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Abstract—\We consider the problem of establishingdependable fiber links in an arbitrary topology. Awavelength-selective
connectionsin WDM networks with dynamic traffic demands.  cross-connec{WSXC) is capable of optically switching an
We call a connection with fault-tolerant requirements as a de- optical signal from an incoming fiber to an outgoing fiber on
pendable connection (D-connection). We consider thsingle-link th | th. WDM networks that WSXC
failure modelin our study and recommend the use of a proactive € Sameé wavelengin. ne_ Wworks that use S are
approach, wherein a D-connection is identified with the estab- referred to as wavelength-selective networks. Here, a message
lishment of the primary lightpath and a backup lightpath at the is transmitted from one node to another node by using a
time of honoring the connection request. We develop algorithms |ightpath without requiring any electro-optical conversion and
to select routes and wavelengths to establish D-connections with buffering at the intermediate nodes. A lightpath uses the same

improved blocking performance. The algorithms use thebackup . .
multiplexing technique to efficiently utilize the wavelength chan- wavelength on all the links along its route [2]. In a WDM-based

nels. To further improve channel utilization, we propose a new transport network architecture, a set of lightpaths constituting
multiplexing technique called primary-backup multiplexing.Here, an optical layer provides protocol-transparent service to the

a connection may not have its backup lightpath readily available client layer such as SONET, ATM, and IP.

throughout its existence. We develop algorithms based on this Unlike a WSXC, awavelength-interchange cross-connect

technique to route D-connections with a specifiedrestoration WIXC) i ble of ch ina th | th of an i -
guarantee We present an efficient and computationally simple (_ )is CaPa € Of Changing the wavelengtn of an incoming
heuristic to estimate the average number of connections per link Signal by usingwavelength convertera¥DM networks that

that do not have backup lightpaths readily available upon a link use WIXCs are referred to as wavelength-convertible networks.

failure. We conduct extensive simulation experiments on different \Wavelength converters are very expensive. Therefore, it is

networks to study the performance of the proposed algorithms. preferred to use converters only at a few strategic nodes.
Index Terms—Dependable connection, lightpath, link failure, Such a network is called a network wiparse wavelength

wavelength division multiplexing. conversion[3]. Due to technological constraints, the number
of wavelengths that can be supported on a fiber is limited.
|. INTRODUCTION Therefore, multiple fibers can be used in a link to satisfy the

] . traffic demand. The networks that employ multiple fibers in
AVELENGTH-DIVISION multiplexing (WDM) tech- 5 jink are known asnultifiber networksMultifiber networks

/ W nology offers the capability of building very largecan also be used as an alternate to compensate for the lack of
wide-area networks with throughput of the order of terabitg;nverters [4].

per second. Optical networks employing WDM technology

provide very high data rates, low error rates, and low delgy. Routing and Wavelength Assignment

These networks are a viable solution to meet the bandwidth . o
. : o As WDM networks impose a wavelength continuity con-
demand arising from several emerging applications such a8

Internet and web browsing, graphics and visualization, medicq‘amt’ a goodrouting and wavelength assignme(RWA)

. L . . : algorithm is important to improve the wavelength channel
image access and distribution, multimedia conferencing, am%

. ization. Several heuristic solutions for the RWA problem
broadband services to home [1]. have been proposed in the literature [2], [5]-[7]. The routin
A WDM optical network consists of a set afavelength prop ' ' 9

. . ._methods such as fixed routing, fixed alternate routing, and
cross-connects(WXCs) interconnected by point-to-point :
several wavelength assignment methods have been evaluated

analytically and experimentally in [3], [7], [8]. These methods
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is honored, the connection is held for a random finite time béils, any link that has failed earlier has been repaired. We de-
fore being terminated. Here, the objective is to increasathe velop efficient algorithms for establishirdependable connec-
ceptance ratiqor equivalently, to decrease thiocking proba- tions (D-connections) in these networks. We call a connection
bility) of the connections. The dynamic traffic demand results iith fault-tolerant requirements a dependable connection.
several situations as discussed in [10]. First, it may become necOur algorithms use a proactive approach wherein a D-con-
essary to reconfigure the network in response to changing traffiection is identified with the establishment of a primary and a
patterns. Second, with the rise in broadband traffic it is expectedckup lightpath at the time of honoring the request itself. The
that the leased-line rates for private virtual networks and Interredgorithms useébackup multiplexingechnique to share wave-
service provider links will reach 2.488 Gb/s and higher. The diength channels among several backup lightpaths to improve
mand for such services will change with time. Recently, thetbe channel utilization. They yield 1008éstoration guarantee
has been a growing interest in integrated IP/WDM routing [114s the backup lightpaths are readily available upon failures. We
In IP-over-WDM networks, lightpaths are established betweelefine the restoration guarantee as the guarantee with which a
any two IP routers. The routers between which a lightpath exissled lightpath finds its backup readily available.

become neighbors, changing the network topology perceived byThe performance improvement obtained by using backup
all participating IP routers. The IP layer and optical layer mawultiplexing is not sufficient. We propose a new multiplexing
interact to route the traffic efficiently. The traffic on a lightpatitechnique called primary-backup multiplexingto further
connecting two routers can be monitored continuously and dapyprove the performance. This technique allows a primary

propriate changes can be made to the optical layer. lightpath and one or more backup lightpaths to share the
) _ same channel. By doing so, channel utilization increases and
B. Lightpath Restoration the network blocking performance improves. However, this

WDM networks are prone to component failures. A fiber ciechnique may sacrifice 100% guarantee on backup lightpath
causes a link failure. When a link fails, all its constituent fiberavailability for all the failed lightpaths.
will fail. A node failure may be caused due to the failure of We develop efficient algorithms using the primary-backup
the associated WXC. A fiber may fail due to the failure of itsnultiplexing technique to route D-connections with specified
end components. Failure detection, correlation, and root cauigetoration guarantees. The objective is to maximize the ac-
analysis is a difficult problem in WDM optical networks [12].ceptance ratio of D-connections while keeping the reduction in
The nodes adjacent to the failed link can detect the failure bgstoration guarantee within an acceptable limit. We develop an
monitoring the power levels of signals on the link [12]. In [13]gefficient and computationally simple heuristic to estimate the
some mechanisms to detect and isolate faults such as fiber @wgrage number of connections per link which do not have their
and router and amplifier failures have been presented. backup lightpaths readily available. The proposed algorithms

