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Abstract

Multicasttechnolagyis highlyefcient for thelarge scale
multimediacontentservicedelivery Its efciency is maxi-
mizedwhenall the servicerecipientshaveidentical needs.
In reality however, theenduses mayhavea heteogeneous
set of requirementsfor different servicelevels as well as
different service componentsdependingon their system
and network capabilities. We proposethe notion of Ser
vice AdaptiveMulticast (SAM)that balancesthe tradeofs
betweerproviding individualizedserviceto eac clientand
maintaining an efcient overlay multicasttree structue.
Thenovelaspectof our apprad are (a) theability to aug-
mentand transformexisting pathsinto servicepathswith
thedesiedattributes;and(b) integration of two treemain-
tenanceprocessesa receivefinitiated just-in-timeadapta-
tion of the multicastservicetreedriven by application/user
perceivedQoS,anda demand-drivettreemaintenancero-
cesgearedtowardslong-termtreequality. We demonstate
theperformancef our approach usingsimulationsof large
client population.

1. Intr oduction

Widespreaduse of electronicmultimediacontentover
thelnternetis rapidlyincreasing Along with thistrend,it is
alsoapparenthatdifferentendusersrequirethecontentde-
liveredto themin differentforms,wrappedn differentser
vices,dependingn their personapreferencesgnd-system
capabilitiesandnetwork connectity [2]. For example,one
userrequiresanencryptedversionof the contentwhile an-
otheruserwantsthe audio portion of the contentin a dif-
ferentlanguageand a third userwantsan encryptedand
transcoded-den versionof a video to view on a mobile
handhelddevice. While thesekinds of servicesareoffered
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todayby only a handfulof serviceproviders,we anticipate
that the numberof serviceproviderswill grow exponen-
tially as more individuals and small businessesffer spe-
cializedservicedor saleusinga peerto-peetinfrastructure.
For real-timemultimediaservicessuchasvideo streaming,
providing acceptablend-to-endjuality of service(QoS)is
imperatve. While it is possibleto sene diverseand ge-
ographicallyseparatedisersby creatinga specialservice
for eachusergroup,this approachs highly inef cient from
the standpointof computing,storage,and networking re-
sources. Our goal is to sene diverseusergroupswith a
singleefcient overlay servicemulticastthatis capableof
providing individualizedserviceto userswith thenecessary
QoS and maintaininghigh levels of ef cient resourceuti-
lization.

Scalableand ef cient multicasttechnologyis essential
to enablethe above goal. Multicasting provides signi -
cantbandwidthsasings andis particularly crucial for the
disseminatiorof live aswell as storedhigh delity mul-
timedia contentbecauseof the sheersize of the content,
the relatively long durationof the sessionandthe corre-
spondinglyhighbandwidthrequirementsDueto thelack of
widespreadleploymentof network level IP multicast,over-
lay multicast protocolsare being researchedxtensiely.
However, evenif IP multicastwere available everywhere,
the above statedgoalsof servicedelivery could mostlik ely
only beachievedusingthe overlaytechnology

We proposean ef cient applicationlayer ServiceAdap-
tive Multicast (SAM) infrastructurefor real-timemultime-
dia applications.Our approachrestson providing a global
view of thesystemstoredin adistributedhashtable(DHT),
which is scalable,fault-tolerant,and administration-free.
Theglobalview is generatedrom landmarkclustering21].
Combiningthe landmarkinformationwith a smallnumber
of round-triptime (RTT) measurement® locatephysically
close-byneighbors,our approachprovidesvery fast, high
quality tree constructionand adaptation. Startingfrom a
servicede nition, we build end-to-endservicepathsasde-

ned in [12, 32]. As required,new servicepathsare built



from existing “close-by” servicepaths therebycreatingan
ef cient multicastservicetree. Our goalis to createhighly
scalablemechanismshat handlescenarioswith very large
numberof serviceprovidersaswell aslargenumbersf ser
vice consumersTherearesereralkey differencesdetween
our approactandthatof prior work.

Most existing overlay multicastschemesonsideronly
a single homogeneouservice— typically only paclet
delivery. We provide a new framework that considers
the more realistic scenariosvhere different usershave
differentservicerequirementsvhenaccessinghe same
content.

Noneof the existing schemesddresghe problemof ap-
plication quality disruptionduring the tree recon gura-
tion. Our goalis to develop mechanismshat transpar
entlyrecon guretheoverlaytreein very shorttimescales
suchthat the users perceptuakervicequality doesnot
suffer duringthe recon gurationprocess.Our approach
utilizesthelandmarkinformationstoredn DHT andcon-
gures the tree quickly using concurrentnetwork mea-
surements.The aim is to performtree recon gurations
undera secondwhile producinga treethatis moreef -
cientthanexisting algorithmsandreasonablyloseto the
optimalbandwidthef ciency.

Unlike other schemesthat adwocate only periodic or
eventtriggered(e.g.,RTT increasejreerecon gurations,
our approachintegratestwo typesof tree maintenance
processesa just-in-timerecon gurationsdriven by ap-
plication/userperceved QoS, and a less frequenttree
maintenanceadriven by network statechangeobsened
from a globalinformationtableatopa DHT. Unlessthe
endapplicationpercevesa performancalegradation,or
aservicepaththatcandeliverthedesiredservicehaslater
becomeavailable,thereis noneedto recon gurethetree,
evenwhennetwork metricssuchasRTT haschanged.

