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Abstract

This contribution concentrates on dynamic routing in Wavelength Division Multiplexing (WDM) networks. It is
shown that a strategy based on pre-calculated alternatives and an adaptive dynamic path search performs very well over
a wide load range. Moreover, specific effects for the impact of resource allocation strategies in photonic WDM networks
are highlighted, especially the influence of wavelength converter usage strategies in networks with partial conversion.
The paper also investigates the way non-Poisson traffic behaviour affects performance of routing strategies and presents
how the results from dynamic routing investigation can help to optimise the network planning process. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

Wavelength Division Multiplexing (WDM)
technology is globally used to cope with rapidly
increasing bandwidth demands in telecommuni-
cation networks, especially for wide-area transport
networks. At the moment point-to-point systems
are already widely installed by many network op-
erators and (all-) optical networks including opti-
cal routing and switching are approaching. Many
different architectures and application areas are
described in the literature most of which are based
on the introduction of a WDM transport layer
[35,37]. Two basic schemes are distinguished in the

" Tel.: +49-711-6857990; fax: +49-711-6857983. WWW: http:/
www.ind.uni-stuttgart.de/~spaeth.
E-mail address: spacth@ind.uni-stuttgart.de (J. Spith).

literature. Either there is no wavelength conversion
in the network — also called Wavelength Routing
(WR) or Wavelength Path (WP) concept — or there
is full wavelength conversion in the network — also
called Wavelength Interchanging (WI) or Virtual
Wavelength Path (VWP) concept [36]. Recently,
several concepts with partial or limited wavelength
conversion have also been proposed due to the
high cost and still uncertain benefit of wavelength
converters. Main concepts comprise either a lim-
ited number of converters in a node [26], or a
limited number of nodes equipped with converters
[43], or limited range conversion where converters
cannot convert from any input wavelength to an
arbitrary output wavelength [53].

The ever increasing transmission capacity of
optical fibres leads to large transport streams in
the core network. At the moment, WDM networks
are used for transporting a large number of low bit
rate streams. Moreover, dynamic operation of a

1389-1286/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S1389-1286(00)00014-1




520 J. Spath | Computer Networks 32 (2000) 519-538

WDM network layer still suffers from technologi-
cal and management problems. Therefore, today’s
WDM networks usually provide ‘‘permanent”
channels which are only manually reconfigurable
or even completely static. For that reason, many
studies and investigations were performed aiming
at the optimal design and dimensioning of a WDM
layer for static traffic requirements. These investi-
gations comprise various Static Routing and
Wavelength Assignment (static RWA, also called
Static Lightpath Establishment, SLE) problems.
Usually, a main goal of such a task is to minimise
the required number of wavelengths or fibres in the
network, or to show possible improvement by us-
ing wavelength converters (see for example many
contributions in [9,17], including a good overview
in [21]).

However, in the near future increased dyna-
mism can be expected for the WDM layer due to
several reasons. The bit rates available for end
users will further increase due to new broadband
access techniques (such as xDSL) which are being
introduced now by various network operators [13].
In the future, there will be more users connected to
telecommunication networks and an increasing
portion of these users will not only use voice ser-
vices, but also data services with higher bit rates.
This leads not only to higher requirements for
access networks, but also to more dynamics in the
core network.

Moreover, with the increasing use of high
bandwidth services in the Internet higher dynamics
of traffic pattern changes will be observed. In ad-
dition, there is a lot of work going on to bring the
Internet Protocol (IP) layer directly on top of a
WDM layer in so-called “IP over WDM” net-
works [1,32,51,52]. This stresses the importance
for transport networks to be able to rapidly adapt
to new traffic patterns. A possible future scenario
could therefore be a dynamic WDM layer directly
controlled by IP routers which are able to request
and release wavelength paths to distant routers.
This would result in high dynamics for long-haul
WDM paths. Similar influence on the WDM layer
results from “Optical Burst Switching” ideas as
described, e.g., in [32]. Such a network concept
could also result in increased dynamism for
wavelength paths.

Furthermore, new services can be provided by a
WDM layer. This comprises high bit rate protocol-
transparent corporate networks and “carrier’s
carrier” services, maybe even with the provisioning
of transparent wavelength paths. Moreover, due to
the huge bit rates in such networks, advanced
protection and restoration mechanisms which also
require some dynamics in the network become
very important. Finally, in addition to this ex-
pected increase of dynamics it has to be considered
that the impact of single blocking events in the
WDM layer (e.g., blocking of a wavelength path
request) on revenue loss for operators and on
service outage for end users is drastically increas-
ing due to the huge bit rates carried on each
wavelength.

Due to these reasons the investigation of dy-
namic network behaviour for WDM networks
becomes more important. These investigations
should be combined with static planning and di-
mensioning tasks as described above (see Fig. 1).
Only such a comprehensive approach allows
achieving a network solution which is optimal not
only for the static requirements considered during
the planning phase, but also the dynamic situation
the network will face during operation.

In the current literature, much work can be
found dealing with dynamic routing in WDM
networks (often also called Dynamic RWA, or
Dynamic Lightpath Establishment, DLE). First of
all, many analogies exist to dynamic routing in
“classical” electronic switching networks [3,14].
However, several specific aspects have to be con-
sidered for WDM networks additionally. A recent
overview describes especially the influence of

network planning phase

(static traffic requirements)

\ 4

network solution

network evaluation phase
(dynamic traffic requirements)

Fig. 1. Two main phases of a comprehensive network planning
process.
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wavelength conversion but investigates also the
influence of topology, routing strategy, and several
technological parameters, and contains various
references to related work [54]. Other overview
papers are Ref. [2]1] which presents many refer-
ences dealing with wavelength conversion gain for
static and dynamic traffic conditions, and Ref. [33]
which describes wavelength conversion technolo-
gies and several analytical methods to evaluate
performance benefits of wavelength converters. In
[34] an approach is shown to develop upper
bounds for many static and dynamic RWA algo-
rithms. The influence of wavelength converters on
network throughput for both, SLE and DLE is the
main focus of Ref. [49]. Other work considers the
influence of different protection schemes on dy-
namic routing performance [42], focuses on effects
in ring networks [29], or describes analytical
models for certain approximations [6,7].

