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Abstract

Resiliency to link failures in optical networks is becom-
ing increasingly important due to the increasing data rate
in the fiber. Path protection schemes attempt to guarantee
a backup path for a connection upon a failure in the net-
work, thereby reducing the recovery time for a connection.
In this paper, we develop a failure dependent path protec-
tion scheme that dynamically assigns a primary path and
backup paths, one for each failure that would affect the pri-
mary path. A connection established on the primary path
will be re-established on its backup path only if a fail-
ure in the network affects the connection. We evaluate the
performance of our developed protocol and compare with
an alternative approach based on sub-graph routing that
achieves high network utilization and low blocking prob-
ability at the cost of re-establishing connections even if the
failure in the network does not affect the primary path of the
connection. We observe that up to a factor of eight reduction
in the number of reconfiguration scenarios is achieved with
less than 10% reduction in effective network utilization and
less than 3% reduction in fairness metrics for tolerating any
single link failure in NSFNET and ARPA-2 networks. The
failure dependent protection approach developed in this pa-
per is also applicable to any general failure scenarios that
are modeled as shared risk link group failures.

1. Introduction

Optical networks employing wavelength division mul-
tiplexing (WDM) and wavelength sharing among multi-
ple low-rate traffic streams provides a scalable backbone
network architecture. Present day networks have transmis-
sion speeds of up to 40 Gbps (OC-768) with each wave-
length shared by connections with much lower capacity
like 155 Mbps (OC-3) or 622 Mbps (OC-12). As the op-
tical processing and buffer technologies are not mature cur-
rently to achieve routing individual packets in runtime, op-
tical networks of today and those in the near future are ex-

pected to employ connection-oriented service paradigm. In
such backbone networks, the major network operation is
to establish a connection between source-destination pairs
on-demand and release them when the connection is not
needed.

Connection establishment in a connection-oriented net-
work consists of two steps:path selectionandchannel as-
signment. Path selection refers to selecting a path from
source to destination based on certain criteria. Channel as-
signment refers to assigning one or more channels on ev-
ery link of the chosen path depending on the requirement of
the call. Path selection can be carried out in several ways.
If a source-destination pair has one pre-selected path, then
it is referred to asfixed-pathapproach. If a path is selected
depending on the network status from a pre-selected set of
candidate paths, then it is referred to asdynamic path selec-
tion. The set of candidate paths remain the same at all times
and do not change with the network status. If the candidate
paths are chosen based on the network status, the path se-
lection process is referred to asexhaustive routing. Channel
assignment refers to allocation of specific resources on ev-
ery link of a chosen path, for example: (a) fiber, wavelength,
and time slot assignment on the links in a WDM groom-
ing network; and (b) fiber and wavelength assignment in a
multi-fiber wavelength-routed network. Irrespective of the
path selection or channel assignment strategy employed in
the network, obtaining information along a path to assess
the availability of resources to establish the connection be-
comes the fundamental requirement. Information collection
in WDM grooming networks involve identifying availabil-
ity of resources on the links along with the grooming capa-
bility of intermediate nodes on a specific path to identify re-
source availability on the path.

In order to protect connections from link failures in the
network, often two paths are assigned: a primary path on
which a connection is established andbackuppath on which
a connection will be setup in case a primary path fails. A
combination of links may share resources in a network,
a duct or conduit through which they are laid out, which
would result in a failure of more than one link at an in-



stant. Such failures are modeled as Shared Risk Link Group
(SRLG). Typically, the objective of the network operation
is to protect connections against any SRLG failure. In this
paper, we consider only protection schemes as they typi-
cally have faster recovery times as compared to restoration
schemes.

1.1. Taxonomy of protection schemes

Protection schemes proposed thus far in the literature can
be classified as either link protection (LP) or path protection
(PP). Link protection schemes route a connection around a
failed link. In case of a failure, the node connected to the
failed link routes the connection around the failed link to
the neighboring node on the original path. Such a protection
may be achieved in the network in a way that is transparent
to the source node, except in scenario where the link that
is connected to the source fails. Path protection schemes, in
general, attempt to provide a backup path from the source
to destination that may be independent of the working path.
In case of a failure, the source node must establish the con-
nection on the backup path.

Path protection schemes may be classified into two cat-
egories based on their knowledge on the link failure. A
backup path that can be used for any link failure on the
working path must be link-disjoint with the working path.
Assignment of such a backup path does not require pre-
cise knowledge of the link failure, hence are referred to as
failure-independent path protection(FIPP). Alternatively, a
connection may be assigned more than one backup path de-
pending on the failure scenario. Upon a failure, the source
node establishes a new connection on the path correspond-
ing to the failure scenario. Such an approach requires the
precise knowledge of the failure in the network, hence are
referred to asfailure-dependent path protection(FDPP).

