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Abstract Routing in wavelength-routed all-optical WDM networks has received
much attention in the past decade for which fixed and dynamic routing methods
have been proposed. Taking into account the observation that wavelength-routed
all-optical WDM networks are similar to circuit-switched voice networks, except
with regard to wavelength conversion, we propose an adaptive alternate routing
(AAR) scheme for wavelength-routed all-optical WDM networks. A major benefit
of AAR is that it can operate and adapt without requiring an exchange of network
status, i.e., it is an information-less adaptive routing scheme. The scope of this
work is to understand this scheme on its own right since no other dynamic rout-
ing schemes are known to have the information-less property. In this paper, we
conduct a systematic study of AAR with regard to factors such as the number of
converters, load conditions, traffic patterns, network topologies, and the number of
alternate paths considered. We observe that the routing scheme with multiple al-
ternate routes provides more gain at a lower load instead of requiring any nodes
to be equipped with wavelength converters. On the other hand, the availability of
wavelength converters at some nodes, along with adaptive routing ,is beneficial at a
moderate to high load without requiring all nodes to be equipped with wavelength
converters. We also observed that a small number of alternate routes considered in
a network without wavelength converters gives a much better performance than a
network with full wavelength converters and fewer alternate routes. Through this
study, we observed that the proposed adaptive alternate routing scheme adapts well
to the network traffic condition.
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1 Introduction

Wavelength-routed all-optical wavelength division multiplexing (WDM) networks
are designed and developed to accommodate perpetually increasing network traffic.
WDM systems allow efficient utilization of a fiber bandwidth by dividing the band-
width into smaller and manageable channels, each operating at an electronic speed
and modulated at different wavelengths. Wavelengths are combined and transmitted
concurrently over the same fiber.

Normally, the same wavelength must be used for each connection request on each
fiber along the chosen path. At the same time, two identical wavelengths cannot
share the same fiber. These unique conditions of wavelength-routed WDM net-
works, referred to as the wavelength continuity constraint and the distinct chan-
nel assignment, make the routing problem (called routing and wavelength assign-
ment, RWA) more complicated than routing in traditional circuit-switched voice
networks, and fundamentally different than routing in packet-switched networks.
However, the former restriction can be somewhat relaxed if a network’s nodes are
equipped with wavelength converters that can shift one wavelength to another at a
converting node. In fact, if all nodes in a network are equipped with full conversion
capability, then the routing in the WDM network is similar to dynamic call routing
in the circuit-switched voice network. However, wavelength converters are costly
and a network provider either may not be able to or may not want to replace all
non-converted nodes to fully converted nodes in a single installation cycle. How-
ever, the problem of wavelength converter placement raises many questions. Does
a given network need wavelength converters for a given traffic load if quality of
service can be met without converters? How do additional wavelength converters
improve network performance? Where should they be placed? How is this related
to network traffic load? What effects do routing techniques have on the wavelength
conversion (WC) gain?

While there have been significant works on routing in WDM networks (see Sec-
tion 2 for related work), we have found that several angles have not been addressed
before or are not discussed in one place to see how these are related. For instance,
there have been significant works on dynamic call routing for circuit-switched
voice networks [15]. However, such schemes have not been explored much for
wavelength-routed WDM networks in the presence of the wavelength continuity
constraint. At the same time, dynamic call routing, which was developed originally
for circuit-switched voice networks, has been studied primarily for fully connected
networks. It is not clear how well they work in a general topology network, es-
pecially in the presence of the wavelength continuity constraint and/or with some
nodes having converters. Furthermore, most studies on wavelength-routed WDM
networks have been primarily devoted to considering either small topologies or
symmetric traffic along with the total load being considered quite low (for instance,
about 1 Erlang traffic load per pair, in many studies), or for fixed routing.

For our work, we propose an adaptive alternate routing (AAR) scheme for WDM



networks, which is extended from dynamic alternate routing [13, 14] developed
originally for full-connected circuit-switched voice networks. The key advantage
of DAR (and thus, AAR) is that it is an information-lessrouting; that is, the scheme
adapts to selecting alternate routes without requiring an exchange of status informa-
tion on links by the different nodes. The primary scope of our work is to study and
understand AAR in its own right for WDM networks such as how well it adapts
in an information-less environment under various conditions. For this, we con-
sider a number of factors. Specifically, we consider wavelength converters along
with adaptive alternate routing for three different network topologies under a set
of load conditions, with the intent to see where and how wavelength converters
might benefit and how the consideration of multiple alternate routing entries in
the routing table impact network performance. Our goal is to shed some light on
various inter-related aspects in a comprehensive manner for AAR. For instance,
we wish to observe how the usefulness of wavelength converters is influenced by
the traffic patterns (i.e. symmetric vs. asymmetric at low, medium, and high loads)
and the number of alternate routes considered in the routing table. An important
goal is to identify the cases in which wavelength converters can significantly ef-
fect the performance for AAR. Moreover, we compare the benefits of wavelength
converters with the availability of multiple alternate routes in the routing table in
the absence of wavelength converters to examine the real exigencies of wavelength
converters in wavelength-routed WDM optical networks. We wish to point out that
this study does not compare AAR with any other dynamic routing schemes that
requires the exchange of status information. Since DAR is also an information-less
routing scheme, we also include a brief comparison to show how AAR differs from
DAR. In general, the focus remains on understanding AAR, in the same spirit as
one tries to understand physical systems.

