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Abstract

Multicasttechnologyis highlyef�cient for thelargescale
multimediacontentservicedelivery. Its ef�ciency is maxi-
mizedwhenall theservicerecipientshaveidenticalneeds.
In realityhowever, theendusersmayhavea heterogeneous
set of requirementsfor different servicelevels as well as
different servicecomponents,dependingon their system
and networkcapabilities. We proposethe notion of Ser-
vice AdaptiveMulticast (SAM)that balancesthe tradeoffs
betweenproviding individualizedserviceto each clientand
maintaining an ef�cient overlay multicast tree structure.
Thenovelaspectsof our approachare(a) theability to aug-
mentand transformexisting pathsinto servicepathswith
thedesiredattributes;and(b) integrationof two treemain-
tenanceprocesses:a receiver-initiated just-in-timeadapta-
tion of themulticastservicetreedrivenby application/user
perceivedQoS,anda demand-driventreemaintenancepro-
cessgearedtowardslong-termtreequality. Wedemonstrate
theperformanceof our approach usingsimulationsof large
clientpopulation.

1. Intr oduction

Widespreaduseof electronicmultimediacontentover
theInternetis rapidly increasing.Along with thistrend,it is
alsoapparentthatdifferentendusersrequirethecontentde-
liveredto themin differentforms,wrappedin differentser-
vices,dependingon their personalpreferences,end-system
capabilitiesandnetwork connectivity [2]. For example,one
userrequiresanencryptedversionof thecontent,while an-
otheruserwantsthe audioportion of the contentin a dif-
ferent language,and a third userwantsan encryptedand
transcoded-down versionof a video to view on a mobile
handhelddevice. While thesekindsof servicesareoffered

� ChunqiangTangis with Departmentof ComputerScience,University
of Rochester, Rochester, NY 14627.

todayby only a handfulof serviceproviders,we anticipate
that the numberof serviceproviders will grow exponen-
tially as more individualsandsmall businessesoffer spe-
cializedservicesfor saleusingapeer-to-peerinfrastructure.
For real-timemultimediaservicessuchasvideostreaming,
providing acceptableend-to-endqualityof service(QoS)is
imperative. While it is possibleto serve diverseand ge-
ographicallyseparatedusersby creatinga specialservice
for eachusergroup,thisapproachis highly inef�cient from
the standpointof computing,storage,and networking re-
sources. Our goal is to serve diverseusergroupswith a
singleef�cient overlayservicemulticastthat is capableof
providing individualizedserviceto userswith thenecessary
QoSandmaintaininghigh levels of ef�cient resourceuti-
lization.

Scalableand ef�cient multicasttechnologyis essential
to enablethe above goal. Multicasting provides signi�-
cant bandwidthsavings and is particularly crucial for the
disseminationof live as well as storedhigh �delity mul-
timedia contentbecauseof the sheersize of the content,
the relatively long durationof the session,and the corre-
spondinglyhighbandwidthrequirements.Dueto thelackof
widespreaddeploymentof network level IP multicast,over-
lay multicast protocolsare being researchedextensively.
However, even if IP multicastwereavailableeverywhere,
theabovestatedgoalsof servicedeliverycouldmostlikely
only beachievedusingtheoverlaytechnology.

We proposeanef�cient applicationlayerServiceAdap-
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 generatedfrom landmarkclustering[21].
Combiningthe landmarkinformationwith a smallnumber
of round-triptime(RTT) measurementsto 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 servicepathsarebuilt



from existing “close-by” servicepaths,therebycreatingan
ef�cient multicastservicetree.Our goal is to createhighly
scalablemechanismsthathandlescenarioswith very large
numberof serviceprovidersaswell aslargenumbersof ser-
vice consumers.Thereareseveralkey differencesbetween
ourapproachandthatof prior work.

� Most existing overlay multicastschemesconsideronly
a single homogeneousservice— typically only packet
delivery. We provide a new framework that considers
the more realistic scenarioswheredifferent usershave
differentservicerequirementswhenaccessingthe same
content.

� Noneof theexistingschemesaddresstheproblemof ap-
plication quality disruptionduring the tree recon�gura-
tion. Our goal is to develop mechanismsthat transpar-
ently recon�guretheoverlaytreein veryshorttimescales
suchthat the user's perceptualservicequality doesnot
suffer during the recon�gurationprocess.Our approach
utilizesthelandmarkinformationstoredin DHT andcon-
�gures the treequickly usingconcurrentnetwork mea-
surements.The aim is to performtree recon�gurations
undera secondwhile producinga treethat is moreef�-
cientthanexistingalgorithmsandreasonablycloseto the
optimalbandwidthef�ciency.

� Unlike other schemesthat advocate only periodic or
eventtriggered(e.g.,RTT increase)treerecon�gurations,
our approachintegratestwo typesof tree maintenance
processes:a just-in-timerecon�gurationsdriven by ap-
plication/userperceived QoS, and a less frequent tree
maintenancedriven by network statechangeobserved
from a global informationtableatopa DHT. Unlessthe
endapplicationperceivesa performancedegradation,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-
contained,wedescribetheessentialcomponentsof ourpre-
viouswork whennecessary. Thepaperis organizedasfol-
lows. Wede�ne servicepathsandservicetreesandthende-
scribeour treeconstructionandrecon�gurationtechniques
in Section2. We next providenumericalresultsusingsim-
ulationsof largeclient population.Section4 discussesthe
relatedwork. The paperconcludeswith a brief discussion
of openproblems,ongoingwork, andfuturedirections.