In order to achieve efficient utilization of network re-
sources, multiplexing of resources across primary and/or
backup paths may be employed. More than one backup path
may share a resource as long as any failure in the network
will cause at most one of the corresponding working con-
nections to fail. If a resource is shared only among backup
paths, then it is referred to asbackup-backupmultiplex-
ing. If a resource is occupied by a working connection and
one or more backup paths, then it is referred to asprimary-
backupmultiplexing. Any failure scenario that would re-
quire the shared resource for establishing a backup connec-
tion must lead to the failure of the already existing primary
connection assigned to that shared resource.

1.2. Prior work and motivation

Dynamic connection establishment has been extensively
studied in the context of wavelength-routed WDM networks

[1, 2, 3, 4, 5]. However, this issue has received very little at-
tention in the context of WDM grooming networks until re-
cently [6, 7]. Similarly, survivable routing has also received
significant interest in the context of wavelength-routing net-
works, however it is in its early stages of research in the
context of grooming networks. In [7], we have developed a
framework for connection establishment in optical networks
employing traffic grooming and heterogeneous switching
architectures. The framework, referred to as Methodology
for Information Collection and Routing in Optical Networks
(MICRON), outlines a representation mechanism for link
information as a matrix, approaches to combining link in-
formation to obtain path information, and dynamic routing
in the presence of a combination of wavelength and time
slot switching. In this paper, we develop a dynamic fail-
ure dependent path protection approach using the MICRON
framework.

One approach to failure dependent path protection is to
decompose a network into multiple networks to mimic each
failure scenario. In [8], every network is decomposed into
L + 1 networks, whereL is the number of links in the net-
work, to protect a connection against any single-link failure.
While one network has all the links intact, the remainingL
networks have a distinct link removed. Every request is pro-
vided a connection on each of theseL+1 networks. If a con-
nection could be established in all the networks then the re-
quest is accepted, otherwise, it is rejected. Such an approach
has been shown to achieve good network utilization, how-
ever, it is achieved at the cost of having to switch the con-
nections to backup paths upon a link failure even though
the primary path of a connection is not affected by the fail-
ure. Such scenarios would occur due to a chain reaction in
the network where a failed connection has a backup path
whose links are currently being used for primary paths by
other connections. In [8], the authors consider the number
of reconfiguration scenarios as number of backup paths that
are not the same as the primary path, however, reconfigura-
tions may be required even when the paths are the same but
the subtrunk (fiber, wavelength, and time slot) assignments
are different. We observe that the number of failure scenar-
ios that would necessitate switching to backup connections
for a connection is extremely high compared to the number
of failure scenarios that would affect the primary connec-
tion itself. The large number of reconfigurations will create
a network-wide “chaos” that could effectively affect the re-
configuration time.

Our goal in this paper is to develop a methodology to
assign primary and backup paths to requests such that the
connections are switched to backup paths only if a failure
in the network affects the primary connection. We develop
a failure dependent protection (FDP) strategy based on our
earlier work on the MICRON framework that achieves the
above goal with a modest reduction in network perfor-



mance. The FDP methodology assigns primary and backup
connections that could tolerate one SRLG failure at a given
time.

It is worth noting that the backup paths assigned for con-
nections may be useful for network management purposes
during day-to-day network operation. Consider a regular
(say weekly or monthly) maintenance of links that would
render the link unusable for a few hours. Hence, connec-
tions routed along the particular link will have to be re-
routed on the backup paths for the maintenance interval. It
is often of interest to limit the extent of reconfiguration re-
quired in the network, thus limiting the disruption of ser-
vice. Even if one were to assume rare link failures, which
unfortunately is not true in real networks, the protection al-
gorithms play a vital role from the view point of network
management as well.

1.3. Organization

The remainder of the paper is organized as follows: Sec-
tion 2 explains the assumption on the network model, node
architecture, and notations employed. Section 3 describes
the MICRON framework and develops the failure depen-
dent protection (FDP) methodology using the framework.
The performance of the FDP methodology is compared
against theL+1 protection scheme on NSFNet and ARPA-
2 networks considering homogeneous and heterogeneous
grooming architectures for the nodes. The performance re-
sults are discussed in Section 4. Our conclusions on this
study is presented in Section 5.

2. Network Model

We consider a WDM grooming network with nodes em-
ploying heterogeneous switching architectures. LetN de-
note the set of nodes andL denote the set of physical links
in the network. A link` ∈ L may be either unidirectional
or bi-directional in nature. If the bi-directional connectiv-
ity between nodes is obtained using dedicated resources for
each direction, then it is represented as two unidirectional
links. Let Ψ denote the set of Shared Risk Link Groups
(SRLG) in the network. An elementψ ∈ Ψ is a subset of
L that denotes the set of links that may fail due to a fail-
ure in one or more shared resources. The elements ofΨ de-
note distinct set of links that may fail, i.e. ifψ1 andψ2 are
two elements ofΨ, thenψ1 6= ψ2.

