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Abstract

This paper considersmulticasting on wavelength-routing mesh optical networks. Although
multicasting has been studied extensively in di erent network ervironments, multicasting in
this ervironment is di erent, and moreinvolved. The paper discusseghe challengesof multicast
support in optical wavelength routing networks, and reports on the advancesmade so far in
this venue. The paper introducesa classi cation and a comparison of such techniques, and a

study of their advantagesand disadvantages.
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| Intro duction

The introduction of Wavelength Division Multiplexing (WDM) [1, 2] is consideredan impetus
to a new eld of researti. As sud, the last decadehas withnessed acceleratedreseart towards
the realization of the optical network, which is capableof providing di erent classesf service,to
di erent applications, with an abundanceof bandwidth. Sud researt e orts, were accompanied
by rapid developmeris in the eld, in terms of the intro duction of newdevices,and the advancemern
of the enabling technologies (for example, see[3], [4] and [5] for the state-of-the-art in optical
technology). Although the number of commercially available channelsper b eris currently in the
hundreds, thousands of channelsper b er are not uncommonin researt laboratories [6].

Optical networks have gonethrough two generationsof developmert. In the rst generation,

optical networks were similar in principle to their copper-basedcounterparts, but allow concurrert
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transmissionson di erent wavelengths. Seweral protocols were developed for padet switching on
such networks using single and multihop delivery strategies[7, 8]. The designand operation of
secondgeneration optical networks, is ertirely dierent. The basic principle was to exploit the
inherent characteristics of optics, and realize end-to-end communication in a true, and transparent
all optical domain. Secondgeneration networks establish lightpaths which are end-to-end all
optical channels Sudh lightpaths are used for circuit-switched service only, and padket switched
service must be carried on such channels. Connectivity is achieved by implementing a virtual
topology onto the physical topology, using lightpaths. Secondgeneration optical networks are
usually referred to as WavelengthRouting Networks

Unlike rst generation networks, whosedesignis very similar to copper-basednetwork design,
the designof secondgeneration optical networks takes a completely di erent approac. Network
designmust go through a number of phases,and may have to alsoundergoa number of iterations.
These phasesare shown in Figure 2, and will be described in detail in Sectionll.

One classof servicewhich can make useof the huge amount of bandwidth provided by optical
networks is the class of multicast service. It is expected that a sizable portion of the trac
in future high performance networks will be of this type [9]. High bandwidth applications of
the multicast type include video distribution, network news distribution, database replication
and seard queries, storage area networks updates and badkups, multi-part y videoconferences,
computer-supported collaborative work, etc. The topic of multicast servicesupport in WDM-based
networks has received signi cant interest in the last few years. The problem of multicast support
in rst generation optical networks boils down to the design of medium accesscontrol protocols
capable of providing sud service. As sud, padet replication in this caseis implemented in the
electronic domain. Se\eral protocolsof this type have beendeveloped, and a comprehensie review
of such protocolsis provided by the authors in [10].

Multicast servicesupport in secondgenerationoptical networks assumesa completely di erent
nature, and facesunique problems. Padket replication cannot be carried out in the electronic
domain, since this meansthat either di erent lightpaths must be establishedbetweenthe source
and all the destinations, or that the lightpaths must be terminated at the branching points. Both
approadies have their own shortcomings. In the rst approad, bandwidth will be unnecessarily
wasted, while in the secondapproad signal transparency will be compromiseddue to the multiple
terminations at the splitting points. Therefore, it is more advantageousto implement padket
replication in the optical domain. Although this seemslike an obvious solution, this intro ducesa
set of designand implementation problems. Signal splitting entails power loss,and the split signal

must be ampli ed more often. This will not only increasethe cost of implemertation, but will also



degradethe signal to noiseratio [4]. The splitting ratio should also be adjustable to accommalate
di erent multicast trees [11]. Moreover, the construction of the multicast tree should take into
accourt the power loss, and signal degradation. There are seweral other related problems which
must be addressedin the courseof implemerting multicasting in optical networks.

This paper is concernedwith multicasting in secondgeneration optical networks. Although
interest in this areais relatively recen, someadvanceshave already been made. Reference[79]
provided an introduction to this important area, howewer, this article is more comprehensie. In
this corntext, we provide an accournt of the challengesfacedin designingand implemening such
networks, as well as a comprehensie survey and comparison of the most signi cant work which
has appearedin the literature. The paper also addressessomeof the open problemsin this area.

The paper is organized as follows. We start by briey discussingthe planning, design and
operation processof secondgeneration optical networks in Section Il. The signi cance of this
discussionis twofold. First, it helpsonerealizethe complexity involved in designingand operating
those typesof networks. It also provides the basisto our treatment of the challengesto multicas-
ting. In Sectionlll we provide a brief overview of the multicasting techniques usedin traditional
IP-based networks, and in which multicasting is donein the electronic domain. We then address
the challengesfaced in providing multicasting servicein all-optical secondgeneration networks
in Section V. SectionV considerssomeof the technical problemsin designing optical networks
for multicasting. The design of optical elemens for the support of multicasting is considered.
Also, the limitations imposedby these optical componerts, power budget and network diameter
on the multicast group size are outlined. In addition, network dimensioning and provisioning, as
well as network operation for multicasting are discussed. Section VI surveys and comparesthe
multicasting techniquesintroducedin the literature. Finally, SectionVI| concludesthe paper with
some remarks and elaborates on some of the open problems in this area. In order to dewelop
an understanding of the various multicasting aspects and techniquesin wavelength-routing WDM
networks, our treatment in this paper is enriched by seeral examplesthat are all basedon a com-
mon network topology, namely the popular NSF Network (NSFNET) badbonetopology which is
shown in Figure 1. In theseexample,the multicast sessionis represerted as an ordered-pair (s,D),

where s represerts the sourcenode and D takesthe form of a set of destinations.

Il Network Planning and Op eration

The goal of the network planning processin optical networks, and in networks at large, is to design

the network, including the determination of the resourcesand their capacities[12]. The objective of



Figure 1: NSF Network (NSFNET)

Existing .
Constraints QoS Constraintg

Al
Neplyorlf Nodal .| Network Logical-circuit
Provisioning Connectivity Dimensioning emands
)
NN ]

A
'
Estimated b ; :
$ Estimated | /Splitting/
Traffic Demands' =~~~ ------~ Traffic Routing QoS Cponstr?an )
‘ Network Design Stage } Network Operation Stage 4{

Figure 2: Optical Network Planning Stagesunder Multicast Communication
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this designprocessis to be able to accommalate a certain setof trac conditions, while satisfying
certain levels of quality of service (QoS), and incurring minimal cost. Network planning is a very
complex, and imprecise process. The imprecision is due to the lack of complete knowledge of the
trac requiremenrs, and their future ewolution. While this cortributes to the complexity of the
problem, the complexity usually stemsfrom the fact that an optimal determination, and allocation
of resourcesis usually an NP-Hard problem.

Network operation, on the other hand, hasto deal with the allocation of existing resourcesto
real trac demands,which may deviate from the projected ones. The objective in this caseis to
minimize the lossin the QoS, and in the carried trac, given the available network resources.

Network planning and operation can be viewed as consisting of three phases,which have to
be executed iterativ ely, namely, Network Provisioning, Network Dimensioning, and Connection

Provisioning. The relation, and interaction betweenthe three phasesis showvn in Figure 2.

Net work Provisioning Stage

The Network Provisioning and Network Dimensioning phasesare performed during the network
designand they are closelyrelated, but we would like to make a distinction betweenthem. Network

Provisioning is the rst task faced by the network designer/planner. In this stage, the planner
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must carry out a careful assessmenof the requiremerts of the users,in term of trac demands,
their characteristics, their duration, and their required QoS. Sincethis information will be usedto
plan and implement a network that will be usedby di erent usersand for seweral years, not only
the current trac demandsshould be taken into accourt, but alsothe projected trac demands.
Usually, such trac demandsare somehav overestimated in order to extend the lifetime of the

network. In this phase,the network topology is determined. This includes:

The allocation (which includes determining the locations and the quartities) of the various
network resources.e.g., the optical b ers, the wavelength crossconnects,the ampli ers, the

wavelength converters, and the light splitters?®.

The determination of the virtual topology which must be provisionedto serwe the estimated
trac demands,giventhe network resources.This requiresthe determination of the di erent

lightpaths/ligh t-trees.

This phaseis subject to a number of existing constraints that include peer-nades connectivity
constraints, geographicaldistribution of the nodes, the existenceof other networks that may be
usedto carry part of the trac, or at least participate in switching the tra c.

The above is usually formulated as a optimization problem, e.g., a constrained resourceallo-
cation problem, and the solution of which can be obtained using corvertional optimization tech-
niques. The objective function in this case,is usually a function of the cost of the componerts,
which needsto be minimized.

The output of the Network Provisioning stage takes the form of connectivity matrix that
speci es the connection pattern betweenthe various network componerts along with their optimal
(or near optimal) physicallocationsin the network. This output in conjunction with the estimated
trac demandsand their QoSrequiremerts form the input to the next phaseof the network design

stage, namely, the Network Dimensioning phase.

Net work Dimensioning Stage

The main focus of the Network Dimensioning phaseis to determine the optimal dimension of the
various network resourcessuc that QoSrequiremerts are met, giventhe projectedtrac demands,
a speci ¢ routing strategy, and the resourcesdetermined during the Network Provisioning stage.

In particular, the following must be determined:

The link capacity, in terms of the number of b ersper link,

1For the caseof networks provisioned for multicasting.



The b er capacity, in terms of the number of wavelength channelsper b er, and

The channel capacity, in terms of the transmission rate.

Up to this point, the network designin terms of its topology and resourcescapacitiesare computed.
Sud a designis examinedin order to validate its e ectiv enessbefore physical implemenrtation. A
Design E ectiv enessMetric (DEM) is used for this purpose,and it can be de ned in a number
of ways. The most widely usedde nition is the ratio of the number of accommalated (accepted)
calls to the total cost of the designednetwork, or call per dollar. If the DEM of a certain solution
for the network design stage fails to satisfy a speci ¢ threshold measure,the network designis

revisedin an iterative manner until the most appropriate network designcandidate is found.

Connection Pro visioning Stage

During network operation, trac demandsmay, or may not meet the projected demands. This
requiresoperating the network, with the current resourcesthe current topology, and the currently
accepted connections, in a manner that maximizes the number of accepted connections, while
satisfying the required QoS measures. This is known as Connection Provisioning. In particular,

Connection Provisioning includes all of the followings:

Route determination,

Wavelength assignmen and resourceallocation along the computed routes,
Call establishmer,

Error recovery due to nodesand/or links failures,

Trac rerouting and wavelength reassignmeh in order to accommalate more trac ses-

sions(esgcially in the caseof dynamic routing and wavelength assignmen), and

Call termination and the deallocation of their assaiated network resources.

As sudh, the Connection Provisioning function is exercisedbefore call establishmen, during the
lifetime of calls, and after the termination of calls.

It is to be noted that the fundamenrtal objective that network operator attempts to achieve
is the maximization of the e ectiv e utilization of the network, while guaraneeing the dierent
connections QoS requiremerts. This directly translates into a greater reverue to the network
operator. Network utilization can be maximized by maximizing (minimizing) the ratio of the
actual accepted(rejected) calls with respect to the total number of arriving calls. Thesemeasures

are usually referred to asthe acceptance,or blocking probabilities, respectively.
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[l Multicasting

In multicasting, the network replicates data as it is being sert from a sourceto the dierent
receivers. This designfeature reducesthe amount of bandwidth usedfor one-to-mary communi-
cations. A tree consistsof a root, that is the source node, branches, segmeis of the tree that
connectsa parent node with child nodes,receiwers, a setof nodesthat join a group, and leaf router,
that is a node or router at the edgeof the tree that connectsa receiwer to the tree. A multicast
tree is a non-cyclic connectedgraph and is usedby a parent node (source) to replicate data to be
sert to one or more children.

The current mode of multicasting usedin IP networks, known asthe Deering-Cheriton model
[13], is basedon a receiver oriented architecture. The basisfor group membership and the corre-
sponding construction or deconstruction of the tree (and/or parts thereof) is basedon the actions
of individual receivers. Hence, sourcesnever enumerate the receiwers of a group and only send
data to a single group address. This receiver driven approad allows multicasting or one-to-mary
communication to scaleto a vast numbers of receivers. Control signaling in IP multicasing is
separatedbetweenthat of host-to-router and router-to- router. The Internet Group Managemert
Protocol (IGMP) is usedto support host-to-router communication [14]. Speci cally, hostsusethis
protocol to indicate that a receiver (application) is joining or leaving a group. This action then
triggers a subsequen grafting or pruning of brancheson a tree by the multicast routing protocol.

Currently, there are three typesof IP multicast routing protocolsresponsible for constructing

three di erent typesof trees, namely, Source-trees,Shared-trees,and Hybrid trees.

[11.1 Source Trees

Source tree protocols are basedon a data driven stcheme. It involves broadcast, reverse path
distribution, and explicit pruning to build a delivery tree. The scheme ensuresthat data is only
forwarded on interfacesthat have downstream group members. Initially , the distribution method
was basedon Rewerse Path Forwarding (RPF) and was used as a meansof preverting loops as
information was broadcast through the network [15]. This can be accomplishedby only allowing
routers to forward trac through its other interfacesif the input interface usedto receiwe the
multicast data is alsothe output interface when the sourceaddressis a unicast destination. This
action forms a spanning tree from the sourceto all possiblereceiwers, and it removesthe needto
retain per data padket state in order to prevert loops. The root of the spanning tree is rooted
at the rst-hop router attached to the source-hostof the multicast group. The initial spanning

tree usedto read all possiblehoststhus ewlvesinto a source-basedree with the minimal set of



branchesusedto reach all group members.

In order to distinguish one sourcetree from another, routers must retain source and group
statesfor ead constructedtree. This state is either in the form of forwarding state indicating that
the node is a member of the tree, or prune state indicating that the node is a not a menmber of the
tree and should not receive nor forward multicast trac for the specic group. The source-tree
protocols are best suited for densetopologiesin which the receiwer sets are closeto ead other.
The benet of a source-basedree is that its branchesexhibit minimal delay betweenthe source
and the receiwers of the group. The downside is the amount of state information that needsto be

maintained. Se\eral algorithms have beendeweloped basedon the above concept.

The Distance Vector Multicast Routing Proto col (D VMRP): The DVMRP algorithm
[16] wasthe rst IP multicast protocol to follow the above multicast model and was usedin the
Multicast Badkbone (Mbone) [17]. DVMRP forwards initial data on a truncated broadcasttree,
which then gets pruned to form the multicast tree. The truncation is accomplishedby its routing
protocol, which forms child parent relationships before any data is sert. State is maintained in
DVMRP for all potential sourcesand all prunes that have beenreceived. Seweral modi cations

have beenmadeto DVMRP to cope with the relatively large and ever increasing set of networks.

Proto col Indep endent Multicast (PIM): The PIM algorithm is a tree construction protocol
that operatesindependertly over any unicast routing protocol. It can be divided into two perspec-
tives: sparsemode (PIM-SM) and densemode (PIM-DM) [18, 19|, corresponding to receiver sets
that are relatively dense(and constructs source-basedree) and sparse(and build shared trees),
respectively. PIM-DM is very similar to DVMRP. It operatesover any unicast routing protocol,
does not distribute or maintain a separaterouting table of its own, and usesthe routing table
constructed by the underlying unicast routing protocol to determine if ingress multicast tra c

conformsto RPF chedks. PIM-SM is a soft state multicast protocol that is designedto operate
over any unicast routing protocol. Explicit join messagesare periodically sert from leaf routers
towards the core, which installs state on a hop-by-hop basis along the path. If a 'better' path
is available, the join messagesre rerouted and a new state is installed, while the old state on
the old path is timed out and removed. PIM-SM also usesa threshold heuristic to determine if
an additional sourcetree is to be constructed from a source sending data to the group. If the

threshold is surpassedthen the sourcetree is constructed.

Multicast Open Shortest Path First (OSPF): The OSPF algorithm is a link state intra-

domain routing protocol that operatesat two levels: 1) within an Area (an arbitrary collection of
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subnets), and 2) among Areas of a domain. Each router o ods Link State Advertisemeris (LSAS)
to the other routers that are peersat the samelevel. From theseadvertisemerns, routers are ableto
construct their own routing tables using a Dijkstra shortest path algorithm [20]. MOSPF speci es
extensionsthat allow LSA messagego cortain information regarding routers that have neighbor
hosts that are menmbers of a multicast group. When a new receiver joins a group in a subnet,
and no other receiers exist, then the designatedrouter advertises this information to its peers
via o oding. MOSPF builds source-basedrees. When a new sourcesendsits initial data to the
group, downstream routers construct a shortest path tree from the perspective of eat downstream
node to the receiwers (actually, subnets) of the group. This calculation identi es the downstream
nodes and subsequetly forwards data to those neighbor routers. The sourceaddressis used to

distinguish onetree from other treesfor the group.

[11.2 Shared Trees

The secondoption is basedon the conceptof sharedtreesthat involvesthe useof a single tree for
all sourcesof the group. Speci cally, a sharedroot, or coreis usedas a point of referencefrom
which to graft branchesonto the tree. Treesof this type are known as core basedtrees, and the
maximum delay bound of a core-basedtree is twice that of a shortest path tree.

Se\eral extensionshave beenintroducedto addressthe needfor dynamic group membership
and tree maintenancedueto connectivity failure. In addition, the orientation of tree construction in
thesenew extensionshas beenshifted from a sourceperspective to a receiver-initiated perspective.
In using a receiwer-initiated approad, sharedtrees are built with an explicit joining medanism.
Within the context of today's protocols, explicit unicast join messagesire triggered by IGMP-join
messagesnd are sernt from the leaf router to the sharedcore. This action results in the installation
of state and grafting a branch, along the path of the join message.This leaf router then sendsthe
explicit join on a hop-by-hop basisalong a path to the sharedcoreinstalling state along ead node
of the path.

Both the Core Based Tree (CBT) version 1 and the PIM-sm, are usedto build sharedtrees.
They sharea common feature of operating independertily over any unicast routing protocol. It is
alsoimplicitly understood that both CBT and PIM construct trees basedon the shortest hop met-
ric, sincemost routing protocols usethis metric to calculate destination readhability. In addition,
both protocolsinstall state on a hop-by-hop basisfrom the direction of the leaf router towards the
sharedroot. This is of particular interest sincethe best' path from the leafto the root may not be
the samefrom the opposite direction. On the other hand, a core-BasedTree contains a number

of distinctiv e features represerting seweral design choicesthat separatesit from the subsequeh
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PIM-sm protocol. One of the principle di erences involves CBTs construction of bi-directional
trees, which allows it to support any-point distribution. The fundamental rule in its distribution
is that multicast data is sert out to all the interfacesthat have state for the group except the
interface that the data was received on. It also supports the notion of a primary and a set of
secondarycores. This allows the protocol to support a measureof fault tolerance. The Ordered
CBT (OCBT) is an augmerted version of CBT which supports a more robust set of coresfor a
group. In addition, OCBT incorporates extensionsto construct inter-domain brancheswithin the
architecture of the Hierarchical IP multicast routing scheme protocol (HIP). OCBT also xes a
problem in CBT in keepingthe tree intact in caseof a failure. The Simple Multicast Protocol is
a derivative of CBT and PIM and has beendeweloped with the goal of supporting bi-directional

trees and obviating the needfor a multicast addressallocation medanism.

[11.3 Hybrid Trees

Two primary concernsassaiated with sharedtree protocols are core placemen and trac con-
certrations. Most of todays sharedtree protocols make a priori selectionsof which node is to be
selectedas the sharedroot for a multicast group. This selectionis made before any group mem-
bersjoin the group and thus is orthogonal to the topological location of receivers. If the selected
node/core is closeto the receiwer set, then the end-to-end delay betweensourceand receivers will

most likely be reasonablein comparisonto a tree placedat the sourceof the multicast data. How-

ever, the core could be selectedat a location far away from the rest of the receiver set, which can
adverselyimpact the end-to-enddelay. The concernregardingtra c concerirations arisesin cases
where seeral sourcesare sendingdata to the samegroup. Using just a single sharedtree for data
distribution, all on-tree nodesare then candidatesfor experiencingcongestion. The seerity of the

congestionis dependert on the bandwidth of a link, the cumulativetrac from group sources,and

other ows transiting the on-tree node.

Hybrid tree protocols attempt to addressthese concernsby constructing a single sharedtree
for relatively low amounts of group data, and also construct sourcetrees for high rates of data
transmission from a given source. Hybrid tree protocols produce a combination of a sharedtree
and sourcetree(s) for the samegroup. Some of the sourcetree branchesin a hybrid tree have
disjoint paths from the sharedtree. Also, the leaf portions of the shared tree share the same
links as the individual sourcetrees, but segmers that are closerto the sharedroot do not have
the sameamount of state or trac loadsfor all sources. Hybrid trees may seeoscillation in tree
construction/deconstruction, corresponding to uctuations in state storageand signaling overhead

due to the decisionthe algorithm needsto make regarding partition between shared and source
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tree portions.

BGMP, with its extensionsto BGP, is viewed as an exterior multicast protocol and oper-
ates amongst domains. The reasonfor this distinction is primarily assaiated with the ability
of administrators to apply inter-domain policiesin constructing trees with BGMP. It constructs
inter-domain multicast trees using the M-IGP within a domain as well as the multicast address
allocation suite of protocols being developed under the Multicast-Address Allo cation (MALLOC)
working group of the IETF. When the M-IGP establishesa branch that spansthe domain and
reaches a border router, the border router extendsthe branch on an inter-domain basis. The use
of a multicast addressallocation mecdanism, and its assignmen of addressedo speci ¢ domains,
addresseghe issueof core/group mappings. The MALLOC suite of protocols dynamically assigns
blocks of addressego domains, which in turn can subdivide the blocks into more granular blocks

(e.g., an ISP allocating sub-blocks to its customer stub domains).

IV Challenges of Multicast Comm unication in Wavelength-Routing

Net works

Multicast communication support in single channel networks, e.g., IP networks, preserts a number
of challenges,and hasthus beenthe subject of extensive researt (seeSectionlll). Nonetheless,t
is even more challenging in the multi-channel wavelength-routing networks. Wavelength-routing
networks have a number of characteristics which cortribute to thesedi culties. Sud characteris-
tics include the mode of operation of sud networks, which requires connection provisioning, and
power constraints of optical networks, which are exacerbatedby signal splitting. In addition, hard-
ware requiremerts, in terms of splitters and corverters, which may not be deployed at all nodes
can also imposea number of limitations. This section addresseshese challengesbasedon their
sources,and discusseshow they impact the implementation of multicasting in wavelength-routing

networks.

