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Abstract—Physical impairments in long-haul optical net-
works mandate that optical signals be regenerated within
the (so-called translucent) network. Being expensive devi-
ces, regenerators are expected to be allocated sparsely
and must be judiciously utilized. Next-generation optical-
transport networks will include multiple domains with
diverse technologies, protocols, granularities, and carriers.
Because of confidentiality and scalability concerns, the
scope of network-state information (e.g., topology, wave-
length availability) may be limited to within a domain. In
such networks, the problem of routing and wavelength
assignment (RWA) aims to find an adequate route and
wavelength(s) for lightpaths carrying end-to-end service
demands. Some state information may have to be explicitly
exchanged among the domains to facilitate the RWA proc-
ess. The challenge is to determine which information is
the most critical and make a wise choice for the path and
wavelength(s) using the limited information. Recently, a
framework for multidomain path computation called back-
ward-recursive path-computation (BRPC) was standard-
ized by the Internet Engineering Task Force. In this
paper,we consider theRWAproblem for connectionswithin
a single domain and interdomain connections so that the
quality of transmission (QoT) requirement of each connec-
tion is satisfied, and the network-level performance metric
of blocking probability is minimized. Cross-layer heuristics
that are based on dynamic programming to effectively
allocate the sparse regenerators are developed, and exten-
sive simulation results are presented to demonstrate their
effectiveness.

Index Terms—Backward recursive path computation
(BRPC); Cross-layer RWA; Dynamic programming; Multido-
main; Physical impairments; Translucent optical networks.

I. INTRODUCTION

O ptical amplification has increased the reach of long-
haul optical links in wavelength division multiplex-

ing (WDM)-based optical networks. However, physical
impairments such as amplifier noise, dispersion, and
nonlinear effects such as four-wave mixing (FWM) and

cross-phase modulation (CPM) make it impossible to con-
struct truly optical-core networks. To combat these impair-
ments, optical signals are intermittently converted to
electrical signals and regenerated, thus ridding the optical
signals of accumulated impairments. Networks with
sparse regeneration capabilities are called translucent
optical networks. In physically impaired networks, the
specified quality of transmission (QoT) of connections [as
exemplified by, say, their bit error rates (BER)] must be sat-
isfied. At the same time, network operators are interested
in utilizing the network effectively, or in other words,
minimizing the probability of blocking connections.

Portions of larger networks belong to different adminis-
trative bodies and therefore may employ a variety of
technologies, protocols, granularities, and management
systems. End-to-end services are carried over lightpaths
(that may be regenerated within the optical network) that
may traverse multiple domains. Because of confidentiality
and scalability concerns, the scope of network state infor-
mation (e.g., topology and wavelength availability) may be
limited to within a domain. In such a case, some state in-
formation may have to be explicitly exchanged among the
domains to facilitate the routing and wavelength assess-
ment (RWA) process. The challenge is to determine which
information is the most critical and make a wise choice for
the path and wavelength(s) using the limited information.

There are currently three methods for interdomain
routing: per-domain, backward-recursive-path computation
(BRPC) [1] and hierarchical path-computation elements
(H-PCE) [2,3]. In the per-domain method, path segments
arecomputedwithineach intermediatedomainwithoutshar-
ing path information with other domains. BRPC provides a
framework for computing the shortest interdomain path
(with constraints) given a predetermined domain sequence
with collaboration amongmultiple PCEs. InH-PCE, in addi-
tion to the PCEs in each domain, there is a parent PCE
that knows some information about the state of interdomain
links and finds the paths for interdomain connections.

In this paper, several cross-layer algorithms that are
based on dynamic programming are developed to effectively
allocate the optical-electronic-optical (OEO) converters in
sparsely located regenerators (the placements of regenera-
tors are assumed to be known) for both intradomain and in-
terdomain connections. The interdomain RWA algorithm
that requires limited amounts of interdomainnetwork statehttp://dx.doi.org/10.1364/JOCN.6.000536
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information is based on the BRPC framework to effectively
route the connections across multiple domains. Extensive
simulation results are presented to demonstrate the algo-
rithms’ effectiveness in reducing the blocking probability
whileensuringconnections’QoT.Theseheuristicalgorithms
are QoT-aware (or impairment-aware, IA) in the sense that
the algorithms incorporate the connections’ QoTs in their
selection process, as opposed to selecting routes and wave-
lengths and then checking if the QoTs of connections are
met. These latter algorithms are called QoT-guaranteed,
not QoT-aware, in the literature [4].

A. Related Work

Some recent papers address the routing and wavelength
assignment (RWA) problem for intradomain connections.
The authors of [5] investigate the RWA and regenera-
tion-allocation problem by proposing an exhaustive search
algorithm (that calculates all feasible lightpaths for the
given source–destination, including all the possible combi-
nations for the utilization of available regenerators of the
network) with a worst-case time complexity that is expo-
nential in the number of wavelengths and nodes. In [6],
the authors propose effective dynamic-routing algorithms
considering physical impairments and OEO allocation with
the assumption that at most one regenerator (except source
and destination) can be used by each connection. The
authors of [7] propose an online constraint-based routing
(CBR) algorithm that allows a more accurate assessment
of the (multichannel) nonlinear degradation effects by tak-
ing into account the current network load; the regenerator
pools are assumed to have enough OEO circuits, which is
not the case in our work. The authors of [8] consider the
IA-RWA path selection and regenerator allocation prob-
lem, but only discussed the routing and not the wavelength
assignment. An IA-RWA algorithm and corresponding gen-
eralized multiprotocol label switching (GMPLS) extensions
are presented in [9], with the assumption that the QoT
requirement of the end-to-end lightpath is satisfied as long
as the QoT requirement of each transparent segment is
satisfied (this assumption is also made in [5,6,10,11]).
The authors of [12] present a three-phase approach for
IA-RWA in translucent optical networks using a distrib-
uted optical control plane (some information about the
network state was assumed unknown for IA-RWA). An
IA-RWA algorithm is proposed in [13] that considers both
the path quality and regenerator allocation. We implement
this algorithm in this paper and compare it with our
dynamic programming method.

Several researchers have also studied interdomain rout-
ing recently. The authors of [14] implement, deploy, and
experimentally validate three different path-computation
algorithms: the per-domain, the PCE-based BRPC, and
their PCE-based enhanced BRPC (EBRPC) approach to
efficiently address the wavelength continuity constraint.
In [2], the authors provide a novel and economical way to
disseminate information while performing interdomain
lightpath provisioning. Two novel virtual-topology-update-
triggering policies between PCEs with the full-mesh

abstraction scheme are proposed in [15]. In [16], the
authors propose two solutions based on novel PCE commu-
nication protocol messages for PCE-based multidomain
path computation. The authors of [3] propose a hybrid-
path-computation procedure based on the H-PCE architec-
ture and BRPC. However, none of these papers consider
physical layer impairments. Among the works that con-
sider impairments, a PCE-based optical signal-to-noise ra-
tio (OSNR)-aware dynamic restoration in GMPLS-enabled
multidomain translucent wavelength switched optical net-
works (WSONs) is proposed in [17], but it does not specify a
method to obtain a predetermined domain sequence that is
required by the BRPC procedure, nor the QoT-aware infor-
mation to be sent among domains. The authors of [18]
present a lab trial of multidomain path computation using
a H-PCE when domain topologies are aggregated as dy-
namic virtual meshes. In [19], the problem of interdomain
dynamic wavelength routing is studied; the end-to-end
lightpaths can be set up not only across multiple routing
domains but also through optical and regeneration layers.
The authors of [20] develop a physical-layer impairment
model that encompasses both linear and nonlinear impair-
ments. An information exchange (among different do-
mains) model is also proposed, but no algorithm to find
paths for interdomain connections is given.