Since WDM networks carry high volumes of traffic, failuresare flexible to choose a tradeoff between performance improve-
may have severe consequences. Therefore, it is imperative thent and restoration guarantee.
these networks have fault-tolerance capability. Fault-tolerance
refers to the ability of the network to reconfigure and reestaB~ Organization of the Paper
lish communication upon failure. The process of reestablishingThe rest of this paper is organized as follows. In Section II,
communication through a lightpath between the end nodesfg|assification of restoration methods is presented and the
a failed lightpath is known aBghtpath restoration.A light-  related work on lightpath restoration in WDM networks is dis-
path that carries traffic during the normal operation is knowgssed. The proposed primary-backup multiplexing technique
as theprimary lightpath.When a primary lightpath fails, the js explained with an illustration in Section Iil. In Section 1V,
traffic is rerouted over a new lightpath known as theckup the proposed algorithms based on backup multiplexing are
lightpath. A lightpath can be protected against failures by prgsresented. In Section V, the proposed algorithms based on
assigning resources to its backup lightpath statically. This ggimary-backup multiplexing are presented. The proposed
proach is referred to gwotection[14]. Alternatively, resources heuristic method for estimating the average number of non-
can be searched dynamically to establish a backup lightpadigoverable connections per link is described in Section VI.
after the component failure. This approach is referred wWyas The results of the simulation experiments are discussed in

namic restoratioror restoration[12], [14]. In this paper, we use Section VII. Finally, some concluding remarks are made in
the term “restoration” to mean “service restoration” in a generigection VIII.

sense as in [9], [15]-[17]. We use the terms “proactive” and “re-
active” to mean “protection” and “dynamic restoration,” respec- II. LIGHTPATH RESTORATION METHODS
tively.
ey A. Classification of Restoration Methods
C. This Work The restoration methods can be broadly classified into reac-
This work is concerned with lightpath restoration in WDMive and proactive methods. While the proactive methods use
networks with dynamic traffic demands. We assume that the nte protection-based approach, the reactive methods use the dy-
works do not have wavelength conversion capability. We conamic-restoration-based approach. The reactive method is the
sider asingle-link failure modeln our work. This model as- simplest way of recovering from failures. In this method, when
sumes that at any instance of time, at most one link can faih existing lightpath fails, a search is initiated for a new lightpath
In other words, failures do not accumulate and when a linkat does not use the failed components. This has an advantage
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of low overhead in the absence of failures. However, this meth@adlure-dependent path-based restoration. Backup multiplexing
does not guarantee successful recovery. To overcome the shisrtised to improve wavelength channel utilization. Designing
comings of the reactive methods, proactive methods can be amusltifiber networks has been considered in [17] for both the
ployed. In a proactive method, backup lightpaths are identifiszcavelength convertible and wavelength selective networks.
and resources are reserved along the backup lightpaths atTheee proactive restoration methods have been proposed. They
time of establishing the primary lightpath itself. By doing sanclude path-based failure-independent and failure-dependent,
this method yields 100% restoration guarantee and ensures &axt link-based methods. ILP formulations and heuristic algo-
recovery. rithms have been developed.

A proactive or reactive restoration method is eitlirér-based In [9], the problem of designing the restoration network for a
or path-based9], [14]. A link-based method employecal given set of demands for wavelength-convertible networks has
detouringwhile a path-based method emplagisd-to-end de- been considered. The problem has been formulated as an integer
touring. A link-based method reroutes traffic around the failegrogramming problem. The objective function is to minimize
component. When alink fails, a new path is selected between the weighted number of wavelengths required. The links are
end nodes of the failed link. This path along with the workingveighted by capacity consumption per wavelength. Single-link
segment of the primary path will be used as the backup pa#ind node failures are considered. The failure-independent path-
In case of wavelength-selective networks, the backup path mbated restoration is used. Also, a distributed control protocol for
necessarily use the same wavelength as that of the primary padhecting primary and backup lightpaths has been presented. It
as its working segment is retained. In a path-based restoratimasically uses the proactive path-based restoration approach.
method, a backup lightpath is selected between the end nodes o [14], ILP formulations have been developed for three dif-
the failed primary lightpath. This method shows better resourferent proactive restoration methods: dedicated backup reser-
utilization than the link-based restoration methods. Howevesation, path-based restoration using backup multiplexing, and
it requires excessive signaling and results in longer restoratiimk-based restoration using backup multiplexing. The objective
time. here is to minimize the number of wavelengths in a single-fiber

A proactive restoration method may use a dedicated backwpvelength-selective network.
lightpath for a primary lightpath. This is known dedicated A distributed control protocol for reactive methods has been
backup reservatiomethod. This method has an advantage @iroposed in [12]. Upon a link failure, this protocol searches for
shorter restoration time, as the WXCs are configured for thackup lightpaths for the failed lightpaths. Both the link-based
backup path at the time of establishing the primary path ind path-based restoration have been considered.
self. However, this method reserves excessive resources. For
better resource utilization, multiplexing techniques can be em-
ployed. If two primary lightpaths do not fail simultaneously, |. PROPOSEDPRIMARY -BACKUP MULTIPLEXING TECHNIQUE
their backup lightpaths can share a wavelength channel. Thisye propose the primary-backup multiplexing technigue to
technique is known asackup multiplexingn a dynamic traffic combine the advantages of reactive and proactive methods. This
scenario, a proactive method can empboymary-backup mul- technique allows a primary lightpath and one or more backup
tiplexingto further improve resource utilization. This techniquéightpaths to share a channel. By using this technique, increased
is explained in detail in Section IIl. number of lightpaths can be established at the expense of reduc-

A path-based restoration method could be eifaéure-de- tjon in restoration guarantee. This technique is useful in case of
pendenbr failure-independentn a failure-dependent method,dynamic traffic where the lightpaths are short-lived. A D-con-
associated with the failure of every link traversed by a primapgction loses its recoverability when a channel on its backup
lightpath, there is a backup lightpath. When a primary lightpatfyhtpath is used by some other primary lightpath. It regains
fails, the backup lightpath that corresponds to the failed link wills recoverability when the other primary lightpath terminates.
be used. In a failure independent method, a backup lightpatfhen a primary lightpath fails, the source node sends control
which is link-disjoint with the primary lightpath is chosen. Thismessages along the route of the backup path to configure WXCs.
backup path is used upon occurrence of a link failure, irrespatany channel in the route is used by some other primary light-
tive of which of its links has failed. path, the establishment process fails.

