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Abstract

The criticality of survivable network design and operationincreases with increasing transmission speed. Path
protection strategies achieve better network utilizationcompared to link protection strategies; however the recov-
ery time of connections in path protection strategies are higher than that in link protection strategies. This paper
evaluates and compares the performance of three failure dependent strategies: (1) failure dependent path protec-
tion; (2) link protection; and (3) Diversion – a variant of the segmented path protection approach. In addition, A
framework for evaluating the connection recovery time is also developed. The protection strategies are compared
for their recovery time and blocking performance using extensive simluations.
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1 Introduction

Optical networks employing wavelength division multiplexing (WDM) and wavelength sharing among multiple
low-rate traffic streams provide a scalable backbone network architecture. Present day networks have transmission
speeds of up to 40 Gbps (OC-768) with each wavelength shared by connections with much lower capacity like 155
Mbps (OC-3) or 622 Mbps (OC-12). As the optical processing and buffer technologies are not mature currently to
achieve routing individual packets in runtime, optical networks of today and those in the near future are expected
to employ connection-oriented service paradigm. In such backbone networks, the major network operation is to
establish a connection between source-destination pair ondemand and release them when the connection is not
needed.

Connection establishment in a connection-oriented network consists of two steps:path selectionandchannel
assignment. Path selection refers to selecting a path from source to destination based on certain criteria. Channel
assignment refers to assigning one or more channels depending on the requirement of the call on every link of the
chosen path. 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 as dynamic path selection. The set of candidate paths
remain the same at all times and do not change with the networkstatus. If the candidate paths are chosen based
on the network status, the path selection process is referred to asexhaustive routing. Channel assignment refers
to allocation of specific resources on every link of a chosen path, for example: (a) fiber, wavelength, and time
slot assignment on the links in a WDM grooming 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
becomes the fundamental requirement. Information collection in WDM grooming networks involve identifying
availability of resources on the links along with the grooming capability of intermediate nodes on a specific path
to identify resource availability on the path.

Dynamic connection establishment has been extensively studied in the context of wavelength-routed WDM net-
works [1, 2, 3, 4, 5, 6, 7, 8]. However, this issue has receivedvery little attention in the context of WDM grooming
networks until recently [9, 10, 11]. Similarly, survivablerouting has also received significant interest in the con-
text of wavelength-routed networks [12], however it is in its early stages of research in the context of grooming
networks. In [11], a framework for connection establishment in optical networks employing traffic grooming
and heterogeneous switching architectures has been developed. The framework, referred to as Methodology for
Information Collection and Routing in Optical Networks (MICRON), outlines a representation mechanism for
link information as matrices, approaches to combining linkinformation to obtain path information, and dynamic
routing in the presence of a combination of wavelength and time slot switching.

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 aninstant. 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 typically have faster recovery times as
compared to restoration schemes.

1.1 Taxonomy of protection schemes

Protection schemes proposed in the literature can be broadly classified as link protection and path protection.
Link protection. Link protection schemes route a connection around a failed link. Re-routing is performed

by the node connected to the failed link to the neighboring node on the original path. Such a protection may be
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achieved in the network in a way that is transparent to the source node, except in cases where a link connected to
the source or destination fails.

Fig. 1 shows an example network in which a connection from node 1 to 4 is established along the primary path
1–2–3–4. Upon failure of a link in the primary path, the connection is re-routed around the failed link as shown in
Fig. 2. The channel assignment for the connection in the remaining links of the primary path remains unchanged.
For example, when link 2–3 fails, the channel assignment on the backup path 2–5–3 must be such that node 2 can
switch the connection from the original channel assignmenton link 1–2 to that of 2–5 and node 3 can switch the
connection from link 2–5 to the original channel assignmenton link 3–4. Such a consistency between primary and
backup paths must be maintained for all link failures that affect the primary path of the connection.1 2

5
3 46

Figure 1. Example network in which a connection from node 1 to 4 is established along the primary
path 1–2–3–4.

Link protection may be performed at either the granularity of a fiber or connection. Link protection at fiber
granularity assumes that every link has primary and spare fibers. Primary fiber is used for routing working con-
nections, while the secondary fiber is used only when a failure occurs. As the protection scheme operates at the
granularity of a fiber, the consistency in channel assignment between primary and backup path is automatically
satisfied for all link failures. Link protection at the fiber level offers fast recovery time requiring lesser signaling
compared to path protection approaches. However, the drawback of switching at the fiber level is that the net-
work cannot take advantage of those connections that may notrequire protection, as every connection is treated
as protected traffic. Link protection at the connection level, referred to as connection switched link protection
(CSLP), offers significant improvement when traffic requires different levels of protection [13]. As CSLP operates
at the granularity of a connection, the consistency in channel assignment among primary and backup paths must
be explicitly guaranteed by the connection establishment procedure.

Path protection. Path protection schemes recover from a failure by re-routing the connections at the source.
Path protection schemes may be classified into two categories based on their knowledge of the failure location.
Assignment of a backup path that does not require precise knowledge of the link failure is referred to asfailure-
independent path protection(FIPP). Alternatively, if a connection may be assigned morethan one backup path
depending on the failure, then it is referred to asfailure-dependent path protection(FDPP). Under FDPP, if the
path (and channels) assigned to the connection under no failure is the same as the path (and channels) assigned
under any other failure that does not affect the path, then itis referred to asStrict FDPP [14], otherwise, it
is referred to asFlexible FDPP. The L+1 sub-graph routing developed in [15] is an example offlexible FDPP
strategy.