B. Contributions

This paper addresses shortcomings of all the papers in
the literature by tackling the fundamental problem of
QoT-aware RWA in translucent optical networks for con-
nections with sources and destinations both in a single do-
main (intradomain connections) and in different domains
(interdomain connections). Our intradomain algorithm is
shown to outperform the state-of-the-art algorithms. Fur-
ther, we present a complete interdomain algorithm that in-
cludes the computation of a domain sequence and various
information exchange policies that were lacking in [17].

The paper is organized as follows. In Section II, we
present the network model and the physical-layer impair-
ments considered in our study. RWA algorithms for intra-
domain connections are presented in Section III. Section IV
describes the RWA algorithms for interdomain connec-
tions. Simulation results are presented in Section V, and
the paper is concluded in Section VI.

II. NETWORK MODEL AND DEFINITIONS

The network model we consider includes multiple do-
mains, and in each domain there are two kinds of nodes:
interior nodes and border nodes (gateways). Domains are
connected together through links between gateways.
Interior nodes are directly or indirectly connected to gate-
ways in their corresponding domains. In each domain, there
is a PCE with the capability and responsibility to calculate
paths within the domain. Each PCE is assumed to have
full information (physical-layer-related and wavelength-
related) about the links within its domain as well as the
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interdomain links terminating at its gateways [21]. In this
paper, we assume that a domain is defined by the network’s
geography, i.e., domain nodes are assumed to be “close” to
each other because they are likely to share a PCE. Some
nodes in the network are 3R regenerator nodes, i.e., they
perform reamplification, reshaping, and retiming through
anOEOconversion.1 Each 3Rnodehas a given limited num-
ber of OEO converters, which can be used for signal regen-
eration and/or wavelength conversion. The OEOs are
assumed to be available for any connection passing through
the3Rnode.AnOEOthat is allocated toa connection cannot
be used by another connection until the first connection is
torn down. Each link consists of two fibers with W wave-
lengths each, oriented in opposite directions. The wave-
length conversion afforded by an OEO can be used from
any wavelength to any other. Figure 1 depicts the assumed
network model.

We select some nodes to be 3R nodes according to the
following algorithm.2 First, we find the shortest path for
each pair of nodes, and count the number of times a node
is traversed by these paths. Nodes are sorted in descending
order of this number. For each topology, the first T nodes in
this order are selected as 3R nodes. For the multidomain
case, if some domain has no 3R node after this selection,
we select the node with themaximum count number in that
domain as a 3R node. Each 3R node has a limited number of
OEO converters.

We introduce a few definitions here. A 3R node is called
an OEO node if it has at least one OEO converter available
for use, i.e., if not all OEO converters are being used by on-
going connections. An allocated OEO node is an OEO node
providing OEO converters to the connection. The transpar-
ent path between two arbitrary OEO nodes is called an
OEO segment. Further, the transparent path between two
allocated OEO nodes is called an allocated OEO segment.
In this definition, the intermediate nodes may have OEO
converters, but they are not allocated to the path in ques-
tion. A consecutive OEO segment on a path is the segment
between two consecutive OEO nodes (whether or not they
are allocated to the connection).

A. Physical Impairment Model

We adopt the physical layer model in [22]. Two kinds of
physical impairments are considered: amplified spontane-
ous emission (ASE) noise and nonlinear impairments
(NLIs). The OSNR can be calculated as OSNR �
PTXch∕�PASE � PNLI�, where PTXch is the launched signal
power per channel in watts, and PASE and PNLI are the
noise power from ASE and NLIs, respectively, falling
within the chosen OSNR noise bandwidth Bn.

PASE can be computed as PASE � Ns�G − 1�FhνBn, where
Ns is the number of spans on the path (with one amplifier

per span); G is the amplifier gain, which is assumed equal
to the power loss of one span; F is the amplifier noise figure;
h is Plank’s constant; and ν is the center frequency of the
center channel.

The power spectral density (PSD) of dual-polarization
NLI noise in a single span, GNLI, is given in [22] as

GNLI ≃
8
27

γ2G3
TxL

2
eff

πβ2Leff ;a
asinh
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sN
2RsΔf
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�
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where γ is the fiber nonlinearity coefficient; Leff is the ef-
fective length in km, defined as �1 − e−2αLs �∕2α; Ls is the
span length in km; α is the fiber-loss coefficient in 1∕km,
such that the signal power is attenuated over a span as
e−2αLs ; Leff ;a � �1∕2α� is the asymptotic effective length;
and β2 is the fiber dispersion (in ps2∕km). The WDM signal
spectrum GTx�f � is assumed to be rectangular, i.e.,
GTx�f � � �PTXch∕Rs�, where Rs is the symbol rate. Nch �
W is the number of channels (wavelengths), and Δf is
the channel spacing.

With the assumption that the NLI noise generated in
any given span can be summed in power, i.e., incoherently
[23], with the NLI noise generated in any other span, we
can get PNLI � GNLIBnNs (see [22] and [23] for further
details).

For dual polarization-quadrature phase-shift keying
(DP-QPSK), also referred to as the polarization-
multiplexed (PM)-QPSK, modulation format used in this
paper, the BER for an OEO segment is computed by

BER � 1
2
erfc

� �����������
SNR
2

r �
; (1)

where SNR � OSNR × �Bn∕Rs�. Thus, the BER is only a
function of the number of spans (it is wavelength indepen-
dent because the NLI values are for the worst case, i.e., all
channels are assumed “on”), therefore it can be precom-
puted and saved in a look-up table.

If a path has multiple allocated OEO segments, the end-
to-end BER is calculated by assuming independent bit
errors as

BER � 1 −
Y
i

�1 − BERi�; (2)

where BERi is the BER for allocated OEO segment i.

Although here the BER of a transparent segment is only
a function of the number of spans, our algorithms can deal
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Fig. 1. Multidomain optical network. The shaded nodes are 3R
nodes.

1We will call these 3R nodes henceforth.
2We emphasize that this paper’s focus is not on regenerator placement. We
merely present a reasonable method for selecting the 3R node locations in
order to investigate the RWA algorithms’ performance.
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with more complex QoT models (e.g., the BER of each
transparent segment is also dependent on the wavelength
assigned to the lightpath and the QoT of existing connec-
tions is affected by new connections), as in [24] and [25].

