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Abstract

The criticality of survivable network design and operatinoreases with increasing transmission speed. Path
protection strategies achieve better network utilizatbtmmpared to link protection strategies; however the recov-
ery time of connections in path protection strategies aghér than that in link protection strategies. This paper
evaluates and compares the performance of three failuremntignt strategies: (1) failure dependent path protec-
tion; (2) link protection; and (3) Diversion — a variant ofélsegmented path protection approach. In addition, A
framework for evaluating the connection recovery time soaleveloped. The protection strategies are compared

for their recovery time and blocking performance using esiee simluations.



1 Introduction

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

Connection establishment in a connection-oriented nétwonsists of two stepgath selectiorandchannel
assignmentPath selection refers to selecting a path from source tindésn based on certain criteria. Channel
assignment refers to assigning one or more channels deweadithe requirement of the call on every link of the
chosen path. Path selection can be carried out in several. was source-destination pair has one pre-selected
path, then it is referred to dixed-pathapproach. If a path is selected depending on the netwonksstaim a
pre-selected set of candidate paths, then it is referred ttymamic path selectionThe set of candidate paths
remain the same at all times and do not change with the netstatids. If the candidate paths are chosen based
on the network status, the path selection process is rdftorasexhaustive routing Channel assignment refers
to allocation of specific resources on every link of a chosath,pfor example: (a) fiber, wavelength, and time
slot assignment on the links in a WDM grooming network; andfifier and wavelength assignment in a multi-
fiber wavelength-routed network. Irrespective of the palection or channel assignment strategy employed in
the network, obtaining information along a path to assessatfailability of resources to establish the connection
becomes the fundamental requirement. Information cadleah WDM grooming networks involve identifying
availability of resources on the links along with the gronghcapability of intermediate nodes on a specific path
to identify resource availability on the path.

Dynamic connection establishment has been extensivedyestin the context of wavelength-routed WDM net-
works [1, 2, 3,4, 5, 6, 7, 8]. However, this issue has recewasy little attention in the context of WDM grooming
networks until recently [9, 10, 11]. Similarly, survivalieuting has also received significant interest in the con-
text of wavelength-routed networks [12], however it is B d@arly stages of research in the context of grooming
networks. In [11], a framework for connection establishimi@noptical networks employing traffic grooming
and heterogeneous switching architectures has been gedeldhe framework, referred to as Methodology for
Information Collection and Routing in Optical Networks (@RON), outlines a representation mechanism for
link information as matrices, approaches to combining iiffermation to obtain path information, and dynamic
routing in the presence of a combination of wavelength ame slot switching.

In order to protect connections from link failures in thewettk, often two paths are assigned: a primary path
on which a connection is established dratkuppath on which a connection will be setup in case a primary path
fails. A combination of links may share resources in a nelwarduct or conduit through which they are laid
out, which would result in a failure of more than one link atimastant. Such failures are modeled as Shared
Risk Link Group (SRLG). Typically, the objective of the netsk operation is to protect connections against any
SRLG failure. In this paper, we consider only protectionesubs 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 lyrokdisified as link protection and path protection.

Link protection. Link protection schemes route a connection around a faitéd IRe-routing is performed
by the node connected to the failed link to the neighborindgenon the original path. Such a protection may be



achieved in the network in a way that is transparent to thecgeonode, except in cases where a link connected to
the source or destination fails.

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

2 3
1 4
5 6
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 granularitya diber or connection. Link protection at fiber
granularity assumes that every link has primary and spaeesfitPrimary fiber is used for routing working con-
nections, while the secondary fiber is used only when a aibwcurs. As the protection scheme operates at the
granularity of a fiber, the consistency in channel assigirbetween primary and backup path is automatically
satisfied for all link failures. Link protection at the fib&vkl offers fast recovery time requiring lesser signaling
compared to path protection approaches. However, the didwbf switching at the fiber level is that the net-
work cannot take advantage of those connections that maseqaire protection, as every connection is treated
as protected traffic. Link protection at the connection liexeferred to as connection switched link protection
(CSLP), offers significant improvement when traffic regsiidéferent levels of protection [13]. As CSLP operates
at the granularity of a connection, the consistency in cebassignment among primary and backup paths must
be explicitly guaranteed by the connection establishmestquure.