We focus on the constructionand maintenanceof ser
vice multicasttreesas applicationdriven just-in-time tree
adaptationis introducedin [33]. To make the paperself-
containedye describeheessentiatomponentsf ourpre-
viouswork whennecessaryThe paperis organizedasfol-
lows. We de ne servicepathsandservicetreesandthende-
scribeour treeconstructionandrecon gurationtechniques
in Section2. We next provide numericalresultsusingsim-
ulationsof large client population. Section4 discusseshe
relatedwork. The paperconcludeswith a brief discussion
of openproblemspngoingwork, andfuturedirections.

2. Sewice Adaptive Multicast Infrastructur e

Constructingan ef cient multicasttree for rich media
distribution is complicatedby the heterogeneityof user

needsand available resources.An importantchallengeis
to deliver “personalized’end-to-endservicethat meetsthe
individual needswhile keepingthe multicasttree structure
as efcient as possible. To handlethe above con icting
goals,we take a “usercentric” approachwhere eachend
userexplicitly speci esthe desiredserviceandthe QoSre-
guirementsThetreeconstructioralgorithmattemptgo sat-
isfy theusersneedby reusingor augmentingexisting paths.
To ensurghattheresultingmulticastservicetreeef ciently
utilizesnetwork resourcepur algorithmrelieson globalin-
formationmaintainedn a DHT, andfollows thethreeintu-
itive heuristics.

Servicepathsshouldbereusedo the extentpossible.

New servicepathsshouldbe createdfrom existing ser
vice pathsusingappropriatéransformationso theextent
possible.

New servicecomponentshouldbeplacedasnearaspos-
sibleto the nodesrequiringthe service.

To minimize unnecessargisruptionsto the end users,
our treemaintenancgrocesss receverinitiated andjust-
in-time whenthe servicequality no longersatis esa users
need[33]. Furthermorewe take advantageof the alun-
danceof computingresourcege.g.,thosethat canbe pro-
videdby thecomputinggrid, perhapsisingresourceinside
Internetdata centersacrossthe Internet)to insertservice
componentappropriatelyin existing servicepaths. In the
remaindeiof this sectionwe describethe basicconceptof
amulticastservicetreeandthebasicnotations andthenil-
lustratemulticastservicetreeconstructiormndmaintenance
algorithms.

2.1 BasicConceptsand Notations

For simplicity, we assumehatthereis only asinglecon-
tentsourceanduseO to denotethe outputfrom this single
source. In practice,there could be multiple datastreams
from differentsourceshatare memgedto createcomposite
mediacontent.

Sewice: A serviceis modeledas a function that oper
ateson an input and producesan output. The lettersf ,
g, andh areusedto denoteservices.In the caseof me-
diacontentexamplesf servicedncludeencryptionjm-
agerepairandanalysisgrrorcorrection transcodingand
soforth.! It shouldbe notedthat someservicesarere-
versible,i.e., the effect of the serviceon a given input
canbe undone(e.g.,encryption).Otherservicessuchas
transcodingare irreversible. For a reversibleservicef ,
weusef ! to denotetheservicethatcan“undo” theef-
fectof f .

1For simplicity, we omit otherparametersf services For example for
atranscodingservice,anadditionalparametecould be the bit rate of the
transcodedtream.



Sewice path expression ServicesarecomposableFor
example,f (g(0O)) denoteghatserviceg is rst applied
to the original input, andthe outputof which is fed into
the servicef . We call formulassuchasf (g(O)) that
specify a list of composedservices,a servicepath ex-
pression The pathbetweerthe origin sourceto the des-
tinationclientnode,with intermediatenodeshatprovide
variousserviceds termeda servicepaththatdeliversthe
compositeservicespeci ed by the servicepath expres-
sion. While all nodeson a servicepathparticipatein the
routing processnot all nodeson a servicepathprovide a
service.In servicepathsthe orderin which the services
areappliedis signi cant. For example,atranscodingp-
erationtypically needgo be executedoeforean encryp-
tion operation. In this paper we usethe termsservice
pathexpressionandservicepathinterchangeably
QoS-quali ed service path expression We useservice
path expressionto denotethe servicesrequestediy an
end-user A servicepath expressioncan be “quali ed”

by QoSrequirementso indicateuserQoSrequirements.

Formally, a QoS-quali ed servicepathexpressions de-
ned by a pair [service path expression: QoS require-
ments].QoSrequirementarerepresentedslogical con-
junctionsof a list of atomicrequirementssuchas (de-
lay< 100ms),(bandwidth> 100kb/s)etc.

Sewice requirements A user requestof encrypted
and transcodedmedia contentwith an end-to-endde-
lay requirementunder 100ms can be representedas
(encryption (tr anscoding(O)) : delay < 100ms).

Again, the parametersf encryptionandtranscodinger

vices are omitted for simplicity. The usercan specify
servicepriority by placingmoreimportantservicesear

lier in the logical disjunctionof multiple QoS-quali ed
servicepathspeci cations.