B. Traffic Model

Bidirectional connection requests (each requires a wave-
length per direction) between a pair of nodes �s; d� randomly
arrive to and depart from the network. If s and d are in the
same domain, we call the connection an intradomain con-
nection; otherwise, it is an interdomain connection. The
same specified BER is required for all connections. An RWA
algorithm returns a path and one or more wavelengths and
OEO allocations for a connection. A connection can be
blocked because the RWAalgorithm cannot find a pathwith
either 1) a wavelength on each allocated OEO segment
of the path (path blocking) or 2) end-to-end BER that satis-
fies the BER requirement (QoT blocking).

III. RWA ALGORITHMS: INTRADOMAIN CONNECTIONS

In this section we consider the RWA for a connection
whose source and destination are in the same domain.
The PCE3 within that domain, which knows all information
(such as wavelength availability, physical impairments,
and availability of OEO converters) within the domain,
allocates a path, wavelengths and OEO converters (if
required) to the connection. In addition to our proposed
RWA algorithms, we also present algorithms used for com-
parison and benchmarking.

The general flowchart for all algorithms [except the aux-
iliary graph (AG) algorithm] is shown in Fig. 2. Suppose a
connection request between source s and destination dwith
a specified BER requirement arrives. An ordered path set
P0 (sorted by increasing order of path length) is precom-
puted offline for each s-d pair. (For simplicity, we omit
the subscript s-d from all variables.) These are the paths
from which every algorithm draws its candidate paths;
they may be computed in a variety of ways.

Given the set P0, a candidate-ordered set of paths P⊆P0

is selected by the algorithm according to its own criteria,
which will be detailed hereafter. For each path p ∈ P,
the algorithm checks p according to its own satisfactory
performance criteria (specified in Subsection III.B below).
If p is deemed not satisfactory by the algorithm, the next
path is checked, and so on, until all paths in P are tried. If a
satisfactory path is found by the algorithm, the path and
the associated wavelength(s) are passed to theQoT checker.
The QoT checker computes the end-to-end BER of the
incoming connection with this proposed path and wave-
length(s). If the BER is adequate, the incoming connection
is set up; otherwise, it is blocked. The various algorithms
differ in 1) the computation of the candidate path set

P and 2) the selection of the path and wavelength(s) to
be passed to the QoT checker.

A. Selection of Candidate Path Set

We use the following methods for selecting the candidate
path set P in the various RWA algorithms.

• Plain: Here, the first (shortest) K paths in P0 are selected
to be included in P.

• Seg: The BER requirement in the network imposes an
upper limit on the length of a transparent path, (or equiv-
alently, on the number of spans), often called the trans-
mission reach. Let the maximum number of spans
allowed be L. In this method, all paths with more than
L spans between any pair of consecutive 3R nodes on
the path are discarded. The remaining paths are sorted
by increasing length, and the firstK of these form P. Note
that the limit on the number of spans and the path set P
can be computed offline.

• Min: This method is used by the algorithm in [13]. Here,
the first path in P is the shortest path (i.e., first path in
P0); the other paths are sorted by increasing value of
�1� S� ×D, where S is the number of shared links with
the previously selected paths, and D is the path length.
Once again, P can be computed offline.

• Online: Discard the paths in which any consecutive OEO
segment has no free wavelength and/or the segment has
more than L spans. Then sort the remaining paths by in-
creasing length. Note that this is an online method be-
cause it considers the availability of OEO converters at
3R nodes and wavelengths of links (see definitions of
OEO node and consecutive OEO segment in Section II).

• RAA: This method is used by the regenerator availability
advertisement (RAA) algorithm in [9]. P0 consists of all

Given: Path set P’ with (up to) K’ paths
(computed offline)

Select candidate path set P (subset of P’)
with (up to) K paths

P empty?

Accept connection

Is path “good”?
All paths
checked?

QoT checker
(not part of algorithms)

Pass?

Block connection

Y

N

N

N

N

Y

Y

Y

Select an untried path in P

Fig. 2. General flowchart for RWA algorithms.

3There may be several PCEs within each domain. In this paper, we assume
there is only one PCE per domain.
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paths that have either the same number of hops as the
shortest path or one more hop than the shortest path. An
available transparent lightpath is searched within P0. If
no transparent lightpath is available, the path character-
ized by the maximum number of available regenerators
is selected. Note that this is also an online method be-
cause it considers the availability of wavelengths on
links.

For Plain, Seg, Min, and Online methods, P0 consists of
(up to) K 0 paths (where K 0 is a parameter) for each s-d pair.
In this paper, it is assumed that these are the shortest
paths of K 0 (based on actual link lengths) computed using
Yen’s algorithm [26] (sorted by increasing length). Note
that there may not be any K 0 paths between s and d, which
is why we said “up to K 0” paths above.

B. Routing and Wavelength-Assignment Algorithms

1) QoT-Guaranteed Algorithm: The QoT-guaranteed
(QoT-G) algorithm is a non-QoT-aware algorithm that com-
pletely ignores physical impairments in selecting the path,
and is used as a reference algorithm. The candidate path
set is formed using the Plain method. Given a candidate
path pi ∈ P, OEO allocation and wavelength assignment
on pi are done as follows. Starting from node s, the longest
wavelength-continuous OEO segment that is possible on pi

is selected (nodes s and d are assumed to be dummy OEO
nodes). If there is more than one wavelength available on
the segment, then the lowest index-available wavelength is
chosen (First-Fit WA). Suppose the segment terminates at
node k. If k � d, then the algorithm terminates; otherwise,
another longest wavelength-continuous OEO segment
starting from node k is found, and the FF wavelength is
assigned, and so on. If there is a consecutive OEO segment
on pi that does not have any available wavelength, then
path pi is considered to have failed the test, and the next
path from P is tested, and so on, until all paths in P have
been tested. The path that passes the test is sent to the
QoT-checker. If the BER requirement is satisfied, the con-
nection is set up with this path; otherwise, it is blocked.
The time complexity of QoTG is O�KNW�, where N is
the number of nodes in the network, and W is the number
of wavelengths per fiber.

The next three algorithms are popular algorithms from
the literature that we have found to perform well. We have
implemented these algorithms, and present performance
results comparing these algorithms with our proposed al-
gorithm later in the paper. These algorithms are reviewed
here for completeness and reader convenience.

2) Regenerator Availability Advertisement (RAA) [9]:
The candidate path set is formed by using the RAA method
above. If the path selected is not a transparent one, then
source s designates regenerator nodes in order to partition
the path into the minimum number of transparent seg-
ments, each with acceptable QoT. We change the algorithm
in [9] by passing the selected path and wavelength(s) to the
QoT checker that uses Eq. (2); if the end-to-end BER re-
quirement is not satisfied, the connection is blocked. The

time complexity of RAA is O�ZWN�, where Z is the number
of paths in P0.