This paper focuses on strict FDPP for path protection. For the example in Fig. 1, the backup paths obtained
using strict FDPP is shown in Fig. 3. Note that the backup paths may not necessarily be the shortest path in
the failed network as the shortest path may not have sufficient capacity to accommodate the connection. As the
connections are configured on an end-to-end basis, the backup connection may be treated as a new connection in
the failed network, hence no specific constraints are placedon the channel assignment for backup paths. The end-
to-end reconfiguration of the paths results in better utilization of network resources compared to link protection,
however the connection recovery times are higher in path protection as the failure notification has to be sent to the
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Figure 2. Backup paths using link protection strategy.1 2
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(a) After link 1–2 failure (b) After link 2–3 failure (c) After link 3–4 failure

Figure 3. Backup paths using failure dependent path protect ion strategy.

source node to re-route the traffic.
Segmented path protection. The segmented path protection strategy divides a primary path into multiple

segments, where each segment denotes a set of contiguous links on the primary path [12]. Each segment is
then protected using path protection strategy. If a link is present is in only one segment, then the backup path
corresponding to that segment will protect the connection upon failure. However, if a link is present in more than
one segment, then a backup path must be chosen from the set of backup path segments. While there may be
several possible ways in which segmented path protection may be achieved [16], this paper considers one variant
of the segmented path protection, referred to asDiversion, that diverts the connection from the last node before
the failed link directly to the destination. For the exampleconsidered in Fig. 1, the backup paths obtained using
Diversion are shown in Fig. 4. On failure of link 2–3, the connection is diverted at node 2 along the path 2–5–
6–4. The connection after the link 2–3 failure is routed along 1–2–5–6–4, with the channel assignment on link
1–2 (or any link before the failed link) remaining unchangedeven after the failure. The connection establishment
procedure must therefore ensure that the last node in the primary path before the failure can divert the connection
successfully to the destination. It is worth noting that theDiversion strategy behaves similar to link protection
strategy when the failed link is closer to the destination and like path protection strategy when the failure is closer
to the source. This scenario is also depicted in Fig. 4(a) where the backup path under Diversion is the same as that
of path protection when the first link in the primary path fails. The backup path when the last link in the primary
path fails, see Fig. 4(c), is the same as the link protection strategy.

1 2
5
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5

3 46 41 2
5

3
6

(a) After link 1–2 failure (b) After link 2–3 failure (c) After link 3–4 failure

Figure 4. Backup paths using Diversion strategy.
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It is worth noting that the failure independent path protection and link protection are extreme cases of segment
protection where the former assumes the entire path as a segment while the latter assumes each link as a segment.

Backup multiplexing. In order to achieve efficient utilization of network resources, multiplexing of resources
across multiple backup paths and/or a primary path 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 connections to
fail. If a resource is shared only among backup paths, then itis referred to asbackup-backupmultiplexing. If a
resource is occupied by a working connection and is also assigned to one or more backup paths, then it is referred
to asprimary-backupmultiplexing. Any failure that would require the shared resource for establishing a backup
connection must lead to the failure of the existing primary connection occupying that resource.

Contribution. This paper develops a connection establishment procedure to route connections that are pro-
tected using the three path protection strategies. The computation of the primary path is performed dynamically
using the Available Shortest Path (ASP) algorithm that accounts for the availability of a diversion path from any
node to the destination. Hence, a successful computation ofprimary path guarantees the existence of a diversion
path (and a consistent channel assignment) for every link failure in the network. The recovery times of different
path protection strategies are analyzed using the failure recovery time computation model developed in [17]. The
effectiveness of the Diversion approach is studied and compared to CSLP and strict FDPP strategies through ex-
tensive simulations on three different networks, where thenetworks specifically bring out some finer aspects of
the protection strategies.

1.2 Organization

The remainder of the paper is organized as follows: Section 2explains the assumption on the network model,
node architecture, and notations employed. Section 3 describes the connection establishment procedure involved in
the different protection strategies considered in this paper. The computation of failure recovery time is described
in Section 4. The results of the performance study on variousprotection strategies are described in Section 5.
Section 6 concludes the paper.

2 Network model

This paper considers a generic optical network, where linksmay have multiple fibers, multiple wavelengths
per fiber, and multiple time slots per wavelength, and nodes employing heterogeneous switching architectures.
Let N denote the set of nodes andL denote the set of physical links in the network. The links areassumed to
be bi-directional with dedicated resources (fibers) for each direction. LetΨ denote the set of Shared Risk Link
Groups (SRLG) in the network. An elementψ ∈ Ψ is a subset ofL that denotes the set of links that may fail due
to a failure in one or more shared resources.

The developed protection strategies protect the connections (that require protection) against any single SRLG
failure at a given instant of time. The following subsections describe the information stored in each link, combining
the link information to obtain path information, path selection and capacity allocation and release that are a part
of the MICRON framework. For a detailed description of the framework, the readers are referred to [11]. The
notations employed in this paper are shown in Table 1 for easyreference.

2.1 Link information

A link ℓ is represented by one or more variables (for each direction). These variables are assumed to be matrices
in this paper, which can be reduced to a vector (diagonal matrix) or simply a scalar (1 × 1 matrix) if needed. For
example, if the network converts optical signals to electronic domain at every node, then such a network does
not need any wavelength specific information. Hence, the bandwidth available in a link may be represented by
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Table 1. Comprehensive list of notations with comments.
Variables Comments

N Set of nodes.
L Set of links.
ψ An SRLG failure. (ψ ⊂ L)
Ψ Set of SRLG failures in the network.
α Time to detect a single link failure.
β Switch reconfiguration time at a node.
γ Electronic overhead time in transmitting and receiving a failure notification message.