The rest of the paper is organized as follows. In Section 2, we present related work.
In Section 3, we discuss the routing framework for wavelength-routed WDM net-
works along with our proposed adaptive alternate routing scheme. In Section 4, we
discuss our study scenarios followed by a presentation of study results.

2 Redated work

Routing in circuit-switched voice networks has been a major research direction in
the past several decades. Ash and Chemouil [6] provided an overview of rout-
ing algorithms in circuit-switched networks. They categorized routing algorithms
into four types: fixed routing, time-dependent routing, state-dependent routing, and
event-dependent routing. In fixed routing, the routing table is fixed for a call and the
route selection order is predetermined based on this table; an alternate route from
the table is attempted if the first path is not available, and so on. In time-dependent
routing, the routing table is updated at a certain point of time during the day or
week, and then the route selection order is based on the current routing table. In
state-dependent routing, the routing table is updated automatically according to the



current state of the network and may require periodic flooding of network status in-
formation. In event-dependent routing, the routing table is altered locally based on
whether a request is blocked. While each of the above routing categories have their
pros and cons, Ash [4] found that the performance of event-dependent routing to
be close to, or better than, state-dependent routing with flooding. An advantage of
event-dependent routing is that it avoids the information flooding associated with
state-dependent routing. While routing in wavelength-routed all optical networks
has been examined in the past decade, most considered fixed alternate path rout-
ing [17,25], or dynamic routing [11,22,30, 36] that fall under state-dependent rout-
ing, but none considered event-dependent routing. Because of the success of event-
dependent routing in circuit-switched voice networks and the lack of current work
on event-dependent routing in WDM networks, we proposed an event-dependent
routing scheme that can be used in WDM networks.

If we now consider the benefits of wavelength converters, which have been exten-
sively investigated for WDM networks with fixed routing, we find that the gain
of wavelength converters in minimizing the call blocking probability depends on
several factors. These are as follows:

e Network topology and size: It has been shown that [7-9,23,32] when the connec-
tivity of the network is low, e.g. a ring topology, the conversion capability is not
very advantageous because of the high load correlation. Also, when the connec-
tivity is high, such as in a hypercube topology, conversion gain is small because
of the short length of the routes. In contrast, if the connectivity is medium, such
as in the mesh-torus topology, wavelength converters are useful due to the low
load correlation and longer hop-counts.

e The RWA used: The conversion gain in fixed routing, in which only one fixed
route is available between a source and destination, is low compared to fixed
alternate routing, especially when a packing wavelength selection scheme such
as fixed fit (FF), most used (MU), or least used (LU) is used. When more al-
ternate paths are available, higher benefits of conversion can be derived. More-
over, dynamic alternate routing techniques can achieve better performance [29]
and [19]. Other studies, [19] and [28], investigated the performance of wave-
length selection algorithms. It has been shown that the MU wavelength selection
scheme may achieve better performance than other wavelength selection algo-
rithms, especially when the number of wavelengths per link is large. Barry [7]
claimed that a good routing algorithm in wavelength-continuous networks should
consider the hop-count (H), interference lengths (L), and link congestion. The
claim is that minimizing the ratio of H /L would provide better performance and
reduce the benefits of wavelength converters. Ramamurthy and Mukherjee [29]
showed that the presence of wavelength converters significantly improves the
performance in networks that employ alternate routing when compared to net-
works that use (single) fixed routing. They also show that the benefits of adding
an alternate route is more than the benefits of adding a wavelength converter at
low loads when the number of alternate routes between node pairs does not fully



exploit the connectivity of the network topology. Karasan and Aynoglu [19]
showed that FF or MU wavelength selection algorithms produce a low conver-
sion gain compared to other algorithms when the shortest path routing algorithm
IS used.

e Traffic load: [33] shows that WC may not improve the performance in some
cases. As wavelength converters solve the conflict of the wavelength continu-
ity constraint, placing wavelength converters in a network prompts the network
to accept longer paths compared to the same network without wavelength con-
verters. This means that when the network is heavily loaded, longer paths can
be accommodated subject to bandwidth availability. In turn, more subsequent
shorter paths will be rejected, resulting in higher blocking performance.

e The number of wavelengths per link: It has been shown that [31] when the num-
ber of wavelengths increases, wavelength converters become more useful since
this leads to the mixing of more connections. However, after a certain point, in-
creasing the number of wavelengths does not produce new conversion benefits.

e The number of fibers per link: [18] showed that the benefits of wavelength con-
verters decrease as the number of fibers per link increase. [33], however, showed
that wavelength converters can improve the performance in multi-fiber ring net-
works with a moderate number of wavelengths more than in single-fiber ring
networks. The authors reported that the reason for this was unclear and subject
to further investigation.