IV.1 Challenges Due to High-T ransmission Rates

With the WDM technology, eat channel supports transmission rates on the order of 10 Ghit/sec
to 40 Gbits/sec. The delay-bandwidth product in this caseis very large, and increasesfurther
with an increasing network diameter. This feature adversely impacts modes of operation which
dependon feedbak from the network. For example,on-demandrouting strategieswhich probethe
network resourceswhen a connectionis to be establishedwill result in bandwidth wastage,aswell

as an increasedconnection latency. In addition, optimal provisioning, which requires increased
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computation, and node coordination, can alsoresult in far from optimal resourceutilization.

IV.2 Challenges Due to the Characteristics of Wavelength-Routing Net works

Wavelength-routing networks have a number of special characteristics that a ect multicasting
support in wavelength-routing networks. Theselimitations are basically due to the useof multiple
channels, the circuit-switched connectionmode, as well asthe employment of optical componerts.

In the remainder of this subsection,a brief description of ead of theselimitations is presered.

IV.2.i Multi-Channels  Environmen t Limitations

First, the use of multiple wavelength channelson the meshtopology precludesthe use of seweral
conventional multicasting techniques. This is especially true if no, or limited wavelength corversion
is used, and wavelength continuity is required. Notice here that wavelength cortinuity must be
satis ed both in depth due to signal propagation, and in breadth, due to multicasting and signal
branching. Channelson di erent b erscannot therefore be treated independertly, asit is the case

with IP multicasting.

IV.2.0i Circuit-Switc hed Comm unications Limitations

Circuit-switc hing communication mode used in wavelength routing networks is characterized by
the following [12]: (1) route determination, (2) resourceresenation along the route, (3) long
setup time, (4) connection request blocking due to lack of resources,and (5) the static and the
long-duration natures of the connection. Therefore, performance metrics for multicasting in this
ernvironment must be chosencarefully. For example, the call acceptanceprobability may have to
be de ned dierently, e.g., allowing delivery to a subsetof the multicast group [21, 22], where
members of the subsetmay have di erent weights. Also, reducing the connection setup time is a
signi cant issuein circuit-switc hed networks [23] in addition to the desireto obtain a reasonable
per receiver propagation delay [56] or a total multicast tree cost[56, 58, 59, 71].

These features do not only a ect network operation, but also network provisioning and di-

mensioning,asthey impact the cost of the network, and its ability to handle the projected tra c.

IV.2.iii Optical Hardw are Limitations

The limitations of the state-of-the-art in optical componerts, and the high cost assaiated with
their usagepreclude full deployment of sucdh componerts at all nodes. This results in a network

structure that is unbalanced as far as the node functionalities are concerned. For example, not
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all nodes may be multicasting capable, or having wavelength conversion capability, and if it is
available, corversion can be done between di erent regions of the optical spectrum at dierent
nodes. This asymmetric deployment has a signi cant e ect on the multicast routing and tree

maintenance, as will be described later in the paper.

Optical Splitting Impact

The wavelength splitting capability is a key enabling technology for multicast communication in
wavelength-routing networks. Light splitting is equivalent to padket replication in the electronic
domain. Howewer, it is theoretically simpler sinceit can be achieved by using optical passiwe
devices, which are inexpensive and have very little impact on the signal-to-noise ratio of the
optical signal. It also eliminates the needfor bu ers usually neededfor data duplication in the
electronic domain. Moreover, they maintain the optical signal transparency. Any node that is
equipped with the light-splitting capability is called a Multicast-Capable (MC) node, otherwise
it is called a Multicast-Incapable (MI) node [25]. In addition, a simple version of the splitting
capability, which is assumedto be available at all nodes’, is the drop-and-cortinue (DaC) [56, 58]
or sometimescalled the tap-and-cortinue (TaC) [40, 71]. This refersto tapping a small amourt of
the power which is usedfor signal detection by the receiwver(s) connectedto the node.

The exampleshown in Figure 3illustrates the signi cance of employing light-splitters for rout-
ing a multicast sessiondenotedby m=(11,6,8,9,12,14), in the NSFNET. All nodesare assumed
to have the DaC capability and node 10 is equipped with a light-splitter 3. Also, wavelength chan-
nels are su cien tly available; hence, no call blocking is encourtered. The multicast tree, called
the light-tree, is then constructed sud that the number of hops betweenthe sourceand eat des-
tination is minimal, as depicted in Figure 3-(a). Node 6 receiwes the signal transmitted by node
11, while nodes 8, 12 and 14 receiwe the signal after being split by node 10. Node 9 will receive
the samesignal received by node 12, but after tapping a small amount of power at node 12 for
signal detection by using the DaC capability. E ectiv ely, a single multicast light-tree is su cien t
to support the multicast connection, m, using one wavelength.

Howewer, with the samesystem setup, but without a splitter at the branching node 10, con-
structing a single multicast distribution tree for this sessionis not feasible becauseonly a single
o spring can be attached immediately to node 10 on any particular wavelength (i.e., the fanout
of node 10 is 1 as will be explained later). Figure 3-(b) illustrates this casein which node 11

needsto transmit on three di erent wavelengths( o, 1 and ) to node 10, which in turn relays

2Somemulticast routing schemesassumethat some nodes only are equipped with this capability, e.g. [24].
3Also, node 10 has a complete splitting capability. The concept of complete splitting will be discussedshortly.
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Figure 3: The multicast delivery structure (light-tree or light-forest) for m=(11,f6,8,9,12,14) in
NSFNET whenf factor for node 10 equals(a) 3, (b) 1, and (c) 2

thesetransmissionsto the di erent branchesin order to read destinations 8, 9 and 14. Multicast
routing in this caseconsists of three distinct light-trees (called a light-forest) and employs two
additional wavelengths.

The useof splitters reducesthe signal strength and ampli ers may have to be used. Howeer,
optical ampli ers arestill expensiwe, and their usedegradessignalto noiseratio dueto ampli cation
to spontaneous emission [4]. Therefore, the benets of using signal splitters are signi cantly
reduced. Besides,integrating optical ampli ers within optical switches* complicates the switch
design[39].

On the other hand, not using optical ampli ers to compensatethe power lossimpacts many
operational parameters, e.g., the number of splitters along eadh source-destination path. For
example,assumethat the receiver sensitivity is denotedby Psen. Also, let splitters be implemented
using 2 x 2 couplerswhich resultsin a 3dB signalloss. If the sourcepower is limited by a maximum
signal power, Pmax, with value, say XdBm, the upper-bound on the number of splitters per
source-destinationpath is *—£so . In practice, X dBm is limited to 0:1mW, and for the caseof
non-coheren detection method, Psen should be no lessthan 30dBm. Therefore, no more than
7 splitters are allowed. Howewver, with coherent detection, Psen can be aslow as 50dBm, which
meansthat up to 14 splitters can be usecP.

As a consequencef the above, a practical situation arisesin which only someof the switching
nodes are MC nodes while the rest are Ml nodes. Networks in which both MC and MI nodes
coexist are known in the literature as networks with sparse-splitting [27] and many schemeswere
introducedto deal with this situation, e.g.,[56, 59, 71, 58]. Empirically, it was showvn that around

50% of the nodesin the networks needto be MC nodesin order to achieve good performancelevel

4This integration is referred to as on-site ampli c ation schemeand it will be discussedlater in this subsection.
5The calculations for nding this upper-bound are made with the assumption that there is no attenuation on

b er.
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[27, 41]. Sudc networks are known to implement Partial Padket Replication (PPR) [24]. In addition,
two extreme strategiesfor MC node deployment wereinvestigatedin the literature in which all the
nodesare either Ml nodes, e.g., [40], or MC nodes, e.g., [21, 53, 22]. These strategiesare called,
no-splitting (or No Padet Replication-NPR), and full-splitting (or Full Padket Replication-FPR),
respectively. The degreeof splitting in the network directly in uences the design of multicast
routing algorithms aswill be explainedin SubsectionVI.1.

Multicast support in wavelength-routing networks is also in uenced by the splitting fanout,
which is the maximum number of multicast tree branches supported per node. The fanout of an
MC node is denoted by f, wherel f  d-1 and d is the nodal degree. When f equalsd-1,
the switch is said to have a complete splitting capability; otherwise, the splitting capability of the
node is limited since only a selectedsubset of the node's neighbors can receiwe the split signal.
The splitting fanout is an important parameterin the designof multicast treesand it alsoimpacts
the choice of the number of ampli ers, their placemen, and signal-to-noiseratio.

Considerthe samesystemsetup in Figure 3-(a) but with the assumptionthat the f factor for
node 10is 2. With this con guration, node 10 can forward the signal to only two of its o springs,
sa nodes8 and 12. A separateconnectionfrom the sourcenode must then be establishedto reach
the remaining node, viz., node 14, via node 10, but on another wavelength. The multicast delivery
structure then consistsof 2 separatetrees on two di erent wavelengths, as showvn in Figure 3-(c).

The actual splitting ratio also in uences multicast tree construction. Signal splitting ratio
can be either xed or adjustable With xed splitting, the light-splitter divides the input signal
equally into f output signals (ignoring the excessloss), where f is the fanout factor. This kind
of splitter is a passiwe one, that is simple and inexpensive. However, it can be power ine cien t,
especially when the multicast tree is unbalanced. In this case,somesignal power is wasted and
the multicast tree sizeis a ected. On the other hand, splitters with adjustable splitting ratios can
signi cantly reducethe power wastageaswell as maximize the multicast group size. An analysisof
this issuewill be preseried in SectionV. It is alsoworth mertioning that the use of splitters with
adjustable splitting ratios becomesimperative in the context of dynamic multicasting where the
multicast tree structure dynamically changes. Howeer, splitters with adjustable-ratio are active
devicesthat are more expensive than their xed-ratio counterparts, may be unstable and may not

be noise-imnune.

Wavelength Conversion E ect

Wavelength Conversion, or in fact, the lack of it, alsoin uences multicast routing. Wavelength-

corverters are active optical deviceswhich shift the optical signal from one optical frequency to
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another. The employment of the wavelength converters provides exibilit y in the network operation
and enhancesits performance. The use of wavelength conversion can simplify multicast routing
since wavelength continuity will not be a constraint.

All-optical wavelength corverters [28, 29], however, are still very expensive and immature.
Also, equipping the switch with wavelength corverters complicatesthe switch designand increases
its cost, which, similar to light-splitters, hindersfull deployment of wavelength cornverters. Instead,
sparse and limited corversion are usually more commonplace. Limited corversion means that
corversionfrom a certain wavelength is limited to only a sub-band of the optical spectrum. Sparse
corversion, on the other hand, refersto the situation in which only a subsetof nodesare equipped
with corverters. Both con gurations, i.e., limited and/or sparseconversion, requires somedegree
of wavelength cortinuity, which restricts the multicast tree construction.

Integrating wavelength corverters with splitters can take two forms, namely, pre-conversion
or post-oonversion As shown in Figure 4, these schemescorrespond to placing the converters
before or after the light splitter, respectively®. Since a single converter is needed,the cost as-
sociated with the Pre-Cornversion sthemeis much lessthan that of the Post-Conversion scheme.
Both sdhemesprovide the same degreeof exibilit y if corverters always corvert from ; to ;.
Otherwise, the Post-Cornversion scheme in general exhibits more exibilit y and results in higher
system performance.

It is known that the SN R can be improved by using all-optical wavelength converters [28, 29],
and such improvemert is enhancedby cascadingthe corverters[30]. Moreover, very little power loss

will be su ered when a signal passeshrough a wavelength corverter becauseof the ampli cation

5Becauseeach wavelength requires a separate converter, Figure 4 depicts the requirements for a single input-

output channel pair (i.e., i and j, or ), regardlessof the range of the wavelengths at their input and output.
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capability of the corverter. However, more investigation is neededto study the relation between

the input signal power and SNR improvemert for the pre-corversion and post-corversion schemes.

Optical Ampli cation Impact

The nal hardware-related challengeis the ampli er placemer problem. In multicast communi-
cation, power losscan be due to b er attenuation and splitter loss,if any. One of two techniques
for signal ampli cation may be used, namely, on-site and on-link ampli cations. With the on-
site ampli cation, the ampli cation is performed inside the switching node itself. There are two
methods to integrate the ampli er and the splitter within the node. In the rst one, calledthe pre-
ampli c ation technique, the ampli er is placed beforethe splitter, while in the other case,called
the post-ampli cation technique, it is placed after the splitter, as shown in Figure 5. Ampli ers
exhibit a saturation regionin the ampli er gain curve, asdepictedin Figure 6 [31, 32]. For sake of
comparisonbetweentheseon-site ampli cation sdemes,the following two scenariosare considered
(weignore excesdoss). In the rst scenario,assumethat the input signalis weaker than 20dBm,
then the output signal levels under both strategies are the same. For example, if input power is

250dBm, then under the pre-ampli cation stheme,the output power of the amplier is 5dBm.
Becauseof the 3dB splitting loss,the nal output signal poweris 8dBm. The sameoutput signal
power is obtained under the post-ampli cation sdemetoo.

In the secondscenario, the input signal is assumedto be stronger than 20dBm. In the
rst structure, the input signal at the splitter is always 0dBm becauseof gain saturation, and
the output signal is always 3dBm. Howewver, with post-ampli cation, the output signal will be
always greaterthan 3dBm, which is better than that with pre-ampli cation. For example,if the
input poweris 15dBm, the output power of the ampli er under the rst structure is 0dBm, and
the nal output signal power is 3dBm. Howewer, in the secondstructure, the output power of
the splitter is 18dBm becauseof the 3dB lossfrom that splitter, and the nal output power is

0dBm, which is stronger than the 3dBm output signalin the rst structure.
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The rst sthemeis lessexpensive. However, it is to be noted that the SNR at the output
signal under both schemeswill be the same. This is becausesplitters are passiwe deviceswhich
theoretically do not introduce noise, and becausethe spontaneous emissionampli cation in all-
optical ampli ers is proportional to the signal power.

On the other hand, the on-link ampli cation is performed by amplifying the signal while it is
traversing the physical links. For multicasting, placing ampliers on b er links can increasethe
number of potential receivers. An optimal placemern con guration can reducethe total number
of ampli ers in the network. There are seweral studies, e.g. [31, 32], which deal with the problem
of ampli er placemern for unicast service. The ability of such schemesto accommalate multicast
trac needsfurther investigation.

It is essetial to notice that one di erence betweenmulticast signal and unicast signal is the
signal power level. Becauseof signal splitting, a multicast signal power level can be half of a unicast
signal or less. Unfortunately, an ideal ampli er would amplify all input signalswith the samegain,
which meansthat a weakinput signal will still be weakat the output, and the maximum gain of an
ampli er is limited. Although the samesituation is encourtered with unicasttra c, the dierence
in power level of the di erent signalsin the optical spectrum is signi cant and its impact is more
sewerein the context of multicasting. This implies that a multicast signal may not obtain enough
power if it is accompaniedby other stronger signals.

Moreover, to nd an optimal ampli er placemen for a multicast tree, at leasttwo parameters,
namely, signal power and source-destinationdistance, should be given. Howewver, dynamic multi-
casting and the useof adjustable splitting coe cien t aggravate the problem sincethe former results
in a communication diameter that increasesor decreaseswhile the latter increasesor decreases
the signal power. This problem can be solved by using the splitter with post-ampli er shawvn in
Figure 5-(b) or introducing equalization at eat ampli er stage[4].

Another problem which hasbeenalluded to earlier is the e ect of ampli ers onthe SNR. All-
optical ampli ers, e.g.,Erbium-DopedFiber Ampli ers (EDFA), amplify noisedueto spontaneous
emission[4]. Obviously, there is a lower-bound signal-noise-ratio(SN R¢e,) for a detectable signal
which is determined as

original signal power
original noise+ Amplif ier noise

N Rsen: (1)

In a best scenario, an ampli er can reducethe SNR by a factor of 2, i.e., by passingthrough
an ampli er, the SNR loses3dB of its power [33]. In general, the relative intensity noise (RIN)

per unit bandwidth is 10 °dB=Hz [33]. Thus, for a 10GH z channel, )%¢ equals1 10 °, and

' Power

SNR 50dB. Moreover, the required bit error rate (B ER) for high-speedoptical communication
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systemstoday is typically 10 12 [4]. Using the formula p = Q(%q g) [33] for the BER in terms of
SNR, we obtain SNR = 23dB. Thus, total lossof SN R should be no more than 50 23= 27dB,
and the total number of ampli er that can beinstalled on a path should be no more than % = 0.
This is an approximate upper-bound on the number of ampli ers that can be placed betweena
sourceand a destination without any signal regeneration. Finding an optimal solution to minimize

the number of ampli er in a multicast capableoptical network is still an open issue.

IV.3 Challenges Due to Routing and Wavelength Assignmen t

In this subsection,we concerirate on two basicfunctions in wavelength-routing networks, namely,
routing and wavelength assignmem, from the multicasting viewpoint. The Routing (R) and the
Wavelength Assignmert (WA) problems have been extensively studied under unicast communi-
cation [4]. Although solving the combined Routing and Wavelength Assignment (RWA) problem
results in an optimal operation, due to the di cult y of this problem, the two functions are treated
separately The multicast extension of this combined problem is referred to as MCRWA [21] or
MC-RWA [22]".

This problem is mainly concernedwith establishing the multicast route in the network, and
determining the appropriate wavelength to be assignedto it with an objective of minimizing the
required network resources,especially the number of wavelengths, or maximizing the number of
acceptedcalls. The combined problem hasbeenprovento be NP-Complete [21, 34] sinceit involves
nding an optimal multicast tree which is the well-known NP-Complete Steiner Minimum Tree
(SMT) problem [35]. Hence, it is solved using heuristics. The conmbined MCRWA can also be
characterized as a wavelength-awag approad becausecomputing the multicast delivery structure
is directly in uenced by the status of the wavelengthsin the network and the cost assaiated with
their use.

Similar to the traditional RWA in unicast networks,the MCRWA can be solved astwo separate
problems, namely, the multicast tree is rst determined, followed by appropriately selectingwave-
length(s) on this route. Thereore, the uncoupled version of MCRWA is a not-wavelength-awae
approach. The routing part of the problem is still NP-Complete sinceit involvesthe construction
of the SMT, but the wavelength assignmen part can be solved in polynomial time for somespecial
cases,e.g. [34, 36]. Decoupling the routing and wavelength assignmen problems simpli es the
problem slightly, and alsoprovides exibilit y in enhancingrouting protocol designsand integrating

extra operations and features, sucd as QoS guarantees, fault-tolerance, and security.

"For sake of consistency and in order to emphasizethe All-Optical feature of multicast communication, we will
intro duce the AOM-RWA, AOM-R, and AOM-W A notations later in Subsection VI.1.
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Furthermore, the operational alternativ esof the routing and the wavelength assignmen oper-
ations adcieve di erent performancedegreeswith di erent costs. The performance-costtrade-o
of thesealternativesmust be consideredin the protocol designprocess.In this context, and at the
routing side of the problem, the routing schemeshave beentraditionally characterized as either:
(1) xed: in which a xed route per call is established,(2) alternate: a set of paths are assigned
for ead call which are seardied sequettially in a speci ¢ order in order to pick the route, and (3)
adaptive in which the route is found dynamically basedon the network status. The exibilit y of
these schemesincreasesfrom the xed to the adaptive, but at the cost of increasedoverhead and
complexity.

Similarly, many sdhemes have been proposedin the literature for wavelength assignmen
Howewer, four of these schemeswere inherited from unicast communication: (1)random, in which
wavelength selectionis performedrandomly from the setof available wavelengths,(2) rst-t , which
choosesthe rst available wavelength, (3) least-usel, and (4) most-usel, in which the wavelength
to be chosenis basedon the degreeof its usage. Other schemes, howewer, were proposedin the
context of multicast and will be described in Section VI.1.ii. In general, the complexity of the
wavelength assignmenm problem is a designfactor that must be considered.

Finally, the routing and wavelength assignmen in optical network can be performed in two
operational modes: on-line and o -line . The on-line mode allows requeststo be processedasthey
arrive to the system,i.e., it doesnot assumeprior knowledgeof the tra c in the network, and the
admissiondecisionof the connectionis basedon the instantaneousnetwork state. If the connection
requestis admitted, its route and the assignedwavelengths are usually not changed during the
lifetime of the connection. Otherwise, and becauseof the no waiting feature of circuit-switched
service,the connectionis blocked. The o -line mode, on the other hand, assumesprior knowledge
of all the connectionrequestswhich makesit possibleto obtain an optimal allocation for the routes
and the wavelengths. The rst operational mode is more practical, but optimal operation is more

di cult, while the opposite is true for the secondoperational mode.

IV.4  Challenges Due to the All-Optical-Multicasting (A OM) Characteristics

All-Optical Multicasting (AOM) inherits all the problems of convertional multicasting. For exam-
ple, the ideal operation of the multicast sessionertails hiding the information about the various
receivers from the sourcenode, and vice versa. Theseinformation include the nodes' addresses,
locations and their total number. A dedicated addressis assignedto the multicast sessiorwhich is
globally known. This requiremert is still not yet fully achieved in most routing and wavelength as-

signmen techniqguesof AOM, which are basedon a key assumptionof global (or partial) knowledge
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about the network topology, and the nodes menbership. Howewer, [23] appears as an exception
in which the sourcenode needsnot to know about the destination nodesand their locations.

In addition, dierent attributes of the multicast sessionmay necessitatethe use of routing
strategies, which may look suboptimal, but are necessarybecauseof the all-optical nature of
the session. For example, considerthe multicast sessionm=(7,f1,6,14) in the NSFNET which
has a short duration. Not only the number of the member nodes is small, but they are also
geographicallyscattered and far away from ead other. Under such a scenario,the designersmight
nd it moree cien t to usethree separateunicast connectionsfor this sessionnstead of attempting
to construct a single optimal tree that joins all the nodes. Sud a solution may be even critical if
free wavelengths exist, but wavelength continuity among all the branchescannot be maintained.

Furthermore, the connection acceptancemetric may take dierent levels, and not just two.
Nodesin the destinations set may be assignedweights, and a call is acceptedif a certain total
weight is achievable. For example,the multicast sessions rejected (blocked) if the trac cannotbe
deliveredto at leastonemenber. This canbereferredto asthe full acceptancecriterion, i.e., the all
or nonestrategy, and it providessimple and cost-e ective medanismsfor connectionmanagemen,
but with relatively reducednetwork utilization. Also, onemay usea partial acceptancecriterion, in
which a call is successfulf a minimum number of destinations is readhable. The other unreachable
memberswill be blocked. This sdheme enhancesnetwork utilization, however, the cost assiated
with tree maintenance, network managememn and cortrol-information ows is very high. The
suitability of connection acceptancemetric is application dependert.