∆ψ(n1, n2; {xℓ}) Cost of the least-cost path fromn1 to n2 with {xℓ} as the cost metric for links under failureψ.
∆P(n1, n2; {xℓ}) Cost of the segment fromn1 ton2 on pathP with {xℓ} as the cost metric for links.

Pred(n,P) Immediate predecessor of noden on pathP .
P(s, d, ψ, {xℓ}) Path computed dynamically froms to d by removing links in the setψ and{xℓ} as link capacities.

φ Null set.

Tψn Time taken for noden to receive the failure notification of failureψ since the instant of failure.
Rψn Time to finish reconfiguration at noden from the instant of failureψ.

Sℓ Maximum capacity on linkℓ.
Pℓ Capacity occupied by primary connections on linkℓ.
G
ψ

ℓ
Capacity gained on linkℓ upon failureψ.

B
ψ

ℓ Capacity reserved for backup on linkℓ for failureψ.
Aℓ Available capacity on linkℓ to route primary connection.
A
ψ

ℓ Available capacity on linkℓ to route backup connection under failureψ ∈ Ψ.
τℓ Propagation delay on linkℓ.
sℓ Source node of linkℓ.
dℓ Destination node of linkℓ.
Ψℓ Set of failures under which linkℓ fails.
Zψ

ℓ Backup path for linkℓ under failureψ.
Xℓ Capacity available to route primary connection.

Yψℓ (R) Diversion path for linkℓ under failureψ for requestR; from nodesℓ to destination node of a requestdR.
PR Set of nodes and links through which the primary path of requestR traverses.
Pψ

R
Set of nodes and links through which the backup path of request R traverses under failureψ.

ξR(ℓ) Channel assignment for requestR on link ℓ under no failure.
ξ
ψ

R
(ℓ) Channel assignment for requestR on link ℓ under failureψ.
ΨR Set of failures under which the requestR will be reconfigured to its backup connection.
sR Source of requestR.
dR Destination of requestR.
cR Capacity requirement of requestR.
x
ψ

R
Node at which the requestR is re-routed for failureψ.

y
ψ

R
Node at which the reconfigured segment of requestR for failureψ joins the primary path.

z
ψ

R
First node in the primary path such that no link in the path segmentzR(ψ) to the destination
is affected by failureψ.

L
ψ

R
(n) Latest time by which connectionR can cross noden in its primary path after failureψ.

F
ψ

R
(n) Earliest time by which connectionR can cross noden in its backup path after failureψ.
T
ψ

R
Recovery time for requestR under failureψ.

a scalar. If the network employs wavelength routing and the nodes do not employ wavelength conversion, then
the bandwidth available on a link is represented by a vector (or aW -tuple, whereW represents the number of
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wavelengths). If the nodes employ heterogeneous switchingarchitectures (such as a combination of wavelength
conversion and time slot interchange), then every link is represented as a matrix.

Let Sℓ andPℓ denote the total number of channels and number of channels occupied by primary connections
on link ℓ, respectively. LetGψℓ denote the number of channels on linkℓ that are currently occupied by working
connections that would fail in case of the SRLG failureψ. The channels occupied by the failed primary connections
will become available, therefore may be assigned for backupconnections. Releasing of capacity occupied by a
failed primary is referred to as “stub-release” in the literature and has been shown to improve capacity utilization
in the networks. LetBψ

ℓ denote the number of backup channels required on linkℓ in case of an SRLG failureψ.
In the rest of this paper, the notationℓ will refer to a link connecting two nodes in general. When used as a suffix
for the above matrices, it refers to a specific direction thatwill depend on (and will be obvious from) the context
in which it is used.

2.2 Path information

A path in the network, represented as a set of directional links (ordered in the sequence by which it appears in
the path), is denoted byP. The information on a path is obtained by combining the information of the links in the
path as:

XP =
∏

ℓ∈P

Xℓ (1)

where
∏

denotes generalized matrix multiplication. Note that the direction of the link is evident from the path. If
X, Y , andZ are three matrices andZ = XY , then an elementzij of the matrixZ is obtained as:

zij = (xi1 ⊗ y1j)⊕ (xi2 ⊗ y2j)⊕ ...⊕ (xiC ⊗ yCj) (2)

whereC denotes the number of columns of matrixX, or equivalently number of rows of matrixY . The operators
⊗ and⊕, denoted as a tuple(⊗,⊕), can be defined in different combinations so that several meaningful results
are obtained. It can be observed that when⊗ is integer multiplication and⊕ is integer addition operation, the
above equation denotes the traditional matrix multiplication. Some examples of matrix representation of optical
grooming networks may be found in [11]. When combining available capacity in particular, the operator tuple (⊗,
⊕) is set as (min, max).

2.3 Path selection and channel assignment

A path from a nodes to d selected by disabling a set of links in a failure setψ with the available capacity
information on links as{xℓ} is denoted byP(s, d, ψ, {xℓ}). This work employs the available shortest path routing
algorithm [18] that selects the shortest path (based on hop-count) among the available paths (paths that have
sufficient capacity for routing the connection).

A requestR that arrives in a network is provided a connection on a primary path and, if required, one or more
backup paths. LetPR denote the set of links in the primary path of the connection.The connection, in general,
will be reconfigured under a set of failures denoted byΨR. For every failureψ ∈ ΨR, a backup path is provided
for the request. LetPψ

R
denote the links in the backup path of the connection corresponding to the failureψ.