Each link is assumed to carryF fibers withW wave-
lengths per fiber. Each wavelength may be shared by multi-
ple users. Wavelength sharing may be achieved by employ-
ing either time or code division multiple access (TDMA
or CDMA). We use the terminology of time slots in this
paper, however, the developed protocols are applicable to
CDMA systems as well. The access to a wavelength is di-

vided into frames withT time slots per frame. Every slot
within a frame is denoted by a 4-tuple,(l, f, w, t), where
1 ≤ l ≤ L, 1 ≤ f ≤ F , 1 ≤ w ≤ W , and1 ≤ t ≤ T . For
example, the tuple(1, 1, 2, 1) (read from right to left) de-
notes first time slot in a frame on the second wavelength of
the first fiber on the first link. Achannelon a link is de-
fined as a collection of a particular time slot across succes-
sive frames. Hence, the number of channels in a link is the
same as the number of slots in a frame,F ×W × T . Each
channel is also represented by a 4-tuple,(l, f, w, t), simi-
lar to the representation of a slot.

2.1. Modeling an optical grooming network

A WDM grooming network with heterogeneous net-
work architecture is modeled as a Trunk Switched Network
(TSN) [9]. A TSN is a two-level network model in which
every link in the network is viewed as multiple channels.

A nodei connected to link̀ in a TSN groups the chan-
nels on the link with similar characteristics into groups
calledtrunks. LetKi denote the number of trunks as viewed
by nodei andχi`,x denote the channels on link̀that fall
within trunkx. The definition of a trunk at a node depends
on the switching resources available at a node. We illustrate
the notion of trunks with an example. Consider a WDM
grooming network where every link has four fibers, three
wavelengths per fiber and two time slots per frame (F = 4,
W = 3, T = 2). Fig. 1 shows the channels on a link. The
shapes of the figures represent the time slots and the shades
of the shapes represent wavelengths.

Fiber 1 Fiber 2 Fiber 3 Fiber 4

Figure 1. Representation of twenty four chan-
nels in a link having four fibers, three wave-
lengths per fiber, and two time slots per
wavelength. Shapes represent time slots,
shades represent wavelengths, number of
shapes of a certain shade represents the
number of fibers.

If time slot interchange and wavelength conversion are
not permitted, a nodei views a link` asW×T trunks where
each wavelength and time slot combination(w, t) forms a
trunk. Every trunk hasF channels as shown in Figure. 2(a).
If time slot interchange is permitted, but not wavelength



conversion, a nodei views a link` asW trunks, where each
wavelength forms a trunk. Every trunk hasF × T chan-
nels as shown in Fig. 2(b). A node with such a capability
is referred to as awavelength-level groomingnode. If full-
wavelength conversion is permitted, but not time slot inter-
change, then each time slott on the linkl forms a trunk. Ev-
ery trunk has hasF ×W channels as shown in Fig. 2(c). A
node with such a capability is referred to as atime slot-level
groomingnode. If both full-wavelength conversion and time
slot interchange are permitted, then the entire link is treated
as one trunk withF ×W × T channels, as shown in Fig.
2(d). A node with such a capability is referred to as afull
groomingnode.

(a) (b) (c) (d)

Figure 2. Possible grouping of channels in
a link as trunks. (a) Each wavelength and
time slot combination forms a trunk; (b) Each
wavelength is a trunk; (c) Each time slot is a
trunk; and (d) The link is a trunk.

Fig. 3 shows the node architecture in a TSN. The node
in the figure is assumed to have three links attached to it
and views each link as a set ofK trunks. The trunks are
first de-multiplexed from the link. The trunks from different
links are then sent to their respective trunk switches where
the channels are switched. We impose trunk-continuity con-
straint at a node – i.e., a channel in a trunk on a link can be
only switched to a channel that falls within the same trunk
on another link. Such a restriction stems from an architec-
tural point of view. The complexity of having a switch ar-
chitecture that would switch the channels across all the links
is very high. Therefore, switch design for the near future are
likely to be based on simple architectures that would work
on a restricted set of channels from every incoming link.

Let Θ`
xy denote the channels on link̀, which connects

nodei andj, that fall within trunkx at nodei and trunky
at nodej , i.e.,Θ`

xy = χi`,x ∩ χ
j
`,y. The group of channels

that fall within a setΘ`
xy is referred to as asub-trunk.

A call arriving in the network requires a connection to be
established from a source to destination. Connection estab-
lishment involves selection of a path and assigning chan-
nels on the path such that the channel on one link can be

1

2

K

Trunks

Trunk switches

Link 1

Link 2

Link 3Link 3

Link 2

Link 1

Figure 3. Node architecture in a Trunk
Switched Network.

switched to the successive link on the path by the node con-
necting the links. In a TSN, connection establishment con-
sists of three steps: (1) selecting a path; (2) assigning a sub-
trunk on every link, or equivalently assigning a trunk at ev-
ery node; and (3) assigning one or more channels depending
on the call requirement on every sub-trunk on every link.
Hence, a connection in a network is represented by a se-
quence of link and sub-trunk pair, or equivalently as a se-
quence of node and trunk pair. If every node in the net-
work employs full permutation switching for every trunk,
then any channel that falls within the selected sub-trunk on
a link can be chosen for establishing a connection.