Path protection. Path protection schemes recover from a failure by re-rgutie connections at the source.
Path protection schemes may be classified into two categbdsed on their knowledge of the failure location.
Assignment of a backup path that does not require preciselkdge of the link failure is referred to dailure-
independent path protectiofrIPP). Alternatively, if a connection may be assigned ntbem one backup path
depending on the failure, then it is referred tofaifure-dependent path protectiqikDPP). Under FDPP, if the
path (and channels) assigned to the connection under nogfadl the same as the path (and channels) assigned
under any other failure that does not affect the path, thes lieferred to asStrict FDPP [14], otherwise, it
is referred to a$-lexible FDPPR. The L+1 sub-graph routing developed in [15] is an exampléexfible FDPP
strategy.

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

Figure 2. Backup paths using link protection strategy.
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(a) After link 1-2 failure (b) After link 2—3 failure (c) Aftelink 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 primatty ipto multiple
segments, where each segment denotes a set of contiguksisohnthe primary path [12]. Each segment is
then protected using path protection strategy. If a linkrisspnt is in only one segment, then the backup path
corresponding to that segment will protect the connectgonuailure. However, if a link is present in more than
one segment, then a backup path must be chosen from the satlaffbpath segments. While there may be
several possible ways in which segmented path protectignb@achieved [16], this paper considers one variant
of the segmented path protection, referred t®asersion that diverts the connection from the last node before
the failed link directly to the destination. For the examptmsidered in Fig. 1, the backup paths obtained using
Diversion are shown in Fig. 4. On failure of link 2—-3, the cention is diverted at node 2 along the path 2-5—
6—4. The connection after the link 2—3 failure is routed gldr2-5-6—4, with the channel assignment on link
1-2 (or any link before the failed link) remaining unchangeen after the failure. The connection establishment
procedure must therefore ensure that the last node in thepripath before the failure can divert the connection
successfully to the destination. It is worth noting that Bieersion strategy behaves similar to link protection
strategy when the failed link is closer to the destinatiod lée path protection strategy when the failure is closer
to the source. This scenatrio is also depicted in Fig. 4(ayevtiee backup path under Diversion is the same as that
of path protection when the first link in the primary pathdailhe backup path when the last link in the primary
path fails, see Fig. 4(c), is the same as the link protectiieg)y.

5 6 5 6 5 6

(a) After link 1-2 failure (b) After link 2—3 failure (c) Aftelink 3—4 failure

Figure 4. Backup paths using Diversion strategy.



It is worth noting that the failure independent path pratectand link protection are extreme cases of segment
protection where the former assumes the entire path as aesegvhile the latter assumes each link as a segment.
Backup multiplexing. In order to achieve efficient utilization of network resaescmultiplexing of resources
across multiple backup paths and/or a primary path may bdoyegh More than one backup path may share a
resource as long as any failure in the network will cause atmioe of the corresponding working connections to

fail. If a resource is shared only among backup paths, thenrdferred to adackup-backupnultiplexing. If a
resource is occupied by a working connection and is alsgmeagito one or more backup paths, then it is referred
to asprimary-backupmultiplexing. Any failure that would require the sharedaee for establishing a backup
connection must lead to the failure of the existing primagireection occupying that resource.

Contribution. This paper develops a connection establishment procedu@ute connections that are pro-
tected using the three path protection strategies. The atatipn of the primary path is performed dynamically
using the Available Shortest Path (ASP) algorithm that ant®for the availability of a diversion path from any
node to the destination. Hence, a successful computatiprirafiry path guarantees the existence of a diversion
path (and a consistent channel assignment) for every lihkd¢ain the network. The recovery times of different
path protection strategies are analyzed using the faikzevery time computation model developed in [17]. The
effectiveness of the Diversion approach is studied and emegpto CSLP and strict FDPP strategies through ex-
tensive simulations on three different networks, wherentigvorks specifically bring out some finer aspects of
the protection strategies.

1.2 Organization

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

2 Network modé€

This paper considers a generic optical network, where Ilinky have multiple fibers, multiple wavelengths
per fiber, and multiple time slots per wavelength, and nodegl@y/ing heterogeneous switching architectures.
Let AV denote the set of nodes adiddenote the set of physical links in the network. The links @assumed to
be bi-directional with dedicated resources (fibers) foedicection. Let¥ denote the set of Shared Risk Link
Groups (SRLG) in the network. An elemente W is a subset of 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 conmex(itat require protection) against any single SRLG
failure at a given instant of time. The following subsectiaiescribe the information stored in each link, combining
the link information to obtain path information, path seies and capacity allocation and release that are a part
of the MICRON framework. For a detailed description of thenfiework, the readers are referred to [11]. The
notations employed in this paper are shown in Table 1 for esfsyence.