It may be noted that most previous works examined the interaction between wave-
length converters and fixed alternate routing assuming symmetric traffic. Often,
such studies have been analyzed for small numbers of wavelengths with low Er-
lang loads. From Erlang-B loss formula [15], it is known that when the load to
the number of wavelengths is kept fixed, the statistical multiplexing gain of low
load to a small number of wavelengths is less than the gain of high load and a
large number of wavelengths. As wavelength-routed all-optical WDM systems are
suitable for backbone networks, it is important to understand the system dynam-
ics for larger network load values and a large number of wavelengths. Furthermore,
trunk reservation, also known as bandwidth reservation or state protection, is a well-
known control technique used to prevent bistability at the time of congestion in a
circuit-switched voice network and to improve network performance [1, 24,34, 35].
It works by reserving part of a capacity of a link for its direct calls when the used
capacity of the link reaches a particular level. We also note that current literature on
routing in WDM networks has not considered the impact of the trunk reservation
factor and its interaction in the presence of wavelength conversion.

While there have been analytical models developed to understand performance of
WDM networks [9-11], such models are mostly for fixed routing with a single
(shortest) path between each pair of nodes. As is known from studies of alternate
routing for circuit-switched voice networks, analytical models in the presence of
alternate routing require assuming that the overflow traffic is Poisson, while in



reality there is peakedness in overflow traffic. Thus, such models [15] typically
assume link independence and use reduced load approximation approaches; how-
ever, such models do not always lead to results that accurately reflect the system
dynamics depending on the offered load to the capacity ratio. For instance, it was
reported in [16] that for a nominal load, there is a good match between simulation
and analytical models; however, the difference can be noticeable at a moderately
higher load (while keeping the same capacity). Recall that our primary interest is
to conduct a study on adaptive alternate routing for WDM networks in the pres-
ence of wavelength converters and the number of alternate routes considered; thus,
we wanted the comparison to be accurate, not dissuaded by any artificial gap that
may be induced due to the approximation in an analytical model. Therefore, devel-
opment of an analytical model for event-dependent routing for WDM networks in
the presence of wavelength continuity constraint is outside the scope of the present
paper and will be considered independently.

3 Routing and Wavelength Assignment with Wavelength Conver sion

Before we describe the routing framework, we define the notation and assumptions
used in this discussion. Consider a WDM network consisting of N nodes and L
fiber links where each link has 1 wavelengths labeled w, ws, ..., wy,. We denote
the number of wavelength-converting nodes in the network by ¢; clearly, ¢ < N.
Here, ¢ = 0 means that none of the nodes are wavelength-converting nodes, while
¢ = N means that all nodes are wavelength-converting nodes.

A node pair u is denoted by the pair (s, d), where s is the source node and d is the
destination node. For each node pair u, {r{,73,...,r} } denotes the set of routes
computed and ordered off-line where T, is the total number of such computed
routes between (s, d). Note that this pre-computed set serves as a basis for route
selection at a coarse grain level. We use K to be the number of routes available
between (s, d) for a routing scheme at any time; clearly, K < T,,. In particular,
K = 1 indicates that there is only one route available between s and d; this may
or may not be a direct route. By direct route, we mean that s and d are directly
connected by a link; however, in a general topology, a source and a destination
may not necessarily be directly connected. We denote f(r¥) to be the number of
common idle wavelengths on a route r}, 1 < ¢ < T, that can be chosen from in
order to establish a lightpath. Finally, Z(r#) denotes the number of links of route
ri,and [, (r*) is link h on ¥, where 1 < h < L(r¥).

3.1 Wavelength Converters

We now formally present wavelength converters and their impact on path selec-
tion. Let N(s;, 7)) denote the number of segments s;(r}*) on the route r¥, where
1 < j < L(r¥). Consider ¢(r}) to denote the number of wavelength-converting



nodes on r¥. If, for instance, ¥ consists of four nodes (also referred to as wave-
length cross-connects, WXCs) and only one is a wavelength-converting node (also
called wavelength-interchanging cross-connects W1XCs), then ¢(r}*) = 1, and the
other are non-converting nodes (also called wavelength-selective cross-connects
WSXCs). Here, N(s;,r}") = 2 with segments (s1(r}") and sy(r}")) as shown in fig-
ure 1. Thatis, (N(s;,7}) = c(r}) (excluding s and d) + 1). Each segment s;(r})
still must follow the wavelength continuity constraint.

To establish a lightpath, two sub-problems need to be solved. First, a path from
source to destination must be chosen from the allowable paths; this will be dis-
cussed in detail in the next section. Second, a wavelength must be selected for the
chosen path. This is the wavelength selection part performed by any of the wave-
length selection algorithms such as most used (MU), least used (LU), fixed fit (FF),
and so on. In this work, we use a random wavelength selection algorithm. That
is, whenever f(r¥) > 1, a wavelength is selected randomly. The random selection
of wavelengths equally distributes the load on the wavelengths and therefore bal-
ances the wavelength utilizations. This allows us to focus our work on the routing
algorithm aspect and the role of the wavelength conversion.