2.2 Multicast Service TreeConstruction

Our tree constructionalgorithm relies on global state
maintainedn a DHT thatmaps“keys” onto “values. The
DHT isimplementedninfrastructurenodeshathave good
availability andnetwork connectvity.

We representhe positionof a nodein the physicalnet-
work usinga landmarkvectorthatis producedby measur
ing round-triptime againsta setof well known landmark
nodeg21]. Thelandmarkvectorsof the nodesde ne aco-
ordinatespacewith distancesamongthe landmarkvectors
re ecting the distancesamongthe correspondingiodesin
thephysicalnetwork.

Theglobalinformationof thenodesds storedonthe DHT
usingthelandmarkvectorsof thenodeasDHT keys. As a
result,informationaboutnodeghatarephysicallyneareach
otherarestoredcloseto eachotheron the DHT. A typical

Table 1. Schema of global table.

( ltems | Description [
nodelD Identi er of thetreenode.
landmark _vector It representshe nodes positionin the physical

network.

node _metric Capacity load, and the servicesthe nodepro-
vides (e.g., storage,computing, servicecapa-
bility, etc.).

path _metric Characteristicsof the path from the root to
the node. Information may include delay to
theroot, bottleneckhandwidth servicecompo-
nents,nodelDsof the nodesin the pathto root,
etc.

globaltablehasthe schemashavn in Table1.?

When nev noden wantsto join the multicasttree, it
computedts own landmarkvectorand carriesout the fol-
lowing steps.

(i) Noden submitsits own landmarkvectorandits service
requirementso theDHT infrastructure TheDHT infras-
tructurematcheshe servicepathrequirementswvith the
storedinformationto computeasetof candidatesloseto
noden with which the servicerequirementganbe satis-

ed directly or anew servicepaththatmeetsthe QoSre-

quirementganbeconstructedWhenno existing service
pathmatcheghe requiremensuchaswhenthe nodere-

questgheservicef (g(0)) andtheonly serviceavailable
is g(0O), the DHT sendgo n alist of nodesthat provide

theserviceg andalist of nodeghatprovidetheservicef .

In certaincasessomecurrentservicemneedto beundone
to provide the desiredservice. For instance,if the ser

vice pathh(O) is available,thenonepossibilityis to con-

structthe requiredserviceby rst reversingthe effect of

h(:) andconstructingheservicepathf (g(h 1(h(0)))).

A correspondingxamplecould be whenthe new node
needsunencryptednediastreambut only the encrypted
streamis available. The computationof the candidate
setsis out of the scopeof this paper

(i) Upon receving the candidatedrom the DHT, the new
noden performsadditionalmeasurementsy estimating
delayandbandwidthbetweem andthe candidatenodes.
In the casewherea new servicepath needsto be con-
structed,noden instructssomecandidatenodesto per
form measurementamongthemselesto obtain delay
andbandwidthinformationbetweersomeof thenodes.

(i) Noden carriesout a seriesof actionsto eitherreusean
existing servicepathby attachingo anodeasits child or
constructs new servicepath.

In the rst stepof thealgorithm,whenproviding thenew
noden with the candidatesthe DHT accountdor boththe

2More detailsaboutlandmarkclusteringand DHT techniqueswill be
providedin Section2.2.1andSection2.2.2.
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Figure 1. Tree construction.

userrequirementandthe treequality. TheDHT nds ex-
isting servicesthat are nearthe nev nodewhen possible.
However, when exact requestedservicesdo not exist, ser
vice componentshatcanbeusedto constructadesiredser
vice pathareprovidedcloseto the new node.

Figure 1 exempli es our tree-constructionalgorithm.
The new nodesn and n° requestfor servicef (0). In
Figure 1 (a), the DHT nds an existing service path

its child. In Figure1 (b), whenthe new noden® wantsto
join the multicasttree,nodesb andn that offer the service
arefar away from n°% Consequentlynodea that provides
the original streamO andnodef thatis not on the tree
but providesthe service,areidenti ed. A new servicepath

2.2.1 Landmark Clustering

Landmarkclusteringis basedon the intuition that nodes
closeto eachotherarelikely to have similar distancego
a few selectedandmarknodes. Our landmarkclustering
is basedon [21], where a set of well known landmark
nodesis rst identi ed. The landmarknodesmeasurehe
RTT amongthemseles and usethis informationto com-
putea coordinatein a Cartesiarspace(i.e., landmarkvec-
tor) for eachof the landmark. Thesecoordinatesarethen
distributedto the clients,which measureRTTs to the land-
marknodesandcomputetheir own landmarkvectot

Landmarkclusteringhowever, is only a coarse-grained
approximation. It is not very effective in differentiating
nodeswithin close distance. To remedythis effect, we
proposawo techniques(i) combininglandmarkclustering
with RTT measurementgnd(ii) hierarchicalandmarks

With hierarchicallandmarks the top-level global land-
marks provide a rough estimationof nodes' physical po-
sition andlower-level local landmarksfurther differentiate
nodesthat arein closedistance.We arein the processof
evaluatingthe effectivenesof severalhierarchicakchemes
and plan to incorporatethemin our tree constructionand
maintenancelgorithms.