2.1 Link information

Alink ¢ is represented by one or more variables (for each directiim}se variables are assumed to be matrices
in this paper, which can be reduced to a vector (diagonalixhatr simply a scalari x 1 matrix) if needed. For
example, if the network converts optical signals to eledtralomain at every node, then such a network does
not need any wavelength specific information. Hence, thelwalth available in a link may be represented by



Table 1. Comprehensive list of notations with comments.
Variables Comments

Set of nodes.

Set of links.

An SRLG failure. ¢ C L)

Set of SRLG failures in the network.

Time to detect a single link failure.

Switch reconfiguration time at a node.

Electronic overhead time in transmitting and receivingilufa notification message.

Cost of the least-cost path from to n, with {z,} as the cost metric for links under failuge
Cost of the segment from; to n2 on pathP with {z,} as the cost metric for links.

Swme Een

AY(n1,no; {ze}
Ap(na, na; {ze}

— — — —

Pred(n,P) Immediate predecessor of noden pathP.
P(s,d, v, {z¢}) Path computed dynamically fromto d by removing links in the sep and{z,} as link capacities.
¢ Null set.

T¥  Time taken for node: to receive the failure notification of failur¢ since the instant of failure.
RY  Time to finish reconfiguration at nodefrom the instant of failure).

Se¢  Maximum capacity on link.
P, Capacity occupied by primary connections on lihk
Gf Capacity gained on link upon failurey.
BZ’ Capacity reserved for backup on lidKor failure .
A, Available capacity on link to route primary connection.
A}” Available capacity on link to route backup connection under failufec .
¢ Propagation delay on link
sy Source node of link.
d, Destination node of link.
¥, Set of failures under which linkfails.
ZZ’ Backup path for link/ under failurey.
X, Capacity available to route primary connection.

y,;” (R) Diversion path for linkf under failurey for requestR; from nodes, to destination node of a request .
Pr  Setof nodes and links through which the primary path of retjRetraverses.
P;’é Set of nodes and links through which the backup path of reqResaverses under failure.
&r(£)  Channel assignment for requégton link ¢ under no failure.
f;ﬁ(é) Channel assignment for requéston link ¢ under failurey.
W  Setof failures under which the requéstwill be reconfigured to its backup connection.
sr  Source of requesk.
dr  Destination of requesk.
cr  Capacity requirement of requeRt
:c% Node at which the reque® is re-routed for failurep.
y;’é Node at which the reconfigured segment of req@$or failure + joins the primary path.
z% First node in the primary path such that no link in the pathmestt 2 (¢) to the destination
is affected by failure).
L;”;(n) Latest time by which connectioR can cross node in its primary path after failure.
=(n)  Earliest time by which connectigR can cross node in its backup path after failure.
T;ﬁ Recovery time for requedt under failurey.

a scalar. If the network employs wavelength routing and thdes do not employ wavelength conversion, then
the bandwidth available on a link is represented by a veaon {V -tuple, wherell represents the humber of



wavelengths). If the nodes employ heterogeneous switdmicdigitectures (such as a combination of wavelength
conversion and time slot interchange), then every linkpsesented as a matrix.

Let S, and P, denote the total number of channels and number of channelpid by primary connections
on link ¢, respectively. LeG;f’ denote the number of channels on libkhat are currently occupied by working
connections that would fail in case of the SRLG failyreThe channels occupied by the failed primary connections
will become available, therefore may be assigned for badammections. Releasing of capacity occupied by a
failed primary is referred to as “stub-release” in the dtere and has been shown to improve capacity utilization
in the networks. LeB}’ denote the number of backup channels required ondinkcase of an SRLG failure.

