection or rejec-
tion of edge-disjoint paths, and it performs comparably with
(and in some cases even better than) an algorithm that makes
lightpath selections dynamically based on the current net-
work state.

Index Terms—Lightpath Assignment, Routing and Wave-
length Assigning.

1. InTrRODUCTION

Optical network reservation, either on-demand or in-
advance, requires lightpath assignment. This assignment
is done in terms of time-slots/lightpaths, i.e., end-to-end
lightpaths are reserved for a specific time-slot. The assign-
ment of lightpaths in optical networks consists basically
of routing and wavelength assigning, an NP-complete
problem, which has been extensively studied for on-
demand reservations. This problem has been studied both
with and without wavelength converters, and lower and
upper bounds on the blocking probability have been found
for the number of wavelengths [13]. In fact, in [14], the
lower and upper bounds are defined based on the traffic
pattern using integer linear programming and, in [2], algo-
rithms for static traffic are analyzed and lower bounds are
obtained.

Lightpath assignment in an optical network consists of
two main steps: choosing the route and selecting the
wavelengths within the route. Given the two main steps,
generally, any assignment approach will either (1) select a
route and then the wavelength within the route or (2)
select a wavelength and then the route within which that
wavelength is available. Different selection processes may
be employed in each approach, optimizing specific quanti-
ties in each case. When assigning multiple-wavelength
lightpaths, one can extend the first approach to (3) select a
set of routes and then the wavelengths within the routes,
while one can extend the second approach to (4) select a
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set of wavelengths and then the routes within which those
wavelengths are available. In approach number 3, the
wavelengths are assigned in a pre-determined order within
the set of routes via prioritizing the selection of edge-dis-
joint paths, whereas, in approach number 4, the wave-
lengths are assigned in a pre-determined order over the set
of routes via prioritizing the rejection of edge-disjoint
routes. The assignment of wavelengths in order, so that
the least possible number of wavelengths is used, is a
form of packing, which is in fact a basic technique used
for lightpath assignment, on top of which several
approaches have been built (see Section II).

We have analyzed and compared the blocking probabil-
ity obtained when wavelengths are packed and the selec-
tion of edge-disjoint routes is prioritized via selection or
rejection. The blocking probability was obtained with
LRSS, our Lightpath Request Scheduling Simulator.
LRSS is a simulator written in C, which takes as input the
network topology and a synthetic trace of requests for
lightpaths, both in the form of ASCII text files. It accepts
any network topology, over which it simulates different
wavelength assigning algorithms.

We have used LRSS to compare two systematic assign-
ing strategies used in the Balancing and Concentrating
algorithms [3], which follow approaches 3 and 4 (as
described above), respectively. Our experiments with
LRSS led to the conclusion that each approach behaves
better than the other one under special conditions, and that
the length of the shortest edge-disjoint path between the
source and destination in the requests definitely affects the
behavior of the algorithms. Based on this conclusion, we
have developed the packing-based Hybrid algorithm,
which balances or concentrates each allocation depending
on whether the length of each edge-disjoint path between
the source and destination is less than or equal to a pre-
determined cut-off length.

Note that our Hybrid algorithm is based on the system-
atic and basic Balancing and Concentrating algorithms
defined in [3]. Enhancing the Hybrid algorithm to include
optimization techniques (such as selecting the least loaded
path) in the selection of the route and/or wavelength is
possible, but further experiments are required to assess the
benefits obtained by each extension.

This paper is organized as follows. Section II describes
related work, Section III presents the Balancing and Con-
centrating algorithms, Section IV introduces the Hybrid
algorithm, Section V presents the effects of nodal degree
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and wavelength converters on the Hybrid algorithm, Sec-
tion VI compares the Hybrid Algorithm with a previously
proposed “dynamic routing” algorithm [4], and Section
VII concludes.

II. Recatep Work

A range of heuristics has been proposed for the RWA
(Routing and Wavelength Assignment) problem. In order
of performance, the following approaches have been pro-
posed: basic, porder, color, Ipcolor, least-loaded, aur-
pack, aurexhaustive. As indicated by the average blocking
probability, the spreading of wavelengths generally pro-
vides the worst allocations for wavelength assignment.
Pack-based strategies perform better, and with packing,
the performance improves from using wavelengths in
order (porder), to using the most used wavelength
(pcolor), to using the routes with the most used wave-
lengths (Ipcolor), to choosing the path which is left with
the highest capacity after the assignment (least loaded), to
using aurpack and aurexhaustive [6].