The motivation for this technique stems from the following
B. Related Work factors. First, faults do not occur frequently in practice to

The problem of restorable network design for a static traffiwarrant full reservation all the times. Second, every connection
demand has been dealt with in [15], [9], [16], [14], [17]. Whilemust not necessarily have fault-tolerance capability to ensure
the work in [15]-[17] considers multifiber networks, that in [9]network survivability. Third, at any instant of time, only a
[14] considers single-fiber networks. few connections require fault-tolerance capability critically.

In [15], iterative algorithms have been proposed for designirkgpr such connections, backup lightpaths may be exclusively
restoration network minimizing the number of fibers in caseeserved, and for others, the restoration guarantee could be less
of multifiber wavelength selective and wavelength-convertibkaan 100%.
networks. They use proactive path-based and failure-dependers D-connection loses its recoverability only when the fol-
restoration employing backup multiplexing. The restoratiolowing three events occur simultaneously: 1) a link fails during
network design for multifiber wavelength selective networkthe period of its existence; 2) the failed link is used by its pri-
has been addressed in [16]. The work considers proactivary lightpath; and 3) a channel on its backup lightpath is used
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distributed implementation, all the link-disjoint routes can be
searched in parallel without any contention among themselves.
Let K be a predefined constant denoting the maximum number
of candidate routes for any s—d pair. Liétbe the hop length of
the longest candidate route. The network is assumed toMave
nodes and¥V wavelengths per fiber.

A physical link (or simply a link) connects two nodes in a net-
work. A link consists of one or more unidirectional fiber links
(or simply fibers). Asimplex linkor aunidirectional linkis re-
alized by a single unidirectional fiber. duplex linkor abidi-
rectional linkis realized by two unidirectional fibers in opposite
directions. A fiber consists of a certain number of wavelengths.
A wavelength on a fiber is referred to asvavelength channel
or simply achannel A route (or a path) consists of a sequence
by some other primary lightpath. However, such a situation ?g links. Alightpath is.uniquely ideqtified by a path and a wave-

" [éngth. Therefore, a lightpath consists of a sequence of channels
less probable. The probability of occurrence of event 1 depen :
o . . with each channel using the same wavelength.

on theholding timeof a connection and thmean time between

failures (MTBF). Normally, the holding time is much smallerba'z‘kﬁhal;q?ﬁl a\:\t/rr:licshc;sllendog?r:réi?gnrlilegr gi}:nalr;}faﬂgr:r?g or
than MTBF. If we assume a single-link failure model, and eve pugntp P )

r L . ; . .
link is equally likely to fail, then the probability of occurrence ofX channel which is being used by a primary lightpath is called

o a p-channel. A channel which is currently shared by a set of
event 2 depends on the number of physical links used by a C%rafl?ckup lightpaths is called Iaackup-muli/iplexed chz';nneir

nection and the total number of links in the network. The occur-

rence of event 3 depends on the physical network topology. tﬂ(ranrply ab-channel.
offered load, and the routing algorithm used. For a good routin he path used by a lightpath can be represented jzata

algorithm, the probability of this event decreases as the netwélr%cktlorf' .It dheflnes the S(:tI.oLllr']kshused by tEe rr]oute OLa light-
connectivity increases and the offered load decreases. path. If L is the number of links in the network, then path vector

We illustrate this technique in Fig. 1. It shows three primarg of a lightpath can be represented as/ahit binary number,

; . . . APL—2 - such that the links corresponding to 1 bit
lightpathsp:, p», andps and their respective backup lightpathg? =~ PL—2 PLpo) ) )
by, by, andbs on a wavelength. The backup lightpathsandb, orm the physical path used by the lightpath. Here, a link may

i : L refer to a unidirectional fiber link in case of the algorithms
share the channel on link— 1, asp; andp, are link disjoint. . . . . . ) .
. . dealing with simplex link failures and may refer to a link with
The channel on fink. — 2 is shared byps andb, and the two unidirectional fibers in opposite direction in case of the al-
channelonlinks — 2is shared by, andbs. Therefore, botip, PP

; . orithms dealing with duplex link failures.
andps are nonrecoverable. However, if one of them terminates, . . . . )
. e . A conflict vecto{CV) is associated with a channel. It defines
the other regains recoverability immediately.

the set of links used by the primary lightpaths whose backup
lightpaths use this channel. If is the number of links in the
network then the CV of a channel can be represented astan

We now describe our algorithms for routing D-connectionginary number{cy_icr—» ... c1co). Here, a bit value of 1 in
Our algorithms are proactive and use the failure-independgrasition: means that link is used by a primary lightpath whose
path-based restoration approach. The algorithms use Baekup lightpath uses this channel.
backup-multiplexing technique to improve wavelength channel
utilization. A D-connection consists of a primary and a backup. Cost Function
lightpath. In response to a D-connection request, our algorithmgn, response to a new request, a minimum-cost pri-
choose a primary-backup lightpath pair so as to minimize thgary-backup lightpath pair is chosen by our algorithms. The
blocking probability. We present two algorithms, namelsi:  key idea here is to choose the pair which requires minimum
mary dependent backup wavelength assignifRRBWA) and  nhumber of extra free wavelength channels. Thus, our algorithms
primary independent backup wavelength assignrtRIBWA).  ensure that at the time of routing a new lightpath pair, the
While PDBWA assigns the same wavelength to a primary amgtwork is taken to a new state so as to maximize the total
its backup, PIBWA does not impose such restriction on wavRumber of free channels in the network. We now describe the
length assignment. These methods differ in their complexiggst function used by our algorithms to compute the cost of a
and performance. primary-backup lightpath paifZ,,, Ls).

We useC,(L;) to denote the cost of a primary lightpath.
We useC,(L,, L,) to denote the cost of a backup lightpath

The proposed algorithms use the alternate routing methdd, whose primary lightpath i€.,. The cost of a D-connection
wherein a set of candidate routes for every source—destinatieing the paifL,, L;) is given byCp(L,, L) = C,(L,) +
(s—d) node pair is precomputed. The candidate routes of an €dL;, L,,).
pair are chosen to be link-disjoint. This ensures failure-inde- The cost of a primary lightpath is the sum of the cost of its
pendent lightpath restoration. Another advantage is that inchannels. The cost of an f-channel is one and that of any other

Fig. 1. lllustration of primary-backup multiplexing technique.