The network is also assumed to have a channel assignment strategy given the path with sufficient capacity is
identified. The work presented here employs first-fit channelassignment strategy. LetξR(ℓ) denote the channel
assignment on linkℓ for the connection under no failure andξψR(ℓ) the channel assignment on linkℓ under failure
ψ.
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3 Connection Establishment

A network operating with no failures satisfies the followingequation:

Pℓ ≤ Sℓ (3)

On a failureψ, the network will be able to re-assign requests to their backup connections if there is no resource
contention, or equivalently, if the following condition issatisfied:

Pℓ −G
ψ
ℓ +B

ψ
ℓ ≤ Sℓ (4)

Channel allocation under any protection strategy, either for working or backup path, must not violate the above
inequality for any SRLG failure in order for the network to beresilient to any SRLG failure.

Based on the above necessary conditions, the available capacity on a link may be computed. When the network
has no failures, the available capacity on a link is computedas:

Aℓ = Sℓ − Pℓ (5)

The available capacity on a link under a failureψ is computed as:

A
ψ
ℓ = Sℓ − Pℓ −B

ψ
ℓ +G

ψ
ℓ (6)

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

Connection establishment in general requires assignment of a primary path and, if required, one or more backup
paths for each request. LetXℓ denote the available capacity on linkℓ to route a primary connection. Depending
on the protection strategy, the computation of resources inthe network to route primary and backup connections
will differ.

The following subsections describe FDPP, CSLP, and Diversion protection strategies in detail. In order to
present the information in a concise manner, a comprehensive list of available capacity and path computation
under various protection strategies are shown in Table 2. The readers are recommended to refer to this table for
the corresponding protection strategy under consideration.

3.1 Failure Dependent Path Protection (FDPP)

FDPP attempts to provide multiple backup paths, one for eachfailure under which the primary path may no
longer be available. While the backup paths for some failures may be the same, it is not guaranteed to be the
same for all failures that affect the primary path. The primary path for the connection may be chosen from a
set of candidate paths or computed dynamically. In case of selecting a path from a set of candidate paths, the
computation of available capacity for routing primary connection is the same as that described in FIPP approach.

Under a network failure, the primary path of a connection maynot be available for two reasons: (1) a failure
in the network involves one or more links in the primary path;or (2) a failure in the network does not involve any
link on the primary path, however the channel(s) assigned tothe connection on the primary path is also assigned
to the backup paths of some other connections that is affected by the failure. The latter results in adomino effect
that might lead to a network-wide reconfiguration.

Strict FDPP. For dynamic path selection schemes which ensure that a connection will not be reconfigured un-
less a failure affects its primary path, the available capacity must not violate the necessary and sufficient condition
under any SRLG failure. The failure dependent protection developed in [14] is an example of the strict FDPP
strategy.
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Table 2. Comprehensive list of capacity and path computatio n for various protection strategies.

Metrics Strict FDPP CSLP Diversion

Xℓ min
(

Aℓ,minψ∈ΨA
ψ
ℓ

)

min
(

Aℓ,minψ∈ΨA
ψ
ℓ ,minψ∈Ψℓ R

ψ
ℓ

)

PR P(sℓ, dℓ, φ, {Xℓ})

ΨR {ψ | PR ∩ ψ 6= φ}

Yψℓ (R) – – P(sℓ, dR, ψ, {A
ψ
ℓ })

R
ψ
ℓ –

∏

ℓ′∈Z
ψ

ℓ

A
ψ
ℓ′

∏

ℓ′∈Y
ψ

ℓ
(R)

A
ψ
ℓ′

Pψ
R

P(sℓ, dℓ, ψ, {A
ψ
ℓ }) Replace links affected by Replace primary path from the

failure with backup paths. failed link with diversion path.
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Dynamic routing algorithms require available capacity computation in order to identify a feasible path. There-
fore, dynamic routing algorithms will have to estimate the available capacity for routing a primary connection
(Xℓ) in a conservative manner (see Table 2) by ensuring that the capacity is available under all failure scenarios.
Based on such a computation of available capacity, the path selection strategy in the network selects an appropriate
primary path for the connection. As the above computation guarantees that the capacity assigned for primary path
is available under any failure, the connection needs to be reconfigured only for those failures that affect the primary
path. Hence, the set of failures that leads to a reconfiguration (ΨR) is computed as those failures that affect the
primary path.

A backup path needs to be computed for every failureψ ∈ ΨR. The backup path under a failureψ is computed
dynamically by removing the links that are affected by the failure. As the backup paths may be computed inde-
pendently for each failure scenario, the available capacity on a link to route backup path under failureψ is simply
A
ψ
ℓ .

3.2 Connection Switched Link Protection (CSLP)

For link protection at the connection level, the connectionis re-routed around the failed link. The channel
assignment on the links of the primary path not affected by the failure remains the same. Hence, the capacity to
route primary connection on a link is assumed to be availableonly when the backup path also has the required
capacity under the failure of the link. LetZψℓ denote the backup path for linkℓ under failureψ. The backup path
for a link under a failureψ is computed as the shortest path between the nodes connectedby the link after removing
all the links affected by the failure. The capacity available on the backup pathZψℓ upon failureψ, denoted byRψℓ ,
is computed as shown in Table 2.

Note that a link may have several backup paths, one for each failure that affects the link. A primary connection
routed along this link may be re-routed to any of its backup path depending on the failure. Hence, the capacity
that is assigned for primary connection on linkℓ must also be available along all of its backup paths under the
corresponding failure. Therefore, the capacity availablefor routing primary connection is computed by considering
the capacity available when the network does not have any failures (Aℓ), available capacity on a link under all
failure scenarios (Aψℓ ), and availabile capacity on the backup path of the link under the failure scenarios affecting

the link (Rψℓ ).
The backup path for a connection under each failure scenariois obtained by simply removing the failed links in

the primary path and appending the backup links in their place. A successful connection has one primary path and
|ΨR| backup paths. The channel assignment on the backup path mustbe consistent with the channel assignment
of the primary path still intact. As the routing of primary connection has taken into account the availability of
backup paths, a consistent channel assignment on the backuppath is guaranteed to exist1.