In the rest of this paper, the notatiémwill refer to a link connecting two nodes in general. Whenduas a suffix
for the above matrices, it refers to a specific direction thifitdepend 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 directionks l{jordered in the sequence by which it appears in
the path), is denoted 3y. The information on a path is obtained by combining the imfation of the links in the
path as:

Xp =[] X¢ (1)
eP
where]] denotes generalized matrix multiplication. Note that thieddion of the link is evident from the path. If
X, Y, andZ are three matrices and = XY, then an element;; of the matrixZ is obtained as:

zij = (i1 ® Y15) © (Ti2 @ y25) B ... B (zic @ ycj) (2

whereC denotes the number of columns of matix or equivalently number of rows of matriX. The operators

® and®, denoted as a tuplep, @), can be defined in different combinations so that severahmgaul results
are obtained. It can be observed that wiweims integer multiplication aneb is integer addition operation, the
above equation denotes the traditional matrix multiplcoat Some examples of matrix representation of optical
grooming networks may be found in [11]. When combining alzg capacity in particular, the operator tupe (
@) 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 getvith the available capacity
information on links agx,} is denoted byP(s, d, v, {x,}). This work employs the available shortest path routing
algorithm [18] that selects the shortest path (based oncbopt) 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 prynpath and, if required, one or more
backup paths. LePxr denote the set of links in the primary path of the connectibime connection, in general,
will be reconfigured under a set of failures denotedly. For every failure) € ¥, a backup path is provided
for the request. Le‘P;é denote the links in the backup path of the connection coordipg to the failure).

The network is also assumed to have a channel assignmeteiggtigiven the path with sufficient capacity is
identified. The work presented here employs first-fit chamsslgnment strategy. L€k (¢) denote the channel
assignment on link for the connection under no failure aa@(ﬁ) the channel assignment on lidkunder failure

0.



3 Connection Establishment

A network operating with no failures satisfies the followiaguation:
P <SSy 3

On a failurey, the network will be able to re-assign requests to their bpadonnections if there is no resource
contention, or equivalently, if the following conditionsatisfied:

P -Gy + B <58, 4)

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

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

Ap=5—-F )
The available capacity on a link under a failufes computed as:
A =S, — P — By +GY (6)

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

Connection establishment in general requires assignni@mrimary path and, if required, one or more backup
paths for each request. L&t denote the available capacity on lidiko route a primary connection. Depending
on the protection strategy, the computation of resourcéisémetwork to route primary and backup connections
will differ.

The following subsections describe FDPP, CSLP, and Diwargirotection strategies in detail. In order to
present the information in a concise manner, a compreletisivof available capacity and path computation
under various protection strategies are shown in Table 2 réaders are recommended to refer to this table for
the corresponding protection strategy under consideratio

3.1 Failure Dependent Path Protection (FDPP)

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

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

Strict FDPP. For dynamic path selection schemes which ensure that a ciiomevill not be reconfigured un-
less a failure affects its primary path, the available capawust not violate the necessary and sufficient condition
under any SRLG failure. The failure dependent protectioreldped in [14] is an example of the strict FDPP
strategy.



Table 2. Comprehensive list of capacity and path computatio n for various protection strategies.

Metrics Strict FDPP CSLP Diversion
X, min (Ag, minyecy AZ’) min (Az, minyey A% mingew, RE”)
Pr P(se,dg, &, {X¢})
U W PrNY # ¢}
y;”(R) _ — P(se,dr, P, {AZJ})
Ré" - He'ez;” Az}’ Hé’eyg”’(R) A}”,
73;@ P(se,dy, ), {A}”}) Replace links affected by Replace primary path from the
failure with backup paths, failed link with diversion path.




Dynamic routing algorithms require available capacity paiation in order to identify a feasible path. There-
fore, dynamic routing algorithms will have to estimate tiwvaikable capacity for routing a primary connection
(X/,) in a conservative manner (see Table 2) by ensuring thatapactty is available under all failure scenarios.
Based on such a computation of available capacity, the péthtson strategy in the network selects an appropriate
primary path for the connection. As the above computaticaragutees that the capacity assigned for primary path
is available under any failure, the connection needs todmnfegured only for those failures that affect the primary
path. Hence, the set of failures that leads to a reconfigurdlrz) is computed as those failures that affect the
primary path.

A backup path needs to be computed for every failure ¥ . The backup path under a failugeis computed
dynamically by removing the links that are affected by th&ufa. As the backup paths may be computed inde-
pindently for each failure scenario, the available caparita link to route backup path under failues simply
Ay

3.2 Connection Switched Link Protection (CSLP)

For link protection at the connection level, the connecti®me-routed around the failed link. The channel
assignment on the links of the primary path not affected lyf#lilure remains the same. Hence, the capacity to
route primary connection on a link is assumed to be availahlg when the backup path also has the required
capacity under the failure of the link. Lﬁf denote the backup path for lirkunder failureiy. The backup path
for alink under a failure) is computed as the shortest path between the nodes conbgdtezllink after removing
all the links affected by the failure. The capacity avaiabh the backup patﬁf upon failurey), denoted bny,
is computed as shown in Table 2.