IV. BACKUP-MULTIPLEXING-BASED ROUTING ALGORITHMS

A. Preliminaries and Definitions
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channel is infinity. It is to be noted that the cost of a primargomplexity of the PDBWA method for the simplex link case is
lightpath depends on the status of its channels only. Here, theéKX NW) as the value off could beN — 1 in the worst case.
cost of a channel can be computed in constant time. HoweverClaim: The pair of lightpaths on a wavelength chosen by the
the cost of a backup lightpath depends on its primary lightpagvove method has the minimup, value among all the light-
also. The cost of a backup lightpatlh) whose primary lightpath path pairs on the wavelength.
is L, is the sum of the cost of the channels/gf The cost of an Proof: Itis to be noted that for a lightpath, if C,(L) is
f-channel is one. The cost of a p-channel is infinity. The cost of @ite, thenCy(L) is equal toC,(L). Let (L, L2) be the pair
b-channel is zero if there is no common link between its CV arfdlosen by the above method. I&§(L,) bec, andC; (L) be
the path vector of,,. Otherwise, the cost of a b-channel is in¢2- ASSume that there exists some other fdis, L) with a
finity. Here, the time required to compute the cost of a b-chanrl@pSer cost tha(l,, Ly). LetC;, (L) becs andCy(Ly) becy.
is proportional to the length of the route usedby; By way of working of the algorithm we make the following
arguments.
1) If Ls is the same a&; then¢; = ¢3 andes < ¢4. The
claim follows immediately. Therefore, consider the case

In this method, in response to a request for a D-connection,  WhereLs is different fromZ,.
a primary and backup lightpath on the same wavelength are2) Cost of any backup lightpath min(cy, cs).
chosen. Since there is a restriction on choosing the wavelength3) SinceLs is different fromLy, it follows thates > ¢
it may not yield the best performance. For example, there may4) If c3 is less thar; then our method must have chosen
arise a situation wherein there exist wavelength-continuous S the backup lightpath,. Therefores; > co.
routes for the primary on one wavelength and for the backup on5) From 3) and 4), it follows thats > max (1, cz).
some other wavelength, but there are no wavelength-continuou) From 2), it follows that, > min(cy, c2).
routes available on the same wavelength for the primary and?) From5)and6)itfollows thatz+-c, > ¢1+co. Therefore,
backup. In such a case, the request will be rejected by this the costoLs, L) can notbe less than that (t, , Lo).
method. Similarly, there may arise a situation, wherein lence, our claim is correct. O
pair of lightpaths with higher cost is chosen, degrading the 2) Duplex Link Failure: Now we consider the case wherein
network performance. In spite of these disadvantages, thidink failure causes failure of all the fibers constituting the
method has several advantages. First, it is simpler, having l&8k. We consider networks wherein two adjacent nodes are con-
computational complexity as all the possible lightpaths are ngcted by a duplex link which is realized by a pair of simplex
examined. Second, it does not require complex procedurelitiks (fibers) in opposite directions. Here, when a link failure
check if two backup routes could be multiplexed on a channe¢curs both the fibers fail.
or not. Third, in case of transport network applications, it does A primary lightpathp, is said to share a linkwith another
not require coordination from electrical level cross-connectigrimary lightpathp., if both use the same wavelength and one
[15]. fiber of link [ is used byp; and the other fiber is used k.

1) Simplex Link Failure:First, we consider failures at sim-Two primary lightpaths are said to intersect if they share at least
plex link (single fiber) level. This could happen due to the failurene link. It is to be noted that the intersecting primary lightpaths
of components associated with a fiber. From the constraintsafn not share any channel for their backup.

WDM networks, it is clear that two primary lightpaths on the A primary lightpath withH hops can intersect a maximum
same wavelength do not share any fiber. Therefore, if soraeH other primary lightpaths. Now consider a wavelength
backup routes are multiplexed on a channel, then a new bacKujere arek’ possible primary lightpaths. Process the primary
route can always be multiplexed on the channel. This medightpaths one by one. Consider a primary lightpdt with

that the cost of a backup lightpath is independent of any paeme finite cost. Disable temporarily the channels used by the
mary lightpath. Now, we describe the procedure to choose thackup lightpaths of every other primary lightpath that inter-
least-cost lightpath pair on a given wavelength for a given nodectsL,,. This require$)(H?) time units. For this primary light-
pair (s, d). We recall that there are at mastlink disjoint can- path, choose the least-cost backup lightpath. While computing
didate routes for any node pair. Therefore, there could be at m@stof a backup lightpath, the cost of a channel on it is com-
K lightpaths for a given node pair and a given wavelength. Aputed as follows: If the channel is free, its cost is one. If it
sociated with every lightpath;, there are two values;,(L;) is disabled, its cost is infinity. Otherwise, its cost is zero, im-
and C,(L;). The value ofC,(L;) is the cost of using.; as a plying thatit can be multiplexed with other backup routes on the

C. PDBWA Method and Its Complexity

primary |ightpath and the value @f,(L;) is the cost of using channel. This require®(K H) time units. Similarly, for every
L, as a backup lightpath. The following steps find@,( C;) other primary lightpath, choose the least-cost backup lightpath.

for a given wavelength and node pair. Repeat this for each of thd” wavelengths to choose the min-
1) For each of the possiblE lightpaths, compute’, and imum-cost lightpath pair. _The worst-case time complexity of
) . P gn'p PUles the PDBWA method for this case of duplex links thus becomes

O((KN? + K?N)W) as the value off could beN — 1in the

2) Choose a lightpath, whoseC, is minimum.
h Worst case.

3) Among the lightpaths other thal,, choose a lightpat
L, whoseC), is minimum.