In addition to theworking path, one or more backup
paths are assigned to the connection to tolerate any single
SRLG failure. The number of backup paths will be the same
as the number of failure scenarios that will affect the pri-
mary path of the connection. In case of a failure, the af-
fected calls will continue on their respective backup paths.
We assume that there will be at most one SRLG failure at
any given time.

3. Failure Dependent Protection using
MICRON Framework

We employ the MICRON framework [7] to collect net-
work information and establish connections. We develop
failure dependent routing technique based on this frame-
work to tolerate any single SRLG failure at a given instant
of time. The following sub-sections describe in detail the
information stored for each link, the computation of avail-
able capacity for working and backup path establishment,
and path selection strategies.



3.1. Link information

A link ` connecting nodei to j is represented by one
or more matrices, each of which represents a specific infor-
mation about the link. The matrices of a link that connects
nodei to j are of dimensionKi×Kj , whereKi andKj de-
note the number of trunks at nodesi andj, respectively. An
element in rowx and columny of the matrix denotes the
specific property about the channels that belong to subtrunk
Θ`
xy.
LetS` andP` be matrices where the elements of the ma-

trices denote the total number of channels and number of
channels occupied by working connections, respectively, in
each subtrunk. LetG`(ψ) be a matrix where the elements
denote the number of channels in a subtrunk that are cur-
rently occupied by working connections that would fail due
to SRLG failureψ. The channels occupied by the failed
primary will become available, therefore, may be used by
backup connections. Releasing of capacity occupied by a
failed primary has been referred to as “stub-release” in the
literature, and has been shown to improve the capacity uti-
lization in the networks. LetB`(ψ) be a matrix where the
elements denote the number of backup channels required in
a subtrunk in case of an SRLG failureψ.

The paper employs a few notations specifically for ma-
trices. The notationM ≤ N , where M = [mxy]
and N = [nxy] are matrices of same dimension, im-
plies for everyx and y, mxy ≤ nxy. Similarly, the no-
tation N = maxψM(ψ) implies for everyx and y,
nxy = maxψmxy(ψ).

Upon a failureψ, the network will be able to re-assign
calls to their backup connections if the following condition
is satisfied:

P` −G`(ψ) +B`(ψ) ≤ S`. (1)

Any channel allocation, either for working or backup con-
nection, must not violate the above inequality for any SRLG
failure for the network to be resilient to single-link failures.

3.2. Available capacity information

The channel availability information of a link̀is repre-
sented as a matrixA`, where the elements of the matrix rep-
resent the channel availability information of the subtrunks.
A working connection may be assigned a channel on sub-
trunk Θ`

xy on link ` if the channel occupancy after the as-
signment still obeys Equation (1) for all failure scenarios
in Ψ. Hence, the availability matrix of a link for a work-
ing path computation is obtained as:

A` = S` − P` −max
ψ∈Ψ

[B`(ψ)−G`(ψ).] . (2)

Note that if an element ofA` is non-zero, it implies that the
specific sub-trunk has free channels that may be assigned

to a working connection without compromising on network
resiliency.

In order to assign a channel on a subtrunkΘ`
xy on link

` to overcome a failureψ, it is sufficient that the link occu-
pancy satisfies Equation (1) only forψ. In order to obtain
routing for the backup connection for a failureψ, the avail-
ability matrix of a link is computed as:

A` = S` − P` −B`(ψ) +G`(ψ). (3)

It is worth noting that the above assignment only takes into
account only those connections that would be re-assigned
in case of failureψ. Hence, backup multiplexing is inherent
to the above computation for available capacity.

As every node in the network is assumed to employ full-
permutation switching for each trunk, the channels within
a trunk at a node are indistinguishable. Equivalently, the
channels within a sub-trunk of a link are also indistinguish-
able. Therefore, the available capacity matrix may be re-
duced by treating it as a binary matrix. Equivalently, the
non-zero elements of the matrix as obtained in Equations 2
and 3 are replaced with 1. We employ such a matrix repre-
sentation in this paper.

3.3. Path information

The information about a certain path from nodei to k
that are not physically connected by a fiber can be obtained
by combining the link information in the path. The matrix
representation for a path is defined in a manner similar to
that of a link. A path matrix from nodei to k throughj is
obtained as a matrix multiplication of individual path seg-
mentsAij andAjk as:

Aik = AijAjk (4)

We employ a generalized version of matrix multiplica-
tion to compute the path metric. An elementaikxy (the super-
script ik denotes the matrix to which the element belongs
to) is obtained as:

aikxy = (aijx1⊗a
jk
1y)⊕(aijx2⊗a

jk
2y)⊕ ...⊕(aijxKj

⊗ajkKjy
) (5)

The operators⊗ and⊕, denoted as a tuple(⊗,⊕), can be
defined in different combinations so that several meaning-
ful results are obtained. It can be observed that when⊗ is
integer multiplication and⊕ is integer addition operation,
the above equation denotes the traditional matrix multipli-
cation. In this paper, we employ theAND operation for⊗
andOR operation for⊕. Thus, the matrices along the path
represent the connectivity information only.