There are three possible scenarios to consider in order to find f(ri“). The first is
when the network has no converters. In this environment, each r}* consists of one
segment s, (r#) that must have at least one idle common Wavelength on all its links
In(r) to establlsh a lightpath. The second is when the network uses sparse wave-
Iength conversion. In this case, paths are divided into numbers of segments s (r}')
determined by the number of ¢(r}) on each path as we saw in Figure 1. Each
segment s;(r#) must have at Ieast one idle common wavelength to establish the
lightpath. For example, let ¥ consist of three segments s (7}"), so(r¥), and s3(r¥).
Let wy, ws, and w3 be common idle wavelengths on s (r¥), 52( v, and sg(ri), re-
spectively. Then, a lightpath could be established using w; on 51( ¥, ws ON 52( u,
and ws on s3(r*). The third is when all nodes are wavelength-converting nodes
In this case, the wavelength continuity constraint is utterly diminished, each link
becomes a segment by itself, and any idle wavelength can be used on each [ (7).
In general, f(r¥) is positive if the following logic condition is satisfied by the m
segments:

(fls1(rf)) =2 A (fs2(ri) = D) A= A(f(sm(ri)) 2 1) =1
The three scenarios can then be represented by m = L(r¥) (full conversion), m <
L(r) (partial conversion), and m = 1 (no conversion).

32 RWA

We propose here an event-dependent adaptive routing scheme. We shall refer to this
scheme as Adaptive Alternate Routing (AAR). It is based on the principle of dy-
namic alternate routing (DAR) for fully-connected circuit-switched voice networks



Segment 1 Segment 2

Fig. 1. Path segments for wavelength continuity.

Algorithm 1 Wavelength Assignment
INPUT:
A route 7.
OUTPUT:
A wavelength to be used on 7.
PROCEDURE:

for s;(r}) do

find all idle wavelengths
end for
find common wavelengths f (') between s;(r}')
if f(r*) > 1then

select one wavelength randomly
eseif f(r®) = 1then

use this wavelength
else

no common wavelength found
end if

in [13,14]. Note that DAR falls in the category of event-dependent routing, and so
does AAR. In DAR, the direct link route, which exists in a fully-connected network,
is always attempted first—this route is listed as the first route in the routing table;
then, the alternate routes (beyond the first route) in the routing table are updated
locally on the basis of whether the call is blocked on the selected alternate route. If
a connection request is blocked, the current alternate route is replaced by randomly
selecting a new alternate route; however, if a request is successfully connected on
this route, it remains in the routing table for future calls between the same node
pairs. This scheme is also referred to as the sticky random principle.

While AAR is an event-dependent routing scheme, it is fundamentally different
than other event-dependent or state-dependent schemes in the following sense: it
as an information-less routing scheme. What this means is that to make a routing
decision, this scheme does not require an exchange of any information (such as link
state) between any nodes. Thus, a major goal, within this context, is to understand
how well the schemes adapt under a variety of conditions.



Algorithm 2 Adaptive Alternate Routing

INPUT:
The node pair w.
Routing table of the s node of size K.
No. of attempts « to route the call.
2<1< K
OUTPUT:
A route between s and d.
PROCEDURE:
if a =1 then

use i if f(r}) > 1; exit
end if
whilea > 2and a < K do

use r* if f(r*) > 1; exit

If no capacity on r! then

reset alternate path entry for ! randomly (for use by future calls)

a=a+1
end if
end while

No route found; the call is blocked

Since we want to consider routing in a general topology network, the direct link
route as used in DAR may not always exist. Furthermore, in DAR, alternate paths
are limited to paths that consist of at most two links. In our scheme, for pairs that
do not have a direct link path, the shortest-hop path for this pair is considered as
equivalent to the fixed first path in the routing table, which is always to be attempted
first whenever a request arrives for this pair. We also allow any alternate routes to
not be limited to just a maximum of two links—in fact, in a general topology net-
work, a pair may not always even have a two-link route. It may be noted that in
DAR, the number of attempts to route a call is typically two, the direct and the
alternate path; this is partly influenced by a lack of crankback [3, 5, 27] capability.
That is, if a call cannot find available capacity on the second link of a two-link
alternate path, the call is blocked and lost and it cannot be tried on a third path
even if this is listed in the routing table. Rather, the third path is attempted only
when a call cannot find available bandwidth on the first link of the first alternate
path. In AAR, we allow crankback capability; therefore, our scheme checks if all
links (segments) of an alternate path (subject to satisfying the wavelength continu-
ity constraint) have bandwidth available for an arriving call. If so, it is attempted;
if not, the call proceeds to attempt the third route in the routing table. In the mean
time, a new alternate path is randomly determined and stored in the second location
(for use by future calls). If the call is not successful in the third route, it tries the
fourth entry (while determining independently a new replacement randomly for the
location of the third route), and so on. If, after trying a maximum number of routes
in the routing table the call cannot go through, it is blocked and lost.



Note that AAR retains the basic principle of DAR, which is sticky random; i.e, if
an entry in a routing table is capable of completing a request, it is not changed.
Change occurs only if such a route cannot accommodate a newly arriving call. In
this case, a newly arriving call attempts the next entry in the routing table, while a
new random route is selected from cached alternate paths and placed in the location
of the unsuccessful route.

Our modification to DAR is motivated by the following: DAR is efficient in fully
connected networks where each node pair » has a direct path. We found that it
does not perform well in wavelength-converting networks in its native form when a
pair does not have a direct path (this will be discussed with numerical results in the
results section). Also, the shortest-hop path is used as the fixed first path in the rout-
ing table. We also allowed routes to be selected from multiple alternate paths for
each attempted call by incorporating the crankback feature. Furthermore, AAR is
chosen since, by being an event-dependent routing, it avoids the information flood-
ing associated with state-dependent routing. It may be noted that the performance
of event-dependent routing was found to be better than state-dependent routing for
circuit-switched voice networks; however, performance of event-dependent routing
has not been studied so far for WDM networks.