The value ofC;, andC;, for a lightpath can be found i@(H) D. PIBWA Method and Its Complexity
time. The above procedure is repeated for every wavelength tarhis method does not impose any restriction on the use of
find the least-cost lightpath pair. Therefore, the worst-case tim&velength for the primary and backup lightpaths. Therefore,
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we can choose the best possible primary-backup lightpdthe weak channels induced by a primary lightpath are the set
pair to satisfy a D-connection request. This method has th&distinct weak channels induced by the pb-channels on the
advantage of better network performance in terms of conndigthtpath. The number of weak channels on a link is a measure
tion blocking probability. However, it has some disadvantagesf the number of connections that do not find their backup
First, it is computationally more complex. Second, it requirdightpaths readily available upon the failure of the link.
additional data structures such as the conflict vector to keepMe propose two algorithmsLimited Average Orphans
information which would help to determine the cost of #_LAO) and Limited Orphans(LO). The key idea behind the
channel on a backup lightpath for a given primary lightpati,AO algorithm is to ensure certain restoration guarantee by
We describe below the procedure to select the minimum-cdistiting the average number of orphans created per link upon
lightpath pair. occurrence of any single-link failure to a predefined value. The

1) Consider a candidate roufe For each of thé¥ light- LO algorithm ensures it by limiting the number of orphans on
paths that uses this route, compatg(). Choose the one any individual link to a predefined value. The algorithms use
with the minimumC,,() value. Let this lightpath bé,. ~ an alternate routing method. For every pair of source and desti-

2) Foreach of thék —1)W lightpaths (say.) using a route nation, a set of candidate routes are precomputed off-line. The
other thanR, computeCy(L, L,). Choose the one with candidate routes for an s—d pair are chosen to be link-disjoint.
the minimum cost. Let this lightpath b, .

3) The pair{L,,, Ly) has minimum cost among all the pairsA. Description of the LAO Algorithm

whose primary route i, ) When a new request arrives for a D-connection between a
4) Repeat steps ;a_nd 2 for each.ofPﬂepossmle routes. . o4e pail(s, d), a primary-backup lightpath pajL,,, L) is to
5) Among the&” minimum-cost pairs thus found, choose thg, o, osen 1o satisfy the request. It is chosen in such a way that it
one with the least cost. is admissible and its cost is minimum. We say that the network

We now compute the computational complexity of thetate is safe if the average number of orphans per link does not
PIBWA method. Step 1 require®(HW) time units. To exceed a predefined orphan threshold valud lightpath pair
compute the cost of a backup lightpath for a given primag¥ said to be admissible if its establishment does not take the
route, it requiresD(H?) time units. Therefore, step 2 requiresyetwork to an unsafe state. This algorithm has two components:
O(K H?W) time units. Since steps 1 and 2 are repeatedsfor ¢ost computation and admissibility test.
times, the worst-case time CompIeXity of the PIBWA method 1) Cost Function: A primary ||ghtpath can use an f-channel
becomesO(K?N?W) as the value off could beN — 1in  or a b-channel. The cost of using an f-channel is one and the
the worst case. Although theoretically the worst-case value fg§st of using a b-channel is zero. Once a b-channel is used by
K and H could beN — 1, in practice these values are lowg primary lightpath, the b-channel becomes a pb-channel. The
Therefore, the actual running time will be low and acceptable;ost of using a p-channel or a pb-channel is infinity. The cost of

Remark: The conflict vectors and path vectors could be imthe primary lightpatti.,,, denoted byC,,(L,,), is the sum of the
plemented as bit vectors that can fit in a computer word. Thigst of its channels.
is possible, when the number of links in the network is less. In The cost of a backup lightpath, for a given primary light-
such a case, the cost of using a channel by a backup lightpg#ihz, ,, denoted by, (L;, L, ) is defined as the number of free
for a given primary lightpath can be computed in constant tim@annels used by it. If a channel is an f-channel, then the cost
by using a bitanD operation of the conflict and path bit vec-of ysing it is one. If a channel is currently used only by a pri-
tors. This will reduce the worst-case computational complexifiary lightpath then the cost of using it is zero and the channel

of the PIBWA method t@)(K2NW). becomes a pb-channel. If a channel is currently used by a set
of backup lightpathss, then it can be used b, with no extra
V. PRIMARY -BACKUP-MULTIPLEXING-BASED ROUTING cost, only if the primary route of,, is link-disjoint with the
ALGORITHMS primary route of each and every backup lightpath in theSset

In thi . q ib lorith based In other words, the intersection of the CV of the channel and
n this section, we describe our algorithms based on tlﬂ‘?e path vector oL, should be empty in order fdr, to use the

primary-backup multiplexing technique. The algorithms U$hannel. Otherwise, the cost of using the channel is infinity. The

proactive path-based failure-independent restoration approaé:&t of aD-connection using the primary-backup lightpath pair
Here, a wavelength channel can be shared by a primar

lightpath and one or more backup lightpaths. We call thiyp’ Lv) s given by

channel apb-channel.All the D-connections whose backup

lightpaths use a pb-channel lose their restoration capability’p(L,, L) = C,(L,) + Cy(Ly, L,) 4+ PenaltyCost + Ny
Such D-connections are calledohans.A p-channel used by a

primary lightpath of an orphan is called asvaak channelA wherePenaltyCost is a predefined constant representing the
b-channel is said taovera p-channel if the primary lightpath cost of a pb-channel and¥; is the number of pb-channels on
that uses the p-channel has a backup lightpath that uses libth the primary and backup lightpaths. The value chosen for
b-channel. When the b-channel becomes a pb-channel, BwaltyCost is such that it is larger than the cost of any light-
p-channels covered by it become weak. The weak channp&h pair with no pb-channels. Since the cost of a lightpath with
induced by a pb-channel are the p-channels used by those pa-pb-channels is less tha¥, the value ofPenaltyCost may
mary lightpaths whose backup lightpaths use the pb-chanra. chosen to b2V,
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Computational ComplexityThe computational complexity achieve a desired tradeoff between the network blocking per-
of finding the cost of a primary lightpath i9(H). This is be- formance and restoration guarantee by choosing an appropriate
cause the cost of a channel can be computed in constant tinedue for7".

Since the path vectaP can have at mosH links, O(H) time
is required to find” N CV. Therefore, the time complexity of B. Description of the LO Algorithm
finding the cost of a backup pathd¥ H?). However,P N CV

can be found in constant time #f andC'V are implemented as The LO algorithm chooses the minimum-cost lightpath pair

. . . - among all the admissible pairs to satisfy a new connection re-
bit vectors. This is possible when the number of nodes and Im%s 9 . P L fy .
in the network is less. (uest. The cost of a lightpath pair is calculated in the same way

R N . as the LAO algorithm. However, the admissibility criterion is
2) Adrr_1|SS|b|I|ty TestThe admissibility test for a pair different from that used by the LAO algorithm. A lightpath pair
(L,, Ly) is performed as follows. At every node, for every . o ; . : o
r . : . o .~ "~.’s said to be admissible by this algorithm, if establishing it does
channel on an incoming link, the following information is . . :
oo . : . not result in the number of orphans on any link exceeding the or-
maintained. For every channel on an incoming link, the . . o
o han threshold”. While the LAO algorithm limits the average
count of number of p-channels covered by it is kept track of.