Z1 Z2

L]

Z3 Z4

Figure 2. Storing and retrie ving global state
on a DHT.

To obtain more accurateinformation, actualRTT mea-
surementareperformedagainsthe setof nodesthatis re-
turnedthroughlandmarkclustering.

2.2.2 Storing and Retrieving Global Stateona DHT

DHT-basedoverlays,representedy ContentAddressable
Networks (CAN) [24], Chord [30], and Pastry [27], are
scalable fault-tolerant,and administration-free.Their ba-
sic functionalityis to map“keys” onto“values. Our DHT
storegheglobalstateandis basedn CAN, which provides
a hashtableabstractiorover a Cartesiarspace.The Carte-
sianspacds partitionedinto zoneswith oneor morenodes
servingasowner(s)of azone.A key is apointin the space
andthe ownerof the zonethatcontainsthe point storesthe
correspondingzalue. Sincethe landmarkvectorsde ne a
coordinatespace we usethe landmarkvectorsdirectly as
thehashkeys.

To take advantageof the physicalnetwork topology we
employ landmarkclusteringwhen constructingthe DHT
andstoringtheinformation. We build atopologically-avare
CAN [25] whereeachnodejoins the Cartesiarspaceown-
ing a zonethatcontaingts landmarkvector

Whenstoringinformationabouta nodein the multicast
servicetree, we computeits landmarkvectorin the same
way aswe did for the DHT nodes,and useits landmark
vectorasthe key to storethe informationaccordingto the
schemalescribedn Section2.2. This approacthastwo ad-
vantages(i) informationof atreenodearestoredonaDHT
nodethatis closeto it with a high probability;and(ii) infor-
mationof nodesthatareneareachotherarestoredcloseto
eachotherontheDHT. Thereforeto nd informationabout
nodeghatarecloseto aparticulamode,we rst routeto the
zoneusingthe nodes landmarkvectorasthe key andthen
performalocalized ooding.

Figure 2 illustrateshow the global stateis storedon a
DHT basednlandmarkclusteringusingatwo-dimensional
CAN. In the gure, thex andy coordinate®f thenodesare



Figure 3. Tree adaptation.

dravntore ect theirlandmarkvectors.TheCartesiarspace
of CAN is the coordinatespace. The coordinatespaceis

partitionedinto four zonesrom Z 1 to Z 4 with DHT nodes
n1 to n4 servingastheir owners,respectiely. EachDHT

nodeownsa CAN zonein which its landmarkvectorfalls

into. Theinformationaboutthetreenodesarestoredon the
DHT usingtheir landmarkvectorsas keys. For example,
the information of nodesa andb are storedon the DHT

noden?2. Similarly, theinformationof nodesc, e, andf are
storedonthenoden3.

2.3 Adaptation of Multicast Service Trees

Driven by the inherentdynamicsin the underlyingin-
frastructure,we proposetwo tree adaptationschemes—a
just-in-time adaptationto addressapplicationquality, and
along-termadaptationto addressreequality drivenby the
network statechangeobsenedby the DHT.

2.3.1 Just-in-Time Adaptation

This algorithm,basedon [33], is drivenby applicationper

ceived QoSthatis impactednot only by uctuationsin the
link quality but alsoby the availability of therequesteder

vice. To provide the end userswith desiredserviceswith

reasonabl€oS,thetreecontinuouslyadaptso the chang-
ing conditionsandminimizesary servicedisruptionto the
endusers. This translatednto nding the bestlocationto

performthe adaptatiorandminimizing thelateng for each
repait We assumehatall treenodescanmonitorthe avail-

ability of relevantservicesandthe quality of the link, and
translateheseinto userpercevedQoS.

We illustrate our tree adaptatioralgorithmin Figure 3.
When node n perceves that the requestedserviceis not
available or QoS degradesover its tolerancethreshold,it
sendsa complaintto its parentp in the treealongwith its
landmarkvector and servicerequirements.If p is not re-
sponsve, n switchesto a new parentby performinga new
join processasdescribedn Section2.2. If p responsesye
have two casesasshown in Figure3 (a) and(b).

() pishappywith the sewicesit receves whichindicates
thatthebottlenecKink liesonthepath(p;n). p forwards
the complaintinitiated by n directly to the DHT, which
will provide n with asetof new candidateshatareclose
to n, judging from the landmarkvectors.This candidate
setincludesp®andb. n choosesdts new parentjfor exam-
ple p® basebnthemeasuredRT Tsto candidatesndthe
QoSthey provide. n thencarriesout the switchingwith
thehandof processve describén Section2.4.

(i) p is also unhappy with its QoS which indicatesthat

thebottlenecKink existsontheupstreanpath,e.g.,path
(a; p) in our example. In this case p startsits own com-
plaint procesdy sendinga message&ontainingits land-
mark vectorto its parenta. Note that by the time the
complaintfrom n arrivesat p, p may alreadyhave sent
its own complaintto a. In this case,p suppresses's
complaint. Theseconcurrentomplaintssave signi cant
adaptatiortime.