Note that a link may have several backup paths, one for edaheféhat affects the link. A primary connection
routed along this link may be re-routed to any of its backuth gepending on the failure. Hence, the capacity
that is assigned for primary connection on lilknust also be available along all of its backup paths under the
corresponding failure. Therefore, the capacity availédrieouting primary connection is computed by considering
the capacity available when the network does not have ahydai(4,), available capacity on a link under all
failure scenarios/@”), and availabile capacity on the backup path of the link uride failure scenarios affecting
the link (RY).

The backup path for a connection under each failure sceisapimtained by simply removing the failed links in
the primary path and appending the backup links in theirglécsuccessful connection has one primary path and
|¥ | backup paths. The channel assignment on the backup pathbmasnsistent with the channel assignment
of the primary path still intact. As the routing of primaryragwection has taken into account the availability of
backup paths, a consistent channel assignment on the bpakufs guaranteed to exist

3.3 Diversion

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

As the primary path will be diverted directly to the destioat a path from every node to the destination is
required. The diversion path between every node pair mayxed &r computed dynamically. The computation of
diversion path requires the knowledge of request destingkience may be performed only after request arrival.

There may be some cases where path pruning may be necedsangaBers are referred to [17] for a discussion on path pguni
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Let ¢ denote a directed link in the graph agdandd, denote the source and destination of the directed link.
Such a notation means a primary path routed through thetidinat link ¢ traverses frons, to dy,. LetR be a
request requiring a connection from sousgeto destinationir . Let y}’(R) denote the diversion path for failure
1 from link ¢, which is a path from node, to dx. As the diversion path will be used only under a particuldufa
scenario, the available capacity on a diversion pﬁ’fjﬁ)@s computed by only considering that failure scenario as
shown in Table 2. The available capacity on a link to routenpriy connection X,) is then computed similar to
the CSLP stratedy

The backup path for a connection under a particular failaenario is obtained by removing the segment of
the path from the first failed link to the destination and ajeg the diversion path from the node before the
failed link to the destination. As the primary path compigtattakes into account the availability of capacity on
backup path, a backup path and channel assignment is gerdaotexist. The channel assignment on the backup
(diversion) path must be consistent with that of the prinzath segment still intact.

3.4 Generic connection establishment/release procedure

The generic procedure for connection establishment aedselis shown in Fig. 5. The connection establish-
ment procedure involves five major steps. At the end of Stepedconnection is assigned a primary path and a
set of backup paths depending on the protection requiren@@mte the primary and backup paths are obtained,
the capacities on the links are updated. It is worth notirag tine way in which the link capacities are maintained
allows the different protection strategies to be employetthé same network. The network provides protection at
the granularity of a connection (including link protectioifhe connection release procedure is similar to the Step
5 of connection establishment, except that the capacitesteased instead of being assigned.

4 Failure Recovery Time Computation

The failure recovery time for different protection straesgdepend on where the reconfiguration takes place.
This section computes in detalil the failure recovery tinguned under a single link failure. The failure recovery
time computation was originally developed in [17] and thalgsis is valid for Diversion strategy as well. The
discussion in this section is presented for this paper teleentained.

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

On a link failure, nodes connected to the failed link detketfailure first. The failure is assumed to be detected
due to a loss of periodic “Hello” packets transmitted over tontrol channel for a pre-specified duration, hence
the time required to detect a failure is assumed to be a aunstanoted byx. On failure detection, the nodes
broadcast a failure notification message. The sum of the tageired for the node to prepare and transmit the
packet on a link and the time to process the packet by the nodbeoother end of a link is referred to as the
electronic overhead timey). If 7, denotes the propagation delay on lihkthent, + v denotes the hop delay
seen by the failure notification message on linkNote that as the failure notification message will be caeder

Note that there may be some cases where the backup path (namesto destination) under diversion may traverse a linthen
same direction twice, similar to looping in any link protect strategy. In some cases, pruning the resultant path rmayebessary to
successfully route the backup. Studies conducted by thmesihave shown that such scenarios are very rare, a privpabil0~° that a
connection encounters such a scenario.
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Connection establishment procedure
Input: RequesfR with a specific protection requirement.
Output:

1. Primary pathPr and channel assignment on primary pgit¢), V¢ € Px.

2. Failure setly.

3. A set of backup path for each failure in the faiIure”B%t and channel assignmeﬁ‘{(é), RS 7371@ andy € Ug.
Steps:

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

2. Obtain a primary path employing Available Shortest PABK) algorithm. Obtain a sub-trunk assignment on the path
employing first-fit strategy. If a path or sub-trunk assigntreannot be obtained the request is rejected. Go to Step 6.

