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Abstract

We consider the offline version of the routing and wavelength assignment problem
in transparent all-optical networks. In such networks and in the absence of regener-
ators, the signal quality of a transmission degrades due to physical layer impair-
ments. Certain physical effects cause choices for one lightpath to affect and be
affected by the choices made for other lightpaths. This interference among light-
paths is particularly difficult to formulate in an offline algorithm, since in this ver-
sion of the problem we start without any established connections, and the
utilization of lightpaths are the variables of tKe problem. For this reason the majori-
ty of work performed in this field either neglects lightpath interactions or assumes a
worst case interference scenario. In this article we present a way to formulate inter-
lightpath interference as additional constraints on RWA and show how to incorpo-
rate these constraints in an IA-RWA algorithm that directly accounts for the most
important physical layer impairments. The objective of the resulting cross-layer opti-
mization problem is not only to serve the connection requests using the minimum
number of wavelengths (network layer objective), but also to select lightpaths that

have acceptable quality of transmission performance (physical layer objective).

ptical networks offer the promise of meeting

the high bandwidth requirements of emerging

applications, by providing transmission rates

that exceed those of copper networks by sever-
al orders of magnitude at very low bit error rates (BERs) and
affordable cost. In a wavelength-division multiplexed (WDM)
optical network, each fiber link carries high-rate traffic at
many different wavelengths, thus creating multiple channels
within a single fiber.

The most common architecture utilized for establishing
communication in WDM optical networks is wavelength rout-
ing, where optical pulse-trains are transmitted through light-
paths. The current optical technology employed in core
networks is point-to-point (opaque), where the signal is regen-
erated at every intermediate node via optical-electronic-opti-
cal (OEO) conversion. In the past few years, the trend clearly
shows an evolution toward low-cost high-capacity all-optical
networks that do not utilize regenerators. Initially, the cost of
an opaque network can be reduced by moving toward a net-
work where regenerators are only employed at some nodes,
which is usually referred to as a translucent (or managed
reach) network. However, the ultimate goal is the develop-
ment of an all-optical transparent network, where the data
signal remains in the optical domain for the entire lightpath.
It is the vision of the Dynamic Impairment Constraint Net-
work for Transparent Mesh Optical Networks (DICONET)
project [1] that future core networks will have a translucent
and eventually fransparent optical structure (Fig. 1).

Since lightpaths are the basic switched entities of a wave-

length routed WDM network, their effective establishment
and usage is crucial. It is thus important to propose efficient
algorithms to select the routes of the requested connections
and assign wavelengths on each of the links along these routes
so as to optimize a certain performance metric. This is known
as the routing and wavelength assignment (RWA) problem.
The constraints are that paths that share common links are
not assigned the same wavelength (distinct wavelength assign-
ment) and also that a lightpath, in absence of wavelength con-
verters, is assigned a common wavelength on all the links it
traverses (wavelength continuity).

A large number of research studies have been conducted
on the RWA problem since it was introduced over a decade
ago. Various RWA schemes have been proposed that differ in
the assumptions made on the traffic pattern, the availability of
wavelength converters, and the desired objectives. The RWA
problem is usually considered under two alternative traffic
models. When the set of connection requests is known in
advance, the problem is referred to as offline or static RWA,
while when the connections arrive at random times and are
served one by one, the problem is referred to as online or
dynamic RWA. Typically, an offline RWA algorithm is exe-
cuted in the planning phase, when the network is initially set
up. Online algorithms are used during network operation as
new connection requests arrive. An offline algorithm can also
be used periodically or when the traffic pattern changes sub-
stantially to adapt the state of the network to the evolving
traffic. In terms of complexity offline RWA is more difficult
than online RWA, since it has to jointly optimize all the light-
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paths used, in the same way that the multi-commodity flow
problem is more difficult than the shortest path problem in
conventional networks. In this article we focus on offline
RWA, which is known to be an NP-hard optimization prob-
lem [2]. However, the methodology and arguments presented
in this article address many issues that are also common to
the online RWA problem.