In Figure3 (b), because is happy with the servicesit
receves,it directsthecomplaintto the DHT, whichwill in-
structp to switchto a new parentwith the candidatesetin-
cludinga®andc. p thenmeasureshe RTTs to thesenodes
and switchesto a®. During this process,n waits for the
serviceto becomeavailable or the QoSto improve, or an
instructionfrom the DHT to switchto a new parent. If it
is still unhapyy afteratimeout,i.e., therearemultiple bot-
tlenecklinks on its upstreampath, it startsthe complaint
processagain.

Ourtree-adaptatioalgorithmminimizestheoverall dis-
ruptionby locatingthe problematidink andhaving thenode
incidentto thatlink to adapt. For instancewhenthe qual-
ity of alink closeto the root degradesor a serviceclose
to theroot becomesunavailable,our local repairalgorithm
requiresonly the nodeincidentto thatlink to attachto a
new parent,insteadof having every downstreamnode of
thatlink to nd anew parent.

Our treeadaptatioralgorithmavoidsthe cyclic pathbe-
causethe DHT keepsthe nodelDsof the nodesfrom the
root to every treenode. If the DHT nds thattheID of a
complainingnodeis in the pathfrom therootto a candidate
it identi es, this candidatés not selectedasthenew parent.
Treeadaptatiortouldcauseoscillationswhereanodekeeps
switchingparentsbackandforth amonga setof candidate
nodes.To avoid this problem,eachnodecacheghe parent
nodesof the recentpastanddoesnot choosea nodein the
cacheasthe new parent.

Our approachtypically takesthreestepsto obtaina set
of parentcandidatesUsing Figure3 (a), assumehat(n; p)
and(n; pY) distancesare20mssincen is closeto p andp®,
and(p;DHT) and(n; DH T) are100ms.Consideringhat
routingin the DHT typically doubleghelateng of IP rout-
ing [34], it takesapproximately320msto obtainthe can-
didatesets. Assumethat we performthreeroundsof con-



Figure 4. Tree maintenance .

currentRTT measurement® all candidatesindchoosehe
candidatehathasthelowestRTT. This procesdakesaddi-
tional 120ms. This leavesus with 560msto completethe
entireswitchingunderonesecond.

2.3.2 Demand-driven Maintenance

The basictree constructionalgorithmis greedyin nature.
The orderin which the nodesjoin the tree can affect the
treequality. For example ,whenanodejoins thetree,there
may not be a close-byupstreammodethat providesthe de-
siredservicebut suchan upstreanmodemay later become
available. Insteadof relying on local repair we leverage
the globalstatekeptin the DHT. The basicideaof ourtree
maintenancealgorithmis describedelow:

Whennoden joinsthetree,the DHT maintainsnforma-
tion includingtherequirementsf thisnode(e.g.,theser
vicesit requestandQoSrequirements)ndits upstream
(andpossiblydownstreamhodes.Noden canalsospec-
ify conditions(predicatesunderwhichit is interestedn
gettingnoti ed.

As nodesjoin andleave the system,the DHT continues
to evaluatethe predicate®f the nodesin the systemand
noti es the appropriatenodeswhena predicatebecomes
valid (e.g.,thereis a nodeneara particularnodeandis
offeringa desiredservice).

After a nodereceves a noti cation from the DHT, it
makes a local decisionasto whetherto reconstructhe
treeby switchingto a new parent.

We give an exampleof the tree maintenancealgorithm
in Figure4. Whennoded rst joinedthe systemthe only
choiceit had wasto attachto nodeb. Later on, when
f joined the system,it decidedthat attachingto b or d
will not satisfyits delayrequirement.A new servicepath

memberd's servicerequirementandnoti es d the avail-
ability of e andf . Noded performssomemeasurements
andattachego e asits child.

2.4. Smooth Application Handoff

One of our goalsis to develop methodsto ensurethat
the applicationperformancesuffers minimally andthetree
recon gurationis conductedransparentlyBecausewitch-
ing to anew parentmayincur delay it is essentiato main-
tain the performancdevels during the parenthandof pro-
cess.For mediaapplicationsthisis crucialasthe userper
ceivedmediaquality may suffer signi cantly whenthereis
asudderhighlossrateor largedelayperiodin icted by the
handof. To minimize disruption,we usemulti-homingat
themulticastoverlaylayerduring the handof period,simi-
larto [28]. Theideais to have achild connectedo boththe
new andold parentsandreceve applicationpacletsfrom
bothuntil thehandof is complete.

3. Experimental Results

To evaluate our algorithms, we conducta simulation
study on two transit-stub topologies producedby GT-
ITM [4], bothwith approximatelyl0,000nodes.The rst
topology small-transit has25 transitdomains, ve tran-
sit nodesper transitdomain,four stubdomainsattachedo
eachtransitnode,and 20 nodesin eachstubdomain. The
secondopology large-transit has228transitdomainsand
two nodesin eachstubdomaininstead. With this second
topology weintendto simulatea network with alargeback-
bone. Thelink latenciesn this topology are setautomati-
cally by GT-ITM, whereaghelink bandwidthis setmanu-
ally accordingto the fan-outsof the nodesthata link con-
nectsto. A link connectingwo nodeswith a higherfan-out
hasa higherbandwidththana link connectingtwo nodes
with alower fan-out.