Most papers dealing with dynamic investiga-
tions for WDM networks are based on Poisson
traffic assumptions due to the uncertainty con-
cerning real traffic behaviour in future WDM
networks. Although various traffic models are
known in literature [2], it 1s still unclear whether
they can be used for the description of traffic in a
WDM transport layer. Several measurements in
other networks have documented that some con-
nection arrival processes are still well-modelled as
Poisson processes [31], whereas some packet ar-
rival processes in wide area networks [31] or In-
ternet dial up behaviour [11] show non-Poisson
behaviour. Thus recently, different non-Poisson
traffic models were also used for investigating
WDM networks. These studies show that in many
cases routing performance is influenced by traffic
behaviour [29,39,40,45,54]. Therefore, this work
also considers different traffic characteristics.

This paper extends work presented in [40,41]. It
concentrates on the dynamic routing and wave-
length assignment problem and comprises Poisson
as well as non-Poisson traffic assumptions. It
considers randomly arriving wavelength path re-
quests which are released again after a random
holding time (called *“‘path holding time” in the
following). An application area is therefore a fu-
ture core network with a meshed structure carry-
g large traffic streams with high dynamics. All

performance investigations reported in this paper
are done by simulation studies owing to the fact
that all known analytical approaches require many
simplifications and approximations, e.g., for
routing strategies or traffic assumptions [6,7,16,24,
43,47].

Section 2 describes the large problem com-
plexity due to many input parameters and their
complex interrelations. These parameters define
the degrees of freedom for routing strategies. In
Section 3 a modelling approach is introduced and
a simulation tool based on this modelling is shortly
described. Section 4 presents a number of results
derived with this tool. This comprises a compari-
son of several routing strategies with a different
number of alternatives, dynamic on-line path
search (i.e., at the moment of a path request), and
adaptive length limits to restrict path lengths.
Following that, the strong influence of converter
usage strategies for networks with partial wave-
length conversion is shown. In Section 4.4, non-
Poisson traffic characteristics are used as a first-
step towards better understanding the influence of
traffic behaviour on the developed routing strate-
gies. Finally, Section 4.5 presents an example for
an efficient and focused network capacity upgrade
based on results from dynamic investigations.
Such an iterative approach may help to optimise a
comprehensive network planning process that also
considers dynamic network operation.

Throughout the paper, a wavelength channel
corresponds to a wavelength on a single link
whereas a wavelength path (also called lightpath in
literature) describes a concatenation of wavelength
channels, possibly with some wavelength conver-
sion in between. Finally, a route describes the
geographical way of either a wavelength channel
or path.

2. Parameters for the dynamic routing problem

There are many different parameters which in-
fluence network performance under dynamic
traffic conditions. Many of these parameters are
interdependent: the impact of one parameter on
blocking may depend upon the value of another
parameter. This leads to the conclusion that one
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has to be careful with results obtained by varia-
tions of only one parameter. This section gives
various examples for parameters and describes the
assumptions made for the studies in the following
sections.

2.1. Network topology and dimensioning

A network topology can be modelled as a
graph, which in general is directed and weighted.
This graph plays a very important role for routing
investigations since it determines many parameters
which directly influence a routing strategy. One
example is the diameter of a network which is
usually defined as the longest “Shortest Path” for
all node pairs, i.e., the largest distance occurring in
the graph. Arbitrary measures can be used for
describing a path length, e.g., geographical dis-
tance, cost, or number of hops.

Another important parameter defined by the
network graph is the number of disjoint (i.e.,
physically independent) alternative paths available
for a node pair. In more detail, node disjoint and
link disjoint paths can be considered. For both
cases, one can further distinguish between fully or
only partially disjoint paths. Moreover, also the
relation of original and alternative path lengths is
an important indication for additional resources
required by alternatives. A routing strategy should
consider the distribution of path lengths for orig-
inal as well as for alternative paths, i.e., the num-
ber of one hop paths, two hop paths, etc.

The dimensioning of the network is another
important parameter closely related to topology. It
comprises dimensioning of links (e.g., number of
fibres) as well as nodes (e.g., number of available
switching elements) and has a strong influence on
network performance parameters. The dimen-
sioning strongly depends on traffic parameters (see
Section 2.5).

Several investigations reported in literature fo-
cused on the influence of network topology (e.g.,
see [5,18,28] for different variants of the static
RWA problem and [30,49] for studies on certain
aspects of dynamic routing). The results shown in
the following will not concentrate on this but will
demonstrate that there are other parameters with a
strong influence on network performance. How-

ever, to confirm that the achieved results and
conclusions are valid for a broad spectrum of to-
pologies various different example networks were
investigated. But to allow an easy comparison of
results only two example networks shown in Fig. 2
are used for all studies presented in this paper.

For these networks, which could both represent
German national transport networks, an appro-
priate dimensioning is needed in order to be able
to do performance evaluation under dynamic
conditions. However, the focus of this paper is not
on the static dimensioning phase (recent work re-
lated to this is contained, e.g., in [9,17]) but on the
evaluation phase considering dynamic traffic con-
ditions. Therefore, the networks were dimensioned
using a simple planning process that is mainly
based on Shortest-Path routing. In addition, an
optimization step was performed to free links and
fibres with low utilization by re-routing appropri-
ate paths on alternative routes.

Dimensioning was done for symmetrical traffic
demands derived from a simple model taking
population and distance of a node pair into ac-
count. This demand is called static traffic demand
and network load for dynamic investigations is
expressed in relation to this demand. An 8 channel
WDM system was assumed for all fibres in the
network (leading to multiple fibre links with dif-
ferent number of fibres per link) and therefore all
case studies shown in this work were performed
for 8 channel WDM systems on all fibres.

The network solutions differ with respect to
various parameters. A comparison of some key
characteristics resulting from the applied dimen-
sioning process is given in Table 1. For the de-

Hamburg §2)

Hanndver (3) Beylin (0)
Cologng (4 Leipziy (5) o

Frankfgrt (1)
Nigremberg (7)

Munich (6)

b) 18-node network

a) 9-node network

Fig. 2. Example networks used for studies in this work.,
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Table 1

Characteristics for example networks as a result of the dimensioning process

9-Node network

18-Node network

Number of nodes 9 18
Number of links (ducts) 13 29
Meshing degree® 2.89 3.22
Network diameter® 4 6
Total number of fibres 218 930
Number of wavelength paths® 944 1612

Y (Zan nodes attached links ) /number of nodes.