On the other hand, the implementation of dynamic multicasting can be quite challenging in
the all-optical ervironment. For example, the wavelength assignmem may have to be donein a
way that maximizesthe probability of acceptingnew members, given the set of potential multicast
members. This may sometimeslead to an underutilization of network resources. Moreover, in
order to provide an e cien t implementation of dynamic multicasting, splitters with adjustable

splitting ratios may have to be deployed, which are more costly, and harder to cortrol.

V  Design Issues

This section addressesse\eral issuesinvolved in designing AOM networks. Sud issuesinclude
network elemens designand implementation, the e ect of splitting on multicast group size and

network diameters, network provisioning, network dimensioning, and connection provisioning.
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V.1 Network Elements

Referenceg[41, 47, 27, 53, 21, 56] consideredthe various network elemerns that are neededfor
supporting multicast over optical layer. Two componerts were introduced, namely, Drop-and-
Continue (DaC) elemen and Multicast-Capable (MC) switch. At least one of thesetwo compo-
nens is required in order to support multicasting in an all-optical manner in the network.

The DaC node can be setto \ drop-only’, \ continue- only", or \ drop-and-ontinue" [56]. This
elemen can be implemented asshown in Figure 7, and it consistsof a circulator and a b er bragg
grating to drop the expectedwavelength, and a couplerto tap part of energyfrom that wavelength.

Seweral MC nodal architectures have beenproposedin the literature. The splitter-and-delivery
(SaD) switch structure [38] is designedsud that ead input signalis initially split into d sub-signals,
where d is the nodal degree. The split signals are then switched to the appropriate output port
using a combination of 1 2 switches. Although the SaD switch provides a non-blocking service,
it does not distinguish between dierent trac types. Therefore, the unicast trac undergoes
unnecessarypower loss. Also, the switch designis very complicated. The Multicast-Only Splitter-
and-Delivery (MOSaD) wasthen proposedin [39] and it is basedon the idea of sharing the splitters
by a group of multicast sessionsit is a power-e cient MC cross-connectrchitecture that supports
W wavelengths. As shown in Figure V.1, after optically demultiplexing all wavelengthonthe b ers,
an input signal is switched to a corresponding output link using a spaceswitch. Only one output
port of eath spaceswitch is connectedto a split-switch bank (SSB) that is usedto split the incoming
multicast signal. Hence, splitting is only applied to multicast connections. Also, the advantage of
this architecture is that only W splitters, one for ead wavelength, are needed. which simpli es
simpli es the switch design. Howewer, due to splitter sharing concept, there is no provision to split
di erent multicast signalscoming from di erent input, but on the samewavelength.

The sameauthors proposea Tap-and-Cortinue (TaC) cross-connectarchitecture in [40]. The
basic structure of this cross-connectis similar to MOSaD, except that TaC modules (TCMs)

replace SSBin TaC cross-connect.When a multicast signal passeshrough a TCM, only a small
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fraction of this signal is tapped and forwarded to the local station, while the remaining power is
switched to an output port. No splitter is neededin this architecture; thus, the routing problem
is more di cult.

Wavelength conversionis not employed in both MOSaD and TaC cross-connectarchitectures.
Multicasting with wavelength conversion capable cross-connectarchitectures were proposed in
[53, 56]. The architecture proposedin [56] employs two stagesof splitters, and the output signals
from the splitter passeshrough a space-divisionswitch. Each output signal from the switch may
be converted into di erent wavelengths by using a wavelength corverter. The signals are then
multiplexed on an output port b er. The switch architecture is shavn in Figure 9.

In [53], the proposed MC structure employs two stagesof optical switches. After demulti-
plexing, input signalspassthrough the rst stageof optical switch, and only multicast signalsare

switched to a splitter. After that, the split signalspassthrough an ampli er bank. Then the signal
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passesthrough a secondstage of the switch to the appropriate output port, as shown in Figure
V.1. This architecture is simple and lessexpensiwe than the last one, while its multicast capability
is limited.

Finally, it has been found that multistage WDM multicast switching structure has lower
network costthan a crossbarmulticast network [52] if the switching network costis de ned asthe

number of crosspints and wavelength corverters.

V.2 Network Diameter and Multicasting Group Size

In this subsection,we addressseveral designissuesregarding the multicast group sizeand network
diameter under multicast trac. Primarily, a multicast group sizeis determined by light-p ower
limitation aswell assignal-to-noise-ratio(SN R), if no signalregenerationis allowed at intermediate

nodes.

V.2.i Constrain ts

In order to detect the received signal, the following light-p ower constraint must be satis ed:
Pmax Power lossin Attenuation  Power lossin Splitting  Power lossin Tapping Psen (2)

where Phax and Pgen, are de ned as before. Using equation 2, one can calculate an upper-bound
on the multicast group size when no ampli ers are employed. The use of di erent multicasting
techniques, i.e., DaC and splitter (where the multicast route takesthe form of a path and tree,
respectively), and di erent signal detection techniques, i.e., coheren-detection and non-cohereit-
detection, will in uence this upper-bound. The remainder of this subsectionwill provide an anal-

ysis of the impact of thesefactors on the multicasting group size, using the following assumptions:

1. Fiber Bragg Grating lossequals0:1dB [4],

2. Maximum power available from a transmitter (Pnax) equals1mW [31, 32], and the trans-

mitter power in dBm, ToDB (Pmax ), is 0dBm,

3. Minimum power required for signal detection on a wavelength, Psen, equals1 W for non-
coheren detection, and ToDB (Psen) equals 30dBm [4]. And, for coherent detection, Pgen
equals0:01W , and ToDB (Psen) equals 50dBm [4]. A node can be in a multicast group

if and only if Preceive  Psen, Where Preceive iS the received light power at a node,

4. For common glass core/glass cladding b er, the attenuation coe cient is 0:17dB=Km to

2dB=Km [42, 33]. Here, we assumethe attenuation coe cien t to be 0:17dB=Km,
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5. The distancebetweentwo adjacert nodesis assumedio be 5:9K m, therefore, the attenuation

betweentwo nodesis 1dB, and

6. The total number of wavelengthsin WDM network is 10, and the bandwidth for ead wave-
length is 10Gb=s Thus, the maximum power available for eat wavelengthis P \/&/ = 0:1mW,
and ToDB(PYa¥) = 10dBm.

V.2.ii  Multicast Group Size with DaC Elements and No Ampli cation

Two possible casescan be encourtered. In the rst case,the drop coecient, is xed, with
a value equalsto, say, 0:.95 for ead tap. The coupling loss equals 0:22dB. Employing non-
coherent detection scheme, the input power at the tapper, Pinpyt , Should satisfy the following two
inequalities: Psegn  Pinput  0:05,and Pinpyt  0:02mW for ead DaC elemen beforethe last. The
input power in dB should satisfy ToDB (Pinput ) 17dBm. Thus, the power received beforethe
b erbragggrating elemen at this node, P, ¢cy, Should satisfy: ToDB (Precy) 17dBm+ 0:1dB =
16:9dB m.
Supposethe number of receivers betweenthe sourceand the receiver beforethe last is n, then

we have the following equation:

Poa n (Attenuation + GratingLoss+ DropLoss) Psen (3)

where, Left-Hand-Side (LHS)= 10 n (1+ 01+ 0:22) 16:9dBm, which yields n  5:2.
Thus, total number of receiversis: n+ 2 7:2< 8.

Similarly, when coheren detection stheme is employed, the ToDB (Psen) equals 50dBm,
therefore, ToDB (Pinput ) = 37dBm, and ToDB (Precy) = 37dBm+ 0:1dB = 36:9dBm. Using
equation 3 with the right-hand-side (RHS)= 36:9dBm, n is found to be 205, and the total
number of receiverscanbe: n+ 2 225< 23.

In the other case, isassumedo beadjustable. Recallthat the b er attenuation equals-1dB,
which meansthat only 79.4% of the signal power can be received by the next node downstream,
and the grating loss equals 0.1dB, hence, only 97:7% of the signal power can be received by
next elemen. When the non-coherenn detection scheme is used (Psen = 1W ), the following
equation can be usedto compute the number of receiwers, such that: ((0:977 0:794 0:1mW
0:00ImW) 0977 0:794 0.00ImW) ::: 0.00ImW. This yieldsn 13receivers. Similarly,
when coheren detection method is used(Psen = 0:01W ), the following equationis true: ((0:977
0:794 0:ImW 0:0000MmW) 0:977 0:794 0:0000ImW) ::: 0:0000InW, which yields

n 3lreceiwers.

25



V.2.iii Multicast Group Size With Light Splitter and No Ampli cation

Assumethat a light splitter splits the power of the signal equally among two output b ers, thus,
the splitter lossequals3dB. Consideringnon-coheren (coheren) detection schemes,equation 3 is
solvedwith RHS = 30dBm( 50dBm) and with the assumptionthat multicast tree is a balanced
tree. The results showv that the maximum number of receiers is 2* = 16 (2° = 512) and the
minimum number of receiversis 5 (10) in the worst case.

When splitters with adjustable ratios are employed, splitting the power can be proportional

to the number of the menmbersin the corresponding sub-tree and their separation.

V.2.iv  Multicast Group Size with Ampli cation

On the positive side, installing ampli ers in the network enhancesthe multicast group size. In

order to include the ampli er e ect, equation 2 is modi ed as follows:

Prax Power lossin Attenuation  Power lossin Splitting

Power lossin Tapping+ Power Gain of Amplif ier  Pgen

Howewer, becauseof the noiseintroduced by the ampli ers, the multicast group size can be
unlimited if ampli ers are used. According to numerical results conducted from the constraint
equation 1, the followings can be concludedtoo. For an all-optical network without splitters, and
with xed drop coe cient tapper, the maximum number of receivers for non-coheren detection
systemisn 8 9= 72; and for coherert detection system,n 23 9= 207. On the other
hand, if exible drop coe cien t tapperis used,then the maximum receiver number for non-coheren
detectionsystemisn 13 9= 117,andfor coherern detectionsystem,n 31 9= 279. Howewer,
for an all-optical network with light-splitters, the maximum receiver number for non-coherein
detection systemis: 45 n 2* ° = 236 andfor coheren detection system,90 n 29 ° = 281,
Thus, without light-splitters, the multicast group size can hardly beyond 300 members, and with
light-splitters, the multicast group size can be almost in nit y.

Figure 11 shows the relation between the network diameter with multicast group size. In
this gure, we only compare eight methods, which are Unbalanced Tree with Equal Splitter by
Coherert Detection (UTESCD) or Non-Coherent Detection (UTESNCD), Unbalanced Tree with
Flexible Splitter by Coherert Detection (UTFSCD) or Non-Cohereri Detection (UTFSNCD),
Drop-and-Continue by Coherert Detection (DCCD) or Non-Coherernt Detection (DCNCD), and
Flexible Drop-and-Continue by Coherert Detection (FDCCD) or Non-Coherent Detection (FDC-

NCD). Here, Unbalancedtree is a tree in which ead light-splitter connectsdirectly to one group
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Receiver VS diameter without amplifier by coherent detection, distance follows Exponential distribution Receiver VS diameter without amplifier by non-coherent detection, distance follows Exponential distribution
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Figure 11: Network Diameter VS. Multicasting Group Size

member and one light-splitter. In this gure, FDC(N)CD and UTFS(N)CD have almost same
group size, while UTES(N)CD has the smallest group size in most cases. This is because xed
splitter consumesmore light power than other methods do, and exible splitter is very similar to

exible DaC elemerts. We can simply expand this result if ampli ers are usedin the network.

V.3 Network Pro visioning
V.3.i Num ber of Splitter and Placement

In [27], the authors assumedthat an unlimited number of wavelengthsis available to avoid blocking
sincetheir only concernwasto determine the total number of wavelengths neededas well as the
total amourt of bandwidth. They also assumedthat the only trac presen in the network
is of multicasting type, and the network had full wavelength corversion capability. With this
assumption, both NSFNET and an arbitrary network with 30 nodes were studied for e ciency
of sparselight splitters. A relationship between the number of wavelengths and required light
splitters was deweloped too. The simulation results showved that: (1) full light splitting capability
can only reduce the bandwidth consumedby an averageof 8% 18%, (2) by equipping 50% of
the network nodeswith splitting capability, the network could obtain around 80% 90% of the
benet of full light splitting capability, and (3) no more than 70% of the network nodesneededto
be equipped with light splitting capability to obtain almost the samebene t asfull light splitting
capability.

In [41], the splitter placemen in wavelength-routed network problem was formulated and
shaved to be NP-Complete. For given constraints suc as the number of the wavelengths per
b er, number of b ersper link, at leastone splitter on ead multicasting tree, and one splitter on

at least one multicasting tree, the objective function is to maximize the number of multicasting
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sessionswith dierent proportion of splitters in the whole network. In this formulation, eadh
multicast sessioncould establish multiple trees. Three heuristic algorithms were dewveloped, i.e.,
CPLEX heuristic, Most-Saturated Node First (MSNF), and Simulated Annealing (SA) heuristic.
The SA heuristic performed much better than the CPLEX becauseSA can always nd a feasible
solution even if CPLEX cannot nd one. Moreover, the blocking performanceis enhancedby
increasingthe number of splitting nodes, however, the best design performanceis obtained when
no more than 50% of the total nodesare equipped with splitting capability, which agreeswith the
result obtained in [27].

The optimal placemer of the splitters was investigated in [80] and [81]. In [8(], the authors
deweloped a Mixed Integer Linear Program (MILP) formulation for the optimal placemert of a
limited number of wavelength corverters and power splitters. The formulation wasthen extended
to provide a logical topology design that is based on light-trees and is able to groom se\wral
sub-wavelengths multicast streams.

In [81], although the optimal placemen of power splitters was investigated, the power con-
straint were consideredand the optimal number and placemen of optical ampli ers was part of
the formulation.

Reference[37] proposed a heuristic algorithm to optimize the splitting node placemen in
optical network. This algorithm proceedsfor k iterations to place a total of k splitting nodesin
the whole network. In ead iteration, all nodeswithout multicast capability are chosenone at a
time to be equipped with a splitter. The trac blocking probability is computed and the node
with minimum blocking probability is chosenas a new splitting node in the network. After k
iterations, the allocation assignmen is returned as the best con guration of the sparsesplitting

nodesplacemen. However, the optimization of splitter placemer problem remainsan open issue.

V.3.ii  Amplier Placement

The ampli er placemen problem under multicast tra ¢ is another open and challenging problem.
In this subsection,we presert someof the main e orts both in the unicast and multicast conexts.
An optical ampli er gain model wasdewvelopedin [31] that considered b er attenuation, ampli-
er saturation, sensitivity of detectors, aswell as maximum power of transmitting light sourcesin
b er. The authors proposeda schemethat minimizes the number of ampli ers for the LAN/MAN
passiwe-star-basedoptical networks without the restriction that wavelengthsin the same b er must
be at the samepower level. This is a reasonableassumption due to the near-far phenomenonin
which signalson di erent wavelengths can originate from di erent locations in the network, and

when they arrive at an ampli er, their power levels can be di erent due to the propagation at-
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tenuation in b ers. The di erence in power levels of the input wavelengths can signi cantly limit
the amount of ampli cation available to lower powered wavelength becausethe higher powered
wavelengths could saturate the ampli er.

The authors formulated this problem asa Mixed Interger non-Linear Program (MInLP) with
the objective of minimizing the number of optical ampli ers in the network. The output of the
MInLP is usedto allocate the determined number of optical ampliers o -line. Two placemen
policies were introduced in [31], namely, As Soon As Possible (ASAP) and As Late As Possible
(ALAP) methods. For eadh link, the ASAP placesthe optical ampli ers (except the last one) on
the link assoon asthe total input power is low enoughto allow the maximum gain, while the last
ampli er is placed such that the input power is low enoughto allow it to generatethe remaining
required gain. The ALAP method operatesin a similar fashion, exceptthat it placesthe ampli ers
sud that the total input power is at its minimum detectable level (i.e., the power of one or more
of the individual input channelsis at Psen) Which results in placing the ampli ers closerto the
destination side of the link.

On the other hand, two newmethods wereproposedin [32]: Genetic Algorithm implementation
for ampli ers placemern (GA2), and Smallest Gain First (SGF) algorithm. The GA2 algorithm
started with a setof placemen topologiesof ampli ers sorted with transmitting power on the link.
The two placemert topologieswith lowest powers are then selectedas the parents, and genetic
functions are usedto combine parents with a structured, but randomizedinformation exchangeto
form a child, andthe child is then insertedin the whole set. The SGF aimsto nd abetter ampli er
placemert by assigningthe minimum transmission power to every lightpath, then it would add all
the ligthpaths of the chosenpermutation link by link accordingto their length (longest one rst).
According to the simulations results preseried in [32], GA2 performs better than SGF with lower
transmission powers for all lightpaths.

The in uence of ampli er noisepower on the transmissionsignalis consideredin [50]. Howewer,
it only consideredthe e ect of the noisein saturating the ampli er, without usingthe SN R concept.
Such problem can be possibly solved by increasingthe receiver sensitivity, which is not the caseif
SNR is very low.

With multicast service, the ampli er placemern problem must consider the power loss sue
to light splitting or the use of DaC devices. Signal power decreasedramatically when it passes
through these devices. For example, the power losswill be 3dB after passingthrough a splitter,
which meansanother constraints needsto be addedin the design. Therefore, the demandfor optical
ampli ers (OAs) canbemore critical with multicast trac than with its unicast counterpart. Since

OAs are expensiwe devices,every e ort must be made to minimize their number in the network.
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Moreover, becauseof the requiremert of SN R, the total nhumber of ampli er on a link should also
be consideredin ampli er placemer problem.

In this context, the work in [81] introducesan optimal, power-constrairted designfor mesh-
basedwavelength-routing networks in the context of AOM that takesthe power lossimpairment
into consideration. The signi cance of this work is that it provides a linear formulation to the
network designproblem in the form of Mixed-Integer Linear Programming (MILP) with the objec-
tive of minimizing the total required optical ampli ers’ gain while allowing the signalsto exist at
di erent levelsat any point in the network. It alsodeterminesthe optimal number and placemen
of the splitters, and the routing and wavelength assignmen for the multicast sessions.Moreover,
the output from the MILP enablesus to determine the exact number of optical ampli ers per link
and their exact location using any of the placemen policies usedin [31]. The authors are not

aware of any other work that addresseshe sameproblem in the literature.

V.4 Network Dimensioning

Basically, all-optimization strategy is basedon minimizing the number of critical resources,e.qg.,
wavelengthsper b er, b ersper link, wavelength power, ampli ers, etc. Howewer, optimization of
someresourcesmight imply an increasein others. Thus, obtaining a global optimum solution may
be hard and complex problem.
Traditionally, network dimensioning has beentreated in the literature under unicast tra c.

A methodology is proposedin [46] for dimensioning on the WDM optical layer and optimizing
the allocation of resourcesafter discussinga global view of the dimensioning problem of a WDM
network. The dimensioningproblem wasde ned asto determine and allocate the resourcemneeded
to support a giventrac demandon a give network topology. After establishingthe optical paths
for connections,the dimensioning problem changesinto assignmen of the appropriate resources
to those paths. On the other hand, a multi b er link-load correlation model was developed in [43].
According to the analytical and simulation results, the alternate path routing requiresless b ers
than the shortest path routing. Moreover, it was concludedthat a multib er network hasa similar
blocking performance as a full-wavelength-corvertible network. Moreover, seweral dynamic and
static wavelength assignmem algorithms were developed in [44] for optical broadcast-star LANs
with a dynamic trac model. Using analytical and simulation techniques, it was shown that dy-
namic approac signi cantly outperformsthe static approac. Howewer, the wavelength corversion
capability in such network improvesthe performancemarginally. In addition, for wavelength con-
verter placemern issue,a heuristic algorithm was dewveloped in [45], and the blocking performance

simulation results over NSFNET and mesh-toruswere preseried.
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Moreover, link capacity is an important issuethat restricts the maximum load of the trac a
network can support. In this cortext, the results of somepapers ([46, 49, 51]) on Dimensioning
of the WDM networks and blocking probability analysisare preseried while in SectionVI.1.ii, we
will present someof the e orts that addressthe wavelength requiremerts in terms of wavelength
assignmemn under multicast tra c.

Four strategies were dewveloped in [46] in order to optimize the resourceassignmem, which
mainly focusedon number of b ersand node's transmitter- receivers. In the rst strategy, wave-
length corversion was employed, and the simulation results shoved that a 15% 37% reduction
in the total number of b ers could be achieved. The secondstrategy examined seweral routing
sdhemes, which included shortest path, least number of hops, and a heuristic routing sdeme.
The simulation results showved that the least number of hops routing scheme could reduce node's
transmitter-receiver by around 3% 7%. Finally, the third strategy was basedon rerouting con-
nections on overloaded links, which could reducethe total number of b ersaround 10%.

In [49], the network dimensioning problem was de ned asto determine the lightpath assign-
ments for di erent time segmens with the objective of adchieving the minimum resourceutiliza-
tion with a given set of trac pattern. The problem was formulated as a multicommodity- o w
problem, and integer-programming approach and minimum variance algorithm were used. In
integer-programming approad, a set of constraints were examinedand the objective function was
speci ed to achieve minimal network resourcesthat consistsof b er-link cost, switch cost, trans-
mitter/receiv er module cost, and optical amplier cost. Becauseof its complexity, a heuristic
approad, i.e., minimum variance algorithm was used. In the heuristic approad, the averagecost
of setting up a lightpath is de ned asthe total costof b erlink of oneroute divided by the number
of lightpaths that could be established. A route with minimum average cost was chosen. Using
an averagewavelength utilization on a link as performancemetric, this approad found a solution
with minimum variance of the wavelength utilization.

The absorption probability was used in [51] instead of the blocking probability in order to
analyzethe trac load on ead link. Absorption probability at time t is de ned asthe probability
that at least one lightpath requestis blocked before time t. Each node is assumedto have full
wavelength conversion capability; therefore,a multihop route canbe assigneddi erent wavelengths
on the di erent links. This relaxesthe constraint of wavelength corntinuity, and allows application
of approadiesusedin traditional networks. Becausenetworks with long-duration lightpaths might
not reach a steady state based on changeabledemands, a Markov Chain with absorbing state
was used instead of the blocking state. With this method, a link capacity at time t can be

obtained, comparedwith xed steady state probability of Markov Chain with blocking state. In
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this method, ewery link was assumedto be independert, and that an average of one lightpath
requestwould arrive every month, and the average holding period would be one year. Basedon
these assumptions, a single link network and two links network models were analyzed, and the
exact absorption probabilities were computed. Also, both approximation of upper bound and
lower bound of absorption probability for thesetwo networks were given. Comparedto a formal
approad, the approximation matched very good. The simulation experiments were carried out
over the ARPANET, and the results obtained from theseexperiments shovedthat the link capacity
allocation basedon the absorption probability was much better than that basedon the blocking
probability within the time interval equal to or lessthan twice the average connection holding

time.