3.3 Diversion

Recall that Diversion protection is similar to that of link protection, except that the connection is re-routed from
the node attached to the failed link directly to the destination. In link protection in which the link in the primary
path of a connection that are not affected by the failure remain unaffected. In Diversion, the primary path from the
source to the node before the failed link remains unaffected, the primary path segment after the failed link is not
valid after the failure.

As the primary path will be diverted directly to the destination, a path from every node to the destination is
required. The diversion path between every node pair may be fixed or computed dynamically. The computation of
diversion path requires the knowledge of request destination, hence may be performed only after request arrival.

1There may be some cases where path pruning may be necessary. The readers are referred to [17] for a discussion on path pruning.
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Let ℓ denote a directed link in the graph andsℓ anddℓ denote the source and destination of the directed link.
Such a notation means a primary path routed through the directional link ℓ traverses fromsℓ to dℓ. LetR be a
request requiring a connection from sourcesR to destinationdR. LetYψℓ (R) denote the diversion path for failure
ψ from link ℓ, which is a path from nodesℓ to dR. As the diversion path will be used only under a particular failure
scenario, the available capacity on a diversion path (R

ψ
ℓ ) is computed by only considering that failure scenario as

shown in Table 2. The available capacity on a link to route primary connection (Xℓ) is then computed similar to
the CSLP strategy2.

The backup path for a connection under a particular failure scenario is obtained by removing the segment of
the path from the first failed link to the destination and appending the diversion path from the node before the
failed link to the destination. As the primary path computation takes into account the availability of capacity on
backup path, a backup path and channel assignment is guaranteed to exist. The channel assignment on the backup
(diversion) path must be consistent with that of the primarypath segment still intact.

3.4 Generic connection establishment/release procedure

The generic procedure for connection establishment and release is shown in Fig. 5. The connection establish-
ment procedure involves five major steps. At the end of Step 4,the connection is assigned a primary path and a
set of backup paths depending on the protection requirement. Once the primary and backup paths are obtained,
the capacities on the links are updated. It is worth noting that the way in which the link capacities are maintained
allows the different protection strategies to be employed in the same network. The network provides protection at
the granularity of a connection (including link protection). The connection release procedure is similar to the Step
5 of connection establishment, except that the capacities are released instead of being assigned.

4 Failure Recovery Time Computation

The failure recovery time for different protection strategies depend on where the reconfiguration takes place.
This section computes in detail the failure recovery time required under a single link failure. The failure recovery
time computation was originally developed in [17] and the analysis is valid for Diversion strategy as well. The
discussion in this section is presented for this paper to be self-contained.

A single-link failure implies a link, on both directions, between two nodes fails. As backup paths and channel
assignment for different failures are computed during the connection establishment phase for “protection” strate-
gies, the exact switch configurations at different nodes areknown prior to the failure. The switch configurations
under different failures may be stored at the individual nodes to reduce reconfiguration time. On a failure, nodes
attached to the failed link detect the failure and broadcasta failure notification message. Every node forwards the
failure notification further upon receipt and reconfigures its switches corresponding to the failure indicated in the
notification message.

On a link failure, nodes connected to the failed link detect the failure first. The failure is assumed to be detected
due to a loss of periodic “Hello” packets transmitted over the control channel for a pre-specified duration, hence
the time required to detect a failure is assumed to be a constant, denoted byα. On failure detection, the nodes
broadcast a failure notification message. The sum of the timerequired for the node to prepare and transmit the
packet on a link and the time to process the packet by the node on the other end of a link is referred to as the
electronic overhead time (γ). If τℓ denotes the propagation delay on linkℓ, thenτℓ + γ denotes the hop delay
seen by the failure notification message on linkℓ. Note that as the failure notification message will be converted

2Note that there may be some cases where the backup path (from source to destination) under diversion may traverse a link inthe
same direction twice, similar to looping in any link protection strategy. In some cases, pruning the resultant path may be necessary to
successfully route the backup. Studies conducted by the authors have shown that such scenarios are very rare, a probability of 10−5 that a
connection encounters such a scenario.
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Connection establishment procedure
Input: RequestR with a specific protection requirement.
Output:

1. Primary pathPR and channel assignment on primary pathξR(ℓ), ∀ℓ ∈ PR.

2. Failure setΨR.

3. A set of backup path for each failure in the failure setPψ
R

and channel assignmentξψ
R

(ℓ), ∀ℓ ∈ Pψ
R

andψ ∈ ΨR.

Steps:

1. Update the available capacity on each link to route primary connection (Xℓ).
Note: If backup path for a link (for CSLP) or diversion path (for Diversion) needs to be computed dynamically, the
paths are computed in this step.

2. Obtain a primary path employing Available Shortest Path (ASP) algorithm. Obtain a sub-trunk assignment on the path
employing first-fit strategy. If a path or sub-trunk assignment cannot be obtained the request is rejected. Go to Step 6.

3. Obtain the failure set under which a reconfiguration is required (ΨR).

4. For everyψ ∈ ΨR, obtain a backup path and channel assignment. Update the available capacity on each link to route
a backup connection under failureψ asAψℓ .

• Strict FDPP: Compute the backup pathPψ
R

= P(sR, dR, ψ, {A
ψ
ℓ }).