The majority of offline RWA algorithms proposed in the
literature [3, 4] assume an ideal error-free physical layer.
However, signal transmission is significantly affected by physi-
cal limitations of fibers and optical components, such as
amplified spontaneous emission noise (ASE), chromatic dis-
persion (CD), polarization mode dispersion (PMD)), filter
concatenation (FC), intra- and interchannel crosstalk (intra-
and inter-XT), and nonlinear effects such as self- and cross-
phase modulation (SPM and CPM), four-wave-mixing (FWM),
and so on [5]. We refer to such phenomena as physical layer
impairments (PLIs). These impairments may degrade signal
quality to such an extent that the BER at the receiver may be
so high as to make signal detection infeasible. This gives rise
to physical-layer blocking, as opposed to the network-layer
blocking that arises from the unavailability of an adequate
number of wavelengths. Clearly, the existence of PLIs limits
the number of paths that can be used for routing. This inter-
dependence between the physical and network layers makes
the RWA problem in the presence of impairments a cross-
layer optimization problem.

To address this problem a number of approaches are
emerging, usually referred to as PLI-aware or simply impair-
ment-aware (IA)-RWA algorithms. An important distinction
is how IA-RWA algorithms define the interaction between the
networking and physical layers, and if they jointly optimize the
solutions over these two layers. The IA-RWA problem has so
far been considered mainly in its easier online version [6, 7],
while the corresponding work on offline algorithms is quite
limited. In the dynamic traffic case, where connections are
established one by one, the employed algorithm can examine
the feasibility of a lightpath for each new connection request
by calculating (using analytical models) or measuring (using
appropriate monitors) the effect of already established light-
paths to any candidate solution. However, this cannot be done
in the static traffic case, where the assignment of lightpaths is
to be decided for all connection requests simultaneously, and
interference among them cannot be avoided afterward. For
this reason, offline RWA algorithms proposed to date do not
consider inter-lightpath interference, but either neglect it or
assume a worst case interference scenario [8, 9]. Finally, it is
worth noting that online algorithms, through repetitive execu-
tion, can also be used to solve the offline problem. However,

such sequential approaches do not optimize the utilization of
wavelengths for all connections requests jointly, and their per-
formance is suboptimal, especially for heavy traffic.

In this article we start by giving a description of the PLIs,
focusing on their effect on routing decisions, and then we dis-
cuss how these effects can be accounted for in an offline IA-
RWA algorithm. Since the most difficult part for offline
traffic is to handle the interference among lightpaths, we ini-
tially present an IA-RWA algorithm that prunes candidate
lightpaths assuming a worst case interference scenario. Taking
a different approach, we then present ways to formulate the
various types of interference by considering the number of
adjacent and second-adjacent channels across all the links of a
lightpath and the number of intra-XT generating sources at
intermediate nodes along a lightpath. Finally, we propose an
IA-RWA algorithm that combines these effects using noise
variance related parameters and constrain the total interfer-
ence noise accumulated on the selected lightpaths. In this way
cross-layer optimization over the physical and network layers
is accomplished. We argue that using algorithms which
include in their formulation the interference among light-
paths, such as the one presented in this article, can minimize
the number of wavelengths required to satisfy all connection
requests with zero physical layer blocking better than algo-
rithms that do not account for impairments or are based on a
worst case interference scenario.

Physical Layer Impairments

In transparent (all-optical) and translucent WDM networks
the signal quality of transmission (QoT) degrades due to the
nonideal physical layer [5]. Several criteria can be used to
evaluate the signal quality of a lightpath. Among a number of
measurable optical transmission quality attributes, such as
optical power, optical signal-to-noise ratio, CD, and PMD, the
Q-factor seems to be more suitable as a metric to be integrat-
ed in an RWA algorithm because of its immediate relation to
the BER.

The Q-factor is the electrical signal-to-noise ratio at the
input of the decision circuit in the receiver’s terminal. Assum-
ing Gaussian shaped noise, the Q-factor of a lightpath (p,w)
(i.e., wavelength w on path p) is given by

_ 1y(pw) =1y (p,w)
G (p.w)+0(pw)

O(p,w)

where [ and Iy are the mean values of electrical voltage of
signals 1 and 0, respectively, and oy and c«- are their stan-
dard deviations at the input of the decision circuit at the des-
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tination, which in this case is the end of path p. Figure 2 illus-
trates the relation between an eye diagram and the Q-factor.
The higher the value of the Q-factor, the smaller the BER
and the better the quality of the signal. Generally, a path has
acceptable QoT performance when the Q-factor at the desti-
nation is higher than 15.5 dB. When forward error correction
is employed, a connection can be accepted with even smaller
Q values.