3) Auxiliary Graph (AG) [11]: The P0 and P sets are not
used for this AG algorithm. For each connection s, d, con-
struct an AG composed of s, d and the regenerator nodes.
Edges are placed between nodes in the graph if there is a
path between them that does not use any regenerators
and satisfies the BER requirement. The cost of this edge
is assigned as the number of hops on theminimum-hop path
between them. Then, find the shortest path from s to d on
thisAG.For finding thewavelength-continuous path of each
logical link, index the wavelengths available in the original
network. Randomly choose an available wavelength layer
(the edges that do not have the selected wavelength avail-
able are not considered) and find theminimum-hop feasible
path in that layer. If a solution is found at that layer, stop.
Otherwise, repeat the procedure with the next indexed
wavelength. Similar to the previous one, we also change
the algorithm in [11] by passing the selected path andwave-
length(s) to the QoT checker. The time complexity of AG is
O�WN2T2�, where T is the number of 3R nodes.

4) Minimum Coincidence and Distance According to Q-
Factor With Regenerator Allocation (MINCODQREG) [13]:
The candidate path set is formed by using the Min method
above. Consider a candidate path pi ∈ P. Starting fromnode
s, find the first node on the path, say k, at which the BER
from s to k on the first available wavelength on the subpath
�s; k� exceeds the BER requirement. Then, the algorithm
finds the previous (upstream) OEO node (which has not al-
located OEO converters to this connection yet), say k0, and
allocates an OEO at k0. Now, check if the cumulative BER
[seeEq. (2)] on the subpath �s; k0� and the subpath �k0; k� sat-
isfies the requirement. If not, go to the previous upstream
OEO node k00 and allocate an OEO at k00 instead of k0, and
check if the cumulative BER on subpath �s; k00� and subpath
�k00; k� satisfies the requirement. If the BER requirement is
not satisfied for any upstreamOEO node, then path pi fails,
and the next candidate path in P is taken up. Otherwise,
the algorithm continues from the upstream node where an
OEO was allocated. The algorithm terminates with OEO
allocations and wavelength assignments for all the seg-
ments on the path of the connection. The time complexity
of MINCODQREG is O�KTNW�.

We also implemented the algorithm proposed in [10].
This algorithm gave worse results than either RAA or
AG in all cases tested, so we do not present it here. We next
present our proposed intradomain RWA algorithm.

5) QoT-Aware Dynamic Programming Algorithm (DP):
We form P using each of the Plain, Seg, Min, and Online
methods for selecting the candidate path set and call the
corresponding algorithm DP-Plain, DP-Seg, etc. For each
p ∈ P, we obtain the wavelength and OEO node allocations
satisfying the BER requirement using the minimum num-
ber of OEO nodes along p, if this is possible. If so, the con-
nection is accepted and established (since it will certainly
pass the QoT checker); otherwise, this path fails, and the
algorithm proceeds to assign wavelengths and OEOs for
the next path in P, and so on. The critical part of the
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algorithm is in finding the wavelength(s) and minimum
OEO allocations on path p. We develop a dynamic program-
ming approach to achieve this, described next.

Let the OEO nodes on the path from s to d be numbered
1;2;…; a. For convenience, let us define s � 0 and
d � a� 1, and assume these are dummy OEO nodes.
Now, define B�i; j; k� as the minimum obtainable BER on
the path from node i to node j with exactly k OEO convert-
ers allocated on the path. Further, define B0�i; j;m; k� as the
minimum obtainable BER on the path from i to j using k
OEO converters, with node m > i being the first converter
node (i.e., the lowest index converter node). Then, using
Eq. (2), we can write a recursive function as follows:

1 − B0�i; j;m; k� � �1 − B�i;m; 0�� · �1 − B�m; j; k − 1��; (3)

where i� 1 ≤ m ≤ j − k, k � 1;2;…; j − i − 1, and

B�i; j; k� � min
m

B0�i; j;m; k�: (4)

If twom indices give the same value ofB�i; j; k�, select the
one with more currently available OEO converters.

The base of the recursion is B�i; j; 0�, 0 ≤ i < j ≤ a� 1,
which is simply the BER on the transparent path from i
to j, obtained using Eq. (1). When computing B�i; j; 0�, if
there is no available wavelength on the subpath i − j, we
set its value as infinity. We use the first fit wavelength if
more than one wavelength is available, and keep track
of which OEO converters are allocated to obtain B�i; j; k�.
The final k of B�s; d; k� for the connection is chosen as
the smallest one (i.e., minimum number of OEOs), which
makes the connection’s BER satisfactory.

The time complexity of DP-Plain, DP-Seg, and DP-Min is
O�KT4�. The time complexity of DP-Online is O�KT4 �
K 0NW� because the K candidate paths are found online.

In Section V, we present simulation results comparing
the performance of the algorithms above. In the following
section, we present our proposed algorithms for interdo-
main connections.

IV. RWA ALGORITHMS: INTERDOMAIN CONNECTIONS

In this section, we consider the RWA for a connection
with its source and destination in different domains, and
thus the lightpath assigned to it would traverse multiple
domains. Our proposed algorithm is based on the BRPC
framework, which we summarize below.

A. BRPC Framework

The BRPC framework allows a constrained path to
be computed from a source s to a destination d in a
multidomain network, given a predetermined sequence
of domains. As the name implies, the path computation ac-
tually proceeds from the destination to the source. In BRPC
terminology, the border nodes that are connected to the
next domain (i.e., toward the source) in the given domain
sequence are called entry boundary nodes (ENBs).

Similarly, border nodes in the next domain that are con-
nected to the current domain are called exit boundary
nodes (EXBs) of the next domain. Given the domain
sequence, the PCE in the destination domain sends to
the next domain information about the path (e.g., path
length) from each of its ENBs to the destination.

We illustrate the procedurewith an example using Fig. 1.
Assume we want to find a path from s to d, and the pre-
determined domain sequence is 1-2-3. For domain 3, its
ENBs are node 7 and node 8. Let the path found with node
7 be 7-11-d. (PCE3 also finds a path with node 8.) Next,
these paths from the ENBs to the destination (called a vir-
tual path tree) are sent to domain 2. The PCE in domain 2
takes the two paths 7-d and 8-d as two links 7-d and 8-d.
The ENBs in domain 2 are nodes 2, 3, and 4. Suppose the
path found with node 2 is 2-5-7-d. Paths from nodes 3 and 4
are also similarly found. Finally, when the source domain is
reached, a path from s to d is found. Suppose it is s-1-2-d.
Then, the entire path in this case is s-1-2-5-7-11-d.

B. Domain Sequence Selection

The BRPC procedure assumes a given domain sequence
and leaves the selection of such a sequence to the network
planner. Here, we propose the following approach, which
depends on the current network state, to find the domain
sequence for each new connection. We follow the six steps
outlined below:

1) J shortest paths (again using Yen’s algorithm) are pre-
computed for each pair of nodes within the same do-
main, and from a node in one domain to each of the
border nodes of adjacent domains (e.g., in Fig. 1, from
node 2 to node 7). (Note that, except for possibly one end
node, all nodes on a path at this point lie within a single
domain.)