® Number of links (hops) for longest **Shortest Path” taking node distances into account.
“Total number of end-to-end wavelength paths for dimensioning = mean number of path requests for 100% network load for dynamic

investigation.

velopment of several routing strategies topological
network parameters were considered in detail (see
Section 4.2).

2.2. Node functionality

The node functionality — and related to this the
network architecture — determines the possibilities
available for a routing process. The two basic node
types of specific interest for WDM networks are
Cross-Connects (CCs) and Add/Drop Multiplex-
ers (ADMs). For both node types there are many
variants with different functionality concerning
switching (e.g., internal blocking), wavelength
conversion (no conversion, full conversion, or
partial conversion), or regeneration (which is often
related to conversion since e.g., opto-electron-
ical regenerators may Incorporate conversion
capabilities).

There are also many realisation approaches
leading to the same functionality. For example, the
CCs developed within the European ACTS pro-
jects OPEN and PHOTON [10] or the CC de-
scribed in [23] can be equipped in such a way that
they achieve identical functionality with different
architectures. Refined node models are required
when protection and restoration methods or ad-
ditional technological or physical limitations are
taken into account.

However, implementation details are of less
importance for network performance investigation
which only takes node functionality into account.
This allows a simplified modelling based on CC
nodes for the studies in this paper. Section 3 de-
scribes the modelling approach in more detail.

2.3. Transmission functionality

There are also many technological parameters
describing the transmission functionality which
influence routing performance. An important ex-
ample is the available bandwidth for a link. For
WDM networks, the total capacity results from
the bit rate per wavelength channel multiplied by
the available number of wavelength channels per
link. The latter is defined by the number of fibres
on a link multiplied by the number of wavelengths
available on a fibre. In many scenarios (especially
when there is not full conversion in the network),
not only the total capacity is important, but also in
which way this capacity is achieved, i.e., the actual
values for bit rate, number of wavelength chan-
nels, and number of fibres. This study considers
only the “wavelength level”, i.e., each path request
requires a full wavelength path.

Another technological parameter is the trans-
mission distance achievable for a certain bit rate.
Related to this are regenerator requirements to
achieve a certain transmission performance. These
parameters have a strong influence on network
cost, but they may also influence routing func-
tionality (for example, some long routes may not
be realisable although resources are available).

2.4. Srrategies for the routing process

Obviously, the routing strategy plays a central
role for network performance under dynamic
traffic conditions. Many different “basic” rout-
ing strategies can be distinguished, such as short-
est-path routing, or least-loaded link routing. In
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addition, there are various search strategies for
allocating network resources which also can in-
fluence network performance.

For routing in WDM networks, many well-
known strategies from electronic switching net-
works can be adapted, but several specific features
of WDM networks have to be taken into account.
Some examples are given in the following, whereas
in Section 4 several strategies are developed and
mvestigated in detail.

WDM networks with multiple fibres on a link
provide an additional degree of freedom for
channel assignment due to the availability of space
and wavelength (or frequency) dimension. It is
possible either to search along all fibres for one
wavelength before changing to the next wave-
length, or to search along all wavelengths on one
fibre before going to the next fibre (see Fig. 3). For
the search order there are also different possibili-
ties such as first fit, sequential, or random search.
In WDM networks with partial or no conversion
these strategies usually lead to different network
performance whereas in the case of full conversion
there 1s no difference.

The mentioned wavelength dimension also
leads to an additional degree of freedom for
routing decisions. To route a path between a node
pair, in addition to the way also a wavelength has
to be chosen. This allows for example two strate-
gies called “path priority” and “wavelength pri-
ority” (see Fig. 4). The “wavelength priority”
strategy performs a search among all possible
routes for a given wavelength before trying an-
other wavelength (i.e., colour), whereas the “path

source ' : destination
[\N a)

Fig. 3. Search strategies for route and channel allocation in a
WDM network.

a) search fibres before
wavelengths

b) search wavelengths

before fibres

1 fibres

wavelength priority

path priority

e \avelength 1 8 source

w ws o= wavelength 2 d: destination

Fig. 4. Priorities for routing decisions.

priority” strategy checks all wavelengths on a
given route before trying another route. These
strategies can result in different network perfor-
mance for networks with restricted or no conver-
sion capability and were investigated in [38].

Another example are converter usage strategies
which are important for networks with partial
conversion. In this case, there is often a trade-off
between the length of a path and the required
number of converters. For the example shown in
Fig. 5 there are two options for establishing a path
between nodes s and d: there is a short route (2
hops) which requires a converter due to already
occupied wavelength channels along this route,
and there is a longer route (3 hops) which does not
require any conversion. It was already demon-
strated that different converter usage strategies
have a strong impact on the achievable network
performance and that there are situations in which
more converters lead to a blocking increase due to
disadvantageous routing decisions [39]. Section 4.3
will investigate this aspect in more detail.

strategy 1:

minimize path length (arbitrary
use of converters)

strategy 2:

minimize number of converters
(arbitrary path length)

B converter

wavelength 1

wowa s w2 Wavelength 2

Fig. 5. Different strategies for the trade-off between converter
usage and path lengths.
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2.5. Traffic parameters

The traffic assumptions made for a routing in-
vestigation have a strong influence on performance
results. It is always difficult to find traffic descrip-
tions which are on one hand accurate enough to
cover all effects, but are on the other hand as
simple as possible to simplify the analytical cal-
culations or the required software tools for an
investigation. The following parameters can be
distinguished for a traffic description:

e Traffic volume: This parameter describes the ab-
solute traffic values. For WDM networks, it
usually is expressed in terms of the number of
wavelength paths needed between each node
pair.

e Traffic distribution: This parameter describes the
distribution of traffic among the network nodes.
Common examples are a uniform distribution
(e.g., the same traffic between all node pairs)
or a distance dependent traffic pattern (e.g., de-
creasing traffic with increasing node distance).

e Traffic characteristics: This parameter describes
the behaviour of traffic streams. For this de-
scription many different models known from lit-
erature are available [2]. To characterise traffic
behaviour for circuit switched (telephone) net-
works, very often the two parameters call inter-
arrival time and call holding time are used [14].
In the following, this approach is also applied
by describing these two parameters with their
mean value and their coefficient of variation
(see Section 3).