3. Obtain the failure set under which a reconfiguration isieg (U %).

4. For every) € ¥, obtain a backup path and channel assignment. Update thetdeaapacity on each link to route
a backup connection under failufeas A} .

e Strict FDPP: Compute the backup paﬂé = P(sr,dr, ¥, {A}f’}).

e CSLP: Construct the backup pavﬁg by replacing the links affected by the failugewith their corresponding
backup paths.

e Diversion: Construct the backup pa}h}ﬁ by replacing the primary path from the failed link with theelision
path.

5. Update link capacities.
Note: At this juncture, every request has been assigned: (1) aapyipathPz with channel assignmentz; (2)
failure set¥ % ; and (3) a set of backup patﬁsﬁ, Vi) € Y. In order to update the link capacities, it is not necessary
to distinguish which failure scheme is employed.

P [ér(0)] « Pr()]+cr  VePr
Gy {5%(5)} — GY [5;@(6)} +cer Ve Prandy e Uy
By {5%(5)} — By [éf,é(é)} +er V0 ePLandy e Ug
6. Exit.

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

1. Update link capacities.

Py [572(8)] — P [57{(@)] — CR VYl € Pr
GY [g;g(e)} - & [g;é(e)} —cr Ve Prandy e Ug

BY [h(0)] « BY[gh(0)] —er VeePfandy e ug

Figure 5. Generic connection est%lilishment/release proce dure.
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Figure 6. lllustration of w% y}é and z;é for various protection strategies.

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

Letn,(v) andnj (1)) denote two nodes connected to the failed link corresportdifgjlure ). Both these nodes
broadcast the failure notification independently, henceden on the network will be aware of the failure from
the message that arrives first. The time to get the notificatidailure«) at noden from the instant at which failure
occurred in the network, denoted 3, is computed as shown in Equation 7. The nodes start to reewaftheir
switches when they receive the notification. The time at Wwithe reconfiguration will be completed at a node
for failure +, denoted byRY, is computed as shown in Equation 8. Based on these congngathe recovery
time seen by an individual connection is computed.

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

TV = a+min[AY(ng(),n; {re +7}), AY(np(¥), n; {re +})] @)
RY =T+ 8)

Consider an example connection for a requesind a failurely. The timing calculations are performed with
the failure instant as the reference.t{fdenotes the time instant at which the destination recehedatst valid
information along the primary path amg denotes the time at which the destination receives the flgt infor-
mation along the backup path, then the differefice- ¢, is treated as the recovery time (or equivalently, outage
time). Note that when a link fails, information to the deation is still in transit on the links after the failed link.
In order to compute the recovery time, a few more notatioesirgroduced. Letz}é denote the first node in the
primary path such that no link in the path segment frzd@no the destination is affected by failuge The segment
from z}é to the destination is defined as tlast surviving segment of the primary pat&imilarly, the longest
segment of the primary path starting from the source thas do¢ have any failed links is referred to as fhist
surviving segment of the primary path a failure does not affect the primary path, thé/@ is the source node.
The nodes at which the reconfiguration start and end for aemtiom depends on the protection strategy. atl,%t
and y;‘é denote the nodes at which the reconfiguration starts and eggfgectively. The illustration of%, y;é
andz;ﬁz for various protection schemes is shown in Fig. 6. It is woitking that the above nomenclature is valid
irrespective of the protection strategy (link protectipath protectionsegmentegrotection).

Let L%(n) denote the latest time by which connectiBrcrosses node, wheren is a node in the last surviving
segment of the primary path. Léﬁé(n) denote the earliest time by which the connection crosses naod its
backup path for failure>. The failure recovery time of the connection under failurelenoted b)T;é, is computed
as in Equation 9.