In order to reduce the computational complexity associ-
ated with computing the path information matrix, we em-
ploy a vector called Path Information Vector (PIV). The
path information vector at a nodek for a pathp with source



i and destinationk, denoted byVik is of dimension1×Kk.
Vik is obtained as a product of the path information vector at
the source node and the information matrix of the path con-
necting nodesi andk as:Vik = UiAik, whereUi denotes
the path information matrix at the source node which is al-
ways set as a unit row vector.

Assume that the path from nodei tok that passes through
nodej. Re-writing the above equation gives the relationship
between the PIV vectors at nodej and nodek.

Vik = UiAik = UiAijAjk = VijAjk (6)

The matrix-vector multiplication employed above is sim-
ilar to the generalized matrix multiplication proposed ear-
lier in the paper with the operator tuple(⊗,⊕). The ele-
ments of PIV at a node indicates specific properties about
paths that end at a certain trunk.

3.4. Path selection and sub-trunk assignment

The path information vector can be used to select a suit-
able path from a given source-destination pair. We em-
ploy Dijkstra’s shortest path algorithm that uses PIV and
hop length. Every path that is considered in the Dijkstra’s
algorithm is first checked for availability of resources (at
least one non-zero entry in the PIV) followed by minimum
hop length. Hence, paths that does not have resources are
not considered for connection establishment although they
might have shorter hop lengths. We refer to such a path se-
lection as Available Shortest Path (ASP) approach. Based
on our earlier study [10], we observe that ASP is an effi-
cient path selection algorithm as it attempts to use less re-
sources in the network. Hence, we adopt the ASP scheme
for selecting the working and backup paths in this paper.

We employ first-fit sub-trunk assignment for working
and backup paths. The channel assignment is performed
from the destination to source by selecting the first avail-
able trunk at each node on the path. For a detailed discus-
sion on the working of first-fit sub-trunk assignment with
MICRON framework, the readers are referred to [7].

3.5. Connection establishment and release

We assume that the network is managed through a cen-
tralized system, or equivalently, the network employs link
state protocol with every node in the network having up-
to-date network state information. While this assumption is
employed to understand the working of the proposed con-
nection establishment approach, the proposed approach is
amenable to distributed implementation as well. We assume
that the connections once established may not be reconfig-
ured during the life time of the connection with the excep-
tion of the occurrence of an SRLG failure.

Upon arrival of a requestR, the request is first assigned
a primary path and then a backup path. The steps involved
in the connection establishment process are described be-
low:

1. Update the available capacity matrix on every link for
primary path assignment as shown in Equation 2. The
non-zero entries are replaced by 1 to achieve binary-
valued matrix elements.

2. Obtain a path employing the ASP approach and a sub-
trunk assignment on the path. If a path or sub-trunk as-
signment cannot be obtained the request is rejected. Go
to Step 6.

3. The request has a specific primary path and a sub-
trunk assignment on the primary path. LetLR denote
the links through which the connection is routed and
let (x`, y`) denote the sub-trunk assignment on link
` ∈ LR. Compute the set of SRLG failures that will
affect the connection established on this path. LetΨR
denote such an SRLG set.

4. For everyψ ∈ ΨR, obtain a backup path.

(a) Update the available capacity matrix on every
link for backup path assignment corresponding
to SRLG failureψ as shown in Equation 3. The
non-zero entries are replaced by 1.

(b) Remove every link̀ ∈ ψ from the network.

(c) Obtain a backup path and sub-trunk assignment
for the path. If a backup path or sub-trunk as-
signment cannot be obtained, the request is re-
jected. Go to Step 6. Otherwise, letLψR denote
the links through which the backup path for fail-
ureψ passes through and let(x`, y`)ψ denote the
sub-trunk assignment on link̀∈ LψR.

(d) Add every link` ∈ ψ to the network.

5. Update link capacities. Note that at this juncture, the
request has been assigned a primary path and backup
paths for all the failures that will affect the primary
path. The sub-trunk assignments are also obtained on
primary and backup paths.

(a) Update the capacity used by the primary connec-
tions on the corresponding sub-trunks on all the
links. This operation adds the capacity of the re-
quest to the element(x`, y`) of matrixP` for ev-
ery link ` ∈ LR.

(b) Update the capacity gain that would be achieved
for all the SRLG failures that would result in the
failure of this connection. This operation adds the
capacity of the request to the element(x`, y`) of
the matrixG`(ψ) for every link` ∈ LR and ev-
ery SRLG failureψ ∈ ΨR.



(c) Update the backup capacity required to re-route
the connection in case of an SRLG failure. This
operation adds the capacity of the request to el-
ement(x`, y`)ψ of matrix B`(ψ) for every link
` ∈ LψR and everyψ ∈ ΨR.

6. Exit.

When a connection is terminated, the link capacities
must be released. Step 5 of the connection establishment
procedure is employed for connection release, however, in-
stead of adding the request capacity to the matrices, they are
subtracted.

The above connection management scheme ensures that
sufficient conditions (Equations 2 and 3) for recovering
from single-link failures are obeyed. Satisfying the suffi-
cient condition for primary path assignment also guarantees
that a connection will be re-routed only when an SRLG fail-
ure affects the primary path of the connection.