For WDM networks, the traffic description prob-

lem is further complicated because there are not

enough measurements available up to now.

Therefore, many work on dynamic behaviour of

WDM networks reported in literature is based on

a simple Poisson traffic model (see for example

[15,49,55]). Recently, also various non-Poisson

models for WDM networks were introduced but

these models are not based on real measurement
data (see for example [29,39,45,54]). However, it 1s
well-known from many traffic theoretical work
that traffic behaviour strongly influences network
performance. Therefore, results have to be checked
if better traffic models become available. In Sec-
tion 4.4, this point is investigated in more detail

and the influence of path interarrival and path
holding time parameters on the routing perfor-
mance is demonstrated.

3. Modelling approach and tool realisation

This study concentrates on the WDM network
layer by considering routing of individual wave-
length paths, i.e., each path request requires one
end-to-end wavelength path (which may include
wavelength conversion). Concerning ITU-T Rec-
ommendation G.872 (former G.otn) for optical
network architecture, this corresponds to the Op-
tical Channel Layer Network [19]. Thus, neither
physical transmission aspects nor higher network
layers such as SDH or other client layers are taken
into account. Moreover, the network is assumed to
be in a “normal operation” state, i.e., no failure
events and corresponding restoration mechanisms
are considered.

The network model is shown in Fig. 6. Network
nodes are connected via links which contain an
arbitrary number of fibres (according to the net-
work planning phase that has to be performed
before a simulation). At each node, traffic may
originate or end. One traffic generator for each
possible node pair is used to model traffic between
a source-destination node pair. This generator
describes the traffic behaviour using two parame-

ters:
e interarrival time between two wavelength path
requests of a node pair;

2

v
= &

§ % @ Routing Control Centre

Fig. 6. Network model with traffic generators and cross-
connect nodes.

Generator for traffic
from node i to node j
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e path holding or service time, i.e., the time a wave-
length path remains established.

For the studies in this paper, first exponential time
distributions for interarrival times (corresponding
to a Poisson traffic behaviour) and path holding
times are used. To investigate the influence of
traffic behaviour, other traffic characteristics are
investigated in Section 4.4.

All studies in the following consider symmetri-
cal, bidirectional traffic (which is still the usual
case in today’s transport networks) where paths
for both directions are routed along the same way.
Other path types such as unidirectional paths or
bidirectional paths with separate routing for both
directions could be realised by small extensions of
the model. Path handling is as follows: a path re-
quest is randomly generated by an end node. If the
path cannot be established, it is lost (no special
repeat behaviour is considered). If the path can be
established, the corresponding wavelength chan-
nels are released after a random time span fol-
lowing the path holding time distribution.

It is assumed that routing is managed by a
central routing instance (Routing Control Centre,
RCC). The RCC has complete knowledge on link
and node states. This model corresponds in reality
to central routing (with a real RCC) or to source
routing (with each node having a full picture of the
whole network). This approach seems feasible
since in the foreseeable future WDM networks will
be widely managed by a central instance. In earlier
work, a model and several strategies were also
developed for decentralised routing where nodes
have only a local view of the network [38,39].

The node model is shown in Fig. 7. Basically,
the nodes are assumed to have cross-connect
functionality. Multiple input and output links each
equipped with an arbitrary number of fibres are
attached to a node. Additionally, wavelength
paths may start or end at a node. The space
switching matrix is assumed to be non-blocking.
However, the conversion capability of a node may
be limited. All nodes have a “‘share-per-node”
structure where all converters are located in a
converter pool which is shared by all wavelength
paths passing through the node [26]. An empty
pool corresponds to the WR (WP) case, a pool
with as many converters as incoming wavelengths

I local traffic add/drop

B converter

converter pool

Fig. 7. Model for a network node with a “Share-per-Node”
converter pool.

corresponds to the WI (VWP) case. By using a
number of converters in between, partial conver-
sion is realised. Furthermore, it is assumed that all
converters are able to switch from any incoming
wavelength to any outgoing wavelength. In the
following, the conversion degree (in %) is intro-
duced to describe the converter pool equipment.
For example, with a conversion degree of 25% the
number of converters in the pool corresponds to
25% of the number required for the WI (VWP)
case. It has to be noted that due to this definition a
node with many input fibres has a higher number
of converters than a node with few fibres for the
same conversion degree.

To perform quantitative studies, a discrete
event simulation tool based on the model de-
scribed above has been implemented. The tool uses
a complex object-oriented simulation library that
supports simulations in many ways, e.g., by pro-
viding modules for simulation control, traffic
generators, and statistical evaluations [22]. An
important design criterion for the tool is a flexible
and modular structure which has been achieved by
an appropriate object-oriented design. In this way
further enhancement of the tool, e.g., by defining
new routing strategies is simplified. Moreover, the
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tool allows a flexible handling of input parameters
such as network topology, traffic description, or
routing strategy parameters.

The tool was realised in C++ and can be exe-
cuted on several platforms. It delivers a large va-
riety of results which are usually given as mean
values with confidence intervals. Examples are
total network blocking, blocking of an end-to-end
node pair, converter occupancy in a node, mean
path lengths for successful path establishments,
and lengths of alternative routes compared to the
original “first way”. The following section presents
several case studies performed with this tool.

4. Case studies and results

First, an adaptive dynamic routing strategy
with “‘biased” alternatives is developed and the
performance of this strategy is compared with
some simpler strategies. Then, the influence of
additional length limit strategies is shown before a
specific effect for WDM networks — the influence
of converter usage strategies — is presented. Section
4.4 investigates the influence of different non-
Poisson traffic characteristics. Finally, it is dem-
onstrated how simulation results can help to
improve network planning in a very efficient way.
All results are presented with 95% confidence
intervals.

4.1. An adaptive dynamic routing strategy with
biased alternatives

This section introduces the basic routing strat-
egy used for the following investigations. Many
routing strategies for traditional circuit-switched
(telephone) networks are broadly investigated in
literature (see for example in [3,14]). Many insights
are still valid or can at least be transformed for
WDM networks. In addition, several specific as-
pects have to be taken into account, mainly re-
sulting from the influence of wavelength
conversion.