A noden starts to reconfigure its switch as soon as it receives thedaiotification message. If the latest time
by which the connection crosses the immediate predecesderain on the primary pathiPred(n, Pr )] is timet
and the propagation delay on the link connecting the nad®®d Pred(n, Pr) is 7y, then the latest time by which
the connection crossesat L#’z(n) = min(TY¥,t + 7). The recursive way of computing this metric on a node
belonging to the last surviving segment of the primary patehown in Equation 10. When a failure affects the
primary path of a connection, the information that just semsover the failure point is the last bit of information
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Ty = Fpy(yw) — L (y%) 9)

min[TY, L%(Pred(n,?n)) + Ap, (Pred(n,Pr),n;{me})] if n# z;é
TR

Lhn) = ) '1‘;7; il agd (10)
0 otherwise

max[RY, F%(Pred(n, 7777’3)) + AP%(Pred(n, 777%), n;{re})] ifn# w;é
F;ﬁ(n) = (11)
RY if n= :U;é

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

After receiving a failure notification, a nodestarts to reconfigure its switches and completes it by titfje
A backup connection routed along the nadeannot cross the node until the reconfiguration is complkte.
denotes the earliest time at which the connection crossdatinediate predecessor nodenasn the backup path,
then the earliest time at which the backup connection wilssmode. is given byF;é(n) = max(RY, t + ),
whereT, is the propagation delay of the link connecting the node #ég@riedecessor on the backup path. The
reconfiguration begins at nodé’2 and the earliest time at which the connection will cross tioide isRY, where
n = x% The recursive way of computing the earliest crossover tifiie connection through in its backup
path is shown in Equation 11.

5 Performance Evaluation

The performance of the Diversion protection developedimphper is compared against the (strict) FDPP and
CSLP protection strategies on the NSFNET, ARPANET, ar@ &etworks. The topology of the networks are
shown in Figure 7. The 82 network is chosen specifically because the fixed backupfpadvery link has a path
length of 2, which is the best possible choice for a link prttm strategy.

Every link in the network employs two uni-directional fibgemch consisting of sixteen wavelengths and eight
time slots per wavelength. Thus, a total of 128 channelstitotesa link in each direction. All the nodes in the
network are assumed to groom traffic on a wavelength and nelaryth conversion is available at any nddes
This paper considers only single-link failure scenarioghim network; and are modeled SRLG failures with one
(bi-directional) link in each group. Upon an SRLG failurdydis 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,4witts delay for electronic processing at
each node, 4 ms delay for detecting a failed link, 20 ms fooméiguring the switches at a node. Although the
assumption of uniform propagation delay on NSFNET and ARBANnhay not reflect that of the corresponding
real-life networks, the generic conclusions that are @erivom 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 connectioe networks are
simulated independently for each protection strategy. Vbest-case failure recovery time for a connection is

3When a link fails, the information after the failure pointtime link may still continue to propagate to the next node. E\mv, the
propagation delay from the failure point to the first nodehef tast surviving segment is not taken into account here.
“The capacity information on a link is represented as a vewuithr16 entries, each corresponding to a wavelength.
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(a) NSFNET network (b) ARPANET network (c) (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 failumegr which the connection would be reconfigured.
The average and standard deviation of the worst-case ngcmvee of a connection for various protection strategies
are shown in Table 3.

Table 3. Average and standard deviation of recovery times (i n milliseconds).

FDPP CSLP Diversion
Networks
Average | Std. Dev. | Average |Std. Dev. | Average |Std. Dev.
NSFNET 53.7 7.2 51.3 5.5 50.6 5.3
ARPANET 61.6 14.3 53.9 8.5 54.6 9.0
8x2 62.3 23.6 38.0 0.0 48.9 12.2

It is observed that the recovery time for the Diversion sggtis closer to the CSLP than to FDPP. In the case
of NSFNET network, the average recovery time of a conneatiotler Diversion is smaller than that of CSLP
because the average backup path length of a link is signifisamomparison to the diversion path for a link to a
particular destination. It is also observed that the stahdaviation of the recovery time under Diversion is also
significantly reduced as compared to FDPP, thus elimindtisglependence on primary path length significantly.
Note that the standard deviation of the recovery time fo2 &ietwork under CSLP is 0 ms, because every link has
a backup path length of two, hence all the recovery timescanatical.

Backup path length. Table 4 shows the average backup path length of a conneatider & failure. It is
observed that the performance of the Diversion achievesdatoff between the performance of FDPP and CSLP.