4. Performance Evaluation

The performance of the FDP methodology developed in
this paper is compared against theL+ 1 protection strategy
on the NSFNet and ARPA-2 networks. The topology of the
networks are shown in Figure 4. Every link in the network
employs two uni-directional fibers, each consisting of six-
teen wavelengths and eight time slots per wavelength. Thus,
a total of 128 channels constitute a link.

CA1
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(a) NSFNet network.

(b) ARPA-2 network.

Figure 4. Network topologies considered for
performance evaluation.

We consider two scenarios of network architectures. In
the first architecture, all the nodes are wavelength-level

grooming nodes. We refer to this architecture ashomoge-
neous. In the second architecture, nodes can be one of three
types: wavelength-level grooming node, time slot level
grooming node, and full-grooming node. For the two net-
works considered, nodes with degree four are assigned
as full-grooming nodes, those with degree three are as-
signed as time slot level grooming nodes, and those with
degree two are assigned as wavelength level groom-
ing nodes.

We model a single link failure scenario in the network as
SRLG failures in which each SRLG group has exactly one
link. Upon an SRLG failure, both the fibers in a link fail. We
assume that the network can have at most one SRLG fail-
ure at any given instant.

Requests arrive at the nodes according to Poisson pro-
cess with rateλ and have an exponential holding time with
unit mean. The source and destination of a request is as-
sumed to be equally likely among all node pair combina-
tions. Given a non-uniform traffic, it is often difficult to
quantify if a certain observation in the network is the effect
of the given protection methodology or non-uniform traffic.
Every request has one channel capacity requirement and all
requests are assumed to require protection against any sin-
gle SRLG failure.

The networks employ available shortest path (ASP) [10]
with first-fit wavelength assignment for both FDP andL+1
protection methodologies.

We compute the number of reconfiguration scenarios for
a connection as the the number of SRLG failures that would
necessitate the connection established on the primary path
to be switched to a backup path. Note that if the backup
path is the same as the primary path and the subtrunk as-
signments on both the paths are the same, then the con-
nection need not be re-established. Hence, the above met-
ric computes the number of SRLG failures for which the
backup path and subtrunk assignment on the backup are not
the same as the primary path and subtrunk assignment on
the primary path.

Tables 1 and 2 show the average number of reconfigura-
tion scenarios for a connection in the NSFNET and ARPA-2
networks, respectively. As expected, it is observed that FDP
scheme outperformsL+ 1 methodology significantly. Note
that the ratio of this metric to the number of SRLG failures
|Ψ| denotes the probability that a connection is switched to
a different path and/or subtrunk assignment upon a random
SRLG failure.

Tables 3 and 4 show the length of the primary path of ac-
cepted connections. For a single link failure scenario con-
sidered in this study, the number of reconfiguration sce-
narios under FDP scheme is the same as the average pri-
mary path length of the accepted connections. This met-
ric shows an increasing trend at first and then decreases for
FDP methodology. The reason for such a trend is that as



Arrival Homogeneous Heterogeneous
Rate FDP L+1 FDP L+1
1000 2.12 17.28 2.12 16.78
1100 2.19 17.60 2.18 17.10
1200 2.27 17.84 2.28 17.48
1300 2.30 17.98 2.37 17.70
1400 2.33 18.08 2.42 17.86
1500 2.32 18.18 2.44 17.92
1600 2.31 18.27 2.44 17.98

Table 1. Number of reconfiguration scenarios
in the NSFNet network.

Arrival Homogeneous Heterogeneous
Rate FDP L+ 1 FDP L+1
500 3.42 18.52 3.42 22.36
600 3.42 19.28 3.44 22.74
700 3.45 19.68 3.50 22.92
800 3.47 19.96 3.54 23.06
900 3.45 20.18 3.52 23.14
1000 3.41 20.28 3.47 23.20

Table 2. Number of reconfiguration scenarios
in the ARPA-2 network.

the load is increased, the available shortest path attempts
to find paths that are longer than the shortest path between
node pairs. However, beyond a certain threshold, the re-
quests are blocked. The blocking probability of a request
increases with increase in the shortest path length between
the source and destination, hence reduces the average pri-
mary path length of accepted connections. Under theL+ 1
methodology, the number of reconfiguration scenarios is
much higher than the average primary path length of the
connections. The number of reconfiguration scenario in-
creases with increase in traffic (for the range of traffic con-
sidered here). The reason for such a behavior is again due
to the ASP routing algorithm. With increase in load, ASP
routing attempts to find paths that may be longer, hence the
chances of the backup paths being different from the pri-
mary path increases. The path length of the connections es-
tablished throughL+ 1 approach shows a steadily decreas-
ing trend. The reason for such a trend is because theL + 1
approach treats the different networks independent of each
other. Thus, establishment of a connection in a network cor-
responding to a failure scenario does not increase the path
length of a connection established in the network without
failures. Such an independence is not true for FDP scheme.