We compareour algorithmagainstwo otheralgorithms.
The rst algorithmis anabstractiorof theexistinglevel-by-
level (LBL) treeconstructiorschemesuchasHost Multi-
castTree Protocol(HMTP) [35] and Yoid [11]. LBL tra-
versesdown the treelevel-by-level from the root to search
for the nodethatis closestto the new nodeuntil it reaches
the leaf. This algorithmdoesnot accountfor the QoSre-
quirementf the endusers.The secondalgorithm,LBL +,
is an enhancemento LBL that we propose. It performs
level-by-level treetraversal,but alsoaccountdor the QoS
requirement®f the endusers.Sincetherearemary LBL-
basedschemesywe proposel BL+ to maintaincompatibil-
ity with the prior work. We use“SAM(C)” to denoteour
approachwith RTT measurement® C closestcandidates
identi ed by the DHT.

The performancemetricsof interestare:

Treequality metrics: We usestressandstretch to mea-
surethetreequality. Stretchis de ned astheratio of tree
cost(the sumof the delayassociatedvith the treelinks)
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to thatof a minimal spanningree. The stressof anover
lay multicasttreeis the averagenumberof overlaylinks
overaphysicallink in theunderlyingtopology

Treeconstruction metrics: Speedugs usedto measure
thetreeconstructiortime of our algorithmagainsthatof
LBL.

Tree QoS metrics; Satisfactionis the fraction of users
thataresatis ed with their bandwidthanddelayrequire-
ments.

We vary the tree size from 8 to 2,048nodes. For each
treesize,we presentheaverageresultsfor 20 runs. Table2
summarizeéhe parametergheir defaultvalues,andthevar
ied range.We constrainthe degreeof eachnodeonthetree
to simulatethefactthatthenumberof o wsthatanodecan
seneareconstrainedy its processingapacityandnetwork
connectvity. For simplicity, we assumeéhatthereis only a
single service,the original mediastream. We setthe QoS

Number of Nodes.

(b) Stress.

1200 1600 2000 0 400 800 1200 1600 2000
Number of Nodes

(c) Constructiorspeedup.

stretc h, stress, and speedup.

Table 2. Parameter values.

[ Parameter | Defaultvalue | range ||
Treesize - 8 2,048
Landmarks 15 -
RTTs - 10 30
Maximumnodedegree 10 -

requirementdor the differentnodesasfollows. For each
individual noden, let d(n) denotethe shortespathlateng
from therootof thetreeto n andb(n) denotethebottleneck
bandwidthfrom thetregqrootto n. Theuserrequirements
setto (delay < 2 d(n) bandwidth > 0:25 b(n)).

The preliminary resultsof our experimentsare shovn
in Figures5 to 8, whereFigures5 and6 comparethe tree
quality of the differentalgorithmsandRTT measurements.
They alsoshaw the speedupf our tree constructioralgo-
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Figure 7. Satisfaction rate in small-transit
topology .

rithm whencomparedvith LBL andLBL+. Figures7 and
8 comparehe userpercevedQoSin thetwo topologies.

In Figures 5 and 6, we can seethat our tree construc-
tion algorithmis anorderof magnitudeasterthatLBL and
LBL+ whenthe treedegreeis constrainedo ten. Thetree
constructiontimesfor LBL andLBL+ aresimilar. In fact,
thisspeeduganbeaslargeas20for atreewith 2,048nodes
whenthetreedegreeconstraints setto ve.

The gures alsoshaw that the stressand stretchof the
treesproducedby our algorithmis comparableo that of
treesproducedby LBL+. The quality of the LBL treesis
betterthan othershecausd.BL treesare not restrictedby
the quality-of-serviceconstraints. The stressand stretch
numbersin the small-transittopology are slightly worse

thanin thelarge-transitopologyfor thefollowing reasons:

() landmark+RT schemeis less effective in the small-
transittopologybecausef the dif culties in differentiating
nodeswithin a closedistance;and (ii) in the small-transit
topology, thereare more nodesin the samestub domains
andshortestpathsbetweennodesare morelikely to share
commonlinks, thereforetheworsestressnumbers Despite
the seeminglylarger stretchnumbersfor the small-transit
topology, theabsoluteoverheads small,becausé¢helaten-
ciesareshortandthepenaltyfor not nding thecloseshode
is small.

Figures7 and8 show thefractionof usersthataresatis-
ed by their needs.The satisactionratein the large-transit
topology is lower thanthat in the small-transittopology
This is becausevhenthe nodesare sparelypopulatedover
avery large areanetwork, the parentof a treenodeis less
likely to be on the shortestpath from the tree root to the
node.Notethatthe absolutenumberis notimportant,since
it is a consequencef how we selectthe QoSrequirement.
Whatis signi cant is thatSAM achievesbetterlevel of QoS
andcomparabld@reequality asLBL atamuchfasterspeed.

Satisfaction
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e

01f SAM(20) -
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Figure 8. Satisfaction rate in large-transit
topology .

In our experimentswe have variedthe numberof RTT
measurementsThe numberof RTTs doesnot affect the
treequality anduserperceved QoSwhenit is greaterthan
20. Moreover, we usea very smallnumberof landmarkgo
clusterthe nodedfor averylargetransit-stubgraph.We ex-
pectthe hierarchicalandmarkclusteringschemedescribed
in Section2.2.1to furtherimprove our treequality andthe
userpercevedQoSthesetreesoffer.