PLIs are usually categorized as linear and nonlinear accord-
ing to their dependence on power. However, when we consid-
er IA-RWA algorithms, it is useful to categorize the PLIs as
those that affect the same lightpath that generated them and
those that are generated by the presence of other lightpaths
(also referred to as multichannel effects), resulting in the fol-
lowing two classes for the most important PLIs:

* Class 1 — Impairments that affect the same lightpath:

ASE, PMD, CD, FC, SPM
* Class 2 — Impairments that are generated by other light-

paths: XT (intra-XT and inter-XT), XPM, FWM

Considering Plls in RVWA

In this section we discuss ways in which PLIs can be incorpo-
rated in the RWA problem. PLIs that belong to class 1
depend only on the selected lightpath and can be accounted
for quite easily. We assume that we are using a typical RWA
algorithm that takes as input a set of candidate lightpaths and
selects an appropriate subset of lightpaths to satisfy the con-
nection requests. Then for each candidate lightpath we can
precalculate the effects of the PLIs that belong to class 1,
using, for example, analytical models, and discard those that
have unacceptable QoT performance. In this way the RWA
algorithm can be fed with candidate solutions that are accept-
able at least for the impairments of class 1.

PLIs that belong to class 2 are more difficult to consider by
offline algorithms. This is because these impairments make
decisions made for one lightpath affect and be affected by
decisions made for other lightpaths. An obvious simplification
is to consider a worst case scenario (i.e., to assume that all
wavelengths on all links are active) and calculate the worst
case interference accumulated on each lightpath. Then again,
the lightpaths that do not have acceptable QoT performance
under this worst case assumption can be discarded before the
RWA algorithm is executed, ensuring that the solution is fea-
sible irrespective of the final selection of lightpaths.

However, this approach does not optimize the problem for
the given traffic, but solves it as if the network was fully uti-
lized, something that will never happen. In practice, the wave-
length continuity constraint limits the maximum achievable
network utilization, except for the degenerate case where all
connections are between adjacent nodes. The key drawback of

the worst case interference assumption is that it results in dis-
carding candidate lightpaths that are not really infeasible. The
feasibility of these lightpaths depends on the lightpaths that
are finally selected in the solution, which are not known
before RWA algorithm execution. By formulating the interfer-
ence among lightpaths in the RWA algorithm, we may be able
to use these lightpaths and let the algorithm choose the solu-
tion so that the interference among them does not make them
infeasible.

In the following we quantify through a realistic example the
degree to which the routing solution space is reduced when
PLIs are considered. We assume the generic Deutsche
Telekom topology, shown in Fig. 3, with physical layer param-
eters chosen to have realistic values. We have also used a
QoT evaluation module (Q-Tool) developed within the
DICONET project [1] that uses analytical models to account
for the most important physical layer effects. As already men-
tioned, we assume an offline RWA algorithm that takes as
input a set of candidate paths and selects a subset of them to
satisfy the demands. In this example we assume that all
source-destination pairs require a connection of one wave-
length (this corresponds to what is usually called the reference
traffic matrix) for a total number of connection demands
equal to 182. Initially, we calculate the k-shortest length paths
for different values of the parameter k, and then we prune the
set of candidate paths using the Q-Tool. To do so, we assume
either an empty network, discarding lightpaths that are infea-
sible due to impairments of class 1, or a fully utilized network,
discarding lightpaths that are infeasible due to impairments of
class 1 and class 2 under the worst case interference scenario.

In Table 1 we see the reduction in the routing solution
space after considering the PLIs. As we increase the initial
path population size by increasing the parameter k, the per-
centage of paths that are discarded increases. This was expect-
ed since the path length largely determines the physical layer
effects, so as we move from the shortest to more lengthy
paths, an increasing percentage of these paths turn out to be
infeasible. Eventually, beyond some value of k, all paths will
turn out to be infeasible ,and the population reported in
columns b and c¢ will stabilize. In any case, Table 1 shows that
the path population obtained after eliminating candidate
paths due to the impairments of class 1 (column b) is consid-
erably larger than when we use the worst case interference
assumption for the impairments of class 2 (column c).

An TA-RWA algorithm that takes into account the actual
interference among lightpaths can use as input the paths that
correspond to column b, while an algorithm that assumes a
worst case interference scenario is bound to use as input the
paths that correspond to column c. This reduction in the solu-
tion space unnecessarily restricts the choices the RWA algo-
rithm can make and leads to deterioration of its performance.