First of all, routing performance strongly de-
pends upon the number of alternatives allowed for
routing a path request. Multiple alternatives re-
duce blocking significantly compared to the case

where only a single route is allowed [15]. These so-

called ““alternative routing’" schemes can be further

improved by an additional route calculation at the

moment of a path request [3,20,30].

Furthermore, a routing strategy which consid-
ers the decisions and assumptions made during
network planning, especially the static routing
decisions, improves performance. Such schemes
were also called ““biased” routing schemes [48]. In
the planning phase used for the case studies in this
work, mainly Shortest-Path routing is applied to
determine the necessary network dimensioning,
and therefore dynamic routing is biased accord-
ingly. However, such a scheme implies that the
traffic patterns considered during planning and
those considered during dynamic investigations
are similar.

To show the influence of these elements the fol-
lowing basic routing strategies are compared [40]:
e Fixed Ceniral Routing (FCR): This simple strat-

egy allows only one fixed pre-calculated route
for each possible path request. If no wavelength
path (which may include wavelength conversion
if possible) along this route can be found, the re-
quest is blocked.

e Alternative Central Routing on partially Link-
Disjoint paths (ACR-LD): This strategy provides
for each shortest route (comprising / links) be-
tween a node pair a set of alternatives which is
developed as follows. One of the links of the
original route is removed and in the resulting to-
pology the shortest path between the node pair
is calculated. This is repeated for all links of
the original route resulting in / alternatives. Fi-
nally, also a route completely disjoint to the
original shortest route is added. Thus, there
are in general / + 1 alternatives, but depending
on the network topology some of these alterna-
tives may be identical. When a path request oc-
curs, the path search with this strategy is done as
follows. First, the shortest route is used. If this
route is blocked, it is checked whether blocking
occurred on only one link of the original route.
In this case, the shortest route disjoint to this
link is used. If this route is also blocked, or if
multiple links on the original shortest route are
blocked, the completely disjoint route is tried
as last alternative.
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e Adaptive Dynamic Routing with x pre-calculated
routes (ADRx): This strategy is the most com-
plex strategy shown here and tries to incorpo-
rate all elements described above. It comprises
x pre-calculated routes for each node pair which
are the x shortest routes being completely dis-
joint among each other. In addition, it allows
a dynamic (on-line) calculation of a new shortest
path in case all pre-calculated routes are
blocked. This dynamic path calculation can be
adapted to the actual network state by using
one or both of the following adaptation mecha-
nisms. First, links loaded above a configurable
threshold (which is described as number of oc-
cupied channels divided by the total number of
channels on a link) can be excluded from the
searchable network topology. Second, it is pos-
sible to consider length limits for alternative
paths to avoid very long alternatives (see Section
4.2).

Fig. 8 shows some results for a specific case
study which is representative for many studies
which were performed with differing parameters.
The horizontal axis represents the offered load
(i.e., mean value of dynamic traffic) in relation to
the so-called static traffic demand, which describes
the static traffic demand assumed for network di-
mensioning. The parameter settings for Fig. 8 are
as follows. The 18-node network is investigated for
0% and 25% conversion degree in the network
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Fig. 8. Comparison of different basic routing strategies for the
18-node network and two conversion degrees (0%:; 25%).

nodes. The ADRx strategy is shown for 2 pre-
calculated alternatives (ADR2) without any length
limit and without considering a threshold for the
dynamic path search. Other values for x lead to
similar blocking for the ADRXx strategy with a
slightly higher blocking for ADR], especially for a
low conversion degree.

Main results from the figure are the following:

Influence of number of alternatives and dynamic
route calculation: The results show that in principle
all strategies which allow multiple alternatives
perform much better than FCR for low network
load. If the lines for a given conversion degree are
compared (thin lines for 0% conversion, thick lines
for 25% conversion), it can be seen that ADR2
achieves lowest blocking values over a broad load
range. In the given scenario, ADR2 without con-
version performs even slightly better than ACR-
LD with 25% conversion. This demonstrates the
great importance and benefit of a dynamic path
calculation with a central view on the network
state.

Influence of offered load: Tt can be seen that the
statements above are only valid for the “low load”
area (up to a network load of approximately 85% of
the static traffic demand in the case study), whereas
for higher loads the different strategies converge. In
other studies it was shown that for even higher
loads an intersection of the curves for different
strategies occurs and that FCR can achieve best
performance [40]. This effect can be explained by
looking to the path lengths (given in number of
links) shown for the different strategies in Fig. 9.
The mean number of links per path is reduced for
the FCR strategy with increasing load because path
requests for nodes with a large distance are more
probably to be blocked. For the other strategies,
mean length is increasing because some paths are
accommodated along longer alternatives, but the
price is that multiple short paths then might be
blocked leading to higher overall blocking.

Influence of conversion degree: For the FCR
scheme only one line is shown since the results for
all conversion degrees (from 0% to 100%) were
very close together. The lines for 100% conversion
degree are not shown in the figure because they are
nearly identical to the lines achieved for 25%
conversion for all strategies. Thus one conclusion
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Fig. 9. Mean path length (in number of links) for the 18-node
network and 25% conversion degree.

is that a small number of converters may improve
network throughput under dynamic conditions,
especially for strategies which allow multiple al-
ternatives, but a 100% conversion provides almost
no benefit compared to a smaller conversion de-
gree. It has to be mentioned that the specific
numbers for sufficient conversion or achievable
throughput improvement strongly depend on al-
most all input parameters (e.g., topology, network
dimensioning, routing strategy, traffic distribu-
tion). Section 4.3 will elaborate in more detail on
the influence of partial wavelength conversion on
network performance.

Finally, such studies allow to determine which
mean load for dynamic traffic behaviour can be
accepted in order to stay below a certain blocking
probability. This mean load may have to be sig-
nificantly below the static load used for network
dimensioning. For example, in the case study
shown here even with the best routing strategy the
load must be lower than 70% of the static traffic
demand in order to achieve a network blocking of
less than 10~*. However, a routing strategy also
has to perform well for “overload” scenarios and
therefore the following section describes an im-
portant strategy extension.

