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Abstract

In large networks, maintaining precise global network
state information is almost impossible. Many factors, such
as non-negligible propagation delay, infrequent state up-
dates due to overhead concerns, and hierarchical topol-
ogy aggregation, can affect the precision of the global net-
work state information. In this paper, we investigate the
impact of imprecise state information on the performance
of dynamic routing and wavelength assignment (RWA) al-
gorithms. We consider single fiber and multi-fiber systems
and study dynamic routing with three wavelength selection
schemes, namely first-fit, random-fit, and most-used. The
results show that the precision of global network state infor-
mation greatly affects the performance of the dynamic RWA
schemes. In particular, some RWA algorithms that are tra-
ditionally considered as effective algorithms perform poorly
in the presence of imprecise global network state informa-
tion. This indicates that more practical RWA algorithms
that can tolerate imprecise state information may need to be
developed for large scale optical networks. The results also
show that networks with wavelength conversion capability
and multi-fiber systems are less sensitive to the imprecise
state information.

1 Introduction

Optical wavelength-division-multiplexing (WDM) net-
works provide large bandwidth and are promising networks
for the future Internet. Wavelength routed WDM systems
that utilize optical crossconnects are capable of switching
data in the optical domain. In such systems, end-to-end
all-optical lightpaths can be established and no optical-to-
electronic and electronic-to-optical conversions are neces-
sary at intermediate nodes. Such networks are referred to as
all-optical networks.
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In this paper, we study two types of all-optical networks,
wavelength routed networks with and without wavelength
conversion. Wavelength routed networks without wave-
length conversion are also known as wavelength-selective
(WS) networks [11]. In such a network, a connection can
only be established if the same wavelength is available on
all links between the source and the destination. This is
the wavelength-continuity constraint. Wavelength routed
networks with wavelength conversion are also known as
wavelength-interchangeable (WI) networks [11]. In such a
system, each router is equipped with wavelength converters
so that a lightpath can be setup with different wavelengths
on different links along the path.

To establish a lightpath in a WDM network, it is neces-
sary to determine the route over which the lightpath should
be established and the wavelength to be used on all the
links along the route. This problem is called the routing
and wavelength assignment (RWA) problem. Routing and
wavelength assignment requires that no two lightpaths on a
given link may share the same wavelength. In addition, in
WS networks, lightpaths must satisfy the wavelength conti-
nuity constraint, that is, the same wavelength must be used
on all the links along the path. The RWA problem can be
classified into two types: the static RWA problem and the
dynamic RWA Problem. In the static RWA problem, the
set of connections is known in advance, the problem is to
set up lightpaths for the connections while minimizing net-
work resources such as the number of wavelengths and the
number of fibers. Alternatively, one may attempt to set up
as many lightpaths as possible for a given number of wave-
lengths. Dynamic RWA tries to perform routing and wave-
length assignment for connections that arrive dynamically.
The objective of dynamic RWA is to minimize the blocking
probability. We consider the dynamic RWA problem in this

paper.
While extensive analytical and simulation study has been
done to compare the performance of different RWA algo-



rithms, all the existing results assume that precise global
network state information is available. In a large network,
however, maintaining precise global network state infor-
mation is almost impossible. Many factors, such as non-
negligible propagation delay, infrequent state updates due
to overhead concerns, and hierarchical topology aggrega-
tion, can affect the precision of the global network state
information. Thus, an effective practical RWA algorithm
must be able to tolerate the imprecise global network state
information and make effective routing and wavelength as-
signment decisions in the presence of imprecise global net-
work state information. In this paper, we attempt to under-
stand the effects of the imprecise global network state on ex-
isting RWA algorithms for different network architectures.
We consider three types of systems: WI networks, single
fiber WS networks (single fiber for each link), and multi-
fiber WS networks (multiple fibers for each link). For each
type of networks, we study dynamic shortest path routing
with three wavelength selection schemes: first-fit, random-
fit and most-used. More details about the systems and the
wavelength selection schemes will be elaborated in Section
3. The conclusions we draw from this study include the fol-
lowings. First, imprecise global network state information
has significant impact on the performance of dynamic RWA
algorithms. Second, some algorithms that are traditionally
considered effective (when the global network state is pre-
cise) perform poorly when the state information is impre-
cise. Third, WI networks and multi-fiber WS networks are
less sensitive to the imprecise global state information than
single fiber WS networks. The study also indicates that cur-
rent RWA algorithms that do not take imprecise global net-
work state into consideration may not be practical for large
scale networks.