2) For each pair of nodes, find a shortest path (in distance)
without any domain loop, but with the distance between
any two consecutive 3R nodes no greater than the reach
L (recall L is the upper limit on the number of spans on
a transparent segment due to physical impairments).
Call the domain sequence of this shortest path the
preferred domain sequence.

3) For each pair of domains, M domain sequences are pre-
computed as follows. A domain graph is created such
that each domain is represented by a single logical
node, and there is a logical link connecting two logical
nodes if there is at least one link with end nodes belong-
ing to these two domains. The weight of a logical link is
set to be the reciprocal of the number of physical links
between the domains represented by the logical nodes.
(This is done so that domain-pairs that have many links
between them are favored in the selection of the domain
sequence.) Then, for each domain-pair, M shortest
paths in the logical domain graph are found based on
these link weights.

4) Consider a connection request with source s and desti-
nation d. Recall that J shortest paths have been
precomputed between every node in a domain and
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every border node in adjacent domains. We say that a
domain Db with border node b is reachable from the
source s (respectively, destination d) if at least one of
the J paths from s (respectively, d) to b satisfies the
two conditions: (a) every segment between consecutive
OEO nodes on the path has no more than L spans, and
the segment from b to its nearest OEO node [on path
from s (or d) to b] has no more than L − L0 spans, where
L0 is a parameter called the reach margin, for consider-
ing the distance from the border node to a potential
OEO node; and (b) each of these segments has at least
one wavelength available. The set of reachable domains
is computed by the source PCE and destination PCE
separately, and the information computed by the source
PCE is sent to the destination PCE.

5) Of the M candidate domain sequences between the
source domainDs and the destination domainDd, a can-
didate domain sequence is discarded if the source or
destination cannot reach its corresponding adjacent do-
main in the virtual domain topology. For example, sup-
pose Ds-1-2-3-Dd is a candidate sequence; it will be
retained if d can reach domain 3 and s can reach domain
1; otherwise, the domain sequence will be discarded.

6) If the preferred domain sequence still remains after the
last step, this sequence is assigned to the connection;
otherwise, the domain sequence (among M) that in-
cludes the largest number of 3R nodes for domain pair
Ds and Dd is assigned.4

C. RWA Algorithm Per Domain PCE

We first present an algorithm for finding a path from one
end of a domain to the other [called dynamic programming
for interdomain (DPID)], which is a variant of our intrado-
main algorithm DP-Online. This is executed by the PCE at
each domain of the domain sequence to find a path from
each of its ENBs to the destination (from source to desti-
nation for the source PCE). Each PCE (except for the
destination PCE) has several candidate paths to the desti-
nation from the ENBs of the previous domain. These paths
are considered as logical links from these ENBs to the des-
tination by the current domain. The current domain PCE
does an “intradomain” routing to find a path from each of
the domain’s ENBs to the destination. (Note that PCE also
has information about interdomain links terminating at its
domain’s border nodes.) For example, in Fig. 1, consider the
node pair s-d with domain sequence 1-2-3; the destination
domain PCE3 finds intradomain paths from node 7 to d
and node 8 to d (one path per ENB). These paths and some
information about them (to be specified in the next section)
are signaled to PCE2; PCE2 assumes it has logical links
7-d and 8-d, and it uses the DPID algorithm to find the
intradomain paths from nodes 2, 3, and 4 to d. Finally,
PCE1 finds a path from s to d in domain 1 with logical links

2-d, 3-d, and 4-d (if the corresponding paths are possible).
The algorithm has two steps.

1) Candidate Path Selection: The candidate path for
DPID is found as follows. Recall again that there are J pre-
computed paths for each pair of nodes within a single do-
main, and from a node to all border nodes in other adjacent
domains. This part is similar to the Online method with
K � 1. From an ENB of the current domain (or the source
node) to d through each of the previous domain’s ENBs, any
path (assuming the lengths and free wavelengths of the
logical links are known), in which any consecutive OEO
segment has no free wavelength and/or if the segment
length greater than L spans is discarded [and L − L0 spans
constraint for the OEO segment from the next domain’s
EXBs to the first OEO node (on the path from ENB to
d)]. The interdomain links from this ENB to the next do-
main’s EXBs are also considered; e.g., in Fig. 1, if ENB node
2 is under consideration, the wavelength availability and
length of the interdomain links 1-2 and 12-2 are also taken
into consideration, and node 2 serves as a wavelength con-
verter and regenerator if necessary and possible. The
shortest of the remaining paths is selected; thus we get
at most one qualified path through each of the previous do-
main’s ENBs. The final candidate path is the shortest of
these. For example, in Fig. 1, PCE2 receives two paths:
7-d and 8-d from PCE3. PCE2 checks the J paths for 2-7
and 2-8, and selects one path each for 2-7-d and 2-8-d;
the final path 2-d is the shorter one of the two.

2) Wavelength and OEOAllocation: This part of DPID is
almost the same as DP. Let the chosen path from an ENB,
say x, to the destination be px. Assume the first allocated
OEO node on the virtual link from the previous domain’s
ENB to the destination is node y (y � d if the current do-
main is the destination domain or if there is no allocated
OEO node on the virtual link). The same procedure for cal-
culating the BER and allocating OEOs as the DP algorithm
is used for the subpath x–y. Let the OEO nodes on the path
from x to y be numbered 1; 2;…; a, with x � 0 and y � a� 1
as dummy OEO nodes. Equations (3) and (4) are used to
find the values of B�i; j; k� and B0�i; j;m; k� with various i,
j, k, and m. The difference between DP and DPID is that,
for getting B�0; a� 1; k� from B0�0; a� 1;m; k�, m is se-
lected as the smallest index with B0�0; a� 1;m; k� less than
or equal to the BER requirement.

D. QoT-Aware BRPC

We now present an algorithm for finding an end-to-end
path from s to d with three versions that utilize different
types of information signaled by the previous domain’s
PCE about the paths from that domain’s ENBs to the
destination.

1) BRPC-DPID: As we describe the algorithm, we use the
illustrative example shown in Fig. 1. We are given a do-
main sequence (e.g., 1-2-3 in Fig. 1) for s-d. First, the desti-
nation PCE uses the DPID algorithm to find a path from
each of the ENBs to the destination as described above
(e.g., a path from 7 to d by DPID). After that, wavelengths

4Note that this might not give the minimum number of domains. We did try
the sequence with the minimum number of domains, but our simulation
results are better with the current sequence.

542 J. OPT. COMMUN. NETW./VOL. 6, NO. 6/JUNE 2014 Zhao et al.



are assigned to every OEO segment except for the first seg-
ment. (Assuming the path found with node 7 is 7-11-10-9-d
and node 10 is the allocated OEO for this path, assign a
wavelength to segment 10-d; the first segment is 7-10.)