4.2. Length limit strategies

The above-mentioned behaviour for high load
leads to the conclusion that some kind of addi-

tional limitation strategy could be beneficial for
the overall performance. This section introduces
and compares several limitation strategies for the
following representative scenario: the 9-node net-
work with 25% conversion degree is investigated
for the ADR2 strategy.

The most simple limitation strategy is to set an
absolute limit for any path length. In Fig. 10 the
influence of such a strategy is shown for several
limit values. The number of hops is chosen as
length parameter. It can be seen that a limit of 3
hops 1s too small since several node pairs are not
able at all to establish a wavelength path. On the
other hand, this limit leads to lowest blocking for
very high load. Although the other limitation
strategies are rather close together, it can be stated
that a limit of 4 hops achieves good performance
for very high loads, but results in higher blocking
for low network load compared to a limit of 5
hops or the case without limit.

Thus, although an “absolute limit” strategy is
simple to realise it has the following main draw-
backs:

e there are unnecessary restrictions for low net-
work load for which longer alternatives could
be accepted without throughput degradation,

e unfairness occurs because node pairs with a
short distance may still have many alternatives
while in the worst case other node pairs may
not be able at all to establish a path. This aspect

no limit
35—~ absolute limit = 3 hops
-4 absolute limit = 4 hops
&-—-© absolute limit = 5 hops

total network blocking
=

or

.
T

10° ‘ :
70% 80% 90% 100%
offered load (in % of static traffic demand)

Fig. 10. Comparison of different absolute length limits for the
ADR?2 strategy (9-node network, 25% conversion).
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is getting more critical with increasing network
size due to increasing differences of node pair
distances.

Therefore the following improved strategies are

proposed:

o Relative length limit: With this strategy, length
limits consider the length of the shortest route
(i.e., the first alternative). Again, such a relative
limit can be realised in various ways. After a de-
tailed consideration of the network topology
and traffic pattern an approach for the 9-node
network has been chosen where the length of al-
ternative routes is limited to k; times the original
length of a route according to Table 2.

o Adaptive length limit: This strategy combines the
relative limits described above with a consider-
ation of the load on network links. For an alter-
native route, a relative length limit is only
applied if at least one link of the alternative
route carries a load higher than a configurable
threshold. Such an adaptive consideration could
also be combined with various other strategies,
e.g., an absolute limit strategy. Moreover, other
threshold definitions are possible, e.g., by con-
sidering the average load of all alternative links.
However, a difficulty occurs for WR networks.
In this case the number of channels occupied
on a link is no longer a sufficient measure due
to the wavelength continuity constraint: a path
request arriving at a link on a certain wave-
length may be blocked although some other
wavelengths are still free. Therefore, simple
threshold mechanisms are especially useful with
sufficient conversion.

Some results for the scenario described above
can be found in Fig. 11. The relative length limit
achieves a good performance for high loads but

Table 2
Parameters for the relative length limit strategy (9-node net-
work)

Number of hops for k; Maximum number of

“Shortest Path™ hops for alternative
route

1 3 3

2 1.5 3

3 1.33 4

4 1.25 5

1
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—_
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total network blocking
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0 .
70% 80% 90% 100%
oftered load (in % of static traffic demand)

Fig. 11. Relative and adaptive length limits for the ADR2
strategy (9-node network, 25% conversion).

still shows unnecessary blocking increase for low
loads. This is improved by using the adaptive
strategy (with a threshold equalling 90% load on a
link for the results in the figure). In conclusion, the
results show that a biased, alternative, dynamic
and adaptive strategy achieves very good perfor-
mance results over the whole load range.

Moreover, another effect could be observed.
For all studies without length limits blocking
probability for traffic between a node pair in-
creased with the node distance. The introduction
of appropriately chosen length limits helps to im-
prove the fairness in terms of a decreasing differ-
ence of blocking probabilities for paths between
node pairs with different distances (similar to the
definition in [4], where the difference between the
node pairs with the shortest and the longest dis-
tance was used, respectively).

4.3. Converter usage strategies

WDM cross-connect networks offer several new
degrees of freedom for routing decisions. In liter-
ature, the influence and interworking of different
“wavelength selection” and “path selection” al-
gorithms was already investigated for WR net-
works [30]. However, there are some more degrees
of freedom which were only recently investigated
[41]. In the following, the influence of the wave-
length converter usage strategy is presented. This
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effect is specific for WDM networks and plays an

important role in networks with partial wave-

length conversion. Two different strategies are in-
vestigated:

o MinOff tries to minimise the path lengths while
using converters arbitrarily (this strategy was
used for all studies described above).

e MinOn tries to minimise the number of convert-
ers while accepting longer routes.

For the results in Figs. 12 and 13 the ADR strat-

egy 1is investigated with 1 or 2 pre-calculated al-

ternatives and no length limit for the 9-node
network. Again, different load levels have to be
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Fig. 12. Network blocking for different converter usage strat-
egies and conversion degrees (80% network load).
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Fig. 13. Network blocking for different converter usage strat-
egies and conversion degrees (90% network load).

distinguished. Fig. 12 shows the network blocking
probability versus conversion degree (0% equals
“no conversion”, 100% equals “full conversion™).
The figure is shown for a network load of 80% of
the static traffic demand. In principle, already few
converters decrease blocking significantly whereas
for more than 25% conversion degree — which
equals 2 converters per fibre — no further im-
provement can be seen (the occurrence of a local
optimum for ADR1, MinOn for a conversion de-
gree of approximately 6% is explained later).

So far, in literature similar results are already
reported where performance is increasing with in-
creasing number of converters, but the improve-
ment rate is decreasing for higher conversion
degrees (see for example [8,46], or [43] where the
strong influence of network connectivity is shown).
There are also some results describing similar be-
haviour for various static network dimensioning
problems. For example, in [27] a path accommo-
dation algorithm is presented which tries to mini-
mise the required number of converters for a given
static traffic demand matrix. The optimization
criteria is the number of cross-connect ports. One
conclusion is that with an optimised algorithm
about 10% conversion was sufficient to achieve the
same cross-connect size as in the VWP case (al-
though the specific number strongly depends on
the actual case study parameters). In [44] an op-
timal converter placement is investigated for a
WDM path and for WDM bus and ring networks.
Again, for an optimised placement a rapid block-
ing reduction is achieved with some converters,
whereas further increasing the number of con-
verters leads only to small (in some cases even no)
additional improvement.