The rest of the paper is organized as follows. Section 2
describes the related work. Section 3 presents the dynamic
routing and wavelength selection algorithms. Section 4 re-
ports the results of the performance study, and Section 5
concludes the paper.

2 Redated work

The routing and wavelength assignment problem has
been studied extensively. A summary of the research in this
area can be found in [16]. This problem is typically parti-
tioned into two sub-problems: the routing sub-problem and
the wavelength selection sub-problem [2, 3, 5, 6, 7, 10, 14].
For the routing sub-problem, there are basically three ap-
proaches, fixed routing [6], alternate routing [6, 7, 14],
and dynamic adaptive routing [9, 10]. Among the rout-
ing schemes, dynamic adaptive routing, which is studied
in this paper, offers the best performance. A large num-
ber of wavelength selection schemes have been proposed:
random-fit [5], first-fit [5], least-used[15], most-used[15],

min-product[8], least-loaded [11], max-sum[2, 15], and rel-
ative capacity loss[17]. The schemes can roughly be clas-
sified to three types. The first type, including random-fit
and least-used, tries to balance the load among different
wavelengths. The schemes in this category usually perform
poorly in comparison to other types of RWA schemes. The
second type, including first-fit, most-used, min-product, and
least-loaded, tries to pack the wavelength usage. These
schemes are simple and effective when the network state
information is precise. The third type, including max-sum
and relative capacity loss, considers the RWA problem from
a global point of view. These schemes deliver better perfor-
mance and are more computational intensive than the other
types of schemes. In this study, we investigate the impact
of imprecise global network state information on the perfor-
mance of the RWA algorithms.

3 Dynamic routing and wavelength assign-
ment with imprecise state information

3.1 Imprecise stateinformation

In large networks, global network state information is
typically maintained by either a link state algorithm [13] or
a distance vector algorithm [12]. In this paper, we assume
that a link state algorithm is used to maintain the global net-
work state information. Using the link state algorithm, a
router obtains the global network state by exchanging the
link state advertisements. ldeally, every time the state of a
link is changed, e.g. a wavelength is used or released by
a connection, the changing of the link state must be made
known to all routers in the networks. However, due to the
overhead concerns, the link state updates usually cannot
keep up with the actual link state changes. Hence, the global
state maintained at each node may not accurately reflect the
current network situation. In addition to the overhead con-
sideration, other factors, such as the large propagation de-
lay and topology aggregation schemes, which summarize
network state information in a concise representation, can
contribute to the imprecision of the global network state in-
formation. Thus, a practical dynamic RWA algorithm must
be able to deal with imprecise global state information and
perform effective RWA in the presence of imprecise global
state information.

In this paper, we assume a timer-based link state update
scheme [1], that is, the link state update is triggered period-
ically with a given time interval. The imprecise global state
information is modeled by adjusting the time interval for
the link state updates. The larger the interval, the more im-
precise the global state is. Notices that some other link state
update policy, such as the threshold based link state update
policy, are proposed to achieve better link state information
with less link state updates [1]. Such update mechanisms



may not be suitable for optical networks since they may re-
sult in very high blocking rate.

3.2 Dynamic routing and wavelength assignment

When connections are established and released dynam-
ically, dynamic routing and wavelength assignment algo-
rithms must be used to dynamically assign resources to the
connection requests. In case when the network does not
have sufficient resources to support a connection, the con-
nection is blocked. In WS networks, a connection may also
be blocked if there does not exist any common wavelength
in all the links along a path. The objective of a dynamic
routing and wavelength assignment algorithm is to select a
path and a wavelength on each link along the path such that
the blocking probability is minimized. Using the global net-
work state information maintained by a link state algorithm,
a router can compute the routes and select wavelengths to
establish a connection with a RWA algorithm. The routing
algorithm we study is a shortest path routing algorithm that
guarantees to find a shortest path between the source and
the destination that can be used to establish the connection.
For a WI network, all the links along the selected path have
at least one available wavelength. The routing algorithm for
W1 networks is basically the typical shortest path algorithm.
For a WS network, we must find a path where at least one
common wavelength on all the links along the path must be
available. To ensure that, we use the concept of the layered
graph [4]. Let the network be modeled as a graph G(V, E),
where V' is the set of routers and F is the set of links. To
find a path from src to dst in a network with k& wavelengths
that satisfies the wavelength continuity constraint, we con-
struct the layered graph G’(V’, E’) as follows:

e Foralln € V,n; € V' fori = 1,2, ..., k. Inaddition,
two nodes sr¢’ and dst’ are added to the graph.

e Foranedge (u,v) € E, (u;,v;) € E’ifand only if the
i-th wavelength on link (u,v) is available. In addition,
links (src’,sre;) fori = 1,2,...,k, and (dst;,dst’)
forj = 1,2, ..., k are added to the layered graph.