V.5 Connection Pro visioning

Network provisioning correspondsto network resourceassignmei for a given static trac demand
with minimum price and minimum resource.One way of studying connectionprovisioning problem
is through blocking probability. The blocking probabilities of alink canhelp usincreaseor decrease
the corresponding link capacity.

The authors in [54] useda link decomposition approac to compute call-blocking probabili-
ties of multicast calls over arbitrary WDM network with sparsesplitting and sparse corversion
capabilities. Basically, the network is decomposedinto a number of path subsystems,ead of
which is analyzedin isolation using an approximate algorithm, and the global solution is formed
by combining those solutions appropriately.

The arrival of multicast calls was modeled as a state-dependert Poisson process,and the
holding time wasmodeledusing negative exponertial distribution. In orderto simplify the analysis,
a classaggregationtechnique wasintroducedto classifyall the callsinto di erent classesaccording
to their properties, including multicast calls. Thus, a modi ed model of calls was established.
Using this technique, the multiclass path steady state probability was initially simplied into a
single-classpath steady state probability. Then the authors showed that blocking probability of
a classr call is class-independert in the modi ed multicast model. The multicast calls are then
decomposedinto somesimple unicast model.

For every multicast session,a multicast tree exists. By using path decomposition algorithm,
the multicast tree could be broken up into seeral linear segmets, and eah segmen of the tree
was consideredas a subsystem. In turn, ead subsystemis analyzedas a unicast network with the
modi ed model, and the blocking probability of a multicast call can then be expressedin terms

of blocking probability of eady segmers of the multicast tree. The simulation experimens were
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performed on on a 3 3 torus network, and the results shaw that the approximation value was
closeto the simulation value.

The blocking probability of multicast callsin a completely connectednetwork (with or without
wavelength corverter) was addressedin [47], but by using a dierent approad. The authors
analyze the blocking probability directly by calculating the blocking probabilities for the source
to the destination with di erent distances. If there is no wavelength available on the link between
the sourceto a destination, then the sourcesendsthe multicast data to one of its group member
which forwards it to this destination. The intermediate and destination nodes must belong to
the multicasting group. For example,node b and ¢ are both multicasting group member for node
a, and link between a and b has no free channel, then the only route can be consideredfrom
a to b is through node c. By calculating the successprobability of i nodeswithin (n 1)-hop
and intro ducing unsuccesgrobability of k nodeswithin (n  1)-hop, the author can calculate the
successprobability of successprobability of j nodeswithin n-hop. Proceedingin thus manner,
succesrobability of m nodeswithin s-hop distance can be computed. The blocking probability
is obtained by using (1  successprobabiity ). Becausethe network is completely connected,and
total number of nodesin the network is n, thusno morethan n 1 hopsis needed. The simulation
resultsin [47] preseried the valuesof the call blocking probability with di erent number of channels

per b er, and di erent number of destinations in ead group.

VI Multicasting Techniques in WDM W avelength-Routing  Net-

works

Multicast trac in wavelength routing networks can be delivered using one of three transmission
domains. In the rst domain, namely, Pure IP-Multicasting, or All-Electronic Multicasting (AEM),
the IP layer deliversthe multicast trac over multiple IP layer hops, whereead hop is a lightpath
between two routers, which may consists of multiple physical layer hops. In this context, the
corventional IP multicasting schemes,described earlier in Section |11, are employed. If the node
is a leaf destination, the messagecopy has been received successfully otherwise, a transmitter
is used to transform it to the equivalent optical signal, either on the same or dierent input
wavelength, and then transmitted to the computedoutput port. Although this approadc capitalizes
on ubiquitous IP multicasting protocols by integrating them with the WDM technology, they lack
signal transparency and not all-optical.

The seconddomain, namely, All-Optical Multicasting (AOM), delivers multicast trac in a

transm@rent manner on an end-to-end basis. With  AOM, the WDM layer is involved in the task
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of handling the multicast trac. Basedon the degreeof coordination betweenthe WDM and
IP layers, AOM algorithms have beendeweloped in two ervironments, that is, Pure WDM-Layer
and IP Multicasting Over WDM scemes.In the rst approad, the job is totally handled by the
WDM layer alone which eliminates any role for the IP layer while in the secondapproad, both
layers coexist and cooperate. The main focus of this paper is on the rst group of AOM and they
are treated extensiwely in SubsectionVI.1. In order to provide a complete picture of the subject,
the IP Multicasting Over WDM techniques are briey preseried in SubsectionVI.2.

The O/E/O corversion is eliminated in AOM; thus, the transparency with respect to data
type, coding format and bit ratesis ful lled. Sincethis transparencyis already achieved in unicast
trac, the network dealing with the various typesof trac becomesconsistert which simpli es
its designand operation. Moreover, duplicating multicast data in optical domain is carried out by
splitting the optical signal using passiwe devices, which makes this operation simpler, more cost
e ective, and encourters lessdelay than performing suc duplication in electronic domain using
bu ers.

The All-Optical Internet is still ewlving becausethe technologiesof the All-Optical devices,
especially All-Optical wavelength-corverters, are currently immature. Therefore, Hybrid Multi-
casting (HM) sdhemesemergedas good solutions to Il the gap between the all-electronic and
the all-optical multicasting approades. As sud, the multicast trac is carried out in the optical
domain aslong asit is feasible. The signal is switched into the electronic domain only in limited
cases. These cases,along with the various hybrid multicasting schemesare briey explained in

SubsectionVI1.3. The framework for our treatment is shovn in Figure 12.

V1.1 Pure WDM-La yer AOM Techniques

Similar to unicasttrac, AOM employedsolelyat WDM layer entails both routing and wavelength
assignmen Sincethe joint problem is NP-Hard, it is usually treated astwo problems,i.e., routing
(denoted as AOM-R) followed by wavelength assignmem (denoted as AOM-WA). The former

problem is treated in the following subsectionwhile the later is preseried in SubsectionVI.1.ii.

VI.1.i  All-Optical-Multicasting Routing (A OM-R) Problem

Routing multicast sessionreducesto the construction of a multicast tree. In order for the basic
strategiesdiscussedn Section |l for multicast tree construction in IP Networks to be adopted to
work in AOM networks, the properties of sudh networks must be taken into accourt. For example,

the choice of the signal replication points must be congruert with the presenceof signal splitters at
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Figure 12: Classi cation Map for Multicast Routing Algorithms in Wavelength-Routing Networks.

such nodes. In addition, the requiremert of optical ampli cation must be alsotaken into accourt.
As indicated in Figure 12,the AOM-R techniquesemployed at WDM layer canbe further classi ed
to those usedin networks with full, sparseand no splitting capabilities.

With full splitting capabilities, any node can be a branching node, and corvertional multicast
routing protocols can be used. The multicast tree in this caseis called a light-tree. Howewer, the
cost of full deployment of MC nodesis too high, especially for large networks. For networks with
no splitting capabilities, building a single distribution tree for multicast routing is not possible.
Other routing structures may be used. For example, the use of a separateunicast sessionto eat
destination [66], or relying only on the DaC functionality to construct a trail [40]. On the other
hand, in networks with sparsesplitting, a single multicast tree may not be always feasible to
include all destinations, e.g., [71]. Therefore, more than one tree, called the light-forest, must be
used[56, 58, 58, 59.

The various techniques of AOM-R in networks with no, full and sparsesplitting capability
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will be discussedin the following subsections.In the rest of this paper, we usethe term multicast
distribution (or delivery) medium (or structure) to refer to the computed routing structure, either:
tree, forest or trail. Also, in order to provide a consistert exposition while re ecting the major
optical capabilities of the network model, the following notation is adopted: [N,W,B] - si Fl RK.
CX DY - M?%, where:

1. N, W and B: refer to the number of nodes,number of channels (wavelengths) per b er, and
number of b ersper link in the network, respectively. Howewer, including N, W and B in

the notation is optional.

2. S: represetts the splitting capability of the network, suc that the superscript i takesone
of the symbols f, s, or n to represen full, sparse, and no splitting network con gurations,

respectively.

3. F: represerts the fan-out of the splitting nodes,wherethe superscript j is either c for splitters
with complete fan-out, or | for splitters with limited fan-out. It may also usethe symbol m

for a mixed situation in which complete and limited splitters coexist.

4. R: which indicates whether the splitting ratio of the splitting node is either xed (with the

superscript k equalsx) or adjustable (with k equalsa).

5. C: represernts the conversion capability in the network, such that the superscript x is either
f, s, or n to indicate that network has full, sparse or no wavelength corversion capability,

respectively.

6. D: indicates the corversion degree,where that the superscript y can be either ¢, | or m to

represert complete, limited or mixed situations, respectively, and

7. M: represerts the on-site ampli cation, and has the following cases:full, sparseor no, and

they are represetted by letting superscript z equal f, s or n, respectively.

The above notation here can be extended to also include the on-link ampli cation. It is to
be noticed that becausethe works we survey in this paper do not specify the availability of the
on-site ampli ers explicitly , we assumethat the con guration of on-site ampli cation is similar
to that of splitting when preserting these e orts, e.g., sparsesplitting caseertails sparseon-site
ampli cation. The above notation was meart to be as compact, and can even be reduced by
omitting Fl and RK parts if the network has no splitting capability, and the DY if no corversionis

employed.
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A. AOM-R in Networks with No Splitting Capabilities[40]

The authors in [40] proposeda new routing algorithm for the [N,W,B] - S" - C" - M" network
model. However, nodesare assumedo beequippedwith Tap-and-Cortinue (TaC) capability which
was described in Section V. Routing is basedon constructing an optimal trail which originates
from the multicast sourcenode and spansall the destination nodesin the multicast group such
that thesenodesare visited no more than two times, that is ead link is traversedat most twice.

Computing an optimal trail with the objective of minimizing the number of directed edges
traversedis referred to asthe problem of Multiple-Destination Minimum-Cost Trail or MDMCT.
In [40Q], the authors followed a graph theory approac in proving that the MDMCT problem always
has a solution if the network is strongly connected. They also proved that the MDMCT is an NP-
Complete problem, therefore, they proposeda heuristic of polynomial time complexity in order to
nd a feasibletrail.

The heuristic works in two steps. The rst step involves the construction of a Steiner Tree
for the multicast sessionusing the Minimum Cost Path Heuristic (MCPH) proposedin [57]. This
step assumesthat all nodes are MC nodes. Based on the computed Steiner Tree, the multiple-
destination trail is computed accordingly by re-routing around the nodesin the Steiner Treewhich
have an out-degree that is greater than one. The algorithm for nding the trail starts from
the Steiner Tree root, i.e., multicast source, and recursively repeats at eaty node in the tree,
referred to as the Current node, if this node is not a leaf node. In the downstream direction,
the algorithm attempts to include all the downstream links between the Current node and all
its children destinations. Backtracking is required when a leaf node is readhed and there are still
somedestination nodeswhich have not beenvisited. In this case,badtracking is performedto the
nearestbranching node which has someoutgoing branchesthat have not beenvisited yet. Because
of badtracking, and in order to traverse as few edgesas possible, the sub-treesrooted at eath
node are traversedaccording to their depths, and in ascendingorder.

The advantage of this method is that it eliminates the high cost of having splitting nodes,
especially when the splitting ratio meart to be adjusted based on the degreeof balance of the
multicast tree. However, it traversesmore link, and requires a longer set up time and the delay
encourtered by the connection becomeshigher. The simulation results in [40] shows that the

system degradation in terms of blocking probability when MDMCT is usedis negligible.
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Example

The following exampleillustrates the above procedurefor constructing the trail for the multicast
sessioom = (6,f1,2,3,4,8,9,0,11,12,1314g) in NSFNET. The rst step constructsthe Steiner Tree
using MCPH. According to the MCPH, the destinations are connectedto the tree using the least
cost path to the sourcenode or to any already existing node in the tree. In this example,the cost
function is consideredto be the number of hops.

MCPH starts by adding nodes3, 11, and 13 that are onehop away from the sourcenode which
is the only node in the tree. Then, nodes1 and 2 are connectedto the tree through node 3 while
node 10 is connectedthrough node 11. At this point, both 8 and 4 are only one hop from the tree,
which is lessthan their distancesto the sourcenode; therefore, they are connectedto nodes1 and
2, respectively. Similarly, the remaining nodesare connectedto the tree as shown in Figure 13.

The construction of the multiple-destination trail then starts. Starting at node 6 (the multicast
sourcenode), the procedureinitially includesthe downstream link (6,13), sinceit constitutes the
least depth sub-tree from node 6. Becausenode 13 is a leaf node, and there are more unvisited
members, badtracking is performedto node 6 and the next least-depth sub-tree, i.e., the onerooted
at node 11, is traversedby recursively invoking the procedureat nodes 11 and 10. Badktracking
is then carried out up to the sourcenode in order to traversethe last sub-tree rooted at node 3.
At this point, the sub-tree rooted at node 1 is traversedprior to the one rooted at node 2, since
it is of lessdepth. Once the last node, i.e., node 9 is included in the trail, no badtracking is
performed since all the nodesare traversed. The resulting trail is showvn in Figure 13 as directed
dashedarrows, where the number besideead arrow represetts the sequenceof constructing the

trail.

B. AOM-R in Networks with Full Splitting Capabilities

The full splitting capability at all the nodes in the optical network allows easy adaptation of
conventional techniques for multicast tree construction to optical networks. Therefore, a single
distribution tree rooted at the sourcenode and connectsit to all the destination nodesis possible,

if other required resourcessuch as ampli ers and wavelength converters are available.

AOM-R WA in WANs [21]

Reference[2]] studies the AOM-RWA problem when all nodes have complete, and xed ratio
splitting capability. Howewer, various wavelength corversion capabilities were investigated, i.e.,

no/full and complete/limited. This work is important for a number of reasons.First, it introduces
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Figure 13. Computing the Multiple-Destination Trail for m=(6,f1,2,3,4,5,8,9,1113g) in the
NSFNET where all the nodeshave TaC capability only.

dynamic AOM-RWA besidesthe static version. Second,the authors proposedtwo de nitions for
blocking policies,i.e., full and partial destination blocking policies. The paper also investigate the
e ect of using multiple b ersper link on the behaviour of AOM-RWA sdemes. Finally, the results
obtained in [21] show that the link sharing in AOM outperforms the use of multiple unicasting
session.

In [21], multicast tree generationis performedusing the Minim um Cost Path Heuristic (MCPH)
[57]. The authors proposetwo schemesfor selectingthe multicast route. The rst schemeis the
static schemein which the trac demand matrix, and a set of routing trees, t;, are pre-calculated
for eadh multicast session,i. Assigning a routing tree to a multicast sessioncan be performed in
two fashions, namely, xed or alternate basedon the ktik. In the xed option, a single tree is
calculated and assignedto the multicast session,while the alternate scheme involvesthe compu-
tation of more than onetree per session,and the seard for an available tree in t; is performedin
a certain order. Hence, xed routing is a special caseof alternate routing schemewhen kt;k=1.

Although static routing is simple, it does not make use of the instantaneous network state
which results in an underutilization of the network resourcesand an increasedsessionblocking
probability. The secondsdeme, namely, the dynamic routing, solves the above problems and
increasesthe rate of multicast calls acceptance.Unlik e static routing, dynamic routing takesthe
link utilization into consideration when making routing decisions. Of course, this comesat the
price of an increasein the computation and the communication exchange overhead.

The authors extended their approadesby de ning two criteria for the multicast call accep-
tance, namely, full and partial destination readability. With the rst policy, a multicast sessions

establishedonly when a sourcenode is able to read all the destinations using a single distribution
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tree from t;. This requiresthe availability of the required network resources(e.g., wavelengths)
on this tree. This called the Full Destination Blocking Policy (FDBP) and its performanceis
characterized by the sessionblocking probability metric. The other sessionestablishing policy is
the Partial Destination Blocking Policy (PDBP) and is based on admitting the multicast con-
nection even if someof the destinations are not readable by the multicast tree. The destination
blocking probability is used for evaluating the performance of this policy. Both policies can be
usedwith either static ( xed/alternate) or dynamic routing schemes. Howewer, it is worth noting
that adopting any of thesepoliciesdependson the nature of the multicast application. The FDBP
policy is appropriate for the applications of the collaborative nature that require the simultaneous
availability of the member nodes, e.g., Teleconferencing,distributed databasesand distributed
computing. The PDBP seemsto be a reasonablechoice for lessrestrictive multicasting applica-
tions whose operation do not require all destinations to be connectedto the multicast tree, e.g.,
Video-on-Demand (VoD) and newsgroups).

The simulation resultsin [21] reveal that the dynamic schemeoutperformsboth static schemes
(xed and alternate) with FDBP for single b er, and the performancegap increaseswith a decreas-
ing number of wavelengths and an increasinggroup size®. Nevertheless,both static and dynamic
schemesoutperform the use of multiple unicast connections. Also, the results reveal that a sig-
ni cant performanceimprovemert can be achieved under the PDBP for both static and dynamic
approades. Howewer, the static xed sdeme exhibits the best achieved performance when the
PDBP is employed.

Finally, the e ect of wavelength-corversion through the use of multiple b ers per link was
studied. For example, full wavelength corversion can be achieved when the number of b ers per
link is equalto wavelengthsper b er. The results shoved a remarkable performanceimprovemernt
under both static and dynamic techniques, with a leading performancein the in dynamic case.
Most of this improvemert is obtainable with a small number of b ers, or equivalertly, a small
corversion degree. A more interesting result is that even though the performance of the xed
schemeis improved with the employment of full corversion, its performanceis still inferior to that

of the dynamic schemewith no wavelength conversion.

Ligh t-T rees [53]

Another cornerstonein the area of AOM is the light-tree conceptintroducedin [53]. A light-tree
is a generalization of the lightpath in wavelength-routing WDM network. As sud, the light-

tree operatesas a point-to-multip oint all-optical channelthat provides a logical single-hopoptical

8The group sizein [21] is donated as sessionfanouit.
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communication between the source node and the destination node(s). Howewer, physically, the
light-tree may traverse multiple links and bypass many nodesin the network. As it is the case
with lightpaths, light-trees are subject to the wavelength-cortinuity constraint in the absenceof
wavelength-corversion capability. Howewer, the treatment in [53] assumefull wavelength conver-
sion; thus, the system model is denoted as [N,W,B] - Sf F€ RX - cf DC - mf.

The light-tree idea makesuseof a singletree to deliver oneor moretrac demandto a set of
destinations. Each trac demandis assumedto be only a fraction of the total channel capacity,
hence,the number of the tra c instancesthat are assignedto a certain light-tree dependson the
capacity of the channel and on the trac demandof ead trac instance. Thesetrac instances
originate from the source node and can be of any type, i.e., unicast, multicast, broadcast, or
mixed. Also, ead receiwver in the destinations set may be a destination node in one or more of
these sessionsput not necessarilyall.

Two main objectives of light-trees were investigated in [53], namely: (1) to minimize the
average hop distance, or (2) to minimize the total number of the transceivers, for a giventrac
demands. The impact of the rst objective is to reducerequiremert of O/E/O corversion which,
accordingto [67], improvesthe network throughput.

The authors in [67] adopted a virtual topology baseddesign approad in assumingthat all
nodesin the network are MC nodes. Although the primary focusin [53] wasto provide a better
solution to support the unicast trac, the light-tree idea can be extended naturally for the other
two main trac types,i.e., multicast and broadcast.

The problem of light-tree virtual topology designwas formulated as a Mixed Integer Linear
Programming (MILP) Optimization problem. Although solutions for the unicast and broadcast
trac typesonly were introduced, the same conceptscan be naturally extended to multip oint
communication. The problem was solved with ead of the previous objectivesindividually for the
caseof the unicast trac. Howewer, the objective of minimizing the number of the transceivers
only wasconsideredunder the broadcasttra c case. The results shoved that light-trees are better
than lightpaths sincethey require fewer transceivers for both trac typesand a number of hops
for unicast communication. Theseresults regarding the number of hops were validated again in
[68] which also extends these results to a number of randomly generatednetwork under unicast

tra c.

Example

Again, considerthe NSFNET badkbone network with three communication trac demandsfor

node 9. Two of them are of the unicast type: m;=(9,f1g) and m»=(9,f7g). Howewer, the third
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oneis a multicast connection: m3=(9, f2,3,63). Figure 14-a depicts the resultant lightpaths that
are employed for these connections. Assume that the number of the wavelengths is su cien t
over all the network links and there is no blocking due to shortage of network resources. This
assumption e ectiv ely eliminates the needfor wavelength conversion. On the other hand, and in
order to appreciate the signi cance of the proposedlight-tree basedvirtual topology, we consider
the worst casescenarioby assumingthat electronic routing is performed at ead node in the path.
This requiresthat the lightpath to beterminated at eat node of the route. With this assumption
in mind, the route for unicast connection m; is carried over channel ¢ and it requires three
lightpaths, and hence,three electronic hops (or just hops): between9 and 4, 4 and 2 and 2 and
1. Similarly, establishing m» requires 3 lightpaths: 9to 4, 4to 5and 5 to 7 and it useschannel

1. Howewer, due to the absenceof light splitters, the multicast connection ms is supported by
establishing three distinct lightpaths, where ead of which originates from node 9 and terminates
at the individual receiver nodes,i.e., at node 2 (using » over 2 hops), at node 3 (using 3 over 3
hops), and at node 6 (using 4 using 3 hops, respectively. The total number of transceivers needed
is 28 (i.e., 14 transmitters and another 14 receivers) and 5 di erent channels.

This number of transceiversis signi cantly reducedby adopting the light-tree concept. With-
out loss of generality, assumethat the requirement for ead trac connection equals 30% of the
capacity of a single channel capacity. The optical signal emitted by node 9 contains all thesetra ¢
instancesand it is optically split at node 4 into two parts without being terminated at this node
sinceit is not a destination of any of the three sessions.This eliminates the needto usethe 10
transmitters and 10 receivers at node 4 that are neededpreviously when the lightpath basedvir-
tual topology is employed. Howewer, a simple passiw light splitter is required at node 4, instead.