But in addition to the effects described above,
Fig. 12 also shows the strong influence of the
MinOn strategy for low conversion degree: starting
from identical blocking values for “‘no conver-
sion”, blocking is quickly and significantly reduced
with an increasing conversion degree and the op-
timum performance is already achieved with a
conversion degree of only ~6% (equalling 0.5
converters per fibre). For higher conversion de-
grees MinOn and MinOff strategies converge.
Moreover, the results show that for low conver-
sion degree ADR2 performs slightly better than
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ADRI, which is expected due to the additional
pre-calculated biased route. For a higher conver-
sion degree the results become comparable, in
some cases ADRI1 is even better than ADR2. This
indicates that in these cases an “‘early” dynamic
path search (i.e., already after the first alternative
is blocked) is more efficient than using an addi-
tional pre-calculated route.

Whereas the behaviour shown in Fig. 12 is very
similar for all load levels below 80%, the situation
changes for 90% network load (Fig. 13). This case
reveals several effects very astonishing at the first
glance. First, ADR2 leads now to higher blocking
values than ADRI for a broad range of conversion
degree. Second, only for a very low conversion
degree additional converters reduce network
blocking. For more converters, blocking is in-
creasing, for ADR2 even above the value for 0
converters. The reason is that in a congested
(heavy loaded) network more converters allow
some longer paths which on the other hand may
block several shorter paths. Although in general
the difference between ADR1 and ADR2 is larger
than the difference between MinOn and MinOff,
for low conversion degree the converter usage
strategy still influences blocking significantly.

These results — which could be confirmed for
many other scenarios — allow the conclusion that
an optimal routing strategy for WDM networks
has to be adapted to the available conversion ca-
pability of the network as well as the network load
due to different behaviour for low and high net-
work load.

Another interesting result is shown in Figs. 14
and 15 which present the converter occupancy —
given as mean value over time — in several nodes
versus conversion degree for both strategies, Min-
On and MinOff. For these studies ADR2 was
applied for the 9-node network shown in Fig. 2(a)
with a load of 80%.

Fig. 14 shows the converter occupancy for the
MinOn strategy. The converter occupancy in bor-
der nodes is significantly lower than in central
network nodes which is expected for the topology,
traffic distribution, and routing strategy of the case
study. Moreover, already for rather low conver-
sion degree the converter usage reaches very low

values. This changes significantly for the MinOff
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Fig. 14. Converter occupancy for ADR2 applied to the 9-node
network with 80% load (MinOn).

10
>
Q
& 10"
a
2
Q
Q
<)
> A
5 | e ® Frankfurt
z 10* | Hamburg T
8 & - —¢ Cologne B &
- Leipzig
Munich
= - - -a Stuttgart
107 | .

0% 25% 50% 75% 100%
conversion degree

Fig. 15. Converter occupancy for ADR2 applied to the 9-node
network with 80% load (MinOff).

strategy which leads to generally higher converter
occupancy levels (Fig. 15). In addition, the relative
order of nodes according to the occupancy level
may change: e.g., Cologne has the lowest occu-
pancy for MinOn but requires a rather high
number of converters for MinOff due to the
“greedy” converter usage strategy in this case.
Thus, the actual converter requirement in a net-
work node strongly depends not only on topology
or traffic requirements, but also on the routing and
converter usage strategy applied.
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Results like this — which where derived for
many other scenarios including studies for decen-
tral routing strategies [38] — allow an optimised
network dimensioning by implementing wave-
length converters at the optimum locations. This
can help to further improve results from wave-
length converter placement strategies, for which
several  heuristics were proposed recently
[44,46,50]. But it is important to note that such a
focused network upgrade not only depends on
given input parameters as topology or traffic but
also on the routing strategy and therefore has to be
done specifically for each parameter configuration.

4.4. Influence of Poisson and non-Poisson traffic
characteristics

Most investigations of WDM networks report-
ed in literature are based on the assumption of
Poisson traffic. Basically, there are two reasons for
this:

e The approximation of real network traffic with
Poisson arrival processes and exponentially dis-
tributed call holding times has been proven to be
a good and analytically tractable approximation
for many traditional (telephone) networks [14].

e Up to now there are no better or more accurate
traffic models for WDM networks because no
measurements are available for this kind of
networks.

However, recent measurements for Internet dial up

traffic have shown that traffic behaviour on the

connection level can be significantly different from

Poisson behaviour for various scenarios [I1].

Traffic behaviour has a strong influence on net-

work performance evaluation. Therefore, the

question how routing strategies for WDM net-
works will behave under non-Poisson traffic is
important and increasing work in this direction
recently appeared although it is not clear at all
how traffic in future WDM networks will behave.

For example in [29,45,54] different approaches to

model non-Poisson traffic are reported by other

authors. A detailed comparison of these models
still has to be done.

In this study, non-Poisson traffic is generated as
follows. The coefficient of variation (CoV) for the
interarrival and the path holding times is varied,

respectively. With a negative-exponential distri-
bution for the time variable a CoV =1 is achieved.
With hyper-exponential time distributions a
CoV > 1 is realised similar to the approaches de-
scribed in [12,25]. This type of distribution allows
for example a simple description for bursty be-
haviour neglecting autocorrelation. A distribution
with hypo-exponential behaviour is used to
achieve a CoV < 1 [25]. This can be interpreted as
a “more deterministic behaviour”. In [39] the in-
fluence of non-Poisson traffic for hop-by-hop
routing strategies was studied whereas in the fol-
lowing central strategies are investigated. The re-
sults shown below were derived for the 9-node
network and the ADR2 strategy without length
limits.

Fig. 16 shows the influence of the path holding
time (i.e., service time) characteristics under the
assumption of negative-exponentially distributed
interarrival times, i.e., the path arrival process is
Poisson. It can be seen that in this case the holding
time CoV has almost no influence on network
performance although the CoV is varied between 0
(corresponding to deterministic holding times) and
10 (which is a very high value for CoV). The figure
shows that this holds for a network without con-
verters as well as for a network with full conver-
sion capability. Moreover, the difference between
the two conversion strategies is much more sig-
nificant than between different CoV values.