Let x denote an ENB, and y denote the end node of the
first segment. The number of OEOs allocated to the path
from x to y is selected as the smallest kwith the two proper-
ties: 1) B�0; a� 1; k� ≤ BER requirement and 2) the length
of the first segment plus the length of the shortest interdo-
main link with ENB x (to the EXBs in the next domain) is
no greater than L − L0 spans.

For example, in Fig. 3, let Sij denote the length of seg-
ment i − j on the path. Suppose Sbx < Scx; and suppose
for k � 1, OEO node v is the allocated OEO node, thus
the first segment is x − v; for k � 2, OEO node u and v
are allocated, and the first segment is x − u. The values
of B�0; a� 1;0�, B�0; a� 1;1�, and B�0; a� 1;2�, corre-
sponding to k � 0, 1, 2, are checked for property in 1) above.
For condition 2), the distances Sbx � Sxy, Sbx � Sxv, and
Sbx � Sxu are checked for k � 0, 1, 2, respectively.

Next, the information in these paths is sent to the next
domain of the predetermined domain sequence, and the
next domain’s PCE takes these paths as links with d as
an end node (e.g., 7-d and 8-d). For each of its ENBs (nodes
2, 3, 4), the algorithm finds the candidate path from that
ENB to d, and then uses DPID with the subpath from that
ENB to the first allocated OEO node on the received path
from the previous domain (it is part of the candidate path).
In the above example, if the path from node 7 is path 7-11-
10-9-d, and node 10 is the allocated OEO, and the candi-
date path for node 2 includes node 7, then PCE2 executes
DPID with a subpath from node 2 to node 10 (note that the
subpath from node 7 to node 10 is not known to PCE2; it is
just a logical link). This procedure is repeated until the
source domain is reached; then the source PCE finds the
final path from s to d. The source PCE chooses the OEO
allocation with the minimum k, which makes B�0; a�
1; k� no larger than the BER requirement.

In BRPC-DPID, the following information about the
path from an ENB x is signaled by the domain’s PCE to
the next domain’s PCE:

Sxd: The total path length from the ENB x to the
destination (used to find the candidate path in
DPID).

Ix: Binary value to show the current availability of
OEOs at ENB x.

The following are used by DPID to find the BER:

S0
xd: The first-segment length on the path from x to d

(see above for definition of first segment).
Wx: The available wavelengths on the first segment.
bx: The BER of the subpath from the first allocated

OEO node on the current found path to the desti-
nation (used by the next domain to check the
path’s BER).

To illustrate these definitions, consider Fig. 1 again.
Assume that the path found with node 7 is 7-11-10-9-d,
and node 10 is the allocated OEO node for this path. Thus,
the first segment is 7-10, and the length from 7 to d (S7d),
the length from 7 to 10 (S0

7d), the available wavelengths on
segment 7-10 (W7), the BER of subpath 10-d (b7), and the
OEO availability of node 7 (I7) are sent to PCE2.

2) BRPC-DPID-noBER: This algorithm is the same as
BRPC-DPID except that the bx information is not explicitly
signaled to the next domain. Instead, bx is simply assumed
to be the BER values for distance Sxd − ⌈�Sxd�∕�L − L0�⌉�L −

L0� (recall that based on our physical layer impairment
model, BER is a function of spans) by the next domain’s
PCE.

3) BRPC-DPID-noBER-noLength: This is the same as
BRPC-DPID-noBER, except that S0

xd is not sent to the next
domain. In the absence of this information, the next do-
main’s PCE simply assumes S0

xd to be a fixed value, say
H spans, for all x. IfH > Sxd, the PCEP assumes S0

xd � Sxd.

E. Full-Info

This is a reference algorithm that assumes that the
whole network is a single domain (i.e., no restriction on
information availability) for all of the interdomain connec-
tions and runs the DP-Online algorithm for path computa-
tion (with K � 1).

V. SIMULATION RESULTS

Connections are assumed to arrive to the network accord-
ing to a Poisson process. The source and destination of each
interdomain connection are uniformly picked fromdifferent
domains. For testing the intradomain algorithms, we con-
sider the whole network to be a single domain, and sources
and destinations are uniformly drawn from the whole net-
work. Each connection is assumed to have a BER require-
ment of 10−3. For the assumed physical parameters and
for a BER of 10−3, the maximum number of allowed spans
(L) on a path without OEO regeneration is 34. We assume
K 0 � J � 40, i.e., up to 40 paths (not necessarily disjoint),
are computed offline for each node pair. For each data point
in the graphs, we simulated several instances of between
10,000 and 100,000 connection arrivals, and obtained
95%confidence intervals. Table I shows the physical param-
eters that were used in the simulation [23].

b

c

x y du v
Sbx

Scx

Sxu Suv Svy

Sxv=Sxu+Suv

Sxy=Sxu+Suv+Svy

Fig. 3. Example subpath used to explain the BRPC-DPID
algorithm.
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A. Intradomain Algorithms

To study the performance of intradomain RWA algo-
rithms, we present results for two network topologies,
the European optical network (EON) and USANET, shown
in Figs. 4(a) and 4(b), respectively. For EON, when T � 5,
the 3R nodes are nodes 9, 11, 13, 14, and 19; when T � 15,
the 3R nodes are nodes 3–5, 7, 9, 11–16, and 18–21. For
USANET, when T � 3, the 3R nodes are nodes 9, 12,
and 16; when T � 15, the 3R nodes are nodes 6–18, 20,
and 22. Except when noted otherwise, there are 10 OEO
converters at each 3R node, and K � 2 alternate paths
are used for DP and MINCODQREG algorithms by the
intradomain RWA algorithms.

1) Performance Comparison of Algorithms: Figures 5–7
show the blocking probability versus the network Erlang
load for the various algorithms and parameters. The loads
were selected so that blocking probabilities fall in the

10−4–10−1 range. As expected, QoT-G performs much worse
than the QoT-aware algorithms. Interestingly, the blocking
for QoT-G stays essentially flat. This can be explained as
follows. Recall that QoT-G selects the path and wave-
length(s) considering only wavelength availability and
not QoT. When the selected path is passed to the QoT
checker, there is a high probability that the BER require-
ment is not satisfied, and hence the connection is blocked.
When the load increases, a wavelength-continuous path
from s to d becomes harder to find, and, therefore, OEO
converters are allocated to the connection for doing wave-
length conversion. Since these OEO nodes also perform 3R
regeneration, the probability that the selected path will be
rejected by the QoT checker does not increase.

In general, DP-Online performs the best. As can be seen,
DP-Online outperforms the other algorithms by up to two
orders of magnitude, particularly at lower loads. This
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Fig. 4. Topologies. The number on each link corresponds to the number of spans.