The two signals are independertly routed to nodes?2 and 5. At node 2, which is a menmber in
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m3, the signal undergoes 3-way splitting. The rst part of the split signal is terminated at node
2 itself while the other two parts are routed and terminated at nodes1 and 3. Therefore, three
receivers are neededat nodes?2, 1 and 3. In a similar fashion, the signal from node 4 travels all
the way to node 5 whereit is split into two parts: oneterminated at node 5 itself and the other is
routed to node 6 whereit is terminated. E ectiv ely, the total nhumber of transmitter is one, and
the total number of receiversis 5. The reduction in the required resourcesis extendedto include
the number of required channels, since a single wavelength channel is employed for these three
sessions. Also, such a solution guarantees the use of a single hop and an all-optical delivery of
the trac. The actual (physical) routing light-tree is showvn in Figure 14-b. Howeer, the virtual

topology induced by sudch a physical light-tree is depicted in Figure 14-c.

AOM-R WA for Single-Source Multicast System [22]

with sf FC¢ RX- ¢ - MT system model, the AOM-RWA problem was studied in [22] with the
objective of maximizing the total number of served usersinstead of maximizing the number of the
admitted complete multicast sessions. This objective employs the Partial Destination Blocking
Policy (PDBP) described earlier by accommalating partial trees. Given the network topology,
and the set of multicast trees computed by any corvertional algorithm, a Non-linear Integer
Program (NIP) was provided for the general AOM-RWA casewhere the multicast sessiondn the
network have di erent sources.Due to the dicult y of solving NIP, two heuristics were proposed
to support multicast with PDBP in single-sourcesystems,which is a special casein which all the
multicast sessiongelongto a single source.

The rst heuristic employs a linear programing (LP)-Based algorithm that consists of two
Integer Linear Programs (ILP). In the rst ILP, the completely served multicast sessionsare
accommalated, and then wavelengths are assignedto ead tree. The link capacities are updated
and the network topology is modi ed in order to exclude any link with no available wavelength.
The secondILP is then iterativ ely executedin order to include as many usersas possible from
the remaining unserved multicast session.According to [22], this two-step scheme can provide a
near-optimal solution.

The other heuristic is called the MAX-FIRST (MAX-1St) Algorithm. It is an iterativ e simple
approad which accommalates the multicast sessionsaccordingto the number of their usersthat
can be serwed using an available wavelength. At ead iteration, the multicast sessionwith the
maximum number of serveble usersis assignedan available wavelength, then the link capacities
and the network topology are updated accordingly. Based on the new system status, the new

multicast sessionwith the maximum serweable usersis identied, and the procedure corntinues
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until no more userscan be sered.

Both heuristics are extended to allow re-routing by constructing new trees on the available
wavelengths in order to accommalate more users that could not be readed according to the
computed xed treesand the wavelength availabilit y.

The userblocking probability is usedin [22] asa performancemetric in the simulation exper-
iments. Simulation results show that both LP-Based and MAX-1 St heuristics have comparatively
similar performancewith an advantage of simplicity for the MAX-1 St Algorithm. The results also
shaw that allowing re-routing decreaseshe user blocking probability signi cantly, and 10%-20%
improvemert in the system performance is adchieved when PDBP is employed over the FDBP

counterpart.

C. AOM-R in Networks with Sparse Splitting Capabilities

Due to the complications and high costin fabricating the wavelength-routing nodeswith multicas-
ting capabilities which result mainly from the needto usewavelength ampli cation, the caseof full
splitting capabilities may not practical, and AOM-R schemesare neededto handle this situation.
The multicast routing algorithms that have beenproposedin the literature for handling the
sparsesplitting situation can be classi ed into two basic groups basedon the originating scheme
adopted by the various AOM-R techniques for constructing the multicast distribution structure.
The rst group is referredto asthe Source-Originated stheme becausebuilding the multicast dis-
tribution medium is initiated by the sourcenode (i.e., multicast owner) of the multicast session
regardlessits nodal physical capabilities in terms of splitting, wavelength corversion and/or am-
pli cation. Therefore, this group can be also called the Non-Optical-Capabilities-Based, or simply
Non-Optical-Basel, technique. On the other hand, constructing the multicast delivery medium can
alsooriginate from an assistingnode or a set of assistingnodesthat have special optical capabilities
and form a special optical structure that is referred to asthe core structure. This core structure
is employed as an original structure in the nal distribution structure of the multicast session.
Hence,this approad is called the Core-Originated, or alternatively Optical-Based, approad.
While Optical-Based schemesare unique for AOM in wavelength-routing networks, the Non-
Optical-Basal strategy is common with multicasting in non-optical networks. Traditionally, the
Source-Originated routing algorithms is further divided into three main categoriesaccordingto the
routing approac they employ: Source-BasedRouting, Steiner-BasedRouting and Center-Based
Routing [69]. Essetially, the Source-BasedRouting approac constructs the multicast distribution
medium by connectingthe multicast sourcenodeto ead receiwer individually usingthe appropriate

least cost (in terms of hop or delay) path in order to minimize the per source-receier path cost. By
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de nition, the source-basedouting schemeis applied at ead sender,hence,a separatemulticast
distribution medium is required for ead sourcein multicast sessionghat involve multiple sources.
The objective of the Steiner-BasedRouting schemes,howe\er, is to minimize the overall cost of
the multicast distribution medium, which is de ned asthe total costof all its links, instead of min-
imizing ead source-receier pair path. Thesesthemesare known to be NP-Complete. Considering
the membership requiremert of the nodes, the algorithms under this category can be furthermore
subdivided into two sub-categories:Minim um Spanning- and Minim um Steiner- multicast distri-
bution medium techniques. With the rst approad, all the nodesin the routing structure are
member nodesonly, while the secondapproad eliminates sud a membership restriction [70].
The objective of Center-Based Routing sdhemesis to provide a single shareddelivery medium
that supports many-to-many communication. The heart of this routing approad is the choice of a
certain certer node to sere asthe root for the multicast medium that spansall the member nodes.
The sourcenodesare not necessarilypart of the routing structure; nevertheless,all communication
must take placethrough the selectedcerter node and from which it is directed to the destinations.
To the best of the authors knowledge, non of currently proposedtechniques for AOM-R can
be characterized as a Minimum-Spanning Steiner-Based Routing scheme or as a Center-Based
Routing scheme. Howewer, the map shown in Figure 12 includes these categoriesfor sake of
completenessand will allow future schemesto t into it. The various techniquesthat are designed

for Sparse-Splitting deployment are preseried in the following subsections.

C.1 Source Originated (Non-Optical-Based)  Multicasting Techniques: Source-Based

Routing

Two schemeswere employed for constructing the multicast delivery medium in a form of a light-
forest, denoted by F, in the source-basedouting schemes. The rst schemeadopts the iterative,
i.e.improvement approad in which the routing medium is initially constructed as a single tree
with an assumption that all the nodesin the network are equipped with splitters. The medium
is then iteratively modi ed if any of the branching nodes, with b children, happensto be an Mi
node which requiresit to keepone of the children only, and attempt to reconnectall the remaining
nodes,denotedby R, through someother node(s) in the Re-Join Stage The generalizedoperation
of the iterative schemesis shown in Figure 15-a. Alternativ ely, the secondapproad is constructive
in nature sinceit formsthe routing medium from scratch and by cheding the splitting capability of
nodesduring the construction stage. The Re-Route-to-Sourceand the Re-Route-to-Any algorithms
[56] areiterative source-basedouting algorithms while Member-First Algorithm [56] is an example

for the constructive approad. The details of these algorithms are presenied in what follows.
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Figure 15: Flow Chart Represetations for: (a) Generalized Iterative Source-BasedRouting ap-

proadh, (b) RR2S Algorithm , and (c) RR2A Algorithm.

Re-Route-to-Source  (RR2S) Algorithm  [56]

Both the Re-Route-to-Source(RR2S) and the Re-Route-to-Any (RR2A) algorithms [56] assume
the following system model: [N,W,B] - SS F¢ RX - CS - DC - MS. Employing the generalized
operation in Figure 15-a, both sdhemes,i.e., RR2S and RR2A algorithms, initially construct a
single multicast tree (T) from a minimum spanning tree by pruning those links that do not lead
to member nodes. Then the splitting capability of ead nodein T, i, is chedked in breadth- rst or
depth- rst orders and both algorithms operation terminate when all these nodes, determined by
set X, are chedked. However, the algorithms operation di er during the Re-Join Stage

The operation of the RR2S algorithm during the Re-Join Stageis shavn in 15-b. Basically,
the RR2S re-organizesthe initial light-tree, T, to form a new multicast delivery structure, F, by
reconnecting every disconnectednode in R, denoted by j, to an appropriate node, denoted by K,
that is located along the reversepath from node | to the sourcenode s, P(j,s), on T. The candidate
node k should be an MC node that is equipped with complete corversion capability. Howewer,
if sucdh a node is not available along P(j,s), then node j joins F directly at the source node s

(regardlessof its splitting/con version capabilities®). The availability of a wavelength corverter at

9This is possible since the source nodes are assumedto be equipped with: (1) multiple xed transmitters, or (2)
a single tunable transmitter. However, the rst choice may have an advantage over the secondone since it allows

multiple transmissions to take place simultaneously from the source node, as shown in 16-b.
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Figure 16: Example of the operation of RR2S and RR2A: (a) Initial Multicast tree (T), (b)
Light-forest resulted from RR2S Algorithm, and (c) Light-forest resulted from RR2A Algorithm.

the MC nodeis essetial becausethe requiremernt of usingthe samelinks that constitute the reverse
path to the sourcenode by all the b(i)-1 disconnectedchildren from the MI node i necessitates
the need of carrying out eat connection over a dierent channel in order to avoid any signal

interference and then loss. The samereasoningentails also the availability of b(i)-1 wavelengths
on the links between nodesk and i. Although this re-joining strategy guaraneesthe usage of

shortest paths for the cuto members, it resultsin concernrating the trac on certain links which

results in exhausting the wavelengths along them rapidly.

The Re-Join Stage of the RR2S terminates when all the disconnectednodesin R nd their
alternativ e paths to F. The resultant multicast delivery structure, F, takesthe form of a light-forest
which is a generalization of the light-trees The light-forest consistsof a set of source-originated
multicast trees that are rooted at the sessionsource node itself and eat one spansa dierent

subsetof destinations.

Example

The following exampleillustrates the RR2S operation for the multicast session(10,f 1,2,3,4,5,18)
in our sampleNSFNET. All the nodesare assumedto be Ml exceptnode 8 which is also equipped
with a wavelength corverter. The initial multicast tree (T) is computed as a pruned minimum
spanning tree using Dijkstra's Algorithm and it is shavn in Figure 16-a. A single wavelength, say

0, iIsassignedio T assumingits availability over all the links of T. Nodes1, 8 and 14 are branching
nodesin T. Being an MC node, node 8 is able to maintain the connectionsto both its children:
nodesl1 and 7. On the other hand, both nodes1 and 14 are Ml nodes,which limits their capability
to keepmore than oneof its children, say nodes2 and 9, respectively. The cut nodes3 and 13 are
then reconnectedto the new multicast delivery structure, F, using the computed reverseshortest
paths on T to the sourcenode 10 via nodesl1 and 14, respectively. In rejoining F, node 3 connects

itself to node 8 which is the rst MC node in its reversepath while node 13 is directly connected
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to the sourcenode 10. Becausethe connectionsfrom node 10 to nodes 4 and 13 share the link
(10,14), the sourcenode 10 transmits the data to node 13 over a separatewavelength, say i in
order to avoid inter wavelength collision. Also, a separatechannel is required over the links (8,1)

and (1,3) which is achieved by cornverting channel oto 1 at node 8.

Re-Route-to-An y (RR2A) Algorithm [56]

In an attempt to achieve load balancing in wavelength usage,the Re-Route-to-Any (RR2A) algo-
rithm eliminates the requiremert proposedin RR2S of using the samebadkward shortest path on
T by all the disconnectedchildren of a branching MI node. Instead, the RR2A permits ead of the
disconnectednodesto chooseits own path to reconnectitself to the multicast delivery structure,
F, through the nearestnode that is: (1) alreadyin F, and (2) it is an MC, a sourceor a leaf node.
The re-joining processin RR2A algorithm is depicted in Figure 15-c.

Although the reference[56] doesnot explicitly mention the requiremert to have wavelength
converter at the MC nodes, the importance of its existencestemsfrom the fact that the RR2A is
a generalization of the RR2S and it may happen that the shortest path to a forest node (or even

the only one) is through the badward shortest path employed in RR2S.

Example

Figure 16-cdepicts the multicast forest, F, after applying the RR2A algorithm to the samesettings
of Figure 16-a. As shown in this gure, node 3 is disconnectedfrom node 1 and it nds that the
closestcandidate forest node is 2 which is kept connectedto node 1. Becausenode 2 is a leaf node,
node 3 usesthe direct link with it in orderto reconnectitself to F. For the other branching Ml node,
i.e. node 14, node 9 is again chosento be supported by node 14 while node 13 is disconnected.
Reconnectingitself to F, node 13 nds out that node 14 is the closestforest node with distance of
1 hop, but it is rejected sinceit is not a leaf node. The next nearestnode is the sourcenode itself
and two shortest paths exist from node 13to node 10, ead of which is of 2 hopslength. The rst

one is through node 14 and it requiresthe use of a di erent channel, say 1, over the common
links (10,1)4 and (14,13). The other possibleshortest path, which is the one depicted in 16-c, is

through the non-forest node 12. In the latter case,only a single wavelength ( o) is su cien t.

Mem ber-First (M1 St) Algorithm  [56]

The objective of the Member-First (M15!) Algorithm is to take the splitting capability of the nodes

into account while constructing a light-forest multicast structure that emanatesfrom the source
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node, which is unlike RR2S and RR2A which modify an initial multicast light-tree. The M1St
Algorithm is designedto work with [N,W,B] - SS FC RX - C" - MS systemmodel and it constructs
one light-tree at a time sud that ead one of them is assenbled link by link in a fashion that
is similar to constructing a shortest paths spanning tree using Dijkstra's algorithm1°. However,
besideghe shortest path feature inherited from Dijkstra's Algorithm, M1t Algorithm incorporates
the nodal membership when expanding ead light-tree, aswill be explained in what follows.

The processof choosingthe link that is to be enclosedin the constructed light-tree during the
spanning stageis done through a special Priority Queue structure, called the Fringe Link List (L)
which consistsof the set of links traversedin the graph of the network, and are to be included
in the multicast structure. Eadch sud link is referred to as a fringe link. For the sake of simple
referencingin this paper, the function Update_L(x) will be usedin the sequelto indicate that the
List L is updated by including the links that originate from node x, and it is invoked whene\er a
node is to beincluded in the light-tree.

The function Update_L(x) works asfollows. It rst determinesthe position of link (x,y) in list
L accordingto the number of hops from the sourcenode to nodey, sud that the link that lies on
a shorter path is enclosed rst. When se\eral nodesare located at equal distance from the source
node, then a higher priority is assignedto the link that leadsto a member node (if any) 1.

The detailed operation of the M1St Algorithm is shown in Figure 17. The algorithm makes

use of the following setsof nodes:

1. V;V© which denotesthe set of nodes that have beenincluded in the current light-tree, T,

whereV consistsof all the MC or leaf Ml nodes,while the setV %includesnon-leafMI nodes.
2. UV: which denotesthe set of nodes that have not beenvisited yet on T;.
3. D : which determinesthe memtlers that have not beenincluded yet in the light-forest, F.

The tree expansionstarts by adding the sourcenode, s, to the light-forest and then invoking
the function Update_L(s) in order to include all its outgoing links to the list L, asexplained earlier.
For eath subsequen tree expansion,the fringe link (v,u) with the highest priority in the list L is
selected. The algorithm distinguishes betweenthe two caseswhere node u, which is the node to
be included in the current tree, is a member node or not. In the latter case,node u is included in

T; and the list L is updated with its links. However, if node u is a member node in the multicast

10.e., by nding the shortest path from the sourcenode to every other node in the network. The M1t Algorithm

is, therefore, not a prune-free method and it requires the removal of those links that do not lead to members.
11 Although not specied explicitly , the algorithm in [56] requires that link (x,y) is not added to L if node y has

beenattached to the current light-tree, and/or it is already represerted in L by another link.
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Figure 17: Flow Chart Represemation for M1St Algorithm, where F denoted the light-forest and

T; denotedthe i Light-Tree.

session the optical-multicasting capabilities of node v, from which the tree is to be expanded,is
then examined.

A direct connectionis establishedfrom nodeu to nodev if the latter is an MC node. Otherwise,
the badkward shortest path on T, P(v,s), that leadsto node s from node v is traced one node at
atime in orderto nd the rst MC node. If such a node is found, node u is then connectedto it,
otherwise a new separateconnectionto node s is established. A similar sthemefor including the
new nodesto T; is employed in the RR2S algorithm as described earlier. Howewver, the operation
of the M1St Algorithm deals di erently with the MI nodes along the P(v,s) by employing two
operations, called cut and remove on the links as follows.

For eath MI node, denoted by k, along the P(v,s), the algorithm cuts all the links in T; that
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originate from k, exceptthe onethat leadsto node u. Also, the cut processis performed over all
thosefringe links in L that alsooriginate from k. Also, ead of the cut links are examinedto ched
whether it is part of T;. If so,the removeoperation is applied to all the links in the sub-tree that
is rooted at node test as well as the corresponding fringe links in the list L. While the removel
links are allowed to participate in any future expansionfor the current light-tree, the cut links are
not.

More light-trees are necessanyif the list L becomesempty while someof the members are not
included in F yet, i.e. D 6 ;. In such a case,all the links (either removel, cut or are already part
of the existing light-trees) are restoredand can be usedfor the newlight-tree construction. Finally,
the algorithm terminates when D =; and the nal light-forest F becomesready after pruning all

the links that do not lead to member nodes.

Example

In order to compare the light-forest produced by the M1St Algorithm to those generated by
the RR2S and RR2A algorithms, the same multicast session(10, f1,2,3,4,5,18) examplein the
NSFNET (where node 8 is the only MC node) is investigated again. The algorithm starts by
including node 10 rst into the rst light-tree, T1. The list L is then initialized with all the links
from node 10. Sinceall of them are leading to equally distant nodesthat are non-menbers, they
are assignedthe samepriority. Assumethat the links in L are ordered as (10,8), (10,11), (10,12),
and (10,14). Eadh one of theselinks is then enclosedin T3 onelink at a time and L is updated
accordingly. After attaching all node 10 links to T, List L will include links (8,1), (12,13), (8,7),
(11,6), and (12,9) in that order. Although all theselinks are leading to nodeswhich are 2 hops
away from node 2, the rst two links are given higher, and similar, priority sincenodes1 and 13
are members.

Link (8,1) is considerednext. Since node 1 is a menber, and node 8 is an MC node, then
node 1 is connecteddirectly to it and fringe links (1,2) and (1,3) are attached to the end of list
L sincenodes?2 and 3 are farther at higher distance away from node 10 than all the other nodes
represered currently in L. However, when node 13 (a member) is attached to T, via node 12
(Ml node), it is connecteddirectly to the sourcenode over the badkward shortest path (13,12,10).
Moreover, link (12,9) is cut from L; thusit cannot be usedto expandT ;. List L cannot be updated
by links originated from node 13 becausenode 6 is already represerted in L, and node 14 hasbeen
included in T4 in a previous iteration.

Node 7 is directly connectedto the MC node 8, and then node 6 is connectedto node 11.

Howewer, when link (1,2) is considered next, a scenario similar to that applied to node 13 is

51



@ O MC Node
(O MiNode

@
,|1

@) ()
Figure 18: The multicast forest generatedfor routing m=(10, f1,2,3,4,5,18) in NSFNET using:
(a)M1st Algorithm, and (b) M-Only Algorithm.

performed. In that sense,node 2 is directly connectedto node 8, and the fringe link (1,3) is cut
from L which is updated by links (2,3), and (2,4) at the end of the list.

The algorithm proceedto include links (7,5) and (2,3) and then cutting link (2,4). At this
point of time, the list L becomesempty but one member node, namely node 4, is still not visited.
Therefore, a new light-tree is neededand the algorithm resumesagain after restoring all the cut
and usedlinks. Applying the samesteps, light-tree T, will consistof one single path (10,12,9,4).
Becauselink (10,12) is shared betweenthe two light-trees, di erent wavelengths are assignedfor
ead one. Including all the members, the procedureterminates by pruning the links (10,14), (10,11)
and (11,6) from the light-forest F sincethey do not lead to members and the resultant light-forest

is shown in Figure 18-(a).

C.2 Source Originated (Non-Optical-Based)  Multicasting Techniques: Steiner-Based
Routing

Similar to the Source-BasedRouting sdhemesof Subsection C.1, the Minimum Steiner-Based
schemescan be described as being either constructive, e.g., Member-Only [56], and Virtual-Source
Capacity-Priorit y Algorithm [58], or iterative, e.g.,Centralized Splitting Algorithm [59], and Tabu-
Seart BasedAOM [71]. Thesesdemesare preseried below.

Mem ber-Only (M-Only) Algorithm  [56]

The rst Steiner-basedsource-originatedrouting schemeto be preseried is the Member-Only (M-
Only) algorithm. Like M1St algorithm, the M-Only algorithm aims to construct a light-forest, F,
with the sourcenode as the root for eat light-tree in [N,W,B] - S5 F¢ RX - C" - MS, system
model. Unlike the M1t algorithm, the M-Only algorithm usesthe member nodesonly to expand

ead light-tree, T;, sud that a single member is added at ead iteration. Hence, no pruning is
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required.

The operation of the algorithm is depicted in Figure 19 and it makes use of the same sets
V;VeUV and D de ned earlier in the (M13Y) Algorithm. Additionally , we usean orderedlist, L,
for the sake of easydemonstration. List L consistsof a set of shortest paths sorted according to
their length, and it is updated using the function Update L whenewer a new menber is included
in the current light-tree??. The function Update_L nds the shortest paths from every node u 2
D to asinglenodev 2 V, sud that thesepaths do not involve any nodein V° If more than one
shortest path exists from node u to node v, one of the paths is chosenarbitrarily .

The shortest quali ed path among all those in list L, denoted by P(v,u), is then chosenfor

inclusion in T; along with all its links. Sincenode u is a leaf node, it is quali ed to join setV. On

120ther schemescan be employed to selectthe nodesu 2 D in orderto nd their shortest path, e.g.,the authors

in [58] chooseto compute the shortest path for the nodesin UV according to their distance from node s.
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the other hand, node v can no longer belongto V if it is an Ml node sinceit is not a leaf node
any more; otherwise, it will be remain in V. The algorithm also examinesthe splitting capability
of every node along the path P(v,u) and it updatesthe setsV and V ®accordingly.