We now comment on where the adaptive alternate routing scheme for WDM net-
works falls under the general notion of dynamic quality-of-service routing. A frame-
work for dynamic quality-of-service routing can be found in [26, 27], which dis-
cusses three phases: 1) the preliminary path caching (PPC) phase, 2) the updated
path order (UPO) phase, and 3) the actual route attempted (ARA). For adaptive
alternate routing, the PPC phase determines up to K paths for consideration in the
routing table—these are candidate paths based on coarse-grain information; how-
ever, the UPO phase for adaptive alternate routing is event-dependent—that is, if a
particular path in the routing table cannot accommodate an arriving call, then this
path is dropped and an alternate path is randomly determined that now takes the lo-
cation of the rejected path in the routing table (for future call attempts). The actual
route attempted is influenced by this sticky random nature since the route located in
the routing table for a future call could be different; certainly, the first path remains
fixed as we discussed earlier.

4 Performance Studies

4.1 Sudy Environment

We developed a discrete-event simulator to simulate wavelength-routed all optical
WDM networks for AAR. We implemented the capability that the network can
have any number of wavelength-converting nodes. The simulation tool is a call by
call network simulator. For our study, request arrivals for wavelength services are
assumed to follow the Poisson process, and the service duration time is assumed to
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be exponentially distributed; thus, the offered load can be represented in Erlangs.
For each simulation scenario, we performed 11 independent simulation runs; the
result reported is for the average of this value. We have also computed the 95%
confidence interval and found that it stays typically within 1% of the average value.

The following factors were taken into account in our study: 1) impact on network
performance as the number of wavelength converters are varied, 2) impact due to
different number of alternate routes in the routing table (in figures, X = 1 means
the case of the single fixed route in the routing table), 3) different offered load
conditions under both symmetric and asymmetric traffic cases, 4) the performance
impact on different topologies. We also considered the role of trunk reservation.
These then lead to a sizable number of scenarios due to the multiplicative nature.
For brevity, we focused our discussion on a selective subset of scenarios out of the
full list of scenarios and remarked where we noticed significant differences with
the rest of the scenarios.

First, consider the network topologies. We have selected three different topologies:
a 14-node National Science Foundation network (NSFNET), a 25-node mesh-torus
network, and a 36-node Sprint continental IP backbone, (figure 2). These topologies
were selected as representative topologies to understand how routing performance
might be impacted differently on different topologies. All links in these networks
were assumed to be bidirectional multi-wavelength fibers with the same number
of wavelengths in each fiber. For each topology, we considered two traffic cases:
symmetric traffic and asymmetric traffic. In each case, we considered three different
load scenarios, which we label as L1, L2, L3 to reflect low, medium and high traffic
loads, respectively. For asymmetric traffic cases, we used the demand model of [12]
to create demands between node pairs while keeping the average load the same
as the corresponding symmetric cases. Information about network topologies and
traffic scenarios are shown in tables 1 and 2. From Table 2, it is easy to see that the
total traffic load simulated is quite significant, and per pair traffic load varied from
as low as 2 Erlangs to as high as 15 Erlangs to capture load variations per pair.

We briefly comment on the selection of network loads L1, L2, and L3. We started
each network with no wavelength converters and determined a baseline load such
that the call blocking probability is approximately 1% with two routes in the routing
table for the symmetric traffic case; we call this load L1. Then we increased the load
proportionally to two different levels so that the blocking was progressively higher
under the same topological scenarios and capacity.

In order to determine where to put wavelength-converting nodes as we moved from
the no conversion case to the fully converted case, we used a simple heuristic given
in [2] called Total Outgoing Traffic (TOT). This algorithm allows the placement
of all given wavelength converters ¢ at once at the nodes that have the highest
outgoing traffic. The total outgoing traffic was defined by the entering traffic (the
sum of the loads on all routes that originate at node v) plus the transit traffic (the
sum of the loads on all routes that have v as an intermediate node). The transit
traffic component was calculated so that for each chosen r}*, whether a direct or an
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(b) Mesh-torus (c) SPRINT

Fig. 2. Network Topologies.

alternate route, each intermediate node v on rrecords the load passing through it.

4.2 Sudy Results

We earlier commented about the difference between DAR and AAR. We now start
with a numeric comparison between DAR and AAR. This is followed by our de-
tailed study on AAR under various scenarios.

4.2.1 Comparison of DAR and AAR

Recall that DAR was developed originally for fully-connected circuit-switched
voice networks where routes were limited to at most two links and crankback was
not allowed. For our comparison, we allowed a route in DAR to have an arbitrary
number of links so that it can be used in a general topology network; since a pair
of nodes may not be directly connected, it then used the sticky random principle to
pick a path from a set of candidate routes. A minor change of DAR was considered
by allowing crankback; the modified version will be referred to as DAR+. Finally,

Table 1
Topology information.

Network No. of Nodes | No. of Links

NSFNET 14 21
Mesh-torus 25 50
SPRINT 36 54
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Table 2
Simulated Topologies, Traffic patterns, Numbers of Wavelength, Loads.