Similarly, the count of the number of p-channels covered #]umber of orphans per link @, the LO algorithm limits the

: number of orphans on any link 6. So, this algorithm guaran-
common by this channel, and the next channel on an outgoin
o . o tees that the number of orphans created upon occurrence of any
link is also kept track of. This information is updated whenev

. . . §ink failure is at mostr'.
a backup lightpath is established and released. The update P[{ does not make any estimation of the average number of

a channel requires only a constant number of operations. It

. orphans per link. Instead, it computes the actual number of or-
computes the approximate value of the number of orphans BRans on any link. This is possible, as this algorithm keeps track
link, denoted byL.,. Initially, the value ofL, is zero. Let P ynK. P ' g P

of the orphans on every link. It needs to know the identity of all

« andy be the number of orphans created per link by routi . : i .
L, andL,, respectively. IfZ,, has at least one pb-channel, thenrt?'e connections which make a p-channel weak. Also, it keeps the

the number of weak channels:) induced byL,, is computed identity of the connections whose backup lightpaths are multi-

using the estimator function presented in Section VI. The valgclaexed onto a channel.
of z is then computed as/L. If the backup lightpatti., has Admissibility Test: To decide the admissibility of a lightpath

at least one pb-channel, then the channels used by the prir‘r%arli/r {Lp, Lu) t.he following steps are fgllowed. .
lightpath L, are made weak. If is the hop length of.,, then 1) Determine the set of D-connections Whos_e backup light-
the value ofy is computed as/L. The pair is admissible if paths use some pb-channel(s) bp Call this set asS.
Loxp + 7 + y does not exceed the orphan threshold value If L, has any pb-channel then add the new connection
The minimum cost pair among those which are admissible is __ {L»: L) to the set. _ ,
chosen by the algorithm. Once the pair is established, the value?) L€t S be the set of links used by the primary lightpaths
of L,y is updated by adding+y to it. WhenL, is released, the of the connections it§'. _
number of orphans per link induced by it (sa$) is calculated 3) Tempora_mly transform the network state into a new state
and L, is updated by subtracting from it. It is to be noted by marking as weak, the channels that are used by the
that the computation of for L, does not require the global primary lightpaths of the connections in the set
knowledge. 4) If the number of weak channels on every link from thg set
It may so happen that a p-channel of a primary lightpath S; does not exc_ee(_j the orphan_ thres_HBldhen the pair
may be made weak by many other primary lightpaths. This hap- (Lp, Ly) is admissible. Otherwise, it is not admissible.
pens when the channels on its backup lightpattare used by ~ When compared to the LAO algorithm, the LO algorithm
some other primary lightpaths, se[)f, ande;. In that case, or- is. compl_JtationaIIy more complex.. It is less amenable for d_is—
phan count is updated by boﬂ;ﬁ and L]?;. This would intro- tributed implementation as it requires global network state in-
duce an error in estimating,,,,. However, this error is corrected formation. However, it has some advantages over the LAO algo-
WhenL]Q7 andL]?; are released befo@é is released, as a similar rithm. The algorithm guarantees that the number of orphans cre-
situation arises. I} is released first, then the error gets corated by any single-link failure is within a predefined value. Also,
rected by the following update. When a backup lightpath is réhis algorithm is more flexible, when compared to the LAO al-
leased, the number of distinct primary lightpaths traversed bygierithm. This means that different levels of performance-guar-
(sayn’) is computed using the estimator function with a suitabRntee tradeoff can be achieved by this. Our experimental results
definition of the variables used. This backup lightpath wouldresented in Section VII substantiate this claim.
have been counted by té number of primary lightpaths, and
hence the value of.,,, is updated by subtracting.’ x h)/L V1. ESTIMATING THE NUMBER OF ORPHANS
from it. Here,h is the hop length OL},. ) .
The choice of a value for the orphan threshold paramigter™ Néed for an Estimator Function
has an effect on the blocking probability and restoration guar-If B, is the set of distinct backup lightpaths that use some
antee of connections. A low value far will result in higher channels of a primary lightpath,,, then the sum of hop lengths
blocking probability and higher restoration guarantee. On tloé the primary lightpaths that correspond to the backup light-
other hand, a high value fdf” will result in lower blocking paths from the seB,, gives the required number of weak chan-
probability and lower restoration guarantee. Therefore, we caels induced by.,,. In order to compute the exact number of
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Let D be the degree of the end vertexof edgeyj, I be the
number of intermediate edges on the pathbetween and in-
cludingj + 2 and¢ — 2, and L be the total number of links
in the network. Let an arbitrary paghamong thet; paths tra-
verseX edges excluding the edges incidentzoriWe assume
that, other than thé edges incident om and thel interme-

Fig. 2. Estimating the number of weak channels induced by a path. diate nodes, every edge is equally likely to be traversed by it.
Although this assumption depends on the factors such as the
weak channels induced b, we need to keep the identity oftopology of t'he pgtwork and the phoice of alternative rou@es for
all the backup lightpaths that are multiplexed onto a chann8}€ Node-pairs, itis not unrealistic as the value and rangesof
Also, we need to keep track of the identity of all D-connectiongMall for practical networks, and also amabgedges incident
that make a channel weak. This requires computationally exp&@f.v: One or two are traversed fpyand the other edges cannot
sive operations. On the other hand, keeping track of the numB&r traversed by it. On such a paihedge: appears with the
of backup lightpaths and the sum of the hop count of their cdProbabilityr = X/(L — (D + I)). .
responding primary lightpaths can be done with simple opera-/f @ denotes the probability that a backup path on etige
tions. However, this has a shortcoming. Since, the same backl@$s not enter from edge— 1, then it is calculated ag =
lightpath can use more than one channelgf counting the (ni —mj—1)/n;, forn; # 0, otherwisey; = 0. The probability
number of distinct backup lightpaths B, and also the number that the patfp enters edge other than edge — 1 is then given
of channels used by their corresponding primary Iightpathsk?g R _
not trivial. The value ofk; ; is then computed as; ; = k; x 7 x ¢;.