TABLE I
PHYSICAL PARAMETERS

Description Value

Bit rate 100 Gbps
Symbol rate (Rs) 32 GBaud
Modulation scheme DP-QPSK (PM-QPSK)
Launched power per channel (PdB

TXch) 0 dBm
WDM grid spacing (Δ) 50 GHz
Fiber loss (α) 0.22 dB∕km
Nonlinear coefficient (γ) 1.3 �Wkm�−1
Chromatic dispersion (β2) 21.2852 ps2∕km
Noise factor (FdB) 5 dB
OSNR bandwidth (Bn) 12.48 GHz (0.1 nm)
Number of wavelengths per fiber (W) 80
Center frequency of the center channel (ν) 193 THz
Span length (Ls) 100 km
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points out that both candidate path selection and OEO
allocation are important for performance.

Another interesting observation is that DP-Min per-
forms much better than DP-Seg for the 15 3R-nodes case
(Fig. 6); this is the opposite of what happens with fewer 3R
nodes (Fig. 5). What is happening here is that when there
are more 3R nodes, a candidate path is more likely to be
selected by Seg because it is easier to find a path where
each segment between two consecutive 3R nodes is less
than L spans. Many of these paths end up not having an
available wavelength, thereby causing large-path blocking.
This does not happen in the case with few 3R nodes because
many of these paths are not likely to be selected as candi-
dates in the first place because a segment between two con-
secutive 3R nodes on the path has length greater than L
spans (due to fewer 3R nodes).

2) Blocking Versus Number of OEO Converters: The
blocking probability is plotted as a function of the number
of OEO converters per 3R node in Fig. 8 for EON; the re-
sults for USANET follow a similar trend. The performance
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improvement for DP-Online is especially sharp, pointing to
its excellent ability to wisely allocate OEO converters. For
instance, the blocking probability achieved by DP-Min with
20 OEO converters per 3R node can be achieved by DP-
Online with only 15 OEO converters per 3R node, while
the blocking probability achieved by DP-Seg with 30
OEO converters per 3R node can be achieved by DP-Online
with less than 20 OEO converters per 3R node.

3) Blocking Versus Number of Alternate Paths: We next
show in Figs. 9 and 10 how the number of alternate pathsK
affects the performance. It is remarkable that while the
other algorithms show improved performance as K increa-
ses until the performance plateaus, DP-Online is able to
achieve almost the same performance even with K � 1
(with more than one order of magnitude better perfor-
mance than other algorithms with K � 1). The perfor-
mance of DP-Seg and DP-Online is eventually the same;
the primary difference lies in their level of complexity.

B. Interdomain Algorithms

To study the performance of interdomain RWA algo-
rithms, we present results for two network topologies, the
EON [Fig. 4(a)] and a larger nine-domain synthetically
generated network [Fig. 4(c)]. The number of candidate do-
main sequences M � 5. The reach margin L0 is set to 5.
There are T � 10 3R nodes in the EON (nodes 7, 9,
11–16, 19, and 21). For the nine-domain network, there
are T � 20 3R nodes [nodes are shown in Fig. 4(c)]. There
are 10 OEO converters at each 3R node.

Results showing blocking probability versus the total
network load in Erlangs are presented in Figs. 11(a)–11(c).
For BRPC-DPID-noBER-noLength, the parameter H is
selected to minimize the average blocking probability in
the range 1 ≤ H ≤ L; for EON, H � 30 spans, for the nine-
domain topology, H � 23 spans.

There is a significant difference between the perfor-
mance of BRPC without first segment length information
(BRPC-DPID-noBER-noLength) and the one that uses this
information (BRPC-DPID-noBER and BRPC-DPID). This

difference suggests that it is necessary to signal this infor-
mation to the next domain in order to achieve good perfor-
mance, providing the BER information does not become
important until the network becomes large. There is also
a significant difference between BRPC-DPID and Full-Info,
indicating that other information (e.g., more than one log-
ical path with corresponding information sent to the next
domain’s PCE) may be needed as well in order to achieve
good performance. Perhaps the domain-sequence-selection
method can be improved, such as by using alternative
sequences per connection.

VI. CONCLUSION AND FUTURE WORK

Next-generation optical networks may include multiple
domains, where each domain has complete information
about resource availability within the domain, but only lim-
ited information on other domains. In this paper, we inves-
tigate the QoT-aware RWA problem in translucent optical
networks for both intradomain connections and interdo-
main connections. We propose an effective polynomial-time
heuristic based on dynamic programming. Simulation re-
sults show that, for intradomain connections, the algorithm
DP-Online can allocate OEO converters to connections
judiciously and significantly improves the blocking perfor-
mance over current methods in the literature. For interdo-
main connections, we use the BRPC framework to develop
new algorithms that require different pieces of information
to be exchanged between domains. Our results suggest
that some pieces of information are more critical than
others. Future work may include the grooming of subwave-
length connections, mixed line rates, and more sophisti-
cated error coding and modulation schemes, as well as
the investigation of other information-sharing policies.
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(b) EON; 4 domains.
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Fig. 11. Blocking versus load for interdomain connections using system parameters listed in Table I. The curves for BRPC-DPID-noBER
and BRPC-DPID overlap.

546 J. OPT. COMMUN. NETW./VOL. 6, NO. 6/JUNE 2014 Zhao et al.



REFERENCES

[1] J.-P. Vasseur, R. Zhang, N. Bitar, and J. L. Le Roux, “A back-
ward-recursive PCE-based computation (BRPC) procedure to
compute shortest constrained inter-domain traffic engineer-
ing label switched paths,” IETF RFC 5441, 2009.

[2] A. Pontes, A. Drummond, N. da Fonseca, and A. Jukan,
“PCE-based inter-domain lightpath provisioning,” in
IEEE Int. Conf. on Communications (ICC), Ottawa, ON,
June 2012.

[3] G. Hernandez-Sola, J. Perell, F. Agraz, S. Spadaro, J.
Comellas, and G. Junyent, “Scalable hybrid path computation
procedure for PCE-based multi-domain WSON networks,”
in Int. Conf. on Transparent Optical Networks (ICTON),
Stockholm, June 2011.

[4] Y. Pointurier, M. Brandt-Pearce, S. Subramaniam, and B. Xu,
“Cross-layer adaptive routing and wavelength assignment in
all-optical networks,” IEEE J. Sel. Areas Commun., vol. 26,
no. 6, pp. 32–44, Aug. 2008.

[5] K. Manousakis, P. Kokkinos, K. Christodoulopoulos, and E.
Varvarigos, “Joint online routing, wavelength assignment
and regenerator allocation in translucent optical networks,”
J. Lightwave Technol., vol. 28, no. 8, pp. 1152–1163,
Apr. 2010.

[6] X. Yang and B. Ramamurthy, “Dynamic routing in
translucent WDM optical networks: The intradomain case,”
J. Lightwave Technol., vol. 23, no. 3, pp. 955–971, Mar. 2005.

[7] S. Pachnicke, N. Luck, and P. M. Krummrich, “Online
physical-layer impairment-aware routing with quality of
transmission constraints in translucent optical networks,”
in IEEE Int. Conf. on Transparent Optical Networks (ICTON),
Azores, June/July 2009.