Case Topology Wavelengths | Total Load Erlang Load
per link (in Erlangs) | per Demand pair

L1-Asymmetric-NSF 14-NSFNET 140 819 Avg=9
L2-Asymmetric-NSF 14-NSFNET 140 1092 Avg=12
L3-Asymmetric-NSF 14-NSFNET 140 1365 Avg=15
L1-Symmetric-NSF 14-NSFNET 140 819 9
L2-Symmetric-NSF 14-NSFNET 140 1092 12
L3-Symmetric-NSF 14-NSFNET 140 1365 15
L1-Asymmetric-Mesh | 25-Mesh-torus 156 1800 Avg=6
L2-Asymmetric-Mesh | 25-Mesh-torus 156 2700 Avg=9
L3-Asymmetric-Mesh | 25-Mesh-torus 156 3450.47 Avg=11.5
L1-Symmetric-Mesh | 25-Mesh-torus 156 1800 6
L2-Symmetric-Mesh | 25-Mesh-torus 156 2700 9
L3-Symmetric-Mesh | 25-Mesh-torus 156 3450.47 115
L1-Asymmetric-Sprint 36-Sprint 260 1260 Avg=2
L2-Asymmetric-Sprint 36-Sprint 260 1890 Avg=3
L3-Asymmetric-Sprint 36-Sprint 260 2700 Avg=4.3
L1-Symmetric-Sprint 36-Sprint 260 1260 2
L2-Symmetric-Sprint 36-Sprint 260 1890 3
L3-Symmetric-Sprint 36-Sprint 260 2700 4.3

AAR has both crankback and one fixed shortest path that is attempted before any
alternate route is considered through the sticky random principle.

For our comparison of DAR, DAR+, and AAR, we focused our results for NSFNET
with asymmetric traffic load L1. Performance results are plotted in Figure 3 for the
case when the network has no wavelength-converting nodes and when the network
is fully converted by varying the number of routes considered in the routing table.
When only a single route is considered (K = 1), then blocking is lower with a net-
work being fully converted compared to the network where no nodes are converted.
As expected, this is the result of wavelength continuity constraint being relaxed in
the case of fully converted nodes allowing more bandwidth. It may be noted that
K =1 means fixed routing (with one route).

The situation became interesting when we considered alternate routes in the routing
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Fig. 3. Comparison of DAR, DAR+, and AAR for NSFNET for load L1 (asymmetric case).

table. We note that for the full conversion case, both DAR and DAR+ performed
poorly as the number of alternate routes considered increased, while AAR’s perfor-
mance remained better throughout. When the network has no converted nodes, the
behavior of DAR was not as poor when the number of alternate routes increased
compared to the fully converted case. On the other hand, both DAR+ and AAR per-
formed about the same (while both being better than DAR) for the non-converted
case. While the graph does not include the case of some nodes being converted, the
result rested somewhere in between the non-converted and the fully converted case
for DAR and DAR+. We conclude that at the nominal load, the more stable behav-
ior of AAR is due to the first path being fixed, coupled with crankback. Starting in
the next section, our discussion will be limited to AAR.

4.2.2 Alternate Routing and Wavelength Conversion

As a continuation from above, we first discuss the results for the asymmetric case
for NSFNET topology. Later, we will point out where and whether the other topolo-
gies differ from NSFNET and by how much.

We first considered varying the number of wavelength converters for different val-
ues of alternate routes (see Figure 4). We can see that converting as few as two
nodes to fully converted nodes results in performance improvement. This improve-
ment continues until eight nodes are being converted, at which point no further
improvement is noticed as more nodes are converted. By comparing the different
values of the routes kept in the routing table, we note that by going from K = 1to
K = 2 (that is, from fixed routing to adaptive alternate routing with one alternate
path besides the fixed first path), the blocking drops significantly from about 4.5%
to 2.1% for the no-converter case while no such improvements can be achieved with
additions of converters if the number of paths is kept fixed at X = 1 (i.e., single
fixed routing). To see another view of this observation, we plotted performance un-
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der a different number of converters as the number of alternate routes considered in
the routing table was varied (Figure 5). This result is significant since in operational
networks, the cost of adding converters is expensive. The fact that a significantly
better performance can be observed by simply increasing the number of alternate
routes in the routing table is important from an operational point of view; in other
words, this shows the benefit of alternate routing even in non or partially converted
scenarios.
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Fig. 4. AAR performance for different values of the number of routes in the routing table
as the number of converters is varied (NSFNET, L1, asymmetric case).
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Fig. 5. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (NSFNET, L1, asymmetric case).