In [6], Hyytia and Virtamo show the behavior of these
algorithms with simulations for a hypothetical network
topology connecting various cities in Finland. They show
that the heuristic choice influences the blocking probabil-
ity. The authors also introduce a first-iteration policy to
improve the blocking probability of the various algo-
rithms. The iteration policy runs a simulation, then finds
the cost and decides whether to accept or reject the con-
nection along that path. It is important to note that the
first-iteration policy is prohibitively computationally
intensive.

In [10], performance-efficient algorithms specific for a
wide range of topologies are presented. In [1], the routing
and wavelength assignment problem is solved with greedy
algorithms, which are specifically applicable to networks
of trees. In [7], the lightpath assignment in an optical net-
work is considered in the route, wavelength, and time
domains. The property that all lightpaths cannot be
needed at the same time is taken into consideration to
assign wavelengths using a branch-and-bound and tabu
search method, which achieves better performance than
the fixed-alternate routing followed by first-fit wave-
length assignment strategy.

In [5], Ho and Mouftah define a method for path selec-
tion, which is based on exchanging information about crit-
ical links in the network and avoiding those links during
wavelength assignment. They show that this method
reduces the blocking probability compared to a fixed-
wavelength-assignment scheme. This method has an over-
head imposed by the exchange of network link-state infor-
mation. In [4], the authors show that allocating paths
dynamically, based on a function dependent on the num-
ber of hops and current state of the wavelengths assigned,
lowers the blocking probability. In [8], the wavelength
assignment is done by graph-coloring optimizations and
these graph coloring strategies achieve a performance
which is close to the lower bound for their particular
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topologies. In [16], a Relative-Least-Influence algorithm
is presented, which decides the wavelength assignment by
taking the entire network state into account. This algo-
rithm achieves lower blocking probability and is fair com-
pared to the Relative-Capacity-Loss, Max-Sum, and the
Least-Influence algorithms, which have been previously
studied and which make a decision on the wavelength
assignment depending on the current network state.

Our work differs from previous works on lightpath
assignment because our Hybrid algorithm selects/rejects
the alternate edge-disjoint path(s) based on the cut-off
value (to be explained below) solely, and is therefore com-
putationally simple. Note that we have compared the
Hybrid algorithm with the algorithm proposed in [4] in
Section VI.

III. BALANCING VS. CONCENTRATING ALGORITHMS

In this section, we define the terms associated with
lightpath assignment, explain the basic Balancing and
Concentrating algorithms for lightpath assignment, and
finally highlight specific cases in which each algorithm
performs better. Note that the Balancing and Concentrat-
ing algorithms pack the wavelengths in a systematic man-
ner, and most heuristic-based lightpath assignment
algorithms are based on a variation of the balancing and
concentrating strategies.

A. Definitions

1. Lightpath Request: Each request is specified by a
source-destination pair, a time-slot, and a number of
wavelengths. It can be granted or rejected for the spec-
ified time-slot depending on the current availability.
Note that granting a request means assigning one
lightpath from source to destination for each wave-
length requested, during the time-slot specified.

2. End-to-End Path: A path that starts from the specified
source and ends at the specified destination. The mini-
mum number of links in an end-to-end path is one.

3. Lightpath Assignment: A request that is granted for an
end-to-end path.

4. Lightpath Rejection: A lightpath request that is not
granted for an end-to-end path.

5. Edge-Disjoint Path: Paths are edge-disjoint if they
share no edges.

B. The Algorithms

*  Balancing Algorithm: This algorithm finds all the
edge-disjoint paths from the source to the destination.
It tries to assign the first wavelength available along
the shortest edge-disjoint path, the first wavelength
available along the second shortest edge-disjoint
path, and so on, along the nth edge-disjoint path. It
then tries to assign the second wavelength available
in the same order, and so on, up to the mth wave-
length, until all the lightpaths requested are allocated.
*  Concentrating Algorithm: This algorithm finds all the
edge-disjoint paths from the source to the destination.
It tries to assign all the wavelengths along the shortest
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path. Then it tries to assign all wavelengths available
along the second shortest edge-disjoint path, and so
on, sequentially until all the lightpaths requested are