In this manner, the algorithm attempts to include as many member nodesas possible,and it
terminates only when all member nodes are visited. If this is not the caseand it happenedthat
list L becomesempty, i.e., no more quali ed paths exist for expanding T, then a new light-tree is
neededand the procedurerepeats.

Simulation results in [56] reveal that the M-Only Algorithm requires the least number of
branchesper forest (bandwidth) amongall the remaining algorithms proposedin [5€], i.e., RR2S,
RR2A and M1, Howewer, both M15t and M-Only result in almost the smallestnumber of channels
per link, while the RR2S requires the largest number of channels per link, aswell asthe highest
bandwidth requiremert. On the other hand, RR2S adieves the shortest delay while M-Only
exhibits the longest delay.

Example

The sameexample of the multicast session(10, f1,2,3,4,5,18) in the NSFNET is consideredagain
with the M-Only algorithm. The resultant F is showvn in Figure 18-b.. The algorithm starts by
including node 10 rst into T4 and V. Having no nodesin V° Update_L includes the shortest
paths to node 10 from all other members. The shortest paths from nodes1 and 13 are of length
2 hops ead, which are the shortest amongall others. Chosenarbitrarily , the links of the shortest
path to member 1, i.e., P(10,1) is addedto the light-tree. Currently, V includes nodes 10, 8 and
1 since node 8 is an MC node and node 1 is a leaf-MI node. List L is updated to re ect the
addition of node 1in T, and it turns out that ead of nodes2 and 3 is one hop away from node
1. Therefore, node 2 is arbitrarily chosen. The algorithm cortinuesin the samemanner until all

the membersare included in T ;.

Virtual-Source  Capacit y-Priorit y (VS-CP) Algorithm  [58]

The Virtual-Source Capacity-Priorit y (VS-PC) Algorithm proposedin [58] is another Steiner-based
source-originatedtechnique that constructs a multicast structure in the form of a light-forest, F,
in [N,W,B] - S5 F¢ RX - CS D€ - MS system model. In this work, the authors introduced the
concept of a Virtual Source, which is MC node that is equipped with wavelength-corverter. VS-
CP Algorithm is an enhancemento the M-Only algorithm [56] described earlier. The enhancemenh

is basedonto two key obsenations that lead to more savings in the network resourcesin terms of
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the number of wavelength channels per forest (i.e., the number of the links in the forest) and the
required wavelengths (i.e., maximum number of wavelengths) per link.

The rst obsenation is about the selectionof the node, v, from which the light-tree is to be
expanded when seweral quali ed shortest paths of the samelength exist in list L. Becausesuct
selectionis performedwithout consideringthe optical capabilities of the various nodesto which the
connectionis to be made, it may happenthat an Ml node is chosenwhile MC or VS alternatives
are available. This exhauststhe expansioncapability of the Ml node and may force the remaining
unvisited membersto seard for longer quali ed paths (which meansmore links). This may also
necessitatethe construction of a new light-tree if no qualied shortest path is available (which
meansmore wavelengths per link are required). Therefore, the authors in [58] proposeassigning
di erent priorities to the nodesbasedon their optical capabilities. The highest-priority is assigned
to the VS nodes, followed by the MC nodes,the Ml nodeswith corversion capability (referred to
as wavelength corverter -or WC- nodes), and nally the MI nodeswith no wavelength capability
in that order. This sthemere ects the exibilit y of ead node in expanding the tree. The higher
the priority of the node, the more is its exibilit y. Therefore, the priorities assignedto the VS
and MC nodes are higher than the MI-nodes. Howewer, the signi cance of VS over the regular
MC node stemsfrom its ability to support more than one connection (the split signals) over the
samelink using di erent wavelengths;hence,it is assignedhigher priority. Moreover, the WC-MI
nodes provide more exibilit y than the non-WC MI nodesin terms of their ability to carry the
connection over any wavelength although they both have the sameexpansioncapability.

The priorities of the nodesare exploited suc that the node with the highestpriority is selected
in order to expand the light-tree. This postponesthe use of the various Ml nodes, and may
give more chanceto utilize their expansioncapability more e cien tly. This schemeis called the
Capability-Based-Priority Heuristic.

The other obsenation, which makesthe most useof the VS nodes,is related to the medanism
of constructing the new light-tree. The M-Only Algorithm starts the construction of the new tree
from scratch and tries to connect the new node(s) to the source node itself. A saving in the
wavelength channels (links) results if connecting these new node(s) is made to a VS node that
is closerthan the sourcenode. This approad is called spawn-from-VS Heuristic, and it getsits
name from the fact that the VS behaveslike a sourcefrom which a sub light-tree is spavned.

Incorporating both heuristics into the original M-Only Algorithm, the operation of the VS-CP
Algorithm is described as follows. Besidethe setsV;V2UV and D de ned earlier, the VS-CP
Algorithm makesuse of set Z which represerts the set of nodes that are VS in the current light-

tree, T;. In addition to the function Update_.L employed in the M-Only Algorithm, the function
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Update_L%is usedto nd the shortest paths betweenthe node to be addedto T; and those nodes
in Z, if any. Howewer, the restriction about the optical capabilities of the nodesalong these paths
is relaxed asit is the casewith Update_L.

Like the M-Only Algorithm, the VS-CP Algorithm attempts to include as many destinations
(each denoted by u) as possibleand it dealswith the member nodesonly; thus, it is a prune-free
procedure. Also, ead iteration of the algorithm starts by updating the List L with the links of
the node that has beenadded in the previous iteration. Yet, unlike the M-Only Algorithm, the
Capacity-Based Heuristic is invoked to break the tie between those paths of the same smallest
length in L sud that the link that leadsto the highest priority node is chosen. Once this node,
v, is determined, the algorithm investigatesthe possibility of connecting the destination node u
to it if and only if the length of this path, namely d,, is lessthan or equal to its distance from
the sourcenode, namely dys. If this is the case,the algorithm proceedssimilar to the M-Only
courterpart by connectingnode u to node v, and updating setsV and V°with the various nodes
on this path, asshown earlier. Additionally, setZ includes all the VS nodesin the path between
nodesu and v.

On the other hand, if the path!® betweenu and s is shorter than that betweennodesu and
v, or even when there is no node v through which a connection may take part, then the Spawvn-
From-VS Heuristic is invoked. It simply determinesthe closetnode,w 2 Z, to u usingthe function
Update_L° Node w is chosento connectnode u to it if and only if the distance from u to w, i.e.,
duw., is lessthan that from node u to s, i.e. dys. Otherwise, the connectionis establishedall the
way bad to node s. In both casesthe optical capability of all the nodesalong the chosenpath is
examinedand setsV,V%and Z are updated accordingly.

When any of the destinations cannot be included in T, which is the casedetermined by the
emptinessof list L°when D is not empty, T; is attached to the light-forest, F, and the algorithm
is repeated for the new tree construction. Eventually, the algorithm terminates when no more
destinations are to be addedto F. The operation of the VS-CP algorithm is depicted in Figure 20.

Comparing the performance of the VS-CP Algorithm with that of the M-Only Algorithm,
simulation results in [58] show a considerablesaving in the network resources,n terms of number

of wavelengthsper link and the number of links per light forest, especially with large group sizes.

Example

In this example,we comparethe light-forest construction of the multicast session(10,f 1,2,3,4,6,7,9130)

in the NSFNET using the VS-CP Algorithm with that generatedby the M-Only Algorithm. Node

BSuch path may involve Ml nodes
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Figure 20: Flow Chart Represemation for VS-CP Algorithm, whereF denotedthe light-forest and
T; denotedthe i Light-Tree.

6 is an VS node, node 14 is an MC node while the others are regular Ml nodes. Figure 21-ashows
the light-forest, F, generatedusing the M-Only Algorithm. In this cortext, nodes13 and 9 con-
nect to sourcenode 10 through nodes12 and 14, respectively. Thesearbitrary choicesyield to an
unnecessaryuse of two extra wavelength channelsin the time that both nodescould be connected
through the MC node 14. The M-Only Algorithm continuesin the manner described earlier till all
the menmbersare included in T; exceptnode 1, which cannot be connectedto any of its neighbor
nodes2, 3, and 8 becausethese MI-no deswere already usedin expanding the tree. Hence,a new
tree, T, is neededin order to connectnode 1 to sourcenode via node 8 using di erent wavelength.

When the VS-CP Algorithm is applied, initially both nodes13and 9 choosenode 14to connect
to the tree T4, sincethey both are 2 hopsaway from node 10 and node 14 has priorit y higher than

node 12. Then, node 6 is considerednext and it is connectedto node 13 which is 1 hop away.
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Figure 21: Constructing light-forest, F, for m=(10,f1,2,3,4,6,7,9,8g) in NSFNET, using (a) M-
Only Algorithm, and (b) VS-CP Algorithm.

Similarly, nodes3, 2 and 4 are addedto T, in that order. At this stage,both nodes1 and 7 have
not beenincluded yet. Node 7 is of 2 hop away from node 10 and 6. It choosesnode 6 to connect
itself to* which allows node 1 to connectitself directly to node 10. The resultant F is shown in
Figure 21-b. Not only one wavelength per b er is saved with the VS-CP Algorithm, but alsothe

number of links has beenreduced.

Centralized Splitting Algorithm  (CSA) [59]

The Centralized Splitting Algorithm (CSA) is a Steiner-basedsource-originated routing scheme
that it designedto work in the system model [N,W,B] - SS FC RX - CS D¢ - MS. CSA takes
care of the power-budget requiremerts when constructing the multicasting delivery structure. As
sudh, CSA aims to construct a minimum Steiner tree that adhievesan e cien t utilization for the
network resources(in terms of the maximum number of required wavelengths, and the number of
used wavelength channels), and a reasonabledelay while achieving small power lossin order to
maintain the delivered optical signal above the sensitivity threshold.

The strategy preseried in [59] is adaptive in nature. An initial multicasting delivery struc-
ture is constructed rst using the M-Only Algorithm [56] and without consideringthe power-level
requiremerts. sincethis initial structure, denotedby Fy _ony, may not satisfy the receiwver sensi-
tivit y requiremerts, it is therefore, adjusted by following certain set of rules in order to minimize
the maximum power loss.

The rules for reconstructing Fy _ony are basedon the following two main obsenations. The

14 Although the algorithm operation suggeststhat node 6 should connectto sourcenode 10 asits distance to source

node 10 equalsits distance to node 6, we choosethis selection in order to presert the example easily.
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rst obsenation is related to the e ect of signal splitting dimension (i.e., performing splitting in-
depth or in-breadth) onthe signal power loss. While it is true that power lossis multiplicativ e when
the splitting nodes are concatenatedin a particular (sub) light-tree, sud an e ect is diminishes
when the splitting capability of a single node is increased,and fewer splitters are concatenated.
For example, assumenodes x and y are two splitting nodes with splitting fan-outs A and B,
respectively, and that node x is the parent for nodey in the light-tree, either directly, or through
some other non-splitting node(s). Neglecting the signal attenuation due to light propagation in
b er, the power at the output of nodey is ﬁ of the total power inserted at node x. On the other
hand, and without loss of generality, if the fan-out for node x is increasedfrom A to A+1, then
the growth in the power loss due to splitting, i.e. (ﬁ - %) of the input Power, becomessmall
as A increases. Thesetwo obsenations suggestthat increasingthe number of branches spavned
by an MC-node in the light-tree is more preferable from the point of view of power loss than
concatenating various MC nodesto ead other. Therefore, the authors were motivated to propose
the concept of the Centralized Splitting Node, in which a splitting node is chosen (based on a
certain criterion) to replacea set of concatenatedsplitting nodes.

The secondobsenation concernsthe splitter location with respect to the root of the light-
tree. Although signal distribution can be more balancedif the light-splitting occurs near the root,
this has a side-e ect of increasingthe probability of exposing more member nodesto this power
reduction, which will make them unable to detect the signal. Hence,what can be called As Late
As Possible (ALAP) splitting stheme seemsto be more attractiv e for the power-level reduction
issue®,

The details of the CSA are shown in Figure 22. It starts by applying the M-Only Algorithm
to construct Fy _ony. Then, the modi cation stagestarts and it is performed on ead light-tree,
Ti, in Fm _oniy that has concatenatedsplitting nodes. For the sake of simplicity of the algorithm
preseration, let the variable n represen the number of light-trees in Fy _oniy, and the set  consist
of all the branching (splitting) nodesin Tj.

The CSA beginshy attempting to nd a certralized splitting node, h, for T;. Node h is chosen
such that it is any MC-node in the network (thus, it can be chosenfrom outside the set of nodes
in T;) that hasthe smallest averagedistance to the memters in the sub-tree. In orderto nd h,

a path structure, denoted asthe Main Path (P), is determined as the shortest path betweenthe

15A fourth obsenation was made in [59] regarding the optical capability of the nodes. It was stated that the
averagepower lossis smaller if attaching a new node to the light-tree is done through an MC node or a leaf Ml node
than if it is done through non-leaf MI-no de. However, such a connection to a non-leaf MI-no de doesnot achieve the

all-optical requirement, therefore this obsenation is excluded in our treatment.
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sourcenode, s, and its nearestsplitting node, k. Also, a special set of nodes, G° is computed such
that it consistsof all the nodesin T; after excluding those non-mentber nodesthat lie on P. The
averagedistance betweenall the nodesin the network and eat node in G°are computed and node
h is chosenasthe MC node with the smallest computed averagedistance.

By determining node h, the next step involves modifying T; suc that two requiremerts are
achieved: (1) light-splitting at node k is removed and is pushe away from the root to node h, and
(2) node h represers a new branching node in the modi ed tree where all the remaining memlers
are reconnectedto. The rst requiremert is achieved by extending the main path P to include
node h through the shortest path from node k. The secondrequiremert, on the other hand, is

ful lled through establishing shortest paths connectionsfrom node h to eady memler sud that
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these connectionsdo not involve nodeson the extended P18, If this restriction is not satis ed, the
member node is added to a special list, called DropList.

After cheding ead light-tree, CSA attempts to reconnectthose membersin DropList (if any).
Each member, v, is consideredat a time according to its distance from the sourcenode, s, in an
increasingorder, and then the shortest path from nodev to all other nodesin the network is found.
Node v is connectedto the nearestnode, w, if and only if w is an MC-node or an Ml-leaf node, or
in the worst case,to s by constructing a dedicated light-tree.

The simulation experimernts in [59] comparedthe CSA with the M-Only Algorithm [56] using
the NSFNET. The results show that the CSA can adieve bandwidth utilization similar to that
adhieved by the M-Only, while it can reduce the power loss by 17% when the multicast tra c
generation rate is high and group size is large. This comeswith an insigni cant increasein
the algorithm complexity, the averagedelay betweenthe sourcenode to destination nodes, and

wavelength usage.

Example

The following exampleillustrates the CSA operation in constructing the light-forest for m = (10,
f1,2,3,4,6,7,8,9,2,13g) in the NSFNET, where the MC-nodes set includes nodes 1, 2, 8 and 12.
The Initial light-forest, Fy _oniy, constructed by the M-Only Algorithm is depicted in Figure 23-a,
and it consistsof two light-trees. One of the light-trees (denoted by T 1), which is the onethat is
sub-rooted at node 8, is modi ed sinceit hastwo concatenatedsplitting sites, i.e., at nodes8 and
1, while only one light splitting is performed at the other light-tree which is spavned from node
12.

In order to modify T, the main path (P) is initially determined by the link (10,8) sincenode
8 is the nearestsplitting node to the sourcenode 10. The averagedistance, d;, from every node, j,
in the network to the nodesin G%f1,2,3,4,6,7,9,12,3g is then computed, and is shovn in Table
1. Node 4 is then selectedas the certralized splitting node, h, sinceit hasthe leastd; and it is
an MC-node. The main path is then extendedto include node 4 along the path: (4,5,7,8). The
shortest paths from node 4 to all the remaining unvisited members, i.e., nodes1, 2, 3, and 6, are
then computed and node 2 is directly connectedto node 4 while both nodes1 and 3 are connected
to node 4 via node 2. Sincethe shortest path of node 6 passesthrough P, node 6 is added to

DropList and it will be the only node in that list. When DropList is everntually considered,node 6

B This restriction is trivial sinceP is part of the modied tree and the only node on P, besideh, that can support
new connection(s) through it (by light-splitting) is node k which contradicts the main purp oseof pushing the splitting

processaway from the root.
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dj di | d2 | d3 | ds | d5 | dg | d7 | dg | dg | dio | d11 | d12 | dig | dia

Value | 1.88 | 1.77 | 1.77 | 1.66 | 1.88 | 1.77 | 233|222 2022224 | 20|20 | 211

Table 1: Average distance, dj, computed for every node, j, in the network from the nodesin
G%=f1,2,3,4,6,7,9,12,18
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Figure 23: Computing the light-forest, F, for m=(10,f1,2,3,4,6,7,8,942,13g) in NSFNET using
CSA: (a) Fum _oniy, and (b) Modied light-forest generatedby the CSA.

nds its way either to T4 via node 3, or to T, via node 13. Arbitrarily , node 6 choosesto connect

to T, and the resultant light-forest is depicted in Figure 23-b.

Tabu-Searc h Based AOM (TS-A OM) [71]

The algorithm proposedin [71] makes use of the Tabu-Searti scheme in proposing a heuristic
for computing a single multicast light-tree that reachesall the destinations while minimizing the
number of links in the SS FC RX - CN - MS systemmodel. Generally, Tabu-Seart (TS) schemeis
an improvement local seart algorithm. As sud, it starts with an initial solution, either chosen
arbitrarily or computed by certain procedure, and then at ead iteration it searhesfor a better
solution in the neighborhood of the current one. Two solutions are consideredto be neighbors if
one solution is obtained from the other through somewell-de ned operations. A set of forbidden
actions or mutations, called a Tabu List, is alsoconsideredwhile selectingthe solution. Hence,the
goal of the TS Algorithm is to allow good movesin ead iteration without revisiting solutions that
have already beenconsidered. Becausethe TS Algorithm doesnot guarantee an optimal solution,
it terminates when a certain stopping criterion is satis ed.

Within this context, the TS-AOM heuristic [71] considersthe light-tree computed at eat
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iteration asa solution. Two solutions are computed using the MCPH and a modi ed versionof the
M-Only Algorithm 17, and the better oneis chosenasthe initial solution. During ead iteration, the
neighborhood of the current solution is de ned with the assistanceof two operations, i.e., Insertion,
and Deletion, that are performed over all the nodes, exceptthe sourceand the destinations. The
Insertion operation is carried out if the node under considerationis not part of the current solution,
and is doneasfollows. A path is establishedbetweenthe new node and only onenodein the current
solution. This computed path is called the disjoint path. Connecting to an MC or a leaf node in
the current solution is given a higher priorit y, otherwise, the connectionis made to an Ml node.
Once the disjoint path is established,the connectionsfrom the new node to the remaining nodes
in the current solution is done (if possible) one at a time and starting with the nearest. With
ead addednode, its path in the current solution is pruned in order to maintain the tree structure.
On the other hand, the Delete operation is performed on ead node that is part of the current
solution. When a node is to be deleted, the pruning operation is performedto deleteits path that
leadsto the sourcenode and all its outgoing links in the current solution. The cut children are
then reconnectedto the sourcenode. The readeris encouragedto refer to [71] for more details of
the TS-AOM heuristic.

An ILP was deweloped in [7]] for the sake of comparisonwith the TS-AOM heuristic. Simu-
lation results show that the TS-AOM heuristic is able to determine a solution that is within 10%

of the optimal solution almost all the time, and within 5% in about half the time.

Power-Aw are Multicasting (PAM) Algorithm [82]

In [82], the AOM Routing and Wavelength Assignmert on already dimensionedwavelength routed
networks is investigated while taking the optical power impairments into consideration. This
problem is called RWA with Power Aware Multicasting (RWA-PAM). Unlike [81], the problem in
[82] is a connection provisioning problem during the network operation phase.

Only subsetsof the nodesare MC nodes,while no wavelength conversion capability is assumed
in the network. Therefore, the system model is characterized as: [N,W,B] - SS F¢ RX - MS,
Furthermore, only three sourcesof power loss are consideredin [82], namely, loss due to b er
attenuation, splitting lossat tree branch nodes, and tapping lossat ead node. Other sourcesof
power loss (e.g., due to multiplexing, demultiplexing, and crosstalk) can be easily incorporated in
the proposedsolutions.

With the objective of minimizing the sessionblocking probability, the problem is rst formu-

In the modied M-Only Algorithm, the algorithm resorts to Ml nodes whenewver a new light-tree is to be

generated; therefore, a single light-tree is constructed.
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lated asa Mixed-Integer Linear Program (MILP). Due to the fact that somepower-constraints are
non-linear, the formulation was linearized using a unique set of developed mapping schemes. Due
to spaceconstraints, the reader is referred to [82] for more details about the MILP formulation.

Becausethe MILP formulation is not scalableto large network sizesand trac volumes, an
e cien t greedy heuristic, called PAM Algorithm, is introducedin order to solve the problem in
a fast and e cient manner. The heuristic decompmpsesthe RWA-PAM into three subproblems,
namely, Routing (R), Wavelength Assignmert (WA) and Power Assignmert (PA) subproblems.
Although solved separately for sake of simplifying the solution, the heuristic considersthe impact
of these subproblemson ead other by using a special cost function for the network links. In
addition, the PAM heuristic has two characteristics. First, the algorithm dealswith the sessions
in a parallel fashion, rather than sequetially, such that all (or a subsetof the sessionskre treated
together. This accourts for the interaction betweenthe sessionswvhich can reduce blocking due
to service disruption*®. Second,since assigningthe minimum power to ead light-tree does not
necessarilyproducethe best solution, the power assignmen module of the heuristic adopts a semi-
random schemethat is governed by a set of probabilities for determining the best combination of
power levels at the sourcenodes. Basedon the results reported in [82], thesetwo characteristics
prove to provide better solutions over the minimum power assignmem and sequetial treatment
courterparts.

The link costat any time is de ned asthe ratio of the maximum number of wavelengthsthat
can be supported and the number of free wavelengths over the link. Due to power constraints,
not all available channels are usable. Hence, the maximum and free number of wavelengths are
determined not only by the wavelengths availability, but also by the signals ability to read the
rst Optical Amplier, if any, and still be detectable. In this sensethe number of (maximum or
available) usablechannelsis the number of available channelsor the result of dividing the available
power over the link by the minimum power that is neededto detect the optical signal by the rst
optical ampli er, whichewver is minimum.