The next issue we wanted to understand is, if this behavior is maintained when the
load was significantly increased. For this, we considered asymmetric load L2 for
the same NSFNET topology (see Figure 6). We made an interesting observation:
for the no converter case, the performance improved as the number of alternate
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routes is increased; however, this was not so for the partially converted case or the
fully converted case when the number of alternate paths increased beyond K = 4.
Rather, limiting the alternate paths between 2 and 4 gave the best result. Similar ob-
servations were also found when the load is further increased to L3 (see Figure 7).
Combining these observations with observations for load L1, we can say that hav-
ing multiple alternates in the routing table improves network performance, but the
number of such routes to be considered in the routing table should be restricted
since the blocking increases for networks with some of the nodes converted with
the increase in load. In particular, for many cases, only a few wavelength convert-
ers are needed with only a few alternate routes considered in the routing table to
achieve the optimal performance.
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Fig. 6. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (NSFNET, L2, asymmetric case).
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Fig. 7. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (NSFNET, L3, asymmetric case).
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We next conducted the same experiments on the other two topologies, by varying
loads from L1 to L3. Unlike NSFNET, for the Mesh-torus network and SPRINT
at L1, only a minimal number of alternate routes were needed to be considered
before reaching zero blocking. Certainly, for the fixed routing case (i.e., K = 1),
performance gain with converters was much greater than without converters, but
this became not as pronounced when converters were introduced. More impor-
tantly, there was practically no gain going from a network with about a third of
the nodes converted to the fully-converted case (Figures 8 and 9). Our conclusion
is that for mesh-torus and SPRINT, being more connected and larger networks (than
NSFNET), and having a small number of converters can create a good set of alter-
nate routes that helps in minimizing blocking.
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Fig. 8. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (Mesh-torus, L1, asymmetric case).
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Fig. 9. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (SPRINT, L1, asymmetric case).
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Consider now load L2. Our simulations showed that adaptive alternate routing was
also beneficial even in a mesh-torus topology as it can improve the performance
much more than having a fixed route with full conversion. To illustrate, consider
Figure 10 for L2 for the mesh-torus topology; we can see that the case of K = 2
and no WC has a much lower blocking than the case of K = 1 and full conversion.
Similarly, the case when K = 5 and no WC achieves better performance than the
case when K = 2 with full conversion, although the difference is not as significant
as in the former comparison between (K = 1, ¢ = full conversion vs. K = 2,
¢ = 0). Now, if we take the view of performance as the number of alternate routes
is varied for different values of ¢, we note that much like the NSFNET with load L2,
the performance deteriorates here too if the number of alternate routes considered
is too high (see Figure 11). Rather, for a 25-node mesh-torus network, around two
to four alternate routes gave the best performance when the network was partially
converted.
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Fig. 10. AAR performance for different values of the number of routes in the routing table
as the number of converters varied (Mesh-torus, L2, asymmetric case).

Next, we consider SPRINT at L2. We note that results for SPRINT differ from that
for NSFNET and Mesh-torus. However, it should be noted that L2 for one topology
is not the same as for another topology (unlike L1). L2 used for SPRINT exerted
much less blocking than L2 in NSFNET and Mesh-torus (Figure 12). In fact, at this
blocking range, we saw a gain as the number of alternate routes increased. To see
the impact due to load, we next considered L3 on SPRINT; here we started to see
that the blocking went up again when the number of alternate routes increased (Fig-
ure 13). Incidentally, at this load, the SPRINT network showed significant gain with
the network being fully converted compared to the partially converted case. Fur-
thermore, we observed a similar pattern to NSFNET and Mesh-torus at L3 (Figure
14), although the degradation in performance for the fully converted case was not
as pronounced as other topologies when the number of alternate paths is increased.
Thus, a general conclusion is that as the load increases, the number of alternate

18



L2-Asymmetric-MESH

0.22

02}

0.18

0.16

T T T

T

C:O —_—

c=4 -
C:8 ......

c=12 B

full conversion ---

x

0.14 | :
012 t )
0.1 3
0.08 | =N
0.06 - .\ O s
0.04 | w.
0.02

Blocking Probability

4 8 12 16 20 24
Routes in Routing Table

Fig. 11. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (Mesh-torus, L2, asymmetric case).

routes should be limited and the network can give optimal performance with some
nodes converted rather than having all nodes converted. The significance of this
result is that since deployment of wavelength-converting nodes is costly, a network
can be better utilized by intelligently converting some of the nodes to wavelength-
converting nodes to maintain the best network performance.
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Fig. 12. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (SPRINT, L2, asymmetric case).

We now comment on the implication of these results from a network operation
as well as a network evolution point of view. Since a network is dimensioned for
operational use to keep the blocking at a low value such as 1%, we expect a network
to be operationally designed for a load like L1. What loads such as L2 and L3 allow
us to understand, is how change in the network is to be handled; if it is a sudden
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Fig. 13. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied(SPRINT, L3, asymmetric case).
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Fig. 14. AAR performance for different values of the number of wavelength converters as
the number of routes in the routing table varied (Mesh-torus, L3, asymmetric case).

surge temporarily, then it is preferable to limit the number of alternate paths during
the period of surge. If the network traffic is observed to increase over a time horizon,
a decision to add converters without adding capacity can be considered depending
on the cost trade-off, since adding converters at strategic locations often results in
low blocking.

4.3 Trunk Reservation Factor

Another factor we studied is trunk reservation (TR), which has been rarely inves-
tigated so far in wavelength-routed WDM network studies. The only discussion of
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TR for WDM networks was by [21], which considered TR in fixed routing WDM
networks with no wavelength conversion. This model, however, is not applicable to
AAR. We simulated the same set of cases, as shown in Table 2, by allowing trunk
reservation. We uniformly reserved 6,7, and 8 wavelengths in NSFNET, Mesh-
torus, and SPRINT topologies, respectively, for trunk reservation on each link. The
choice of these numbers was based on observations from operational networks that
the rule of thumb for trunk reservation is approximately (/17 /2) [27].