Following the above discussion, an IA-RWA algorithm that
accounts for the actual interference among lightpaths by per-
forming cross-layer optimization over the physical and net-
work layers is expected to require fewer wavelengths to serve
the given traffic than an IA-RWA algorithm that assumes a
worst case interference scenario. We quantify this perfor-
mance difference later in this article. Note that the reduction
in the solution space due to the physical effects depends on
the topology and traffic profile. For example, in a small net-
work that consists of short links, the physical layer effects are
negligible, and the difference between the population sizes
that correspond to columns a, b, and ¢ would be small, even
for high values of parameter k. Thus, the above discussion is
valid when the physical effects are significant enough, which is
the case of interest in this article.

A typical argument in favor of the worst case interference
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scenario is that a network configured based on this assump-
tion is more reliable, since future connections will not render
the already established lightpaths infeasible. In current opera-
tional WDM networks changes in the traffic matrix are usually
slow and incremental. The increase of the average traffic
between two nodes will eventually require an additional wave-
length, but the average traffic increase is small compared to
the granularity of the wavelength, and the frequency of such
incremental changes is low, on the order of a couple of new
connections per year. For slowly changing traffic, an online
IA-RWA algorithm is executed to adjust the previous solution
to the new traffic demands, and/or an offline algorithm can be
periodically re-executed after a certain time or a certain num-
ber of new established lightpaths to optimize the utilization of
the wavelengths for the new traffic demands. It stands to rea-
son that under the worst case interference assumption the
establishment of new lightpaths would continue to utilize the
available wavelengths inefficiently, and the network will reach
the point where it cannot serve more connections earlier than
when an IA-RWA that accounts for the actual inter-lightpath
interference is used.

RWA Algorithm

Various algorithms have been proposed in the literature to
solve the offline RWA problem [3]. In this article we assume
we are using a typical algorithm that formulates the offline
RWA problem as an integer linear program (ILP) using path-
related variables [4]. The ILP algorithm is given an RWA
instance (i.e., a network topology, its node and link character-
istics, and a traffic matrix), and returns the paths and assigned
wavelengths for all connections served, with the objective of
minimizing the number of wavelengths required to serve the
connections.

We assume that for each connection request we compute a
set of k candidate paths using a variation of a k-shortest path

algorithm. A lightpath in the ILP formulation is represented
by a flow variable x,,,, which takes value equal to 1 if wave-
length w of path p is used (i.e., if lighpath (p,w) is activated)
and equal to 0 if lightpath (p,w) is not activated. Given the set
of candidate paths and the set of available wavelengths, the
variables for all candidate lightpaths are identified. The ILP
algorithm selects which candidate lightpaths to activate by set-
ting the corresponding x,,, variable to 1, with the objective of
minimizing the number of wavelengths used, subject to a
number of constraints that are innate to the RWA problem.
In particular, these constraints include wavelength assignment
constraints, wavelength continuity constraints, incoming traffic
constraints, and certain specific constraints to formulate the
objective cost.

Since ILP is NP-hard, heuristic algorithms must be used to
obtain solutions in acceptable (nonexponential) time. In the
simulation experiments reported at the end of this article we
used a linear programming (LP) relaxation formulation com-
bined with a specifically designed piecewise linear cost func-
tion, as presented in [10], that was shown to yield integer
optimal solutions for a large number of RWA input instances,
despite the absence of integrality constraints. Note that nonin-
teger solutions for the flow variables x,,, are not acceptable,
since a connection is not allowed to bifurcate between alterna-
tive paths or wavelength channels. Thus, if LP relaxation does
not yield an integer solution, appropriate rounding techniques
are used, and the optimality is no longer guaranteed.

We refer to the ILP algorithm that was outlined above as a
pure RWA algorithm, in the sense that it ignores PLIs. Using
this pure RWA algorithm and pruning the candidate paths
under the worst case interference assumption in the prepro-
cessing phase, we obtain an impairment-aware RWA algo-
rithm to which we refer as worst-case (WC)-IA-RWA. Note
that the only difference between the pure RWA and WC-IA-
RWA algorithms is the set of candidate lightpaths they use as
input.