107
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Fig. 16. Influence of holding time characteristics for a Poisson
arrival process.
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Fig. 17. Influence of interarrival time characteristics for nega-
tive-exponential path holding times.

The results are completely different if the in-
terarrival time CoV is varied while path holding
times are negative-exponentially distributed.
Fig. 17 shows a strong influence of the interarrival
time CoV. Blocking probabilities are higher for
CoV > 1 and lower for CoV <1 compared to
CoV =1. This influence is much more significant
than the difference between no, partial and full
conversion capabilities.

Several cases were also investigated where both,
interarrival and holding times are not exponentially
distributed. In these cases, also the variation of the
holding time CoV gets an important influence.
Thus, only for a Poisson arrival process the path
holding time behaviour did not show a significant
influence on blocking. For all other cases a strong
impact of traffic behaviour on performance results
for WDM networks can be expected. Therefore, all
results derived in literature for Poisson behaviour
have to be revisited if traffic in future WDM net-
works will show different characteristics.

4.5. Network dimensioning improvement using sim-
ulation results

Finally, this section shows how simulative net-
work investigations for dynamic load can help to
optimise link dimensioning. In the following, end-
to-end blocking probabilities for different node
pairs are presented. The node numbers used in

Figs. 18 and 19 can be found in the network graph
in Fig. 2(a). Each line describes the blocking of
paths originating at the node assigned to this line
and ending at the node depicted on the horizontal
axes (lines are used to highlight which discrete
points belong together). For the studies, ADR2
with minimisation of converter usage (MinOn) was
applied to the 9-node network with a conversion

1
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Fig. 18. End-to-end blocking without capacity increase (for
ADR2 strategy with MinOn applied to 9-node network loaded

with 80% and 12.5% conversion degree).
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Fig. 19. End-to-end blocking with small capacity increase on
one link (for ADR2 strategy with MinOn applied to 9-node
network loaded with 80% and 12.5% conversion degree).
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degree of 12.5% (1 converter per fibre) and a net-

work ioad of 80% of the static traffic demand.

Poisson traffic with negative-exponential path

holding times was used.

Fig. 18 gives the results for the “‘standard”
network dimensioning (used for all studies pre-
sented so far) for selected node pairs. Only four
lines are shown, all lines for the other nodes are in
the same region or even below the lower three
(broken) lines. The figure allows several conclu-
sions which are specific for the case study per-
formed and which were not obvious from the
planning phase:

e For some destination nodes there is a tendency
for higher blocking values compared to other
nodes. In the example, nodes 2, 6, and especially
node 8 show this behaviour.

e All paths starting in Stuttgart (node 8, solid line)
experience a significantly higher blocking proba-
bility than the other paths.

This insight has been used for a selected network

upgrade: the link between Stuttgart and Frankfurt

has been equipped with one additional fibre for

each direction. The result is shown in Fig. 19.

Now, all node pairs are in the same region con-

cerning blocking values. Moreover, the total net-

work blocking was also decreased significantly:
from 1.389 x 1074+ 6.9 x 107 for the standard
dimensioning to 7.44 x 107* +9.5 x 107 for the
case with improved dimensioning. This shows that
already a very small (the two additional fibres
correspond to a total network capacity increase of
only 0.92%) but well placed capacity increase can
lead to a drastically network performance increase

(~46% for the mean values). In addition, fairness —

with regard to differences in blocking probabilities

— concerning different node pairs is increased as

well: now, all node pairs experience similar mean

blocking values.

Finally, it is remarkable that the right place for
a capacity increase could not be found by looking
to the blocking events occurring on a link. These
statistics show no unusual behaviour of the link
Stuttgart-Frankfurt. For various other links with
similar number of blocking events a capacity in-
crease did not lead to comparable throughput
improvement (although some blocking reduction
was achieved as well).

5. Conclusions and outlook

In this paper several routing strategies and
specific effects for dynamic wavelength path rout-
ing in a WDM transport network based on cross-
connects were investigated. Several cases for con-
version capability in the nodes were considered,
including partial conversion for share-per-node
cross-connects. A new routing strategy was de-
veloped based on pre-calculation of “biased” al-
ternatives (i.e., oriented according to the network
design rules), a dynamic path search in case all
alternatives are blocked, and an adaptive consid-
eration of length limits to achieve good perfor-
mance over the whole load range.

The influence of various parameters such as
number of available alternative routes, offered load,
and wavelength conversion degree on network
performance was presented. Specifically, two
strategies for wavelength converter usage were
presented and compared. It was pointed out that
converter usage strategies can be very important for
networks with partial conversion. It was demon-
strated that an increasing number of converters
may lead to higher blocking if the routing strategy
does not take into account conversion capability.
This shows that for WDM networks there may
occur unexpected effects which are partly new
compared to traditional networks based on elec-
trical switching, especially for low conversion de-
gree and for high network load in WDM networks.

Moreover, the influence of traffic characteristics
different to Poisson traffic was investigated. It
turned out that in many cases the performance of
routing strategies strongly differs for Poisson and
non-Poisson traffic whereas for a Poisson arrival
process the path holding time characteristic only
has a small influence. From this follows that all
results derived for Poisson traffic have to be
checked if better models based on real network
measurement become available in future. Finally,
it was demonstrated that results from a dynamic
network investigation provide a valuable feedback
for a comprehensive network planning process
that takes network operation into account. It al-
lows avoiding unnecessary network equipment
(shown for the number of wavelength converters in
this paper), and achieving significant performance
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improvement already with small but well placed
additional network capacities (shown for addi-
tional link capacity in this paper).

Further work could improve this insight by
providing some kind of “automatic feedback
loop” for the network planning process to take
results from the investigation of dynamic behav-
iour for dimensioning of nodes and links into
account automatically. Moreover, a better traffic
description for various network scenarios (includ-
ing transport of SDH networks as well as IP net-
works by the WDM layer) should be developed
and considered for the routing process. Finally,
other routing strategies and strategies for resource
allocation can be developed, for example by im-
proving the adaptive path search. It will be inter-
esting to see whether these strategies can achieve
better performance and avoid drawbacks of the
strategies described in this work.
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