An important reason to introduce trunk reservation in a fully-connected circuit-
switched voice network was to avoid bistability [24], while improving performance.
Greenberg and Srikant [16], however, noted the lack of bistability in a general
topology circuit-switched network, implying that trunk reservation may not be
necessary. While we did not observe any bistability, we found that trunk reser-
vation indeed provides limited benefits in certain situations in a general topology
wavelength-routed WDM network.

When the network is fully wavelength convertible, there is some gain with trunk
reservation, which is only for high load such as L3 (Figures 15 and 17). Figure 15
also shows that with sparse wavelength conversion, Mesh-torus network may ben-
efit from TR.

To summarize, it is known from circuit-switched dynamic routing that TR does not
provide benefit in low to moderate loads; thus, it is not surprising that we also made
similar observations for low to moderate load cases in WDM networks.
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Fig. 15. Trunk Reservation Effect: Asymmetric L3 MESH-torus.

4.4  Asymmetric vs. Symmetric traffic

Finally, we comment on the relation between symmetric and asymmetric traffic.
We also studied symmetric against asymmetric traffic to see how the result influ-
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Fig. 17. Trunk reservation effect: Asymmetric L3 NSFNET.

enced for any of the topologies. Consider, for instance, load L2, which is a mod-
erate load level on SPRINT topology. We note that although the offered load was
the same, the performance with asymmetric traffic was better than with symmetric
traffic (see Figure 21). For moderate load, this can be attributed to the fact that the
network can take advantage of some slack due to asymmetry by completing more
calls through parts of the network where capacity is available. However, when the
network load was very high, we found that asymmetric traffic load could no longer
find such space, and in fact, resulted in higher blocking than symmetric traffic. In
other words, asymmetric traffic is likely to give lower blocking than symmetric
traffic in a moderately low load scenario, but it may not be so at a higher load.

22



L2-Asymmetric-MESH

0.1 T T T T T
=0, NTR ——
0.095 =0, TR - 7

0.09 c=4, NTR ~-x-r |
0085 [

0.08 |
0.075 [
007
0065
0.06 |-
0.055 |
0.05 x 1 1 1 1

Blocking Probability

Routes in Routing Table
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5 Summary

In this paper, we proposed an event-dependent, information-less adaptive alternate
routing (AAR) scheme for a WDM network by extending a well-known event-
dependent scheme for circuit-switched voice networks. Our scheme also consid-
ered wavelength assignment as well as the wavelength continuity constraint. Our
interest was to understand how it performed compared to fixed (singe path) rout-
ing, and the trade-offs of considering a number of alternate paths as opposed to a
number of nodes in the network with wavelength converters. For our work, we con-
sidered three different network topologies. We further considered three different
sets of loads both for the asymmetric and the symmetric traffic case. Our study also
considered whether there is any role for trunk reservation, a well-known control
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Fig. 21. Comparison of symmetric and asymmetric traffic for different values of the number
of wavelength converters as the number of routes in the routing table varied (L2, SPRINT).

used in circuit-switched voice networks. We developed a simulator where various

factors can be considered.

Through an extensive set of simulation studies, a number of observations have been

made. Below, we summarize the key observations from our study:

e Significant performance gain is observed when we go from fixed single-path

routing to adaptive alternate path routing.

e At low load, having many alternate routes in th

e In a low load environment, having at least some wavelength-converting nodes
fany WC, consideration of many
alternate paths can reduce blocking and is helpful. This serves as a trade-off in

significantly reduces blocking. In the absence o
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terms delaying the cost of WC by increasing the number of paths to be con-
sidered. It is important to note that at high load, an increase in the number of
alternate paths does not negatively affect performance when there is no WC. In
a minimal number of WC environment, the increase in the number of alternate
paths is not as detrimental to performance compared to if the network were fully
converted.

e Ata very high load, having many alternate paths in the routing table is detrimen-
tal to the performance even if the network connectivity is not fully exploited.
This is regardless of whether the network has no WC or full conversion; thus, for
such situations, the number of alternate routes should be restricted. This is less
of a problem on a no-conversion environment as we observed this behavior for
all topologies.

e The degree of a network’s connectivity is an important factor in determining
whether a certain level of WC at a particular load is beneficial.

e Trunk reservation may be helpful in an overloaded network, but not always for
all topologies or scenarios.

e The difference in blocking between symmetric and asymmetric scenarios orig-
inally exists because of the traffic pattern nature and its interplay with the net-
work. WC merely receives the difference and preserves it.

As a future work, we plan to further explore trunk reservation when different val-
ues of reservation levels are considered as well as when adaptive trunk reservation
or other reservation schemes might be useful. Our preliminary work [20] suggests
that end-to-end trunk reservation for pairs that are not directly connected results in
fairness on equitable pairwise blocking more so than with the conventional reser-
vation method. As we stated in the introduction, this paper focuses on a systematic
study of adaptive alternate routing as this is the only known information-less dy-
namic routing scheme. In the future, we plan to consider a detailed performance
comparison between the proposed scheme with other dynamic routing schemes for
WDM networks.
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