[8] F. Kuipers, A. Beshir, A. Orda, and P. V. Mieghem, “Impair-
ment aware path selection and regenerator placement in
translucent optical networks,” in Proc. 18th IEEE Int. Conf.
on Network Protocols (ICNP), Kyoto, Oct. 2010.

[9] N. Sambo, N. Andriolli, A. Giorgetti, L. Valcarenghi, F. Cugini,
and P. Castoldi, “Accounting for shared regenerators in
GMPLS-controlled translucent optical networks,” J. Light-
wave Technol., vol. 27, no. 19, pp. 4338–4347, Oct. 2009.

[10] R. Martínez, R. Casellas, R. Muñoz, and T. Tsuritani, “Exper-
imental translucent-oriented routing for dynamic lightpath
provisioning in GMPLS-enabled wavelength switched optical
networks,” J. Lightwave Technol., vol. 28, no. 8, pp. 1241–
1255, 2010.

[11] S. Rai, C.-F. Su, and B. Mukherjee, “On provisioning in
all-optical networks: An impairment-aware approach,”
IEEE/ACM Trans. Netw., vol. 17, no. 6, pp. 1989–2001,
Dec. 2009.

[12] V. Chava, E. Salvadori, A. Zanardi, S. Dalsass, G. Galimberti,
A. Tanzi, G. Martinelli, and O. Gerstel, “Impairment and
regenerator aware lightpath setup using distributed reach-
ability graphs,” in Proc. IEEE Conf. on Computer Communi-
cations (INFOCOM), Shanghai, Apr. 2011.

[13] E. M. Tordera, R. Martínez, R. Muñoz, R. Casellas, and J.
Solé-Pareta, “Improving IA-RWA algorithms in translucent
networks by regenerator allocation,” in Int. Conf. on Trans-
parent Optical Networks (ICTON), Azores, June/July 2009.

[14] R. Casellas, R. Martínez, R. Muñoz, and S. Gunreben,
“Enhanced backwards recursive path computation for
multi-area wavelength switched optical networks under
wavelength continuity constraint,” J. Opt. Commun. Netw.,
vol. 1, no. 2, pp. A180–A193, July 2009.

[15] S. Spadaro, J. Perelló, G. Hernández-Sola, A. Moreno, F.
Agraz, J. Comellas, and G. Junyent, “Analysis of traffic engi-
neering information dissemination strategies in PCE-based
multi-domain optical networks,” in Int. Conf. on Transparent
Optical Networks (ICTON), Munich, June/July 2010.

[16] F. Cugini, F. Paolucci, L. Valcarenghi, P. Castoldi, and A.
Welin, “PCE communication protocol for resource advertise-
ment in multi-domain BGP-based networks,” in Optical Fiber
Communication Conf. (OFC), June 2009.

[17] L. Liu, R. Casellas, T. Tsuritani, I. Morita, R. Martínez, and R.
Muñoz, “Lab trial of PCE-based OSNR-aware dynamic resto-
ration in multi-domain GMPLS-enabled translucent WSON,”
in European Conf. and Exhibition on Optical Communica-
tions (ECOC), Geneva, Sept. 2011.

[18] R. Casellas, R. Martínez, R. Muñoz, L. Liu, T. Tsuritani, I.
Morita, and M. Tsurusawa, “Dynamic virtual link mesh top-
ology aggregation in multi-domain translucent WSON with
hierarchical-PCE,” in European Conf. and Exhibition on
Optical Communications (ECOC), Geneva, Sept. 2011.

[19] X. Yang and B. Ramamurthy, “Interdomain dynamic wave-
length routing in the next-generation translucent optical
Internet,” J. Opt. Netw., vol. 3, no 3, pp. 169–187, 2004.

[20] M. Yannuzzi, E. Marín-Tordera, R. Serral-Gracià, X. Masip-
Bruin, O. González, J. Jiménez, and D. Verchere, “Modeling
physical-layer impairments in multidomain optical net-
works,” in Optical Network Design Modeling (ONDM),
Bologna, Feb. 2011.

[21] S. Azodolmolky, J. Perello, M. Angelou, F. Agraz, L. Velasco,
S. Spadaro, Y. Pointurier, A. Francescon, C. Saradhi, P.
Kokkinos, E. Varvarigos, S. Al Zahr, M. Gagnaire, M. Gunkel,
D. Klonidis, and I. Tomkos, “Experimental demonstration of
an impairment aware network planning and operation tool
for transparent/translucent optical networks,” J. Lightwave
Technol., vol. 29, no. 4, pp. 439–448, Feb. 2011.

[22] P. Poggiolini, “The GN model of non-linear propagation in
uncompensated coherent optical systems,” J. Lightwave
Technol., vol. 30, no. 24, pp. 3857–3879, Dec. 2012.

[23] A. Carena, V. Curri, G. Bosco, P. Poggiolini, and F. Forghieri,
“Modeling of the impact of nonlinear propagation effects in
uncompensated optical coherent transmission links,” J.
Lightwave Technol., vol. 30, no. 10, pp. 1524–1539, May 2012.

[24] J. Zhao, S. Subramaniam, andM. Brandt-Pearce, “Cross layer
RWA in translucent optical networks,” in IEEE Int. Conf. on
Communications (ICC), Ottawa, ON, June 2012.

[25] J. Zhao, S. Subramaniam, and M. Brandt-Pearce, “Inter-
domain QoT-aware RWA for translucent optical networks,”
in Proc. Int. Conf. on Computing, Networking and Communi-
cations (ICNC), Budapest, June 2013.

[26] J. Y. Yen, “Finding the K shortest loopless paths in a
network,” Manage. Sci., vol. 17, no. 11, pp. 712–716,
July 1971.

Juzi Zhao received the M.S. degree and
Ph.D. degree in the Department of Electrical
and Computer Engineering at The George
Washington University in 2009 and 2014,
respectively. Her current research is in opti-
cal and data center networks.

Zhao et al. VOL. 6, NO. 6/JUNE 2014/J. OPT. COMMUN. NETW. 547



Dr. Suresh Subramaniam is a Professor of
Electrical and Computer Engineering at
George Washington University. He received
his Ph.D. degree in electrical engineering in
1997 from the University of Washington,
Seattle. His research interests include opti-
cal, wireless, and data center networks, and
he has published over 150 refereed articles
in these areas. He serves on the editorial
boards of several journals, was TPC Co-
Chair of INFOCOM 2013, and was Chair

of the ComSoc ONTC. He is a senior member of the IEEE.

Dr. Maite Brandt-Pearce received her
Ph.D. in electrical engineering in 1993 from
Rice University. She is currently a full pro-
fessor in the Department of Electrical and
Computer Engineering at the University
of Virginia. Her research interests include
optical and wireless communications, and
biomedical and radar signal processing.
She is a member of Tau Beta Pi, Eta Kappa
Nu, and a senior member of the IEEE.
Dr. Brandt-Pearce has more than 150 major

publications.

548 J. OPT. COMMUN. NETW./VOL. 6, NO. 6/JUNE 2014 Zhao et al.