The above decrease in the number of reconfiguration sce-
narios for a connection is achieved at the cost of other per-
formance measures such as blocking probability, network

Arrival Homogeneous Heterogeneous
Rate FDP L+1 FDP L+1
1000 2.12 2.10 2.12 2.10
1100 2.19 2.10 2.18 2.10
1200 2.27 2.10 2.28 2.10
1300 2.30 2.09 2.37 2.09
1400 2.33 2.08 2.42 2.08
1500 2.32 2.06 2.44 2.07
1600 2.31 2.05 2.44 2.06

Table 3. Average primary path length in the
NSFNet network.

Arrival Homogeneous Heterogeneous
Rate FDP L+1 FDP L+1
500 3.42 3.41 3.42 3.42
600 3.42 3.41 3.44 3.41
700 3.45 3.36 3.50 3.37
800 3.47 3.30 3.54 3.32
900 3.45 3.24 3.52 3.27
1000 3.41 3.19 3.47 3.22

Table 4. Average primary path length in the
ARPA-2 network.

utilization, and fairness. Figures 5 and 6 show the block-
ing probability of connections under FDP andL + 1 ap-
proaches for both homogeneous and heterogeneous cases.
It is observed thatL+ 1 approach has a better performance
in blocking probability than FDP approach.
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Figure 5. Blocking probability in the NSFNET
network.

The performance difference is prominent in the case
of NSFNET network while it is not in the ARPA-2 net-
work. The NSFNET network has better connectivity than
the ARPA-2 network, hence the path length distribution for
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Figure 6. Blocking probability in the ARPA-2
network.

a NSFNET network is more uniform than that of ARPA-
2 network. In other words, the difference in path lengths
between the first and the next shortest path between any
two node-pairs in NSFNET network is less as compared
to that in ARPA-2 network. As the shortest path length
between node pair increases, the minimum amount of re-
sources required in the network to accommodate a connec-
tion increases, thereby reducing the avenues for improve-
ment. Such a behavior is also observed in both the networks
as the arrival rate of connection increases, where the differ-
ence in blocking probability decreases with increasing net-
work load.

We compute the resources utilized in the network
througheffective network utilization[10]. A requestR for
capacityCR that is routed along a path with a hop length
of H utilizes CR × H capacity in the network. How-
ever, its effective utilization is onlyCR × Hs, whereHs

is the shortest path length between the source and desti-
nation of the connection. The effective network utiliza-
tion at any given instant of time is then computed as the sum
of the effective utilization of all requests running in the net-
work at that time normalized to the total network capacity,
L× F ×W × T . It is to be noted that the effective utiliza-
tion is computed over the accepted requests only, while the
offered load is computed as the effective network utiliza-
tion over all requests.

Tables 5 and 6 show the effective network utilization
for NSFNET and ARPA-2 networks, respectively. It is ob-
served that the FDP has a lower utilization as compared to
L+ 1 approach. The difference in utilization increases with
an increase in the network load. Network utilization dif-
ference under high blocking scenarios do not give mean-
ingful results, therefore, we restrict our considerations to
those network loads that have a blocking probability val-
ues of 20% or less. For the highest arrival rate of traffic
considered in this study (1600 Erlangs for NSFNET net-
work and 1000 Erlangs for ARPA-2 network), the percent-

age reduction in network utilization under FDP scheme as
comparedL+ 1 approach are 7.24, 7.59, 4.21, and 8.87 for
homogeneous NSFNET, heterogeneous NSFNET, homoge-
neous ARPA-2, and heterogeneous ARPA-2 networks, re-
spectively. It is observed that with less than 10% loss in net-
work utilization, it is possible to reduce the number of re-
configuration scenarios significantly.

Arrival Offered Homogeneous Heterogeneous
Rate Load FDP L+1 FDP L+1
1000 0.373 0.372 0.373 0.373 0.373
1100 0.410 0.407 0.409 0.409 0.410
1200 0.448 0.435 0.443 0.441 0.446
1300 0.484 0.454 0.471 0.458 0.477
1400 0.523 0.467 0.493 0.470 0.499
1500 0.559 0.478 0.510 0.477 0.514
1600 0.596 0.487 0.525 0.487 0.527

Table 5. Effective network utilization in the
NSFNet network.

Arrival Offered Homogeneous Heterogeneous
Rate Load FDP L+1 FDP L+1
500 0.257 0.256 0.257 0.256 0.257
600 0.308 0.304 0.305 0.304 0.305
700 0.359 0.338 0.340 0.337 0.342
800 0.411 0.360 0.365 0.358 0.370
900 0.462 0.374 0.386 0.372 0.395
1000 0.513 0.387 0.404 0.380 0.417

Table 6. Effective network utilization in the
ARPA-2 network.

Finally, we compare the average shortest-path length of
the requests that are accepted in the network. Under very
low loads, when requests are not rejected, the value of
this metric denotes the average shortest path length of all
source-destination pairs. With increase in traffic, requests
that have to be routed along a longer path experience more
blocking as compared to those that require a shorter path.
Hence, this metric decreases with an increase in the offered
load. The flatter this metric remains with increasing load,
the fairer the routing algorithm is. Tables 7 and 8 show the
average shortest path length of the accepted requests. The
performance reduction in fairness due to FDP is less than
1% for NSFNET network and 2.5% for ARPA-2 network at
the highest arrival rate considered here.