Cross-layer ImpairmentAware RVVA
Formulation

In this section we extend the preceding pure RWA algorithm
by formulating the interference among lightpaths as additional
constraints to make the algorithm impairment-aware. We start
by presenting an indirect way to account for impairments,
which constrains the number of adjacent and second-adjacent
channel interfering sources and the number of intra-XT inter-
fering sources. We then proceed to propose an alternative
way to directly constrain impairments using noise-related
parameters. More specifically, for each candidate lightpath,
we calculate an upper bound on the interference noise vari-
ance it can tolerate, after accounting for the impairments that
do not depend on the utilization of the other lightpaths
(impairments of class 1). Then we use this bound to constrain
the interfering noise caused by other lightpaths (impairments
of class 2) by introducing appropriate constraints in the RWA
formulation.

Constraining Adjacent Channel Interference

Impairments due to inter-XT and nonlinear physical impair-
ments (FWM and XPM) depend not only on the topology of
the considered lightpath, but also on the load of the links
comprising the lightpath. In particular, inter-XT has to do
with the power leaking between neighboring channels. XPM is
more severe between adjacent channels, becoming less signifi-
cant as we move away from the channel under examination.
FWM depends on the utilization of certain sets of wave-
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(c)

Initial population
(k-shortest length

Population after

discarding paths due to

Population after discarding paths due to
impairments of class 1 and class 2 —

paths) impairments of class 1 assuming worst case interference
k=1 182 182 182
k=2 364 359 333
k=3 546 528 427
k=4 728 653 479
k=5 910 751 506
k=6 1092 817 513

B Table 1. The reduction in the solution space due to the PLIs of class 1 and class 2 (under the worst case
interference assumption), for the case of the DT network topology and reference traffic matrix.

lengths and is more severe when the adjacent channels are
active. As a consequence, avoiding the utilization of adjacent
and next-to-adjacent channels would have a positive effect in
the quality of transmission of a lightpath.

Figure 4a presents an example to illustrate the adjacent
channel interference effect. A lightpath on path p from ng to
ny is established using wavelength w. Let p; be a lightpath that
uses links /5, /3, and wavelength w + 1, and p, be a lightpath
that uses links /3, /4 and wavelength w — 1. These two light-
paths affect the signal quality of lightpath (p,w). In this exam-
ple there is one adjacent channel interfering source on link /,
and link /4, and two interfering sources on link /3.

Let nyq4j(p,w) denote the number of adjacent channels
interferer sources on link / for lightpath (p,w). Based on the
path related variables we can calculate this number by count-
ing the active paths p” that cross the same link and utilize one
of the adjacent channels:

nadj,l(p’ w)= Z

{plier}

Then by summing n,4;,(p,w) over all the links / that com-
prise path p, we can constrain the total number of adjacent
channel interfering sources over the whole lightpath to be less
than a maximum acceptable value Nygj.max- In a similar man-
ner we can calculate the number n,4i.24(p,w) of second-adja-
cent channels of link / for lightpath (p,w) and constrain the
total number of second-adjacent channel interfering sources
over the lightpath to be less than a maximum acceptable value

N adj-2-max-

Xt F X -

Constraining Intra-XT Interference

Node intra-XT is the power leakage between lightpaths cross-
ing the same switch and using the same wavelength due to
nonideal isolation of the inputs/outputs of the switching fabric
[6]. Figure 4b presents an example to illustrate the effect of
intra-XT. A lightpath p from node n( to node n, is established
using wavelength w. Let (p1,w), (pa2,w), and (p3,w) be three
lightpaths that use nodes n,, ny, and n3, respectively, and the
same wavelength w. These lightpaths affect the signal quality
of lightpath (p,w). In this example there are two intra-XT
interfering sources on node n,, and there is one interfering
source on node 3.

Based on the above, we can calculate nxr,(p,w) as the
number of intra-XT interfering sources on node » for light-
path (p,w). Then by summing nxr,(p,w) over all nodes that
comprise the lightpath, we can constrain the total number of

intra-XT interfering sources over the whole lightpath to be
less than a maximum acceptable value Ny7.max.

Using the above formulations we can obtain an JA-RWA
algorithm that constrains both the number of adjacent and
second-adjacent channels, and the number of intra-XT inter-
fering sources [11]. This algorithm considers the interference
among lightpaths indirectly in the sense that it constrains the
number of interfering sources and not their actual effects. We
proceed now to present an alternative algorithm that directly
accounts for these effects.