assigned.
TABLE I
SCENARIOS USED IN THE EXPERIMENTS
Number Experiment Reservation Number of
Inter Arrival wavelengths
Time
1 High traffic with con- | 5 minutes Constant: 1
stant wavelength
requests
2 High traffic with heavy- | 5 minutes Zipt’s General-
tailed wavelength ized:
requests exponent =3
capacity = 4
3 High traffic with uni- 5 minutes Uniform:
form wavelength [1-4]
requests
4 High traffic with con- | 5 minutes Constant: 4
stant wavelength
requests
5 Medium traffic with 15 minutes Constant: 1
constant wavelength
requests
6 Medium traffic with 15 minutes Zipf’s General-
heavy-tailed wave- ized:
length requests exponent =3
capacity = 4
7 Medium traffic with 15 minutes Uniform:
uniform wavelength [1-4]
requests
8 Medium traffic with 15 minutes Constant: 4
constant wavelength
requests
9 Low traffic with con- 30 minutes Constant: 1
stant wavelength
requests
10 Low traffic with heavy- | 30 minutes Zipf’s General-
tailed wavelength ized:
requests exponent =3
capacity =4
11 Low traffic with uni- 30 minutes Uniform:
form wavelength [1-4]
requests
12 Low traffic with con- 30 minutes Constant: 4
stant wavelength
requests

We have analyzed the Balancing and Concentrating

algorithms extensively for 4-node topologies, as shown in
Fig. 1. The 4-node ring is basically a ring, a common con-
figuration used in optical metro networks. The 4-node
ring with one chord increases the paths available, increas-
ing the capacity of the 4-node ring. The 3-node-ring-with-
a-spike topology introduces a concept of asymmetry in the

© 2009 ACADEMY PUBLISHER

21

network, which is useful in comparing the wavelength-
balancing and wavelength-concentrating algorithms.
These topologies comprehensively cover the 4-node-
based vertex graph for a variety of different features and
also resemble a practical network, the OMNInet [12],
which motivated the use of a four-node graph in our
experiments.

For the scenarios given in Table I, the Balancing algo-
rithm performs better, i.c., gives lower blocking probabil-
ity when the number of two-hop source-destination
requests is fixed to twenty-five, fifty, or seventy-five per-
cent compared to the number of one-hop source-destina-
tion requests (see Figs. 2-4). The Balancing algorithm also
performs better when the diameter link of the OMNInet
topology is used for satisfying the lightpath requests, but
is not requested as an end-to-end lightpath (see Fig 5).
However, the Concentrating algorithm performs better
when the requests were mainly for one-hop end-to-end
lightpaths. The analysis leads to Observation I, which
states an important result.

1 1
2 4 2 4
3 3
4-node ring 4-node partial mesh

3

3-node ring with a spike

Figure 1. Topologies Analyzed.

Observation 1: The Balancing and Concentrating algo-
rithms can each result in increased lightpath allocations,
depending both on the source-destination pair of the light-
path request and on the topology.

Explanation: Along a ring, balancing “short requests”
and concentrating “long requests” lead to fewer open
paths, which leads to higher blocking probability. For
example, consider a 32-node ring with a capacity of four
wavelengths. Assume one-hop requests between neighbor
nodes only and consider three requests for four wave-
lengths between nodes (1,2), (2,3), (3,4) respectively. In
this case, the Concentrating algorithm can satisfy the
requests but the Balancing algorithm cannot, because Bal-
ancing (1,2) and (2,3) closes the way between 3 and 4.
Consider again a 32-node ring with a capacity of four
wavelengths. Two requests are now for four wavelengths
between nodes (1,8) and (2,10), respectively. In this case,
the Balancing algorithm can satisfy the requests, but the
Concentrating algorithm cannot, because concentrating
between 1 and 8 closes the way between 2 and 10.
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Figure 2. 25% of the requests for the link between nodes 1 and 3.
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Figure 3. 50% of the requests for the link between nodes 1 and 3.
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Figure 4. 75% of the requests for the link between nodes 1 and 3.
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Figure 5. Blocking probability when there are no requests for the 2-hop
path.
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IV. Tue HyBriD ALGORITHM

To take advantage of the result stated in Observation I,
we have developed the Hybrid algorithm for lightpath
assignment. Our algorithm is a combination of the balanc-
ing and concentrating schemes. This algorithm either con-
centrates the assignments along the shortest paths or
balances them along all the edge-disjoint paths, depending
on the length of each path being considered.