Each layer in the layered graph corresponds to the avail-
ability of one wavelength. It can be shown that a path
between src’ and dst’ in the layered graph G’ implies a
path in G with a common wavelength along all links in the
path. Thus, running a shortest path algorithm over G’ finds
a shortest path that satisfies the wavelength continuity con-
straint. By associating a weight with each link in the layered
graph, multi-fiber systems can be modeled. Once the route
for a connection is determined, a wavelength is selected on
each link for the connection. For WI networks, all wave-
lengths are equal and no particular wavelength selection al-
gorithm is necessary. For WS networks, three wavelength
selection methods are considered:

e Random-fit. Using random-fit, a set of wavelengths
that can be used to establish the connection is deter-
mined. After that, a wavelength is randomly select
with uniform probability distribution from the set.

e First-fit. In the first-fit scheme, the wavelengths are
numbered. The lowest numbered wavelength that can
be used to establish a connection is used for the con-
nection. The idea of the first-fit scheme is to pack the
usage of the wavelengths toward the lower end of the
wavelengths so that high numbered wavelengths can
contain longer continuous paths. Previous studies have
shown [5] that this scheme performs better than the
random-fit scheme. Due to its simplicity and high per-
formance, this scheme is preferred in practice.

e Most-used. The most-used scheme furthers the idea
of the first-fit scheme in packing the usage of wave-
lengths. In this scheme, all the available wavelength
that can be used to establish a connection are consid-
ered, the wavelength that has been used the most is se-
lected for the connection. The wavelength usage using
the most-used scheme is more compact than that us-
ing the first-fit scheme. Studies have shown that with
precise global network state information, the most-
used scheme performs slightly better than the first-fit
scheme.

4 Performance study

Figure 1. The ISP topology

In this section, we present the study of the performance
of various RWA algorithms in the presence of imprecise
global network state information. The topology used is
shown in Figure 1. All the links are assumed to be bi-
directional. Each link have a total of 32 wavelengths re-
gardless of the number of fibers. Thus, for a single fiber
system, 32 wavelengths are supported on each fiber; for
a 2-fiber system, 16 wavelengths are supported on each
fiber. The flow dynamics of the network are modeled as
follows. Flows (connections) arrive at a node according



to a Poisson process with rate A. The destination node is
chosen randomly from all nodes except the source node.
The connection holding time is exponentially distributed
with mean 1/u. The offered network load is given by
p = ANK /uLCF,where N isthe number of source nodes,
L is the number of links, A’ is the mean number of hops per
flow, averaged across all source-destination pairs, F' is the
number of fibers for each link, and C'is the number of wave-
lengths supported on each fiber. The parameters used in the
simulation are N = 16, L = 50. h’ = 2.28. The mean con-
nection holding time is 60 seconds, that is, 1/p = 60. For
a single fiber system, C' = 32 and F' = 1. For a 2-fiber sys-
tem, C = 16 and F' = 2. For a 4-fiber system, C' = 8 and
F = 4. The average flow arrival rate, )\, is set depending
upon the desired load. In the experiments, a blocked flow is
dropped without being retried. All the results are obtained
with a 95% confidence level and a 5% confidence interval.
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Figure 2. Performance of wavelength selec-
tion algorithm on a single fiber system with
accurate state information

Figure 2 shows the performance of different wavelength
selection algorithms on a single fiber system when the
global network state information is accurate. The results in
the figure are compatible with previous study: WI networks
offer better performance than WS networks. For WS net-
works, different wavelength selection schemes result in dif-
ferent performance. Among the three schemes considered,
the most-fit scheme is the most effective, while the random-
fit scheme is the least effective. The performance difference
between WI and WS networks is fairly large while the dif-
ferences among different wavelength selection schemes for
WS networks are smaller.

Figure 3 shows the performance of different wavelength
selection algorithms on a single fiber system when the
global network state information is inaccurate with a link
state update interval of 10 seconds). We observe that WI
networks perform significantly better than WS networks
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Figure 3. Performance of wavelength selec-
tion algorithm on a single fiber system with
an update interval of 10 seconds

when the global network state information is inaccurate,
which indicates that WI networks are less sensitive to the
imprecise global network state information than WS net-
works. The results also show that the performance of wave-
length selection algorithms is affected significantly by the
imprecise global network state information. In particular,
wavelength selection algorithms, such as the first-fit and
best-fit schemes, that try to pack the usage of wavelengths
in the system result in very poor performance in the pres-
ence of imprecise state information. This is because pack-
ing the wavelength usage using the imprecise state infor-
mation results in the same wavelength on a link to be as-
signed to different connections and a very large blocking
rate. Such wavelength selection schemes are extremely in-
effective when the network state information is inaccurate.
Notice that such wavelength schemes are traditionally con-
sidered effective when the global network state information
is accurate. The wavelength selection schemes, such as the
random-fit scheme, that try to balance the load on different
wavelength adapt to the imprecise network state informa-
tion better although the performance also decreases drasti-
cally. These results show that to design a practical wave-
length selection algorithm, the issue of inaccurate global
network state information needs to be taken into considera-
tion.