Constraining the Interference among Lightpaths

Based on the classification of impairments presented earlier,
we can use analytical formulas in order to calculate the effects
of the impairments that belong to class 1, which do not
depend on the utilization of the other lightpaths, on a given
candidate lightpath. We assume that we use approximations in
order to model as noise the effects of the class 2 impairments,
such as the model for intra-XT presented in [6], and models
for XPM and FWM presented in [12]. Based on the above
and a given threshold for the Q-factor, say 15.5 dB, we can
calculate for a given lightpath (p,w) a bound on the interfer-
ence noise variance it can tolerate due to XT, XPM, and
FWM, after accounting for the impairments that do not
depend on the utilization of the other lightpaths.

P P 2 2
Sy 10(PW) + Sxpasv(PW) + Opwar1 (W) < Omax, 1(PW),

where G)Z(T, G)Z(PM> and G,%WM are the electrical variances of the
intra-XT noise, XPM, and FWM degradations. Since it is dif-
ficult to find a very accurate Grznax;l»(p,w)bound that incorpo-
rates all the class 1 impairments, and we also do not take into
account the interference on signal 0 (typically negligible), we
use a value for the bound that is somewhat higher than the
one actually calculated. Also, since taking into account that
FWM would require additional variables and further compli-
cate the algorithm, we assume that FWM contributes a con-
stant cppy. Since the noise FWM contributes is generally
rather smaller than the effects of the other impairments, cgys
can be chosen as the worst case FWM contribution.

We assume that for each link / and the OXC switch n it
ends, we know the following electrical noise variance parame-
ters:

. s)Z(PMJ: The electrical noise variance of signal 1 due to XPM
from an active adjacent channel

. s{z\,PM_zy,: The electrical noise variance of signal 1 due to
XPM from an active second-adjacent channel
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B Figure 4. a) Adjacent channel interference on lightpath (p, w);
b) intra-channel XT interference on lightpath (p, w), by other
lightpaths.

. s%mn: The electrical intra-XT noise variance a lightpath
crossing node n contributes to another lightpath that also
crosses n and uses the same wavelength
We assume that these noise variance parameters are the

same, irrespective of the examined wavelength, although this

assumption is not restrictive, and we could have used different
parameters per wavelength. To obtain these parameters, ana-
lytical models for the specific impairments can be used.

Based on the above, we can constrain the interference
accumulated over a lightpath (p,w) that is selected in the solu-
tion by introducing the following constraint:

intra-XT
2
SXT,n : nXT,n(p’ w)

XPM from adjacent channels
——

2 2
)y + Sxpur g Madi (P>W) +Capw < O max 1 (25 W):

{ZE 4 ‘n end of l} XPM from 2nd adjacent channels

2
+ Sypu—2, Madi2, (P> W)

For a given lightpath the above constraint counts the
number of interfering sources at each intermediate link and
node, and multiplies this number with the related noise
variance parameter. In this way it calculates the noise vari-
ance that is accumulated over the lightpath due to the
interference of the other lightpaths and constrains it by a
bound determined by the impairments that do not depend
on the utilization of the other lightpaths. The lightpaths
that satisfy the corresponding noise variance constraint are
expected to exhibit acceptable quality of transmission per-
formance.

In the performance results section that follows, we call
Sigma-Bound IA-RWA (SB-IA-RWA) the algorithm that uti-
lizes the above constraints to directly include the physical
layer effects in its formulation.

Simulation Results

In order to evaluate the performance of the proposed IA-
RWA algorithm, we carried out a number of simulation
experiments. We implemented the pure RWA formulation
and the proposed IA-RWA formulations in Matlab, and
used the LINDO-API library to solve the corresponding

LP-relaxations [10]. To evaluate the feasibility of the light-
paths, we used the Q-Tool developed within the DICONET
project [1].

We compared the performance of three algorithms:

* The pure RWA algorithm that does not consider physical
impairments at all

* The WC-IA-RWA algorithm that prunes the candidate
paths based on the impairments of class 1 and class 2 under
the worst interference scenario

* The cross-layer SB-IA-RWA algorithm that takes into
account the interference among lightpaths in its RWA for-
mulation, presented above

A key difference of these algorithms is the set of candidate
paths they take as input. In particular, referring to Table 1,
the pure RWA algorithm takes as input the set of paths that
correspond to column a, the WC-IA-RWA algorithm the set
of paths that correspond to column c, and the proposed cross-
layer SB-IA-RWA algorithm the set of paths that correspond
to column b. To make the comparison fairer, we used k = 3
for the pure RWA and proposed SB-IA-RWA algorithms,
and k = 4 for WC-IA-RWA.