4. RelatedWork
4.1 Overlay Multicast Trees

Severalapplication-lerel multicastschemesichieve data
distribution by implicitly building a multicaststructure For
instance Scribe[6] is a multicastinfrastructurebuilt ontop
of Pastry[27]. In Scribe themulticasttreeis formedby the
union of the Pastry routesfrom multicastmembergo the
rendezwouspoint (RP).Bayeux[37] is anarchitecturebuilt
on top of Tapestry[36] and supportssource-speci cmul-
ticast. The Content-AddressablBletwork (CAN) frame-
work [24] is extendedor multicastin [26]. In thiswork, the
multicastgroup membersestablisha mini-CAN and mul-
ticastdatais distributed by ooding over the mini-CAN,
without explicitly building a tree. The Scribes tree-based
approaclandCAN's ood-basedapproactarecomparedn
[7]. Their experimentsshav that the tree-basednulticast
consistentlyoutperformghe ooding approach.

The “NICE is the Internet Cooperatie Environment”
(NICE) protocol[1] buildsandmaintainshierarchicatopol-
ogy of multicastmembersThe multicastroutesareimplic-
itly de ned by thestructureof thehierarchy A protocolthat
usesDelaunaytriangulationas an overlay network topol-
ogy is proposedn [20]. With the distributed construction
of a Delaunaytriangulation,multicastpathsareembedded



in theoverlaywithoutaroutingprotocol.OverlayMulticast
Network InfrastructurelOMNI) [3] proposesa two-tier ar

chitectureandbuilds amulticasttreeconsistingof multicast
servicenodes(MSN) whichin turn connectto clients. This

distributedschemes adaptvewith changeén theclientdis-

tribution andnetwork conditions.

The following protocols explicitly form the multicast
tree. Targeting at contentdistribution applications,over-
cast[15] builds a single sourcemulticasttreerootedat the
source. The optimizationgoal of its “up/down” protocol
is to provide eachtreenodewith a high bandwidthpathto
theroot. Yoid [11] forms a sharedmulticastspanningree
acrossthe endhosts. Yoid builds a meshstructureamong
memberdor routing stability. Similarto Yoid, Host Multi-
castTreeProtocol(HMTP) [35] builds asharedree.When
a new nodejoins, it probesthe tree at eachlevel, start-
ing from the root, to nd the nearestmembernode as a
parent. CoopNet[22] focuseson using multiple descrip-
tion codingto handle ash crowd while reducingdisrup-
tion. They rely on a centralizedsenerfor treeconstruction
and maintenance Application Level Multicast Infrastruc-
ture (ALMI) [23] usesa centralizedapproachto construct
sharedminimumspanningreebasedon network measure-
ments.

Narada[9] andScattercasf8] build a meshtopologyof
all multicastmembersandthencomputea multicastspan-
ning tree for eachsource. Both protocolsperiodically re-
freshthe meshto maintainthe multicasttopology

SplitStrean{5] addressethe problemof loadimbalance
of interior andleaf nodesin a multicasttree. It constructsa
forest, ratherthana singletree. The contentis partitioned
into multiple stripesusing erasurecoding or multiple de-
scriptioncoding,with eachstripebeingmulticastecon one
of the trees. Eachparticipatingnodesenesasan interior
nodeof atreebut asa leaf of someothertreesin the for-
est. Similar to mostother DHT-basedmulticastschemes,
thetreesin theforestareembeddedn the DHT.

ZIGZAG [31] proposesa peerto-peer multicast for
streamingmedia basedon an administratve organization
in which peersare organizedin a multi-layer hierarchyof
clusters.Giventhe administratve logical organizationthe
multicasttreeis built usingthreegivenrules. The treeis
periodicallyrecon guredto balancethe load basedon the
nodedegreeandcapacity

The ScalableAdaptive RandomizedOverlay (SARO)
protocol[18] hasbeenrecentlyproposedhuilt ontop of a
RandomSubsetgRanSub) utility. The RanSub utility is
usedto deliver stateinformationabouta randomsubsetf
globalnodeswith eachnodeselectedn a subsewith equal
probability.

Ourschemdiffersfrom existing approaches thatpre-
vious P2P multicastsystemsembedthe multicasttreesin
the overlay, and thereforeare constrainedby the logical

structureof the P2Pnetworks. In this aspectSAM is simi-
lar to the ZIGZAG approachwhich decoupleshe adminis-
trative organizatiorandthe multicastdatadelivery paths.

In addition,with the exceptionof OMNI andZIGZAG,
none of the existing approachegake QoS into account
in tree constructionand maintenance.Unlike OMNI and
ZIGZAG, thetreerecon gurationin our schemas initiated
by thereceverbasedntheapplicationpercevedQoS.The
objectivesof SARO aresimilar to thatof SAM in termsof
adaptingquickly to network changes.However, SAM ad-
vocateghe useof applicationQoSfeedbacko triggertree
transformationsatherthanthe useof the periodicrandom
subsedistribution approachof SARO.