Hybrid Algorithm
begin
firstpass = 1;

while (firstpass is not equal to 3)
for i = 1 to number of wavelengths
for j = 1 to number of edge-disjoint paths
if first pass is equal to 1 and edge-disjoint path has more
than x hops
continue
if wavelengthli] is available for all segments in the
edge-disjoint pathlj]
Allocate wavelengthli] for all segments in
edge-disjoint pathlj]
Increment number of allocated requests by 1
if all requests are satisfied
return the number of requests satisfied
end (for edge-disjoint paths loop)
end (for number of wavelengths loop)
Increment firstpass by 1
end (while loop)
return the number of requests satisfied
end (begin)

The Hybrid algorithm, shown above, packs wave-
lengths by making allocations in two passes and depends
on a non-negative integer parameter x. In the first pass, it
avoids those edge-disjoint paths which have more than x
hops, i.e., it achieves its concentrating effect in the first
pass, by assigning only along those edge-disjoint paths
which have fewer than x hops. In the second pass, it
assigns the remaining requests along all edge-disjoint
paths. Note that x represents the cuz-off value between bal-
ancing and concentrating.

We use the terminology Hybrid and Hybrid-» as fol-
lows:

* Hybrid: the algorithm balances along the edge-dis-
joint paths during the first pass, only if the number of
hops in the edge-disjoint paths is less than or equal to
N/2, where N is the total number of nodes.

*  Hybrid-n: the algorithm balances along the edge-dis-
joint paths during the first pass, only if the number of
hops in the edge-disjoint path is less than or equal to
n.

In a ring topology, every source-destination pair has
two alternate paths, and the minimum length of the sec-
ond-shortest path, which is edge-disjoint from the shortest
path, is N/2. In a ring-with-chords topology, the minimum
length of the second path, which is edge-disjoint from the
shortest path, can be less than N/2. However, we have
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used N/2 as the minimum cut-off, in our analysis for both
ring and ring-with-chords topologies, to study the effects
of the Hybrid algorithm on both the ring and ring-with-
chords topologies using the same cut-off parameter.

A. Gain with the Hybrid Algorithm

In subsection B, we present the percentage improve-
ments obtained with the Hybrid algorithm over the con-
centrating and balancing approaches for the 32-node ring,
32-node ring with chords (see Fig. 9), and the National
Lambda Rail (see Fig. 16) topologies. This improvement
is calculated using the formula for percentage gain given
below (see Table II for definitions of abbreviations and
acronyms):

Percentage Gain = ((BPy - BPpypriq)/BPpybria)* 100

TABLE II
ABBREVIATIONS AND ACRONYMS

Term Definition
BP Blocking Probability
BP, Blocking probability obtained with algorithm x

where x can be any routing and wavelength
assignment algorithm.

Note that in our experiments, for the 32-node ring and
32-node ring with chords, we defined the cut-off for the
Hybrid algorithm to be half the length of the ring. For the
National Lambda Rail (NLR), since it is not a regular ring,
we have specified the cut-off as absolute values, 12 and 4,
for traffic within the entire NLR and within individual
rings of the NLR, respectively.

B. Simulation Results

The results presented in this section show the blocking
probability gains obtained from simulations using the
LRSS with a 32-node ring and ring-with-chords topolo-
gies, as well as the topology used in the National Lambda
Rail.

TABLE IIT

REPRESENTATIVE REQUESTS

Variable Value

Advance reservation request
arrival for lightpath assignment

Exponential distribution

Average number of lightpath- 10, 12, 15, 20, 30 and 60

request arrivals in a time-slot

Number of lightpath requests for
each arrival

Constant =1,
Zipf’s distribution
Uniform Distribution [1 - 4]

Time-slot length 1 hour

The traffic characteristics are shown in Table III. The
traces were generated using FONTS [9]. We consider ring
topologies in our analysis because they are the basic
building-blocks used to form more sophisticated topolo-
gies used in networks, such as the OMNInet [12], SURF-
net [15], and National Lambda Rail [11]. The subsections
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below present a representative set of the experiments per-
formed. We have experimented with a uniform source-
destination pair distribution. The goal with these experi-
ments is to show the behavior of the Hybrid algorithm and
its gain over the basic and systematic, balancing and con-
centrating strategies. Note that all pack-based lightpath
assignment heuristics are some variation of the balancing
and concentrating strategies.