The basic operation of PAM algorithm is depicted in Figure 24 and its output is the number
of admitted sessionstheir corresponding RWA, and power values. The core operation of PAM
algorithm is the RWA-PAM module. The input to the RWA-PAM module is the set of sessiongo
be constructed, the sharing degreeand the construction mode. The sharing degreerepreserts the
number of sessiondo be consideredat ead algorithmic step. If the sharing degreeis 1, the solution

is obtained by adding one light-forest at a time, i.e., in a sequetial manner. Otherwise, RWA-

18 A service disruption is a casethat results when adding new connection to the network causesthe power con-

straints of at least one already provisioned connection to be violated.
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Figure 24: PAM Algorithm Operation. Figure 25: Power Assignmert Module

PAM considersmore than onelight-forest. Moreover, two construction modesare de ned, namely,
Initial and Accumulate. In the rst mode, ead session'dight-forest is constructed using the initial
setup of the network, i.e., asif no other sessionsexist. In the Accumulate mode, solutions are
conductedon the current network status!®. Output of RWA-PAM module is the set of provisioned
and blocked sessions.

PAM algorithm consistsof two phases.In the rst phase,calledthe Initial Phase, RWA-PAM
stage operatesat the Initial mode in order to identify those sessionghat are blocked purely due
to the physical setup of the network, and eliminate them from further investigation. The second

phase of PAM algorithm is the Iterative Phase. During ead iteration of this phase,the RWA-

1 Current network status refers to the current power values at ead point in the network and the wavelength

availabilit y.
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PAM stage operatesin the Accumulate mode and the number of sessionsconsidereddependson
the sharing degree. The solution found from ead iteration is computed with respect to the current
network status which is re-initialized beforethe next iteration starts. The best solution out of all
the iterations is selectedto be the nal solution.

RWA-PAM module performs three basic operations, namely, (1) Routing, (2) Wavelength
Assignmert, and (3) Power Assignmert. Routing is performed using an extended version of the
Member-Only Heuristic (M-Only) [56] by employing k-shortest paths for constructing the tree
instead of a single path. In this conext, the member node is connectedto the tree through the
path that causesthe least increasein the network cost and which has su cien t power to reac
the destination. Wavelength Assignmert is performed using the First-Fit scheme in which the
rst available wavelength over the tree links is chosen. The details of the Power Assignmert (PA)
module is depicted in Figure 25.

The PA module makesuseof a queuestructure, called Q. The queueconsistsof unique ertities
of the links identity. A link becomespart of the queueif it is part of the current light-forests under
investigation and/or it is part of the a ected links. Multiple traversalsof the link is permitted by
the algorithm. Howewer, Q contains at most one instance of the link at ead algorithm step.

The PA module runs for a certain number of iterations and it consistsof three main operations,
namely, Power Determination Operation, Power Validation Operation, and Power Modi cation
Operation. Given the power values of the already provisioned sessions,these three operations
work together during ead iteration in order to determine the best power value to be launched
at the sourcenodes of the sessionaunder investigation. The rst operation determinesthe power
value set (called Power Vector) at the sourcenodes. The secondoperation determinesif this Power
Vector is valid over the link, i.e., it doesnot result in any power constraint violation, while the
last operation is neededonly to determine if a gain drop can be tolerated in the network.

In the rst iteration of the PA module, the Power Vector is initialized with the minimum
power valuesat the sourcenodes. Q is then populated with all the outgoing links from the source
nodes of the current sessionsunder investigation. The order of adding these links is immaterial.
The module proceedson a link by link basis,starting from the link at the queueheadand it cheds
if power levels are valid on every points on this link. If so, the link is removed from Q while its
outgoing links are addedto Q, if (1) they have not beenalready included in Q, and (2) they are
part of the current sessiondight-trees. The PA algorithm continueswith the next link in Q and
it stopswhen Q becomesempty.

If the Power Validation Operation indicates that a gain drop occurs, but no servicedisruption

is encourtered, then the Power Modi cation Operation is invoked. In this operation, the algorithm
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identi es the setof all sessionn the link where a gain reduction took place, and we refer to them
asthe a ected sessionsset. Thesesessionsnclude the old placed sessionsas well asthe new ones.
It then continuesits normal operation. Howewer, queueQ is now populated with links from the
a ected sessionsset.

If power violation is encourtered at any point in the network, Q is emptied, the network
status is restored, and the Power Determination Operation is called in order to determine the new
Power Vector. In this operation, the power violation type is identied, and the set of sessions
that are involved in this power violation is determined to be the new sessionson the link where
the violation occurs. From these sessionsthe operation then determines, randomly, the sessions
to be blocked from participating in the next iteration of the PA module. For ead remaining
sessionthe module determines,randomly, whether to increase,decreaseor not changethe current
power basedon the power violation type. This randomnessis governed by certain probabilities
that are carefully chosento re ect the method usedto resole this power violation type. For
instance, if power violation is due to the power level dropping below Psen, then it is more probable
that increasing the power value might solve the problem. Therefore, increasing power value is
given high probability in this case.On the other hand, power violation due to servicedisruption
is not necessarilyalways due to high-power input. Therefore, we assign moderate valuesto the
probabilities of increasingthe power in the caseof Servicedisruption. Finally, this probability is
low in the caseof the total power exceedingPy ax -

The numerical results obtained by PAM Algorithm were compared against the optimal solu-
tions of the MILP formulation. The results obtained were near optimal and in some casesthey
were optimal which indicates the robustnessof the PAM Heuristic. In addition, PAM algorithm
was usedto investigate the impact of the power constraints on upgrading the networks. In this
context, the results shawved that increasingthe number of channelsmay reducethe system block-
ing probability if the main source of call blocking due to shortage in the number of available
wavelengths. However, such performanceimprovemen reducesand then stops when violation of
power constraints becomesthe main source of call blocking and the OA placemer [81] becomes
the bottlenedk for the PAM algorithm. Hence,increasingthe number of channelsdoesnot improve

the systemblocking and these channelsare wasted.

C.3 Core-Originated (Optical-Based) Multicasting Techniques

The set of routing algorithms that belong to this category is basedon employing a special core
structure in constructing the multicast delivery tree. The core structure, denotedby CS, connects

a subsetof nodes, called core nodes,who have special optical capabilities in terms of light-splitting
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and wavelength corversior’®. The multicast sessionis then established with the assistanceof
this core structure. Although the connection is still rooted at the source node, the processof
establishing the multicast delivery structure doesnot originate from it, and instead it originates
from the CS?L. Currently, two dierent approades belong to this category of algorithms: [23]
and [24]. They dier in their implementation of the CS conceptin terms of the nature of the
intra-CS connections(i.e., the connectionsestablishedbetweenthe various core nodeswhich can
take the form of a tree, or a collection of interconnectedunicast connections,etc), the membership

requiremerts of the core nodesand the time of establishing the coretree.

Virtual Source (VS-) Based Algorithm [23]

The combined optical capabilities of light-splitting and wavelength conversion are exploited again
in the Virtual Source(VS-) BasedAlgorithm proposedin [23]. The systemmodel proposedin [23]
is attributed as[N,W,B] - SS F¢ RX - CS DC - MS. A single CSthat is sharedamongall the active
multicast sessionsis pre-established before starting any multicast session,and connectsall the
virtual sources,VS, regardlessof whether they are menber nodes, or sourcenodesin any active
multicast session,or not. Sud CS may include somenon-VS nodesthat lie on the established
connectionsbetweenead pair of virtual sources.Theseconnectionsin the CS are carried out over
unicast connectionsusing a dedicated wavelength for ead VS-to-VS light-path; thus, two distinct
wavelengthsare required to establishthe bidirectional connection betweenead pair of VS nodes.
The basicoperation of the VS-BasedAlgorithm is then to extend theselight-paths to form a single
light-tree for ead connection, as will be explained below.

The VS-BasedAlgorithm runs into two stages.The rst stageis of long term signi cance and
it concernedabout allocating the VS nodesin the network, connecting them, and then clustering
the network accordingto VS nodeslocality sud that ead cluster forms a sub-tree with the VS
as the root, and the nearestnon-VS nodes as its children. The VS nodes are selectedsud that
its nodal degreeis high, sothat it can be connectedto a large number of nodes, and the average
distance from the VS node to its cluster-nodesis nearly the samefor all the clusters?.

The secondstage is the tree generation stage and it exploits the pre-established CS, and
the virtual node-clustering organization resulting from the rst stagefor setting up the multicast

tree. This stageis repeatedfor ead new multicast session.For a successfulestablishmert for the

2Thus, the name optical-based is used.
Z1Thus, the name non-source/optical-based originated is used.
22 Although the CS is physically established, the clustering is performed virtually and will be employed when the

connection for multicast sessionis actually taking place.
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multicast session,two conditions must be satis ed. The rst oneis related to the VS-availability
while the secondone is concernedabout the wavelength-availabilit y.

Each multicast sessionmust be establishedthrough a freeVS node, i.e., through a VS node
that is not assaiated with any other multicast session. The VS nodes are chedked in sequence
according to the source node distance from them and the rst free VS, called the Primary VS
(PVS), is chosen. Due to the absenceof any wavelength corversion away from the CS, the same
wavelength should be available over all the links from the sourcenodeto the selectedVsS; otherwise,
the connection cannot be established and the next nearestVS is examined. The connection is
blocked if no VS node is free and/or no single wavelength is available over the links of the shortest
path to a free VS. This node joining mecdanism relieves the source node from determining the
routes to destinations, therefore makesalgorithm scalable.

On the receiwer(s) side, eatch member node establishesa connection to its cluster VS, called
the SecondaryVS (SVS), through a unicast connection to the SVS using a single wavelength.
The destination is blocked only if no single wavelength is available over all the links betweenthe
destination node to its SVS, since wavelength cornversion is assumedto exist only at VS nodes.
This stheme allows the VS-Based Algorithm to support dynamic multicasting since it provides
an easymeansfor the receivers to join/leave the multicast sessionat anytime during the session
lifetime.

The Member-SVS connectionsare done in parallel which reducesthe required setup time for
the multicast session.This reduction in the setup time is a direct result of the pre-establishmen
of the CS. Howeer, reserving two wavelengths per VS-VS connection pair to maintain the CS
forms a bottleneck on the system performancein terms of the number of multicast sessionghat
can be supported by the system, which is equal to the number of the VS nodesin the network.
Therefore, the cost of increasingthe number of multicast sessiondn the systemis very high and
is determined by the cost of increasing the number of VS nodesin the network. Alternativ ely,
more wavelengths can be resened for maintaining the CS (which increasesthe possibility of the
ine cien t usageof the network resources),or an e cien t time division multiplexing scheme over
the wavelength channel may be employed. However, it is worth noting that this bottleneck a ects
only the number of outgoing multicast sessionghat a single VS can support, i.e., asa PVS, but
not the number of incoming multicast sessionsij.e., asa SVS.

Moreover, the conditions of choosing the VS nodes do not take the relative locations of the
VS nodesamongthemselhesinto consideration. Hencethe CS may result into long routes between
the VS nodes. Also, becauseof the absenceof any splitting node away from the CS, the CS

construction is doneine cien tly by unicast connectionswhich meansthat more wavelengths are
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wastedto maintain the CS. Also, the construction processof the mutlticast tree may not be loop-
free, e.g. when the multicast sourceis part of the CS. Although [23] doesnot specify a medianism

to detect/eleminate suc loops, special treatments can resole them.

Example

Assumethat the NSFNET has 3 VS nodesonly while the remaining nodesare Ml nodeswith no

wavelength corversion. Four multicast sessionsre to be supported and they are denotedas: m1=

(12,f3,7,11,18), my= (4,f1,2,6,13,14), mz= (11,f2,5,9,13), my= (2,f6,9g). Sincethe number of
multicast sessiongs greater than the number of available VS nodes, one of the multicast sessions,
say my, will be blocked. Assuming no shortagein wavelengths, the other three multicast session
are successfullyestablished.

In order to generate the multicast trees of these sessions,the VS nodes need to be rst
identi ed. The degreesof nodes6 and 10 is 4 which is the maximum degreeamong all the nodes
in NSFNET. Therefore, those nodes are the best candidates for being VS nodes. Also, node 4
is chosenas the third VS node. Then, the CS is constructed using 6 unicast connections,i.e., 2
connectionsfor eat VS-VS nodespair, and four distinct wavelengths,asshown in 26-a. Notice that
the notation ;/ j in the gure refersto wavelengths ; and ; being usedin opposite directions
on the link. Also, the gure shaws the virtual cluster for ead VS node.

Each multicast sessionis consideredone by one. The sourcenode for my, i.e. node 12, selects
VS node 10, which is the nearestfree VS node, asits PVS and it connectsto it. Member nodes
3 and 13 are connectedto their cluster's SVS,i.e. node 6. Destination nodes7 and 11 lie on the
CS, and are thus able to acquire the multicast data using their DaC capability?®. The resultant
tree is shown in Figure 26-b. Similarly, the multicast treesfor m, and ms are constructed using
VS nodes4 (which is the sourcenode itself) and 6 astheir PVS and are showvn in Figure 26-cand

26-d, respectively.

Partial Packet Replication All-Optical Multicast Heuristic (PPR-A OMH) [24]

Similar to the VS-BasedAlgorithm, the Partial Padcket Replication All-Optical Multicast Heuristic
(PPR-AOMH) proposedin [24] usesthe CS conceptto construct the multicast distribution trees.
Howewer, the PPR-AOMH diers from the VS-Based Algorithm in many ways. First, the CS
implemenrtation in the PPR-AOMH takesthe form of a tree that connectsthe MC nodesinstead

of the interconnected unicast paths. Second,the core nodes are basically MC nodes that are

B Such a situation where a member node is also a core node was not discussedexplicitly in [23]. Therefore, other

scenariosare possibletoo, e.g., a special channel is established from the destination core node to its cluster VS node.
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Figure 26: Example of the VS-BasedAlgorithm in the NSFNET where nodes4, 6 and 10 are the
only VS nodes: (a) The CS and the Virtual Treesorganizations, (b) The multicast tree for my,

(c) The multicast tree for m, , and (d) The multicast tree for ms

members in the multicast session,but they may also include some assisting non-member MC
nodes besidessome Ml nodes. Third, a single CS is constructed per multicast sessionat the
time of connection establishmen. In addition, the AOMH takes into consideration the fan-out
constraint while constructing the multicast trees as will be shovn below.

The PPR-AOMH is designedto support multicast trac in SS F¢ RX - cf D€ - MS, or S5
FC RX - CS D€ - MS, where wavelength corversion can be deployed fully or sparsely respectively.
Howewer, the MC nodes are the only nodes which have the DaC capability while the Ml nodes
can support the Drop-Only (DO) or Continue-Only (CO) capabilities using Add-Drop Multiplexer
(ADM) 24, Due to this hardware limitation, ead of the destination nodes that are Ml must be
connectedto an MC destination through a dedicated unicast connection. Hence, the Ml nodes

will be leaf nodesin the constructed tree.

24 Although the ADMs are one possible hardware implementation at the MI nodes, other implementations that
achieve the DaC capability in an all-optical fashion are possibletoo. Therefore, the authors of this paper disagree

with the argument made in [24] regarding that the algorithms in [56] are not for All-Optical Multicasting.
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Figure 27: Flow Chart Represemation for the PPR-AOMH.

The construction of the multicast delivery tree is triggered by a new connection request, and
employs three phases.The rst phaseis the Preparation Stage In this stage,the algorithm divides
the memter nodes D, into two disjoint sets,i.e. Multicast Capable Group (MCG) and Multicast
Incapable Group (MIG), basedon their splitting capability. Sinceead connectionto an Ml node
is establishedusing a dedicated channel per Ml destination, the number of these connectionswill
be limited by: (1) the potential splitting capability over the path to the destination nodes, which
is referred to as the fan-out constraint f = WP i> D where ; determinesthe nodal degreeof
the i's MC destination and W is the number of channelsper link, and (2) the number of available
wavelengths on the links, i.e. link capacity constraint. If the MCG is empty or the fan-out
constraint is not satis ed, then the MCG is expandedto include someassistart MC nodes, called

Proxy MC or PMC nodes,until such constraint is satis ed.
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Then, the secondstagestarts to construct the CS. The CS, or the MCG-tree, is constructed to
include all the nodesin the MCG, and assumeghat all the nodesin the network have the splitting
capability. Any source-basedshared-treeor Steiner-basedtree construction algorithm can be used
to construct the MCG-Tree. Then, the branching nodesin the MCG-Treeare examinedoneby one
to ched if they are MC node, and are hencecapable of supporting splitting in the tree. If a fork
node happensto be an Ml node, the algorithm pusheslight splitting to the nearestancestorMC
node along the shortest path from this node to the sourcenode. In the worst case,if no MC nodes
are encourtered, then data duplication takesplace at the sourcenode using multiple wavelengths.
Finally, the third stageconnectsead remaining Ml node to the nearestMC node in the CS using
a dedicated unicast connection, even though if more than one MI destination lie on the same
shortest path to the nearest MC core node becauseof the limitation in the optical-capabilities
explained earlier. This resultsin di erent MIG sub-treesthan the onesproducedby the VS-Based
Algorithms. Moreover, the direction of eat connection is determined by whether the Ml node
is the sourcenode or not. If the MI node is the sourcenode itself, then the connection will be
directed towards the core MC node; otherwise, the direction is reversed. The resulting sub-trees
are called MIG-T rees. The PPR-AOMH operation is shavn in Figure 27.

Two deployment strategies for the MC nodes were proposedin [24]. The rst one deploys
the MC nodesrandomly in the network, hencethe name RAND. The secondone, called PRIOR,
makesuseof the nodal degreeand deploys the nodessemi-randomly such that a node with a higher
degreeis chosento be an MC node with higher priority. Simulation results show that the number
and the deployment strategy of the MC nodeshave direct impact on the systemperformance. The
PPR-AOMH exhibits good performancewhen 20% of the nodesin the network are MC nodesand
they are deployed using the PRIOR scheme. Howeer, the PPR-AOMH may result in high delay,

which makesit inappropriate for delay-sensitive applications.

Example

The following exampleillustrates the operation of the PPR-AOMH for constructing the multicast
tree for the multicast session(2,f1,3,4,6,9,1011,13,14g) in the sample NSFNET, with two wave-
lengths only. For the sake of simplicity, we assumethat the corversionand splitting capabilities are
integrated in the sameset of MC nodes: 4, 6 and 10. This selectionof the VS node setis basedon
the PRIOR schemesincethey have the highest nodal degreein the network. When the multicast
requestarrives, the algorithm starts to build the CS, i.e., the MCG-Tree. The MCG-Tree rooted
at node 4 is constructed assumingthat all the nodeshave the splitting capability. The MIG-trees

are also constructed such that ead MI node, including the sourcenode itself, is connectedto the
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O VS node
O MI node

= Core Structure (CS) or MCG-Tre«
- - - MIG-Tree

Figure 28: Constructing the light-tree using PPR-AOMH for (2,f1,3,4,6,9,10,1,1314g) in
NSFNET, where nodes4, 6, 8 and 10 are VS nodes.

nearest MC member node. The resulting MCG-/MIG- Treesare shown in Figure 28. Howe\er,
the MIG-T ree includes one branching node, i.e. node 5, that is an MI node. Hence,light splitting
is performed at node 4, which is the nearestancestorMC node to node 5.

When the multicast sessionstarts, the sourcenode 2 transmits over g to node 4 which splits
the light into three signals: one copy on link (4,9) over ¢, which terminates at node 9, and two
copiesover link (4,5). The rst copy uses o, and cortinuesover the subsequeh links to node 10,
while the secondcopy uses 1, and cortinuesto node 6 whereit is split againto feedthe destination
nodes3 and 11. The rst signalover g is split at node 10 into three copiesto support the three
unicast connectionsto its children, i.e., nodes1, 13 and 14. Note that unlike the splitting at node
4 which was necessarybecausethe branching node 5 is not an MC node, the splitting at node 10
is performed becausenode 14 cannot support the drop and cortinue operations simultaneously;
hence,two separate unicast connectionsare needed. Moreover, although link (8,10) involves two
bidirectional connectionfor the multicast tree, the tree is still loop-freesinceboth connectionsare

carried over di erent wavelengths.

VI.1.ii  All-Optical-Multicasting W avelength Assignmen t (A OM-W A) Techniques

The AOM-WA has beeninvestigated in the literature in two contexts. In the rst, researters
determine the wavelength requiremerts for supporting multicast in the network. For example,
in [72] some properties from the expander graphs were exploited to derive an asymptotic upper
bound on the number of wavelengths neededto support AOM. According to [72], such bound
is impractical, however, it still can be usedas a bound on the rate of growth of the number of
wavelengths.

In [73], the authors derived bounds on the minimum number of required wavelengthsin some
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regular network topologies, which include linear arrays, rings, hypercubes and meshes. Also,
in [74] the author considerspower limitation constraint and assumesthat a multicast message
can be dropped or split only at a limited number of nodes along a lightpath or a light-tree.
Basedon this, the upper and lower bounds of wavelength requiremerts for establishinga multicast
connectionin di erent topologies,sud as meshtorus, mesh, hypercube, and general topologies,
are proposedand proved. Similar to [74], the work in [75] computesthe wavelength requiremerts
of a multicast communication when a limited number of light-dropping or tapping is allowed in
a multi-hop fashion. The author proved that determining the minimum wavelength requiremerts
in an arbitrary network is NP-Complete; howewer, a solution for such a problem can be found in

polynomial time in someregular topologies,sud asrings, tori and hypercubes.

In the other cortext, seweral techniqueswere developed to assignwavelengthsto multicast ses
sionssud that the number of wavelengthsis minimized. Thesetechniqueswere either formulated
as an optimization problem or solved using heuristics.

The wavelength assignmem optimization problem in [76] was studied in the context of seweral
Quality of Service(QoS) requests. Initial multicast treesalong with their wavelength assignmeits
are computed. Then, minimizing the number of required wavelengthsin the network can be solved
by rerouting the multicast treesthat either cortain the links of the maximum load, or are initially
assignedthe least usedwavelengths. Simulation results in [76] revealedthat the secondapproac
performs better than the rst one.

Also, the AOM-WA was formulated in [40] as an ILP. On the other hand, the AOM-WA is
solved in [58] using a simple heuristic in which the light-forest is divided into segmeits, ead of
which is a sequenceof links sud that a wavelength cornverter residesat one end of eath segmem,
or both. Then all the links that constitute the segmen are assignedone wavelength.

Moreover, [34, 48] discussedwavelength assignmem with multicast servicein WDM networks,
and also proposedtwo di erent heuristic for wavelength assignmemn. Both methods separatethe
wavelength assignmen for multicast over WDM into two parts: constructing a routing tree and
assigningwavelength. The di erence betweenthem is that: [34] constructs multicast routing tree
before assigningwavelength, while [48] assignswavelength for a multicast sessionbefore nding a
multicast routing tree.