• CSLP: Construct the backup pathPψ
R

by replacing the links affected by the failureψ with their corresponding
backup paths.

• Diversion: Construct the backup pathPψ
R

by replacing the primary path from the failed link with the diversion
path.

5. Update link capacities.
Note: At this juncture, every request has been assigned: (1) a primary pathPR with channel assignmentξR; (2)
failure setΨR; and (3) a set of backup paths,Pψ

R
, ∀ψ ∈ ΨR. In order to update the link capacities, it is not necessary

to distinguish which failure scheme is employed.

Pℓ [ξR(ℓ)] ← Pℓ [ξR(ℓ)] + cR ∀ℓ ∈ PR

G
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

← G
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

+ cR ∀ℓ ∈ PR andψ ∈ ΨR

B
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

← B
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

+ cR ∀ℓ ∈ Pψ
R

andψ ∈ ΨR

6. Exit.

Connection release procedure
Input: RequestR which has already been accepted.
Steps:

1. Update link capacities.

Pℓ [ξR(ℓ)] ← Pℓ [ξR(ℓ)]− cR ∀ℓ ∈ PR

G
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

← G
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

− cR ∀ℓ ∈ PR andψ ∈ ΨR

B
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

← B
ψ
ℓ

[

ξ
ψ
R

(ℓ)
]

− cR ∀ℓ ∈ Pψ
R

andψ ∈ ΨR

Figure 5. Generic connection establishment/release proce dure.
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Figure 6. Illustration of x
ψ
R, yψR, and zψR for various protection strategies.

from the optical to electronic domain for processing at every node, this delay may be a significant factor in some
networks.

Letnℓ(ψ) andn′ℓ(ψ) denote two nodes connected to the failed link correspondingto failureψ. Both these nodes
broadcast the failure notification independently, hence a noden on the network will be aware of the failure from
the message that arrives first. The time to get the notification of failureψ at noden from the instant at which failure
occurred in the network, denoted byTψn , is computed as shown in Equation 7. The nodes start to reconfigure their
switches when they receive the notification. The time at which the reconfiguration will be completed at a noden
for failure ψ, denoted byRψn , is computed as shown in Equation 8. Based on these computations, the recovery
time seen by an individual connection is computed.

The recovery time of a connection is the time duration from the last information received on the primary path
to the first information received on the backup path.

Tψn = α+ min[∆ψ(nℓ(ψ), n; {τℓ + γ}), ∆ψ(n′ℓ(ψ), n; {τℓ + γ})] (7)

Rψn = Tψn + β (8)

Consider an example connection for a requestR and a failureψ. The timing calculations are performed with
the failure instant as the reference. Ift1 denotes the time instant at which the destination receives the last valid
information along the primary path andt2 denotes the time at which the destination receives the first valid infor-
mation along the backup path, then the differencet2 − t1 is treated as the recovery time (or equivalently, outage
time). Note that when a link fails, information to the destination is still in transit on the links after the failed link.
In order to compute the recovery time, a few more notations are introduced. Letzψ

R
denote the first node in the

primary path such that no link in the path segment fromzψ
R

to the destination is affected by failureψ. The segment
from z

ψ
R

to the destination is defined as thelast surviving segment of the primary path. Similarly, the longest
segment of the primary path starting from the source that does not have any failed links is referred to as thefirst
surviving segment of the primary path. If a failure does not affect the primary path, thenzψR is the source node.
The nodes at which the reconfiguration start and end for a connection depends on the protection strategy. Letx

ψ
R

andyψ
R

denote the nodes at which the reconfiguration starts and ends, respectively. The illustration ofxψ
R

, yψ
R

,
andzψ

R
for various protection schemes is shown in Fig. 6. It is worthnoting that the above nomenclature is valid

irrespective of the protection strategy (link protection,path protection,segmentedprotection).
LetLψR(n) denote the latest time by which connectionR crosses noden, wheren is a node in the last surviving

segment of the primary path. LetFψR(n) denote the earliest time by which the connection crosses node n in its
backup path for failureψ. The failure recovery time of the connection under failureψ, denoted byTψR, is computed
as in Equation 9.

A noden starts to reconfigure its switch as soon as it receives the failure notification message. If the latest time
by which the connection crosses the immediate predecessor node ofn on the primary path [Pred(n,PR)] is timet
and the propagation delay on the link connecting the nodesn andPred(n,PR) is τℓ, then the latest time by which
the connection crossesn atLψR(n) = min(Tψn , t + τℓ). The recursive way of computing this metric on a node
belonging to the last surviving segment of the primary path is shown in Equation 10. When a failure affects the
primary path of a connection, the information that just crossed over the failure point is the last bit of information
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T
ψ
R = F

ψ
R(yψR)− LψR(yψR) (9)

L
ψ
R

(n) =







































min[Tψn , L
ψ
R(Pred(n,PR)) + ∆PR

(Pred(n,PR), n; {τℓ})] if n 6= z
ψ
R

Tn(ψ) if n = z
ψ
R and

ψ ∩ PR = φ

0 otherwise

(10)

F
ψ
R(n) =















max[Rψn , F
ψ
R(Pred(n,PψR)) + ∆

P
ψ

R

(Pred(n,PψR), n; {τℓ})] if n 6= x
ψ
R

Rψn if n = x
ψ
R

(11)

that has the potential to reach the destination. Hence, the starting point for computing the above time is taken as 0
(the failure instant) if the failure affects the primary path3.