1. 32-Node Ring

For the 32-node ring, in general the Hybrid algorithm
obtains positive gains (see Figs. 6-8) over the balancing
and concentrating strategies. In some of the cases, nega-
tive gains are obtained, but they are significantly smaller
than the positive gains. For very low traffic in the constant
and Zipf’s distribution cases, a significant negative gain is
observed over Balancing, i.e., Balancing obtains lower
blocking probability compared to the Hybrid algorithm,
because, selecting the longer edge-disjoint path with bal-
ancing leaves more paths open along other wavelengths,
thereby increasing the total number of assignments.

Il overbal
[0 overconc

Percentage Gain

10 12 15 20 30 60
Average arrivals

Figure 6. 32-Node Ring: Percentage Gain with Hybrid - Constant.

B overbal
[0 overconc

Percentage Gain

10 12 15 20 30 60
Average arrivals

Figure 7. 32-Node Ring: Percentage Gain with Hybrid - Zipf.
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Figure 8. 32-Node Ring: Percentage Gain with Hybrid - Uniform.
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2. 32-Node Ring with Chords

Adding chords to a network topology helps to increase oo @~* o2 @4 Wb
the capacity of the network by providing extra paths 60
between pairs of nodes. However, the impact caused by oL T i
adding the chords depends on the ability of the assignment <
algorithm to take advantage of them. Fig. 9 shows a set of § 40 - 7
ring-with-chords topologies. g a0l _
We have simulated the Balancing, Concentrating, and & o 7
the Hybrid algorithms for 0, 1, 2, 4, and 6 chords, in a 10 L i
ring-with-chords topology, with an increasing number of 0 o ‘ 1 ‘
wavelengths. The number of wavelengths is increased 1 2 4 8 18 32 64

wavelengths

from 1 to 64, and the traffic used in all the cases is kept the
same, which is 60 requests per time-slot. Note that the
number of wavelengths is increased up to 64 only, because
the blocking probability drops almost to 0 at that level.

Figure 12. Percentage Gain - Hybrid over Balancing - Uniform.
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Figure 10. Percentage Gain - Hybrid over Balancing - Constant. Figure 14. Percentage Gain - Hybrid over Concentrating - Zipf.
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Figure 11. Percentage Gain - Hybrid over Balancing - Zipf. Figure 15. Percentage Gain - Hybrid over Concentrating - Uniform.
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In general, the Hybrid algorithm provides positive
gains over the balancing (see Figs. 10-12) and the concen-
trating (see Figs. 13-15) strategies. In some of the cases,
we observe negative gains which are significantly smaller
than the positive gains. Observe that percentage gains as
high as ~300% are obtained over Concentrating (see Fig.
13) indicating that, for a ring with chords, the Hybrid
algorithm is a better option. The percentage gain over
Concentrating increases as the number of chords increases
from 0 to 6. The percentage gains obtained over Balanc-
ing (see Figs. 10-12) in most cases are also significant,
indicating that, for a ring with chords, it is better to bal-
ance along the edge-disjoint path, which has a length less
than or equal to half the length of the ring, rather than bal-
ance along the edge-disjoint path which can have a maxi-
mum length greater than half the length of the ring.

Observe also that the gain increases up to a certain
number of wavelengths, and then drops to zero. This can
be explained as follows. At a low number of wavelengths,
the traffic is high, and therefore all algorithms will have
high blocking probability, which results in smaller
improvements obtained with Hybrid, and hence low gain.
At a high number of wavelengths, since we are using the
same traffic, the traffic is low compared to the number of
wavelengths, and therefore all algorithms result in mini-
mal blocking probability, leading to no gain at all.

3. National Lambda Rail

The National Lambda Rail (as shown in Fig. 16, which
was obtained at [11]) is a research optical-network in the
United States. Since the NLR is not a regular ring, we
have experimented with an absolute cut-off value of 12,
which is approximately half the length of the ring.

Figure 16. National Lambda Rail.

Figs. 17-19 shows the gain obtained with the Hybrid
algorithm when requests are for all source-destination
pairs. In general, Hybrid-12 gives positive gains over both
the balancing and the concentrating strategies. In the con-
stant case, a negative gain is obtained over balancing,
because using the balancing strategy leaves more paths
open. Hybrid-12 assigns, in the first pass, requests of
length less than and equal to 12, blocking certain paths
along all wavelengths. Therefore, with constant number of
arrivals, with average requests 10, 12, and 15, negative
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gains as high as ~25% are observed over the Balancing
algorithm.
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Figure 17. NLR: All possible source-destination pairs - Constant.