The objective function of wavelength assignmen stheme proposedin [34] is to minimize the
number of wavelength corversion times in the multicast tree. For ead node, if its incoming
wavelength is dierent from its outgoing wavelength, then the wavelength corversion cost is a
non-zerovalue. Before assigningwavelength for this multicast session,the multicast routing tree

is built, then the nodeson that tree are processedin the bottom-up fashion, i.e., computing a
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Figure 29: Example for Wavelength Assignmert Object to Minimum Wavelength Conversion

speci ¢ wavelength conversion cost from leaf nodes rst. Eacd leaf node selectsa wavelength with
minimum wavelength conversion cost asits incoming wavelength from its parent node. The parent
node adds its child nodes' corversion cost, and includes its own wavelength conversion cost into
that sum if wavelength corversion is necessarybetweenan incoming wavelength and an outgoing
wavelength. Thus, when a node is processed,all the required valuesin its sub-tree are already
available. This paper proved that sud selectedwavelength set is optimal. An example using
NSFNET is given in Figure 29. Node 1 is the source node, while nodes 7, 10, 11, and 13 are
multicast group members. Figure 29-(b) shavs a multicast tree for that session.The nal result
is given in Figure 29-(c).

The authors in [83] extendedthe work in [34] by allowing multiple available wavelengthsin a
link to carry the multicast signal from the sourcenode instead of one wavelength. In this scenario,
ead wavelength is launched from the sourcenode as a separatelight-tree and it can share some
links with other light-trees. This schemeprovesto signi cantly reducesthe wavelength corversion
cost since instead of corverting the signal at a node, a separatesignal from the sourceis used.
This approad is employed with the assumptionthat the wavelength conversion costis much higher
than the wavelength and splitting costs.

The objective function in [48] is to minimize the number of wavelengths used. The stheme

consistsof three steps:

1. Generatean auxiliary bipartite graph from the given network, whosevertex-setscorrespond
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Figure 30: Example for Wavelength Assignmert Object to Minimum Wavelength Number

to the set of wavelengths, and the set of nodesin the original network. There is an edge

betweena wavelength and a node if and only if this wavelength can cover that node.

2. Chooseone wavelength that can cover the maximum number of nodesin the auxiliary bi-
partite graph, and then remove those covered nodes as well as this wavelength from the
auxiliary graph. This step is repeated until all nodesare removed. Thus, a wavelength set
that can cover all nodesis obtained, and that paper prove this setis in minimum number of

wavelength.

3. Connect all nodesin the given network with those edgeswith chosenwavelength set, and

basedon this new graph, produce a shortest path tree or a Steiner minimum tree.

Using the above NSFNET example, Figure 30 shows the procedure of this algorithm. The
auxiliary bipartite graph is given by Figure 30-(a). Figure 30-(b) shows the rst iteration of step
2. wavelength 1 is removed becauseit covers the largest number of nodes, and all those nodes
coveredby 1 are alsoremoved. Figure 30-(c) givesthe subgraph with selectedwavelength set as

f 1; 30. The nal multicast tree is given in Figure 30-(d).
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VI.2  All-Optical IP (A O-IP) Multicasting Algorithms

The various schemesdiscussedso far support multicast communication in WDM networks all-
optically and at the optical layer. These techniques are of circuit-switc hed nature, and they are
best suited for applications with huge bandwidth, and long duration requiremerts. Howewer,
integrating IP operation with WDM networks, in what is called the Optical Internet (OI) [26], has
received an increasinginterest recertly. Surely, AOM is one of the main servicesto be supported
in the OI. The eorts in this eld are strongly motivated by the advantages of AOM that were
discussedpreviously and by the needto inter-work AOM with IP-Multicasting which is already
deployed in the Internet. Thesee orts, howewer, are targeting another classof applications that
require signi cantly reducedamourt of bandwidth, have relatively shorter lifetime, and their tra c
is bursty.

In this section, we provide an overview of the schemesthat have beenproposedin the liter-
ature for supporting All-Optical IP (AO-IP) Multicasting. These schemesmake use of the newly
proposedOptical Burst/Lab el Switching (OBS/OLS) medanism [60] as a meansfor transporting
the data using virtual circuits under the framework of the Multiproto col Label Switching (MPLS)
[61] in the OIl. In this cortext, no resenation for wavelength takes place in the network, i.e.,
it is done on-demand, and the transportation of the multicast trac over the delivery tree is
performed in the form of bursts and using Label Switched Paths/T rees® (LSP/LST) instead of
Light-paths/Ligh t-trees. Moreover, like the wavelength-routing networks, some of the nodesin
the Ol are equipped with the optical splitting capability and they are cortrolled using a special
controller that is separatefrom the upper IP router.

IP multicasting cannot be employed directly in the Ol networks to achieve the AOM because
of the operational incompatibilities between the two sdhemes. For example, the concept of the
Multicast capable/incapable (MC/MI) nodesin IP multicasting does not include the splitting
capability of the nodes. As suc the MC (MI) node in the IP multicasting is determined as a
node that runs (doesnot run) the appropriate multicasting protocol at the IP layer only?8. Also,
becausethe operations of the currently deployed schemesdo not take the splitting capability of
the nodesinto consideration, the multicast trees computed by any IP multicasting stcheme may
not achieve good utilization for the network resourcessinceit may include (ignore) electronic MC
(MI) nodes that are equipped with optical MI (MC) switches Additionally , these Ml nodes are
either ignored (as in the MOSPF) or bypassed(as in the DVMRP by using the concept of IP

%] e., one-to-many LSP.
% To distinguish betweenthe two cases,we refer to the Capable/Incapable IP Multicast node asan MC/MI node

(router) while these capabilities are referred to asMC/MI  switches when optical splitting capabilities are determined.
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encapsulation/tunneling) [62] while computing the multicast tree. The strategy of ignoring or
bypassingthe MI nodes cannot be extended to work with the MI switchesin order to achieve
AOM in Ol. Moreover, supporting AOM necessitateghe global deployment of the samemulticast
protocol at the optical layer of ead switch regardlessof its optical splitting capabilities, while
this condition is not necessaryfor the operation of IP multicasting. Last but not least, the WDM
switch and the IP layer at a node su er from inconsistencysincethey may have di erent views of
the network topology or it may happenthat more than onelP router is running over WDM layer
which results in no one-to-onemapping betweenthe two layers.

Two strategiesare followed in order to overcometheseincompatibilities and to achieve AOM
in the OI [25]. In the rst approad, the option of not modifying the existing IP multicasting
protocols is adopted. Each node in the Ol hastwo independert enities: the IP controller that
runs the IP routing protocol, and the WDM multicast cortroller which runs at, and cortrols
eadt optical switch. In this con guration, the IP cortroller computesthe multicast tree without
consideringthe splitting capability of the underlying switches. In order to enablethe IP cortrollers
to maintain this conventional view of the network, the WDM multicast cortroller is responsible
for: (1) handling any modi cation in the IP-based tree that is necessitatedby the existence of
branching nodes at Ml switches’’, and (2) hiding these modi cations from the IP router. In
achieving this aim, the operation of the WDM multicast controller doesnot interfere with that of
the IP, howewer, the resulting routing tables computed by the IP layer, alongwith the membership
information in the network and the splitting capabilities of the nodesare available to the WDM
multicast cortroller.

Reference[25] investigated the applicability of this approad and the strategiesto reconnect
the a ected nodeswhen two IP multicast routing protocols,i.e. DVMRP and MOSPF, are used.
When the IP router employs DVMRP, three scenarioswere proposedin order to initiate the
reconnection processof the cut node(s). In these scenarios,the reconnection processis initiated
by the parent node of the cut node, the a ected cut child itself or any of its neighbor nodesthat
is not the sourcenode (called a relative node), respectively. Howewer, in the caseof MOSPF, the
LSP is establishedfrom an MC node in the shortest path to the sourcenode.

The work in [26] proposeda practical AOM protocol that keepsthe employed IP multicasting
protocol (DVMRP in this case)intact and modi es its constructed tree into a forest. The protocol
works as follows. The initial DVMRP-based tree is constructed rst. The modi cation stageis
then initiated by the source node which sendsa repair messagealong the initial tree to all the

downstream nodes. At a branching node, the repair messagas forwarded to all its children if and

27Such modi cations are performed by reconnecting each disconnected children using a dedicated LSP.
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only if this branching node is equipped with MC switch, otherwise, the repair messages relayed
to one child only while a purge messagds sen to the remaining children.

All the nodesthat receiwe the repir messageare consideredat the light-forest, while eadh
purged node has to reconnect itself to this forest though an LSP and using the grow request
messagewhich is sert to all its neighbors. Two modes of operation were proposedin [26] for
growing bad the cut children. In the rst technique, which is called the direct grow, the grow
request messagds processedand relayed at a node only if it is part of the original multicast tree
while in the other scheme, i.e., the indirect grow, the grow request messageas always processed.

Like [26], reference[63] proposedanother source-rmted schemethat relieson the modi cation
of an initial IP-based tree. Howewer, unlike [26], the modi cation processis receiwer-initiated,
instead of being source-initiated, which suitesheterogeneousetworks with insu cien t information
at the WDM layer. The coreoperation of the proposedprotocol dependson providing the receivers
with su cien t information about the various capabilities of the nodesalong a path using a certain
medanism. The collected information include not only the splitting and conversion capability,
but alsothe tapping and add/drop capabilities. Howewer, such information doesnot include the
network topology, global capabilities and/or membership information.

On the other hand, in spite of the advantagesadieved by the OBS, its operation encourters
cortrol overheadbecausea corntrol padket hasto besert for ead burst in order to setupthe switches
alongthe LSP. In addition, Guard Bands (GBs) of bursts on di erent channelsare neededin order
to accommalate timing jitter in the burst in the intermediate nodes. This overheadwas considered
in designingthe three multicasting schemesproposedin [64].

The rst algorithm, namely SeparateMulticast (S-MCAST), deliversthe assenbled multicast
bursts separately from the unicast onesusing a dedicated source-ramted tree for eadr multicast
session.The secondtechnique is called Multiple Unicasting (M-UCAST), and it basically assenbles
the multicast trac and the unicast counterpart into the same bursts that are destined to the
samedestination. Although this sthemeresults in an ine cien t bandwidth usagesinceit treats
the multicast as unicast, it results in reducing both the control padkets and the GBs overheads
and it is a good solution for certain conditions.

The third schemeis the Tree-SharedMulticasting (TS-MCAST). Its operation bene ts from
the overlapping degreein the menbership of the nodes. Basically, the multicast sessiororiginating
from an edgerouter are divided into classesgalled Multicast Sharing ClasseqMSCs), accordingto

certain criterion?®. Each MSC constructsa singletree to deliver the multicast burst. This technique

ZThree options were proposedin [64]: (1) Equal Coverage scheme groups the sessionswith the same members

and constructs one tree for all, (2) Super Coverage scheme constructs a single tree for a superset sessionwith all the
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resultsin longer bursts, thus the impact of the control and GBs overheadsis lesscomparedto their
e ects in the other algorithms.

Moreover, in the OBS-BasedOl, a burst can be blocked and lost, at the intermediate nodes
if no wavelength is available at the outgoing link and the nodesare not equipped with any bu er-
ing medhanisms (i.e., using the Fiber-Delay Line, FDL). The authors in [65] proposeda reliable
multicast sdhemeto recover from any burst lost.

The other approad that can be adopted is to modify the existing IP multicasting protocols
sudh that they take care of the optical capabilities of the nodes(i.e., splitting, corversion, DaC,
etc) when constructing the multicast tree. This option eliminates the needfor the WDM multicast
controller and, hence,reducesthe complexity of the cortrol overheadand can produce good tree
structure sincethe multicast tree computed by the IP layer will be able to avoid branching at Ml

switches. Howewer, the practical deployment of such modi cations in the network is questionable.

VI.3 Hybrid Multicasting (HM)

The Hybrid Multicasting (HM) sdhemearisesas an intermediate solution that attempts to bene t

from the advantagesof All-Optical Multicasting (AOM) andthe exibilit y provided by the matured

technology of All-Electronic Multicasting (AEM). Basically, this strategy attempts to maintain the

multicast signal in the optical domain as long as possible. Conversion to the electronic domain
is performed in extreme cases,e.g., when wavelength conversion is done using electronic-based
corverters, or when AOM-R protocol results in constructing a multicast delivery structure with

an unacceptabledelay or bandwidth wastage,etc.

With the S FC RX - CM - MS systemmodel, the MSCH2 Algorithm [66] initially computesthe
multicast light-tree for the multicast sessionusing any corverntional multicast algorithm, and then
it tries to assigna singlewavelength to it. If no single wavelength is available along the computed
tree, the tunnels, which are the branching points where the wavelength cortinuity constraint is
violated, are found [66]. At these nodes, the optical connection is terminated and a new optical
connectionis establishedover another wavelength.

The scheme proposedin [77] is designedfor the Sf F€ RX - CN - MS system model. Each
routing node is equipped with an ATM switch/SONET framer that operateson the top of an MC
optical switch. The MC optical switch is usedto switch the multicast trac all-optically. Howeer,

electronic switching is usedfor the following cases:

other sessionsare subsetof it, and (3) Overlapping Coverage scheme which repeatedly combines the sessionsinto the

MCS in order to increasevalue of a certain overlapping degreecriterion.
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1. Wavelength Translation: Whenewer data must be forwarded from a wavelength to another,

and this is performed by retransmitting the signal,

2. Signals Merging Operation: When two or more distinct signals of the samewavelength and

are input from di erent ports (links) are directed to the sameoutput port (link),

3. Signals Splitting Operation: When two or more combined signals of the same wavelength

that are input from the sameport (link) are directed to the di erent output ports (links).

The structure of the routing node in [77] is capableof resolving any cortention in the optical
and electronic switches by the use of Fiber Delay Line (FDL) and output queues,respectively.
Also, a dynamic multicast routing algorithm was proposedin [77] that allows nodesto be added
to the tree in such a way that the number of required electronic copiesis minimized.

The systemmodel in [78] is similar to that employedin [40], i.e., [N,W,B] - S" - C" - MM, where
all the nodeshave the TaC capability. The authors in [78] investigate the problem of constructing
optimal multicast virtual topology with minimum average optical hop distance, in the presence
of splitting loss constraint. The problem is proven to be NP-Complete in arbitrary topologies.
Howewer, the work in [78] proves that polynomial time solutions of this problem exist in two
particular topologies,i.e., linear and ring topologies. All nodesin these topologiesare assumed
to be part of the multicast communication, and the number of light taps is boundedby a certain
constart, that is technology-dependert. When the limit on the number of light-taps is reaced, the
lightpath is terminated and a new lightpath is establishedif more destinations needto beincluded.
The optimal solution for the virtual topology is carried out using dynamic programming.

Finally, the work in [36] considersa special variant of the St FC RX - CN - MS system model.
This study is mainly concernedabout the di cult y that stemsfrom the limitation in the number
of available transmitters and receiwers at the intermediate nodes, especially when the availability
of wavelengthson the links is limited. Therefore, wavelength translation is required by terminat-
ing the connection at a receiver and re-establishing the connection by transmission over another
wavelength. To overcomethis transceiver constraint, sud wavelength translation is performed at
an ancestor node (or at worst, at the sourcennode) and multiple copiesare then transmitted on
the samelink(s) to the bottlenedk node. Nevertheless,eat multicast sessionis allowed to use
a maximum number of wavelengths per single link. With this con guration, the combined RWA
problem was proven to be NP-Complete, while a solution for the WA problem can be found in
linear time in the number of nodesif the number of wavelengths per link, number of transceivers

per node and the switch degreeare constart.
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Ted. Ref. System Model Structure Membershig Policy | Pow.
MDMCT [40] sh.ch-mn Trail Static FDBP No
RWA/W ANs 21 | STreRX-cn pe/l mT | Tree | Static/ FDBP/ | No
Dynamic PDBP
Light-Tree 53 | s FCRX.cf DC-MT | Tree | Static FDBP | No
RWA/SS [22] SfECRX.cN-mf Tree/ | Static/ PDBP | No
Forest | Dynamic
RR2S [56] | SSFCRX-CS.DC-MS | Forest | Static FSBP No
RR2A [56] | SSFCRX-CS.DC-MS | Forest | Static FSBP No
M1St [56] SSFCRX-CN-MS Forest | Static FDBP No
M-Only [56] SSFCRX-CN-MS Forest | Static FDBP No
VS-CP [58] | SSFCRX-CSDC-MS | Forest | Static FDBP No
CSA [59 | SSFCRX-CSDC-MS | Forest | Static FDBP | Yes
TS-AOM [71 SSFCRX-CN-MS Tree Static FDBP No
VS-Based [23] | SSFCRX-CSDC-MS | Tree Dynamic | FDBP No
PPR-AOMH [24) | SSFCRX-CSDC-MS | Tree | Static FDBP | No
MSCH?2 [66] SfECRX.CN-MS Tree Static FDBP No
ATM-WDM [77] SfECRX.CN-MS Tree Dynamic | PDBP No
Vir. Top. [78] sh-cn-mn Path Static FDBP | Yes
Multi-Hop [36] SfECRX.CN-MS Tree Static FDBP No
logical-Network [80] | SSFCRX-CSDC-MS | Forest | Static FDBP No
Amplifer Placemen | [81] SSFCRX-.CN-MS Forest | Static FDBP | Yes
PAM [82] SSFCRX-CN-MS Forest | Static FDBP | Yes

Table 2: Comparison between multicasting techniques in wavelength-routing networks in terms

of: system model, multicast delivery structure (Structure), membership policy (Membership),

destinations blocking policy (Policy) and power-budget awareness(pow.) .

VI |

This paper has consideredmulticasting in wavelength-routing optical networks. The paper has
discussedhe designand operation of wavelength-routing networks in general,and the special provi-
sionsrequired for multicast support in sudh networks. In this cortext, the challengeswere outlined,

and some of the proposedsolutions were introduced. The paper also introduced a classi cation
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and a comparison of multicasting techniques, and outlined their advantages and disadvantages.
Table 2 provides a summary and a comparisonof those schemes.

The area of multicasting in wavelength routing networks is a relatively new area of researa,
and there are still seweral open researd issues. For example, the dimensioning of wavelength-
routing networks for multicasting still requiresmore study. The problemisin generalNP-Hard, and
e cien t algorithms arerequired to determine the number of b ers,the number of wavelengths,and
the numbers and locations of splitters, ampli ers and wavelength cornverters. Although network
dimensioningis an o -line problem, connectionprovisioning may have to be doneon-line, especially
in highly dynamic environments. This puts more emphasison the need for time, and storage
e cien t algorithms to determine how to route multicast calls, and how to assignwavelengthsto
sudh calls. The designof optimal, or near optimal multicast trees which takesinto accourt device
limitations, aswell asthe power budget constraints still needsmore study. This may necessitate
that use of, not just a single multicast tree, but rather a forest of trees. Optimal algorithms
for the determination of ead of those trees, and the partitioning of the multicast group are still
needed. In addition, non-traditional multicast tree construction methods may be needed. The
evaluation of blocking probabilities under multicasting is not an easytask, and very little work
has beendonein this area. Accurate, and e cien t models needto be dewveloped. Although most
of the models which have beendeveloped assumefull call acceptance partial call acceptancemost
also be modeled, since network operators will be o ering this servicein order to maximize their

revernues.
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App endix - Acron yms

Acronym Meaning
WDM Wavelength Division Multiplexing
AOM/AEM All-Optical/All-Electronic  Multicasting
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HM Hybrid Multicasting
MC/MI Multicast Capable/Multicast Incapable
NSFNET National ScienceFoundation Network Backbone
QoS Quality of Service
DEM Design E ectiv enessMetric
IGMP Internet Group Managemen Protocol
RPF RewversePath Forwarding
DVMRP Distance Vector Multicast Routing Protocol
MBone Multicast Backbone

PIM-dm/PIM-sm

Protocol Independert Multicast-Dense Mode/Sparse Mode

OSPF Multicast Open Shortest Path First
CBT/OCBT Core Based Tree/Ordered Core Based Tree
HIP Hierarchical IP
MALLOC Multicast Address Allo cation
BGMP Border Gateway Multicast Protocol
M-IGP Multicast-In terior Gateway Protocol
IETF Internet Engineering Task Force
DaC/T aC Drop-and-Continues/Tap-and-Cortinue
dB Decibel
NPP/PPR/FPR No/P artial/F ull Padket Replication
SNR Signal Noise Ratio
ASAP/ALAP As Soon As Possible/As Late As Possible
EDFA Erbium-Dop ed Fiber Ampli er
RWA Routing and Wavelength Assignmert Problem
SMT Steiner Minimum Tree
SSB Split Switch Bank
SaD/MOSaD Splitter-and-Delivery/Multicast-Only ~ Splitter-and-Delivery
AON All-Optical Network
UTESCD/UTESNCD | Unbalanced Tree with Equal Splitter by Coherert/Non-Coherent
Detection
UTFSCD/UTFSNCD | Unbalanced Tree with Flexible Splitter by Coherert/Non-

Coherent Detection
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DCCD/DCNCD

Drop-and-Continue by Coherert/Non-Coherent Detection

FDCCD/FDCNCD Flexible Drop-and-Continue by Coherert/Non-Coherent Detec-
tion
ARPANET AdvancedReseart Project Agency Network
MSNF Most-Saturated Node First
SA Simulated Annealing
O/E/O Optical/Electronic/Optical
MDMCT Multiple-Destination Minim um-Cost Trail
MCPH Minimum Cost Path Heuristic
FDBP/PDBP Full/P artial Destination Blocking Policy
LP/ILP/MILP Linear/In teger Linear/Mixed Integer Linear Programming
MAX-1 St MAX-First Algorithm
RR2S/RR2A Re-Route-to-Source/Re-Route-to-Ary
MlSt/M—OnIy Memeber-First/Memeb er-Only Algorithm
VS/PVS/SVS Virtual Source/Primary and SecondaryVirtual Source
VS-CP Virtual-Source Capacity-Priority Algorithm
CSA Centralized Splitting Algorithm
TS-AOM Tabu-Seart BasedAll-Optical Multicasting Algorithm
VS-Based Virtual Source-BasedAlgorithm
PPR-AOMH Partial Padket Replication All-Optical Multicasting Heuristic
ADM Add-Drop Multiplexer
MCG/MIG Multicast Capable/Incapable Group
AO-IP All-Optical IP
OBS/OLS Optical Burst/Lab el Switching
MPLS Multi-Proto col Label Switching
LSP/LST Label Switched Path/T ree
GB Guard Band
S-MCAST/TS-MCAST | Separate/Shared-Tree Multicast
M-UCAST Multiple Unicast
MSC Multicast Sharing Class
FDL Fiber Delay line

Table 3: Table of Acronyms
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