After receiving a failure notification, a noden starts to reconfigure its switches and completes it by timeRψn .
A backup connection routed along the noden cannot cross the node until the reconfiguration is complete.If t
denotes the earliest time at which the connection crosses the immediate predecessor node ofn on the backup path,
then the earliest time at which the backup connection will cross noden is given byFψ

R
(n) = max(Rψn , t + τℓ),

whereτℓ is the propagation delay of the link connecting the node and its predecessor on the backup path. The
reconfiguration begins at nodexψR and the earliest time at which the connection will cross thisnode isRψn , where
n = x

ψ
R. The recursive way of computing the earliest crossover timeof the connection throughn in its backup

path is shown in Equation 11.

5 Performance Evaluation

The performance of the Diversion protection developed in this paper is compared against the (strict) FDPP and
CSLP protection strategies on the NSFNET, ARPANET, and 8×2 networks. The topology of the networks are
shown in Figure 7. The 8×2 network is chosen specifically because the fixed backup pathfor every link has a path
length of 2, which is the best possible choice for a link protection strategy.

Every link in the network employs two uni-directional fibers, each consisting of sixteen wavelengths and eight
time slots per wavelength. Thus, a total of 128 channels constitute a link in each direction. All the nodes in the
network are assumed to groom traffic on a wavelength and no wavelength conversion is available at any nodes4.
This paper considers only single-link failure scenarios inthe network; and are modeled SRLG failures with one
(bi-directional) link in each group. Upon an SRLG failure, fibers in both directions fail. The network is assumed
to have at most one SRLG failure at any given instant.

The links are assumed to have a propagation delay of 5 ms, with4 ms delay for electronic processing at
each node, 4 ms delay for detecting a failed link, 20 ms for reconfiguring the switches at a node. Although the
assumption of uniform propagation delay on NSFNET and ARPANET may not reflect that of the corresponding
real-life networks, the generic conclusions that are derived from the performance results provide sufficient insight
into the working of the various protection strategies.

Failure recovery time. In order to get an estimate of the recovery time of a connection, the networks are
simulated independently for each protection strategy. Theworst-case failure recovery time for a connection is

3When a link fails, the information after the failure point inthe link may still continue to propagate to the next node. However, the
propagation delay from the failure point to the first node of the last surviving segment is not taken into account here.

4The capacity information on a link is represented as a vectorwith 16 entries, each corresponding to a wavelength.
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W AC A 1 C A 2 U T C O N E I L M I N Y N JM DG A P AT X
(a) NSFNET network (b) ARPANET network (c) 8×2 (hypothetical) network
(14 nodes, 22 links) (20 nodes, 32 links) (16 nodes, 29 links)

Figure 7. Network topologies considered for performance ev aluation.

computed as the maximum recovery time among all the failuresunder which the connection would be reconfigured.
The average and standard deviation of the worst-case recovery time of a connection for various protection strategies
are shown in Table 3.

Table 3. Average and standard deviation of recovery times (i n milliseconds).N e t w o r k s F D P P C S L P D i v e r s i o nA v e r a g e S t d . D e v . A v e r a g e S t d . D e v . A v e r a g e S t d . D e v .N S F N E T 5 3 . 7 7 . 2 5 1 . 3 5 . 5 5 0 . 6 5 . 3A R P A N E T 6 1 . 6 1 4 . 3 5 3 . 9 8 . 5 5 4 . 6 9 . 08 x 2 6 2 . 3 2 3 . 6 3 8 . 0 0 . 0 4 8 . 9 1 2 . 2
It is observed that the recovery time for the Diversion strategy is closer to the CSLP than to FDPP. In the case

of NSFNET network, the average recovery time of a connectionunder Diversion is smaller than that of CSLP
because the average backup path length of a link is significant in comparison to the diversion path for a link to a
particular destination. It is also observed that the standard deviation of the recovery time under Diversion is also
significantly reduced as compared to FDPP, thus eliminatingthe dependence on primary path length significantly.
Note that the standard deviation of the recovery time for 8×2 network under CSLP is 0 ms, because every link has
a backup path length of two, hence all the recovery times are identical.

Backup path length. Table 4 shows the average backup path length of a connection under a failure. It is
observed that the performance of the Diversion achieves a trade-off between the performance of FDPP and CSLP.

Table 4. Average backup path length of connections.N e t w o r k s A v e r a g e b a c k u p p a t h l e n g t hF D P P C S L P D i v e r s i o nN S F N E T 3 . 2 5 4 . 6 7 3 . 9 8A R P A N E T 3 . 7 7 5 . 1 9 4 . 5 28 x 2 3 . 4 4 4 . 0 3 3 . 5 6
Blocking performance. Fig. 8 shows the blocking performance for the different protection strategies in the

three networks. It is observed that the FDPP approach performs better than CSLP approach in NSFNET and
ARPANET networks with Diversion achieving a trade-off between the two strategies. However, in 8×2 network,
CSLP performs better than FDPP and Diversion strategies. The reason for such a behavior is that a link is as
a backup only for a few other links in CSLP as opposed to FDPP and Diversion. In order to route a primary
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connection through a link, the capacity must be available under no failure scenario and for every failure scenario
for which the link is used as a backup. As the number of such failure scenarios under which a link is used as
a backup is lesser in CSLP, more connections are accepted. This effect is prominent specifically when more
wavelengths are employed without wavelength conversion capability. The performance results presented in [17]
for a single wavelength system with 128 channels does not show this behavior for the same network. Hence, it
is possible that link protection strategies working at the granularity of a connection may out-perform even certain
path protection strategies.

Effective network utilization. We compute the resources utilized in the network througheffective network
utilization [18]. A requestR for capacitycR that is routed along a path with a hop length ofH utilizes cR ×H
capacity in the network. However, its effective utilization is onlycR ×Hs, whereHs is the shortest path length
between the source and destination of the connection. The effective network utilization at any given instant of
time is then computed as the sum of the effective utilizationof all requests running in the network at that time
normalized to the total network capacity. It is to be noted that the effective utilization is computed over only the
accepted requests, while the offered load is computed over all the requests.