4.2 Sewice Paths

Ninja [13] andComposableAdaptive Network Services
(CANS) [12] aretypical examplesof infrastructureshat
supportheterogeneousserdevicesand needs. Ninja is a
distributed servicearchitecturethat builds pathsof com-
posedservices.Active proxiesarelocatedbetweerthe ser
vice baseandthe userdevicesfor dynamicserviceadapta-
tion. CANS is very similar to Ninja, but one of the main
differenceds that CANS performsresource-aareservice
adaptationServiceOn-DemandArchitecture(SODA) [16]
shareghe samehigh-level goalof Ninja andCANS, but fo-
cuseson servicevirtualizationby executingmultiple User
ModeLinux atopaunmodi ed hostOSto achievefaultiso-
lation. ServiceOverlay Networks (SON)[10] is piecedto-
gethervia servicegatevays,thelogical connectiorbetween
which is provided by the underlyingnetwork domainwith
certainQoS (e.g.,bandwidth)guaranteesThe Internetin-
directioninfrastructure(l®) [29] introducesa level of indi-
rectionto avoid thelimitations of the currentpoint-to-point
communicatiormodelof the Internet.It providesthe basic
primitivesto enableef cient multicast,anycastandservice
composition.

Servicepathin overlay networks is consideredn Ser
vice Proxy Networks (SP¥-Net) [32]. SPY¥-Net builds a
highly connectedneshto maintainnetwork resourcecon-
ditions. It then performsa link-state algorithm on the
meshto constructoverlay servicepaths. SPY-Net requires
the proxy to have global network resourceavailability in-
formation. QoS-avare serviceaggreation[14] composes
overlay service paths by mapping user requestinto re-
sourcerequirementge.g., bandwidth,processgrmemory
etc.). The paththat satis es theseresourcerequirements
is selectedandused. QoS-avare Routingin Overlay Net-
works (QRON) [19] builds QoS-satis edhierarchicalser
vice pathsusing Dijkstra-like algorithms,with computa-
tional capacityandavailablebandwidthasthe pathweight.

Although the above schemesconsiderbuilding service
pathsto accommodatdeterogeneoussers,nonehave ex-



plored multicast. We recentlydiscoreredwork concurrent
with oursthat extendsSPY:-Net to multicast[17]. It pro-

posestwo algorithms: (i) shortestservice path tree that
is basicallya union of unicastroutesfrom the sourceto

eachmulticastmembeyand(ii) longestmatchapproachhat
stressen path sharing. While the conceptof multicast
servicetreesis similarto ourwork, thereareseveraldiffer-

encesTheprimarydifferencds that[17] is gearedowards
anervironmentwith asmallnumberof serviceproxies,and
usesa link-statelik e protocolto distribute servicerouting

information betweenthe proxies. This is clearly not scal-
ableto anenvironmentwith alargenumberof serviceprox-

ies, aswe ervision. The framewvork proposedn [17] as-
sumegheexistenceof serviceproxies,while our algorithm
deploys oneif necessarypasedon availableresources.To

constructthe mostef cient andhigh quality servicepaths,
we recognizethatsomeservicesarereversible,which pro-

videsadded e xibility in creatingnew servicepaths.In ad-

dition, we adwcatejust-in-time multicastservicetree re-

con guration basedon recever perceved mediaquality as
well asperiodiclongertermtreemaintenanceperations.

5. Discussionand Conclusion

We provided a new framework that considersscenarios
where different usershave different servicerequirements
whenaccessinghe samemediacontent. The servicescan
be provided by a small numberof well known large ser
vice providerswith multiple serviceofferings,and/orby a
large numberof smallsingle-servicgrovidersover a peer
to-peerinfrastructure Unlike the big serviceprovidersthat
mayhosttheir servicesn datacentersseveralnetwork hops
away from the end user the small serviceproviders may
hosttheir servicescloserto the network edgeandthusthe
end user This proximity to the end user may provide a
higher perceved servicequality in somecasesand bears
furtherinvestigation.This framework presentseveral dif -
cult challengesn coordinatingend-to-endservicepathsto
deliver compositepersonalizedervicesto endconsumers.
Ouremphasiss on scalablemechanismghatworkswell in
suchlarge scaleenvironments. While the mechanismsn
this paperhave beendescribedn the contet of rich media
streamingapplicationsthey canbeappliedto othertypesof
applicationsandservicesaswell.

Towardsthis end,we have presentedhe concepiof Ser
vice Adaptive Multicast (SAM) that provides composite
individualized servicesto consumersvhile balancingthe
needfor anef cient infrastructureghatmaximizesresource
utilization. Our approachrestson providing a global view
of the systemstoredin a distributedhashtable (DHT). The
global view is generatedrom landmarkclustering. Com-
bining the landmarkinformation with a small numberof
RTT measurement® locatephysicallyclose-byneighbors,

our approactprovidesvery fast,high quality treeconstruc-
tion andadaptation.Performancevaluationusingsimula-
tionsindicatethatthis approachs promising.

Our future work focuseson improving the accurag of
thelandmarkclusteringschemeDesigningef cient service
pathcomputationalgorithmsis an ongoingresearctthread
aswell asacomprehensieevaluationof theframework pre-
sented.
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