We develop a computationally faster heuristic method to W€ choose appropriate values ¢ D, and/ depending on
make an estimation of the number of weak channels inducit§ toPology and hop counts of the alternative routes and make
when a primary lightpattL, is established. This can be used a constant. _An appropriate c_hoice of these values will make
to estimate the average number of orphans created per lifl€ computation of; ; and¢; simpler. The values oD and
The number of operations required by the proposed estimafof€Pend oy for any given value of. However, the range
is proportional to the hop length df,. Further, an important of possible values o> and ! is small and also the de\_/latlon
feature of this function is that it can be used in a distributedf the assumed value dp + I from the actual value is not

protocol. This is due to the fact that the function uses sori@nificantly comparable witli. Therefore, choosing a constant
information associated with the channels on the routd. of value forr does not introduce any significant error as confirmed
only. by our experimental results presented in Section VII. Note that

the estimator function is only a heuristic. Instead of considering
7 as a constant, we can compute it for every possible valye of
for a giveni. But, this increases the complexity of the estimator
We now describe a method to estimate the number of distidahction without any significant improvement.The prefix sum
backup lightpaths i3,,, denoted byV(B,). We then explain S; is defined and computed as
how the same method can also be used to estimate the number
of weak channels induced . Si=ko+ky+ -+ ki
Consider a primary lightpatth,, as shown in Fig. 2. In the
graphical representation, an edge corresponds to a channel. Ldthe value oft; is then computed as
n; be the number of backup lightpaths multiplexed onto edge
1. Let m; be the number of backup paths that use edgad
continue to the next edge+ 1.

B. Estimator Function

i—2

t;, = Z Ifjﬂ‘, =7 Xqg X Si_g.

Lete;, 1 <4 < H — 1 be the number of backup lightpaths =0
that use edgeand do not use any of the edges 0 throughl. Computing the Number of Orphan&he above estimator
The value ofeg is ng. The value ok, isn; — mo. The value of function can also be used to determine the number of weak
N(B,) is computed a&V(B,) = >/ e channels created by routing a primary lightpathwith slight
Computation ok;: The value ofe; for edgei can be esti- modifications. Letr; be used to denote the number of p-chan-
mated as follows. nels covered by edge Let m; be used to denote the number

Let ¢; be the number of backup paths that use some edgecommon p-channels covered by edgand edge + 1. Let
J < i, use edgé, but do not use any of the edggsr- 1, j + the other variables be accordingly changed. Then the same esti-
2,...,i— 1L mator function will determine the number of distinct weak chan-
The value ofe; is computed as; = n; — t; —m;_1. nels induced by the entire path. If m is the number of weak
Computation of;: The value of; is computed as follows. channels induced by, and every link is equally likely to be
Let k; be the number of backup paths that use eddmit do the failed link, then the average number of orphans created per

not continue to the next edge+ 1. Thereforek; = n; —m;.  link by establishingL,, is given bym/L, whereL is the total
Let k;,; be the number of backup paths that use eflgad number of links in the network.
use edgeé without using any of the edggs-1, j+2, ..., i—1. We now give below the pseudocode for estimating the number

We now explain how the value &f; ; can be computed. of weak channels induced by a primary lightpdth It can be
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noted that all the steps can be performed in linear time propor- 0.6 ; - . . . .
tional to the hop length of,,.

function Estimate {,): Given a pathl, with » edges and
their n andm values. 0.5 FNO_BM ——

This procedure estimates the number of weak channels in- ngm .
duced byL,,. 04 NO_BP -

Step 1) ¢ process edges 0 and‘lL
Co < N5 €1 < N1 — My, Ual<—60+61
ko < ng —mo; ki < ny — my;

03

Connection Blocking Probability

So « ko; S1 « ko + k1; - ?
Step 2) (* process edges 2 throufgh- 1 *)
Fori = 2toh —1do 02 b - )
begin
If n; = Otheng; — 0 elseq — (n; — ”
mi—1)/n; 0.1 p )
ti =7 X G XS 2 s .
€ — Ny —t; — M1 a x
val — val + ¢; 03—'- """" T e T
I;fi : 7;‘1 +7IZZ Arrival Rate per Node
end Fig. 3. Performance of>-connections for different traffic loading for the
Step 3) Return{al). Mesh-torus network.

VIl. PERFORMANCESTUDY Let b, be the blocking probability obtained by a BM algo-

We evaluate the effectiveness of the proposed algorithms ttihm. Then, the relative performance gain is calculatebas
extensive simulation. The simulation networks considered dig,,)/(ba — by,).
the 21-node ARPA-2 network with 26 duplex links and 16-node The relative performance gain of the primary-backup multi-
Mesh-torus network with 32 duplex links. A duplex link is complexing-based algorithms (PBM) is measured as how close its
prised of two simplex links in the opposite directions. Everperformance is to that of NO_BP with reference to that of BM.
simplex link is assumed to have eight wavelengths, and thetet b,;,,, be the blocking probability obtained by a PBM al-
fore a duplex channel consists of 16 wavelength channels. Thgseithm. Then, the relative performance gain is calculated as
networks have different connectivity and topology. For the toréu.m. — bpim )/ (bym — bn).
network, any s—d pair has a set of four link-disjoint candidate The reduction in guarantee is defined in terms of the proba-
routes. On the other hand, in the ARPA-2 network, many s-hility that a failed connection does not find its backup lightpath
pairs have only two link-disjoint candidate routes. For the prieadily available upon a link failure.
mary-backup multiplexing-based algorithms, the values chosen
for X andD + 1 for the Mesh-torus network are 3 and 5, respe®. Performance of Backup Multiplexing-Based Algorithms
tively, and for the ARPA-2 network, 4 and 6, respectively. The

connection requests arrive at a node as a Poisson process }yi Ais plotted in Figs. 3-6. In Figs. 3 and 4, the connection

expon_entially digtributed holding _tim_e with unit mean. Eve_r)élocking probability is plotted as a function of traffic load for
node is equally likely to be a destination node for a connecngﬂe mesh-torus and ARPA-2 networks, respectively. The plots