The topology used in our simulations was the Deutsche
Telekom network (DTnet), shown in Fig. 3, with capacity per
wavelength channel assumed to be 10 Gb/s. We used a ran-
dom traffic generator to produce 100 traffic matrices for loads
between 0.5 and 1 (we define the traffic load as the total num-
ber of connection requests over the number of connections
when all source-destination pairs require a single wavelength).
We also executed experiments with realistic traffic for the
DTnet that includes 374 10 Gb/s connection requests, with
some source-destination pairs requiring more than one light-
paths.

First, we present our results in the form of histograms that
graph the probability mass distributions of the number of
adjacent channels (Fig. 5a) and the number of intra-XT inter-
fering sources of the selected lightpaths (Fig. 5b) when we use
the proposed cross-layer SB-IA-RWA and pure RWA algo-
rithms. In these figures a left shift in the probability distribu-
tions is observed when using the proposed SB-IA-RWA
algorithm, meaning that physical impairment generating
sources are fewer, and signal quality is improved.

Figure 6a shows the number of wavelengths required to
achieve zero (physical and network) blocking for the WC-IA-
RWA and proposed SB-IA-RWA algorithms using the traffic
matrices produced by the random traffic generator. We do
not graph the performance of the pure RWA algorithm since
this algorithm was unable to obtain zero-blocking solutions
due to physical blocking. We observe that the proposed SB-
IA-RWA achieves zero blocking using fewer wavelengths than
WC-IA-RWA. WC-IA-RWA is only affected by network layer
blocking, since all candidate paths that are fed to the algo-
rithm have acceptable QoT performance. However, the set of
candidate paths WC-IA-RWA uses turns out to be inferior,
resulting in a solution that consumes more wavelengths than
the SB-IA-RWA algorithm. Note that the path population is
not the only parameter that affects performance. Even more
important is the distribution of the number of different candi-
date paths that are available for each source-destination pair.
Since, in the case of WC-IA-RWA, some paths are unneces-
sarily discarded, the choices on the routes that can be used for
certain connections are very restricted. In contrast, the pro-
posed cross-layer SB-IA-RWA has more options in selecting
lightpaths of acceptable quality to serve the traffic.

Figure 6b shows the average blocking probability vs. the
number of available wavelengths per link for all examined
algorithms, assuming the realistic DTnet traffic matrix. The
pure RWA algorithm has the highest blocking rate since it
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B Figure 6. a) Number of wavelengths required to reach zero blocking for various loads obtained using the random traffic generator;
b) blocking probability vs. number of available wavelengths W per link for realistic traffic load.

cannot avoid physical layer blocking. The WC-IA-RWA algo-
rithm exhibits only network layer blocking, while the SB-IA-
RWA algorithm exhibits both physical and network blocking.
The SB-IA-RWA algorithm outperforms the WC-IA-RWA
algorithm in terms of rejected calls, and is able to reach zero
blocking using fewer wavelengths. In particular, the difference
between these two algorithms is four wavelengths for this real-
istic traffic load, a difference that is substantial. Comparing
the results presented in Figs. 6a and 6b, we can deduce that
the improvements obtained by the SB-IA-RWA algorithm are
more pronounced when the traffic load is heavy since at these
loads the number of interfering sources is higher and cross-
layer optimization is more important.

Conclusions

Incorporating PLIs in offline RWA results in a cross-layer
optimization problem that is important in achieving trans-
parency in WDM networks. We investigate (I)LP formula-
tions combined with appropriate constraints on the effect of
impairments to address this problem. We initially classify the
PLIs into two classes and discuss how these can be account-
ed for in an offline impairment-aware RWA algorithm. Since
the most difficult part for offline traffic is to handle the
interference among lightpaths, we initially show how to con-
strain the number of adjacent and second-adjacent channel
interfering sources, and the number of intra-XT interfering

sources accumulated over the links/nodes of a lightpath.
Then we present a way to combine these constraints using
noise related parameters in order to directly constrain these
effects. Using realistic traffic scenarios and network topolo-
gies, our simulation results quantify the performance
improvements that can be obtained by using an JA-RWA
algorithm that takes into account the actual interference
among lightpaths, as opposed to algorithms that do not con-
sider impairments or consider impairments assuming a worst
case interference scenario.
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