Figure 4 shows the impact of the link state update inter-
vals on the performance of different wavelength selection
schemes. In this experiment, load = 0.5. As the global link
state information becomes more inaccurate, all schemes
have higher blocking rate. However, the performance of the
first-fit and most-used schemes decreases much faster than
the random-fit scheme. As the link state update interval in-
creases from 0 to 10, the blocking rate in the WI network
only decreases slightly. This demonstrates that W1 networks
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Figure 4. Impact of the link state update inter-
val

can tolerate imprecise global state information much better
than WS networks.
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Figure 5. Performance of wavelength selec-
tion algorithm on a 4-fiber system with accu-
rate state information

Figure 5 shows the results for a 4-fiber system when the
global network state information is accurate. Comparing
to Figure 2, we can see the difference between the perfor-
mance of different wavelength selective schemes in the 4-
fiber system is much smaller than that in the single fiber
system. Essentially, 4-fiber per link creates the effect of
“partial” wavelength conversion: one incoming wavelength
can potentially have four outgoing wavelengths in each out-
put port. In this particular experiment, performance of a
4-fiber system is very close to that of a network with full
wavelength conversion. When the network is under heavy
load (load > 0.65), the WI network has a higher connec-
tion blocking probability than the WS network with 4 fibers
per link. The reason for this seemingly strange result is that
in WI networks, a connection is easier to be established.

When the network is under heavy load, more connections
with large hop counts are established which blocks future
connections with small hop counts.

Figure 6 shows the results for a 4-fiber system when the
global network state information is inaccurate with a link
state update interval of 10 seconds. The inaccurate state in-
formation still has a significant impact in a 4-fiber system
as the performance of the wavelength selection schemes
decreases significantly, especially the most-used scheme.
However, comparing to Figure 3, the effect is less signifi-
cant. The performance of the first-fit scheme in the 4-fiber
system is much better than that in the single fiber system.
The main reason is that the shortest path algorithm that we
use is a widest-shortest routing algorithm, that is, among all
shortest paths, the one that has the largest number of avail-
able wavelength is selected. In a multi-fiber system, this
allows different paths between the same source and desti-
nation to be selected, which somewhat directs the traffic in
a more balanced manner. This allows more flexibility in
selecting a wavelength for a connection and improves the
performance.
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Figure 6. Performance of wavelength selec-
tion algorithm on a 4-fiber system (update in-
terval = 10)

Figure 7 shows the impact of link state update interval on
the performance of different wavelength selection schemes
for a 4-fiber system. In this experiment, load = 0.5. The
trend is similar to that in Figure 4 except for the first-fit
scheme. As the global link state information becomes more
inaccurate, all schemes have higher blocking rate. How-
ever, the performance of the first-fit and most-used scheme
decreases much faster than the random-fit scheme.

Figure 8 shows the impact of the number of fibers per
link in the system. This experiment assumes that all systems
have the same capability (32 wavelengths per link realized
by a different number of fibers). The network load is 0.5 and
the link state update interval is 10 seconds. Having more



fibers on each link always results in better performance for
all different wavelength selection schemes. Hence, we con-
clude that multi-fiber systems can somewhat offset of the
negative effect of imprecise global network state informa-
tion in comparison to single fiber systems.
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Figure 7. Impact of link state update interval
on a 4 fiber system
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5 Conclusion

In this paper, we investigate the impact of imprecise
global network state information on wavelength interchange
and wavelength selective networks and on different wave-
length selection schemes for wavelength selective networks.
We find that imprecise global network state information has
significant impact on the performance of all different types

of networks and of different wavelength selection schemes
for wavelength selective networks. For wavelength selec-
tive networks, some wavelength selection algorithms that
are traditionally considered efficient by packing wavelength
usages, such as the first-fit and most-used, perform poorly
in the presence of imprecise global network state informa-
tion. We conclude that new RWA algorithms that can tol-
erate imprecise global network state information may need
to be developed for the dynamic connection management in
the future WDM networks.
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