It is also worth noting that besides reducing the number
of reconfiguration scenarios for a connection, the approach



Arrival Homogeneous Heterogeneous
Rate FDP L+1 FDP L+1
1000 2.10 2.10 2.10 2.10
1100 2.10 2.10 2.10 2.10
1200 2.09 2.10 2.10 2.10
1300 2.07 2.09 2.08 2.09
1400 2.06 2.08 2.07 2.08
1500 2.04 2.06 2.05 2.07
1600 2.02 2.05 2.04 2.06

Table 7. Average shortest path length of ac-
cepted requests in the NSFNet network.

Arrival Homogeneous Heterogeneous
Rate FDP L+1 FDP L+1
500 3.42 3.41 3.42 3.42
600 3.40 3.41 3.40 3.41
700 3.35 3.36 3.36 3.37
800 3.29 3.30 3.29 3.32
900 3.21 3.24 3.21 3.27
1000 3.14 3.19 3.14 3.22

Table 8. Average shortest path length of ac-
cepted requests in the ARPA-2 network.

developed in this paper also reduces the primary connec-
tion setup time significantly (by a factor more than that by
which the number of reconfiguration scenarios is reduced).
The number of backup paths computed by our approach de-
pends on the number of SRLG failures that affect the pri-
mary path as compared to theL+ 1 approach whereL+ 1
backup paths need to be computed irrespective of the num-
ber of SRLG failures that would affect the connection on
the primary path.

5. Conclusion

In this paper, we have developed a failure dependent
protection approach that assigns primary and backup paths
to requests in order to tolerate any single-link failure in
an optical grooming network with heterogeneous groom-
ing architectures. The proposed approach reassigns a pri-
mary connection to its backup path only if a link failure
affects the primary connection. We demonstrate that up to
a factor of eight times reduction in the number of recon-
figuration scenarios is achieved with less than 10% reduc-
tion in effective network utilization and less than 3% reduc-
tion in fairness metrics for tolerating any single link failure
in NSFNET and ARPA-2 networks. The failure dependent
protection approach developed in this paper is also applica-

ble to any general failure scenarios that could be modeled
as SRLG failures.

Acknowledgments

The research presented in this paper is supported in part
by National Science Foundation under grant ANI-0325979.
We would like to thank Prof. Nathan Goodman of the Elec-
trical and Computer Engineering Department at University
of Arizona for allowing us to use his computing facilities
for our simulations.

References

[1] J. Jue and G. Xiao, “An adaptive routing algorithm for
wavelength-routed optical networks with a distributed con-
trol scheme,” inProceedings of the Nineth International
Conference on Computer Communications and Networks,
Las Vegas, Nevada, USA, October 2000, pp. 192–197.

[2] H. Zang, J. Jue, L. Sahasrabuddhe, R. Ramamurthy, and
B. Mukherjee, “Dynamic lightpath establishment in
wavelength-routed WDM networks,” IEEE Communica-
tions, pp. 100–108, September 2001.

[3] S. Ramamurthy and B. Mukherjee, “Fixed alternate routing
and wavelength conversion in wavelength-routed optical net-
works,” in Proceedings of the Global Telecommunications
Conference, GLOBECOM’98, Sydney, Australia, November
1998, pp. 2295–2303.

[4] E. D. Lowe and D. K. Hunter, “Performance of dynamic
path optical networks,” inIEE-Proceedings of Optoelectron-
ics, August 1997, pp. 235–239.

[5] L. Li and A. K. Somani, “Dynamic wavelength routing us-
ing congestion and neighborhood information,”IEEE Trans-
actions on Networking, vol. 7, no. 5, pp. 779–786, October
1999.

[6] B. Wen and K. M. Sivalingam, “Routing, wavelength
and time-slot assignment in time division multiplexed
wavelength-routed optical WDM networks,” inProceedings
of IEEE INFOCOM’02, June 2002.

[7] R. Srinivasan, “MICRON: A framework for connection es-
tablishment in optical networks,” inProceedings of OPTI-
COMM, October 2003, pp. 139–150.

[8] M. T. Fredrick and A. K. Somani, “A single-fault recov-
ery strategy for optical networks using subgraph routing,” in
Proceedings of the 7th IFIP Working Conference on Opti-
cal Network Design and Modelling, February 2003, pp. 327–
346.

[9] R. Srinivasan and A. K. Somani, “A generalized framework
for analyzing time-space switched optical networks,”IEEE
Journal of Selected Areas in Communications: Special Issue
on WDM-based Network Architectures, pp. 202–215, Jan-
uary 2002.

[10] R. Srinivasan and A. K. Somani, “Request-specific routing
in WDM grooming networks,” inProceedings of IEEE Inter-
national Conference on Communications (ICC 2002), April
2002, pp. 2876–2880.