Table 4. Average backup path length of connections.

Average backup path length
Networks
FDPP CSLP Diversion
NSFNET 3.25 4.67 3.98
ARPANET 3.77 5.19 4.52
8x2 3.44 4.03 3.56

Blocking performance. Fig. 8 shows the blocking performance for the different @ctibn strategies in the
three networks. It is observed that the FDPP approach mpesftretter than CSLP approach in NSFNET and
ARPANET networks with Diversion achieving a trade-off betm the two strategies. However, ir 8 network,
CSLP performs better than FDPP and Diversion strategie® r&ason for such a behavior is that a link is as
a backup only for a few other links in CSLP as opposed to FDRPRiversion. In order to route a primary
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connection through a link, the capacity must be availabeumo failure scenario and for every failure scenario
for which the link is used as a backup. As the number of sudbréascenarios under which a link is used as
a backup is lesser in CSLP, more connections are accepteis. effbct is prominent specifically when more

wavelengths are employed without wavelength conversipalaiity. The performance results presented in [17]
for a single wavelength system with 128 channels does nat shis behavior for the same network. Hence, it
is possible that link protection strategies working at thenglarity of a connection may out-perform even certain
path protection strategies.

Effective network utilization. We compute the resources utilized in the network throefflctive network
utilization [18]. A requestR for capacitycr that is routed along a path with a hop lengthfdlutilizescr x H
capacity in the network. However, its effective utilizatis only cx x Hg, whereH, is the shortest path length
between the source and destination of the connection. Thetigé network utilization at any given instant of
time is then computed as the sum of the effective utilizabbmll requests running in the network at that time
normalized to the total network capacity. It is to be noteat the effective utilization is computed over only the
accepted requests, while the offered load is computed diviblearequests.
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Figure 8. Blocking performance.

Fig. 9 shows the effective network utilization for the thmeetworks. It is observed that Diversion achieves
the desired trade-off in the NSFNET and ARPANET networksyéw@r, performs the worst inx& network.
The performance of CSLP and FDPP approaches are almosicalemith respect to this metric, although their
blocking performance at the corresponding arrival ratégisiicantly different as the blocking probability values
are too low to have significant effect on the network utiliaat
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Figure 9. Effective network utilization.

Average primary path length. The average primary path length metric, shown in Fig. 10iadethe effective-
ness of the routing algorithms in finding longer routes tmawwmodate connections. As the network load increases,
the average path length of accepted connections is experiadrease for any dynamic path selection strategy.
However, beyond a certain network load, longer hop conoesttend to get blocked more than the shorter hop
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connections. Hence, the average path length of a conna@thutes. Such a trend is seen for all the networks
under all protection strategies. In particular, such adiiemot very prominent in 82 network under CSLP as the
network efficiently accommodates the connections usingtshbackup paths for links. It is interesting to note
that CSLP (a link protection strategy) has a better blockiagformance than FDPP (a path protection strategy)
while maintaining a lower value for average primary pathgtérof accepted connections. While one could argue
that a link protection scheme might reject lesser numbeohections by rejecting those connections that require
longer hop length, the following metric, average shortesh pength, demonstrates that is not the case.
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Figure 10. Average primary path length of accepted connecti ons.

Aver age shortest path length. The average shortest path length metric, shown in Fig. ldictiethe average
shortest path length between the source and destinatiatepted connections. Note that, the shortest path length
between two nodes in a network does not change with arrital tinder low arrival rates, the blocking probability
is very low, hence the value of this metric reflects the charastics of the network for a particular traffic arrival
rate. If the routing algorithms treat the connections iniarfeanner, then this metric must remain a constant as
the network load increases. However, connections thainetpnger path lengths are likely to get rejected more
with increasing network load, the generic trend for anyirgualgorithm is that the average shortest path length
decreases with increasing load. It is observed from Fig.haf the performance of Diversion is in between that
of FDPP and CSLP for NSFNET and ARPANET network. For the2&etwork, FDPP and CSLP have similar
performance indicating that both approaches are equatlynfareating requests of varying connection lengths.
Hence, for the &2 network with 16 wavelengths and 8 time slots per wavelen@®LP performs better than
FDPP. However, such a behavior may not emerge prominentgnvitil-wavelength conversion is employed (or
when one considers an electronic network where a concefitasito wavelength division multiplexing is not
considered on a link.).
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6 Conclusion

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

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