1 . 0 0 E « 0 61 . 0 0 E « 0 51 . 0 0 E « 0 41 . 0 0 E « 0 31 . 0 0 E « 0 21 . 0 0 E « 0 11 . 0 0 E + 0 0
6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0T r a f f i c a r r i v a l r a t eBlockingp robabilit y F D P PC S L PD i v e r s i o n 1 . 0 0 E Ü 0 51 . 0 0 E Ü 0 41 . 0 0 E Ü 0 31 . 0 0 E Ü 0 21 . 0 0 E Ü 0 11 . 0 0 E + 0 0

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eBlockingp robabilit y F D P PC S L PD i v e r s i o n 1 . 0 0 E 
 0 61 . 0 0 E 
 0 51 . 0 0 E 
 0 41 . 0 0 E 
 0 31 . 0 0 E 
 0 21 . 0 0 E 
 0 11 . 0 0 E + 0 0
4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eBl ocki ngprob abilit y F D P PC S L PD i v e r s i o n

(a) NSFNET (b) ARPANET (c) 8×2 network

Figure 8. Blocking performance.

Fig. 9 shows the effective network utilization for the threenetworks. It is observed that Diversion achieves
the desired trade-off in the NSFNET and ARPANET networks, however, performs the worst in 8×2 network.
The performance of CSLP and FDPP approaches are almost identical with respect to this metric, although their
blocking performance at the corresponding arrival rate is significantly different as the blocking probability values
are too low to have significant effect on the network utilization.

00 . 20 . 40 . 60 . 8
6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0T r a f f i c a r r i v a l r a t eEffecti venet work utili zati on F D P PC S L PD i v e r s i o nO f f e r e d L o a d 00 . 20 . 40 . 60 . 8

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eEff ecti venet work utili zati on F D P PC S L PD i v e r s i o nO f f e r e d L o a d
00 . 20 . 40 . 60 . 8

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eEff ecti venet work utili zati on F D P PC S L PD i v e r s i o nO f f e r e d L o a d
(a) NSFNET (b) ARPANET (c) 8×2 network

Figure 9. Effective network utilization.

Average primary path length. The average primary path length metric, shown in Fig. 10, depicts the effective-
ness of the routing algorithms in finding longer routes to accommodate connections. As the network load increases,
the average path length of accepted connections is expectedto increase for any dynamic path selection strategy.
However, beyond a certain network load, longer hop connections tend to get blocked more than the shorter hop
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connections. Hence, the average path length of a connectionreduces. Such a trend is seen for all the networks
under all protection strategies. In particular, such a trend is not very prominent in 8×2 network under CSLP as the
network efficiently accommodates the connections using shorter backup paths for links. It is interesting to note
that CSLP (a link protection strategy) has a better blockingperformance than FDPP (a path protection strategy)
while maintaining a lower value for average primary path length of accepted connections. While one could argue
that a link protection scheme might reject lesser number of connections by rejecting those connections that require
longer hop length, the following metric, average shortest path length, demonstrates that is not the case.

11 . 41 . 82 . 22 . 6
6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0T r a f f i c a r r i v a l r a t eA veragepathl ength F D P PC S L PD i v e r s i o n 22 . 42 . 83 . 23 . 6

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eA veragepathl ength F D P PC S L PD i v e r s i o n 22 . 42 . 83 . 23 . 6
4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0T r a f f i c a r r i v a l r a t eA veragepathl ength F D P PC S L PD i v e r s i o n

(a) NSFNET (b) ARPANET (c) 8×2 network

Figure 10. Average primary path length of accepted connecti ons.

Average shortest path length. The average shortest path length metric, shown in Fig. 11, depicts the average
shortest path length between the source and destination of accepted connections. Note that, the shortest path length
between two nodes in a network does not change with arrival rate. Under low arrival rates, the blocking probability
is very low, hence the value of this metric reflects the characteristics of the network for a particular traffic arrival
rate. If the routing algorithms treat the connections in a fair manner, then this metric must remain a constant as
the network load increases. However, connections that require longer path lengths are likely to get rejected more
with increasing network load, the generic trend for any routing algorithm is that the average shortest path length
decreases with increasing load. It is observed from Fig. 11 that the performance of Diversion is in between that
of FDPP and CSLP for NSFNET and ARPANET network. For the 8×2 network, FDPP and CSLP have similar
performance indicating that both approaches are equally fair in treating requests of varying connection lengths.
Hence, for the 8×2 network with 16 wavelengths and 8 time slots per wavelength, CSLP performs better than
FDPP. However, such a behavior may not emerge prominently when full-wavelength conversion is employed (or
when one considers an electronic network where a concept similar to wavelength division multiplexing is not
considered on a link.).
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(a) NSFNET (b) ARPANET (c) 8×2 network

Figure 11. Average shortest path length of accepted connect ions.
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6 Conclusion

This paper evaluates and compares three path protection strategies that are aimed at achieving a trade-off be-
tween network utilization and recovery time. A connection establishment procedure is developed to route connec-
tions using all the three protection strategies and their effectiveness is evaluated in three networks.

Based on the simulation studies, it may be summarized that the Diversion protection strategy performs better
than FDPP strategy in terms of connection recovery times, while compromising on the blocking performance and
network utilization. The Diversion technique performs better than CSLP, with respect to blocking performance
and utilization, in those networks where FDPP also performsbetter than CSLP.
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