W overbal

[ overconc
25 T T T

20 — —

Percentage Gain
S
I
|

10 12 15 20 30 60
Average arrivals

Figure 18. NLR: All possible source-destination pairs - Zipf.
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Figure 19. NLR: All possible source-destination pairs - Uniform.
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Figure 20. NLR: Traffic within all rings - Constant.
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Figure 21. NLR: Traffic within all rings - Zipf.
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Figure 22. NLR: Traffic within all rings- Uniform.

In Figs. 20-22, we show the effects of assigning equal
traffic within individual rings using a cut-off value of 4.
Note that Hybrid-4 gives a significant positive gain
(~1,300%) with constant requests (see Fig. 20) and insig-
nificant negative gain with uniform requests (see Fig. 22)
over the concentrating strategy. However, there is no gain
over the balancing strategy. We chose the cut-off value in
this case to be 4, because 4 is close to half the length of
the four sub-rings formed by the chords in the NLR topol-
ogy.

C. Discussion

Our percentage gain calculations show that for the 32-
node ring, 32-node ring with chords, and the National
Lambda Rail, a significant positive gain (up to ~1,300%)
was obtained with the Hybrid algorithm. Note that some
negative gains were obtained, in certain cases. However,
they are insignificant compared to the positive gain
obtained. The behavior of the concentrating, hybrid, and
balancing strategies depends on the topology and the spe-
cific source-destination pairs requested, and rejecting/
selecting edge-disjoint paths accordingly leads to better
results. In general, a significant positive gain and an insig-
nificant negative gain over the basic balancing and con-
centrating strategies imply that the Hybrid algorithm is the
right choice for assigning lightpaths in optical networks.

V. EFrFECTS OF MEAN NODAL DEGREE

We have done extensive simulations with an 8-node
ring to study the effect of the nodal degree on the behavior
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of the Hybrid algorithm. We started with an 8-node ring,
and then varied the connectivity of each node from two to
seven, by adding chords to the topology. We present the
results below, first without wavelength converters, and
then with wavelength converters. In both cases, we per-
formed simulations with the following number of wave-
lengths: 1, 2, 4, 8, 16, and 32. We show the results only
with eight wavelengths (using uniform requests with sixty
arrivals in a time-slot) due to lack of space (see Figs. 23-
25). Observe from Figs. 23-25 that at higher nodal
degrees, Hybrid gives positive gains over the Concentrat-
ing algorithm both with and without wavelength convert-
ers.

A. Results without Wavelength Converters

In Fig. 23, we observe that, with no converters, as the
nodal degree increases, the Hybrid algorithm becomes the
best option in most cases, except at degree two, where the
Concentrating algorithm does better because, in this case,
making allocations along shorter edge-disjoint paths
leaves more paths open for other allocations

B overbal
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200

150 |~ —

50 — ,
0

-50

Percentage Gain

2 4 6
Nodal degree

Figure 23. Increasing Nodal Degree: Percentage Gain with Hybrid - no
wavelength converters.

The Hybrid and the Balancing algorithms achieve bet-
ter performance than the Concentrating algorithm as the
nodal degree increases, because using the edge-disjoint
paths, up to a length of four, leaves more paths open lead-
ing to lower blocking probability.

B. Results with Wavelength Converters

In this section, we present results for an 8-node ring
with wavelength converters, first by placing wavelength
converters at alternate nodes and then by placing wave-
length converters at each node.

Converter at Alternate Nodes

In Fig. 24, we observe that the Hybrid algorithm
achieves the best performance, and the Concentrating
algorithm achieves the worst performance in most cases,
except at degree two where it provides the lowest block-
ing probability. At degree two, it is better to assign the
requests along the shortest edge-disjoint paths, rather than
making allocations along the longer paths, because the
longer path assignment prevents certain source-destina-
tion pairs to be allocated. Therefore, the Concentrating
algorithm achieves the best performance at degree two in
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most cases, because this algorithm assigns the requests
along the shortest edge-disjoint path first, along all wave-
lengths.
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Figure 24. Increasing Nodal Degree: Percentage Gain with Hybrid -
wavelength converter at alternate nodes.