request. demonstrate the usefulness of backup multiplexing. Compared
with the NO_BM method, the performance achieved by our
algorithms is significantly higher. The plots also show that
We use the metricgonnection blocking probability, relative PIBWA performs better than PDBWA. The reason is that
performance gainandreduction in guaranteeto measure the PIBWA is more flexible in choosing wavelengths for a primary
performance of the proposed algorithms. We compare the plghtpath and its backup lightpath. We can also observe that the
formance of our algorithms with that of an algorithm that useffectiveness of backup multiplexing is not sufficient to achieve
dedicated backup lightpaths and with that of an algorithm thiite performance of NO_BP.
does not use any backup lightpath. The algorithm that uses dedn Figs. 5 and 6, the percentage of relative performance gain
icated backup paths is called NO_BM (no backup multiplexingg plotted as a function of traffic load for the mesh-torus and
and its blocking probability is denoted by. The algorithm that ARPA-2 networks, respectively. The plots show that backup
uses no backup paths is called NO_BP (no backup path) andhitgltiplexing is more useful in mesh network when compared
blocking probability is denoted by, . to ARPA-2 network. The usefulness of backup multiplexing in-
The relative performance gain of the backup multiplexingsreases as the network connectivity increases. This is because,
based algorithms (BM) is measured as how close its perfan-a densely connected network, the candidate routes are usually
mance is to that of NO_BP with reference to that of NO_BMshorter and many possible link disjoint candidate routes exist for

he performance of the proposed algorithms PDBWA and

A. Performance Metrics
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Fig. 7. Performance of the LAO algorithm for the Mesh-torus network.
Fig. 5. Performance Gain by the proposed algorithms for different traffic

loading for the Mesh-torus network. . . .
T. The BM algorithm considered here is PIBWA. The chosen
) ) ) arrival rates reflected the light, medium, and heavy traffic load
anode pair. For the same reasons, the difference in performagggitions of the network. For the BM algorithm, these arrival

gain achieved by PIBWA and PDBWA is small in sparsely COngtes correspond to the blocking probability of 0.024, 0.224, and
nected networks such as ARPA-2. The plots also show that hg7> respectively.

performance gain decreases as the offered load increases.  The curves show that under light load conditions, more than
90% performance gain can be achieved at the expense of less
than 10% reduction in guarantee. This is because, when the
load is light, the number of backup lightpaths multiplexed on
The performance of theAO algorithm is plotted in Fig. 7 a pb-channel is less and the shorter hop routes are more likely
for the mesh-torus network. The relative performance gain atalbe used by the primary lightpaths. Therefore, at any instant of
reduction in guarantee for three different arrival rates per notlme, the number of weak channels per link and also the number
(), 4, 7,and 10 are plotted as a function of the orphan threshaltiorphan connections in the network is much less. As the traffic

C. Performance of Primary-Backup Multiplexing-Based
Algorithms
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loading increases, the gap between these two metric decreasesilt of admissibility test goes wrong. Also, if the load is high,
However, even for the heavy load condition, the performantiee number of connections arrived during the period of error will
gain is more when compared to the reduction in guarantee. Thiashigh. However, this error does not undermine the usefulness
demonstrates the usefulness of the algorithm. of the algorithm using the estimator function.

To evaluate how good or accurate the estimator function is,The performance of the LAO and LAO-actual algorithms for
we plot the performance of the algoritHtAO-actualin Fig. 8. the ARPA-2 network is plotted in Figs. 9 and 10, respectively.
This algorithm is the same as thAO algorithm except that the The relative performance gain and reduction in guarantee for
average number of orphans per link is actually measured instelgke different arrival rates per node),(0.75, 1.50, and 2.25
of estimated. It is observed that the estimator function is accare plotted as a function of orphan threshéid The chosen
rate except when the traffic load is high and the threshold valagival rates reflected the light, medium, and heavy traffic load
is small. The reason for this can be explained as follows. Wheandition of the network. For the backup multiplexing-based
the threshold value is less, the error introduced by the estimaadgorithm (PIBWA), these arrival rates correspond to the
function is comparable to the threshold value, consequently, thlecking probability of 0.052, 0.244, and 0.389, respectively.
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Fig. 13. Average number of orphans created per link by the LAO and

LAO-actual algorithms for the Mesh-torus network. Fig. 15. Average number of orphans created per link by the LO algorithm for
the Mesh-torus network.

for the ARPA-2 network. The results demonstrate the ef-

fectiveness of the proposed algorithms. It can be observedrhe performance of the LO algorithm is plotted in Fig. 11 for

that the performance gain is more for the ARPA-2 networthe mesh-torus network and in Fig. 12 for the ARPA-2 network.

when compared to the mesh-torus network. The reason isltasan be observed that the curves change slowly before level

follows. The ARPA-2 is a sparsely connected network. Thaff, when compared to that of the LAO algorithm. The reason

connections are longer and the number of possible link-disjoistas follows. The LO algorithm limits the number of orphans

connections for any s—d pair is less. Therefore, the usefulnessevery link whereas the LAO algorithm limits the average

of a mere backup multiplexing is less. It is highly probable thaiumber of orphans on a link. Therefore, the LO algorithm is

a connection route encounters at least one pb-channel in saoure restrictive than the other one and hence the rate of change

sparsely connected networks. Therefore, for such networks, tifecurves is slower.

primary-backup multiplexing technique is very useful and it Figs. 13 and 14 plot the average number of orphans created

will result in increased acceptance of connections. per link by the LAO and LAO-actual algorithms as a function
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Fig. 16. Average number of orphans created per link by the LO algorithm for[lol
the ARPA-2 network.

[11]

of orphan threshold parameté&r)(for different traffic load con-
ditions, for the mesh-torus and ARPA-2 networks, respectively{12]
Figs. 15 and 16 plot the average number of orphans created PgY;
link by the LO algorithm as a function of orphan threshold pa-
rameter () for different traffic load conditions, for the mesh-
torus and ARPA-2 networks, respectively. From the curves, wé4
can observe that when the load is light, the number of orphangs;
created per link is very low and less than one. We can also ob-
serve that the curves level off after a certain value of the orphan
threshold. The reason is as follows. Although a duplex link hasgie]
16 channels, not all are used by primary lightpaths.

[17]

VIIl. CONCLUSION

In this paper, we addressed the problem of routing depend-
able connections in WDM networks with dynamic traffic de-
mands. We developed two algorithms which make use of backup
multiplexing technique to improve channel utilization. These al-
gorithms differ in their wavelength selection policy, computa-
tional complexity, and performance. To further improve chann
utilization, we proposed the primary-backup multiplexing tec
nigue. We developed different algorithms based on the primal
backup multiplexing technique. The objective of these alg
rithms is to achieve significant gain in network blocking pe
formance while allowing an acceptable reduction in restoratig
guarantee. The effectiveness of all the proposed algorithms
been verified using extensive simulation experiments. The p

mary-backup-multiplexing-based algorithms achieve more thaRgineering,
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