Converter at Every Node

In Fig. 25, we observe that as the nodal degree is
increases, the Balancing algorithm achieves the best per-
formance in most cases, and the performance of the
Hybrid algorithm falls between the performance of the
Concentrating and of the Balancing algorithms. The Bal-
ancing algorithm achieves the best performance in the
presence of wavelength converters because, by balancing
along the edge-disjoint paths, it allows all possible combi-
nations of source-destination pairs to be assigned along
other wavelengths. The Concentrating and the Hybrid
algorithms, by making assignments along shorter paths,
along all wavelengths, may prevent certain source-desti-
nation pairs to be assigned, thereby leading to higher
blocking probability.
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Figure 25. Increasing Nodal Degree: Percentage Gain with Hybrid -
wavelength converter at every node.

From the above results, we conclude that the Hybrid
algorithm achieves a good performance when no wave-
length converters are present, as well as when wavelength
converters are present at every other node. Observe that
this behavior is depicted in the form of mostly positive
gains over both the balancing and the concentrating strate-
gies (see Figs. 23 and 24). When wavelength converters
are present at all nodes, the performance of the Hybrid
algorithm falls between those of the Concentrating and of
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the Balancing algorithms. Observe that this behavior is
depicted in the form of positive gains over the concentrat-
ing and negative gains over the balancing strategies (see
Fig. 25).

VI. ComparisoN witH Previous Work

For completeness, we have compared the Hybrid (cuz-
off as half the number of nodes in the topology) algorithm
with the “dynamic routing” algorithm proposed in [4], for
the on-demand case. In this section, we refer to the
“dynamic routing” algorithm described in [4] as h-97. We
compared the Hybrid algorithm with the h-97 algorithm,
because, in our opinion, the h-97 is currently one of the
best heuristic algorithm for routing and wavelength
assignment, in spite of its computational complexity, as it
selects the route dynamically based on an equation which
takes into account the current state of the network:

8(i,j) = a(i)+(1-0)Y(/),

where 8(i,j) denotes the value for choosing the i" wave-
length on j’h route, B(i) denotes the number of free links
in the entire network corresponding to wavelength i, Y(j)
denotes the number of free wavelengths on route j, and a
can take any value between 0 and 1. Note that the route j
and wavelength 7 which has lowest 3(i,j), is selected
first.
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Figure 26. Hypercube - Low Traffic.
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Figure 27. Hypercube - High Traffic.

Our simulation results are presented in this section.
Both the inter-arrival and service times follow an expo-
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nential distribution. In our simulations, the source-desti-
nation requests are uniformly distributed, and the total
number of requests in a single trace is 1,000,000. Each
request is for a single lightpath. The traffic intensity in our
graphs is greater than one, because the source-destination
requests are for the entire network, which has four wave-
lengths in each link. We first compare the algorithms
using the hypercube topology, since the hypercube was
studied in [4]. For the Hypercube topology, the Hybrid
algorithm gives positive gain for most traffic intensities
(see Figs. 26 and 27).
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Figure 28. National Lambda Rail - Low Traffic.
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Figure 29. National Lambda Rail - High Traffic.

Observe from Figs. 28 and 29 that, for the National
Lambda Rail topology, the Hybrid algorithm gives signifi-
cant negative gain at low traffic intensities, and negligible
negative gain at high traffic intensities. The h-97 algorithm
prioritizes the selection or rejection of the edge-disjoint
path along a particular wavelength based on both the num-
ber of idle wavelengths in the network and the number of
free wavelengths on the routes available. Note that it
packs the wavelengths based on their usage and is a com-
putationally intensive method which requires the update
of these two parameters at the end of every assignment.

VII. ConcLusioN

The Hybrid algorithm packs the assignment of wave-
lengths. It combines the concentrating and the balancing
of wavelengths and, in general, gives a significant positive
gain over the basic concentrating and balancing
approaches. The gain of the Hybrid algorithm over the
balancing and concentrating strategies is not a monotoni-
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cally increasing function, and is low both at low and at
high traffic loads. The Hybrid algorithm achieves good
performance in the presence of wavelength converters and
is comparable to a computationally-intensive algorithm,
which makes lightpath assignments dynamically based on
the current network state and, therefore, should be used
for lightpath assignment in optical networks.
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