2. Service AdaptiveMulticast Infrastructur e

Constructingan ef�cient multicast tree for rich media
distribution is complicatedby the heterogeneityof user

needsandavailable resources.An importantchallengeis
to deliver “personalized”end-to-endservicethatmeetsthe
individual needswhile keepingthemulticasttreestructure
as ef�cient as possible. To handlethe above con�icting
goals,we take a “user-centric” approachwhereeachend
userexplicitly speci�esthedesiredserviceandtheQoSre-
quirements.Thetreeconstructionalgorithmattemptsto sat-
isfy theuser'sneedby reusingoraugmentingexistingpaths.
To ensurethattheresultingmulticastservicetreeef�ciently
utilizesnetwork resource,ouralgorithmreliesonglobalin-
formationmaintainedin a DHT, andfollows thethreeintu-
itiveheuristics.

� Servicepathsshouldbereusedto theextentpossible.
� New servicepathsshouldbe createdfrom existing ser-

vicepathsusingappropriatetransformationsto theextent
possible.

� New servicecomponentsshouldbeplacedasnearaspos-
sibleto thenodesrequiringtheservice.

To minimize unnecessarydisruptionsto the end users,
our treemaintenanceprocessis receiver-initiatedandjust-
in-time whentheservicequality no longersatis�esa user's
need[33]. Furthermore,we take advantageof the abun-
danceof computingresources(e.g.,thosethat canbe pro-
videdby thecomputinggrid,perhapsusingresourcesinside
Internetdatacentersacrossthe Internet) to insert service
componentsappropriatelyin existing servicepaths. In the
remainderof thissection,wedescribethebasicconceptsof
a multicastservicetreeandthebasicnotations,andthenil-
lustratemulticastservicetreeconstructionandmaintenance
algorithms.

2.1. BasicConceptsand Notations

For simplicity, weassumethatthereis only asinglecon-
tentsourceanduseO to denotetheoutputfrom this single
source. In practice,therecould be multiple datastreams
from differentsourcesthataremergedto createcomposite
mediacontent.

� Service: A serviceis modeledas a function that oper-
ateson an input andproducesan output. The lettersf ,
g, andh areusedto denoteservices.In thecaseof me-
diacontent,examplesof servicesincludeencryption,im-
agerepairandanalysis,errorcorrection,transcodingand
so forth.1 It shouldbe notedthat someservicesarere-
versible,i.e., the effect of the serviceon a given input
canbeundone(e.g.,encryption).Otherservicessuchas
transcodingare irreversible. For a reversibleservicef ,
we usef � 1 to denotetheservicethatcan“undo” theef-
fectof f .
1For simplicity, weomit otherparametersof services.For example,for

a transcodingservice,anadditionalparametercouldbethebit rateof the
transcodedstream.



� Service path expression: Servicesarecomposable.For
example,f (g(O)) denotesthat serviceg is �rst applied
to theoriginal input, andtheoutputof which is fed into
the servicef . We call formulassuchas f (g(O)) that
specify a list of composedservices,a servicepath ex-
pression. Thepathbetweentheorigin sourceto thedes-
tinationclientnode,with intermediatenodesthatprovide
variousservicesis termeda servicepaththatdeliversthe
compositeservicespeci�ed by the servicepathexpres-
sion. While all nodeson a servicepathparticipatein the
routingprocess,notall nodesonaservicepathprovidea
service.In servicepaths,theorderin which theservices
areappliedis signi�cant. For example,a transcodingop-
erationtypically needsto beexecutedbeforeanencryp-
tion operation. In this paper, we usethe termsservice
pathexpressionandservicepathinterchangeably.

� QoS-quali�ed service path expression: We useservice
path expressionto denotethe servicesrequestedby an
end-user. A servicepathexpressioncan be “quali�ed”
by QoSrequirementsto indicateuserQoSrequirements.
Formally, a QoS-quali�edservicepathexpressionis de-
�ned by a pair [servicepath expression:QoS require-
ments].QoSrequirementsarerepresentedaslogicalcon-
junctionsof a list of atomic requirementssuchas (de-
lay< 100ms),(bandwidth> 100kb/s),etc.

� Service 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, theparametersof encryptionandtranscodingser-
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 ServiceTreeConstruction

Our tree constructionalgorithm relies on global state
maintainedin a DHT thatmaps“keys” onto “values.” The
DHT is implementedoninfrastructurenodesthathavegood
availability andnetwork connectivity.

We representthepositionof a nodein thephysicalnet-
work usinga landmarkvectorthat is producedby measur-
ing round-trip time againsta setof well known landmark
nodes[21]. Thelandmarkvectorsof thenodesde�ne a co-
ordinatespacewith distancesamongthe landmarkvectors
re�ecting the distancesamongthe correspondingnodesin
thephysicalnetwork.

Theglobalinformationof thenodesis storedontheDHT
usingthelandmarkvectorsof thenodeasDHT keys. As a
result,informationaboutnodesthatarephysicallyneareach
otherarestoredcloseto eachotheron theDHT. A typical

Table 1. Schema of global table.
Items Description

nodeID Identi�er of thetreenode.
landmark vector It representsthenode's positionin thephysical

network.
node metric Capacity, load, andthe 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,bottleneckbandwidth,servicecompo-
nents,nodeIDsof thenodesin thepathto root,
etc.

globaltablehastheschemashown in Table1.2

When new noden wants to join the multicast tree, it
computesits own landmarkvectorandcarriesout the fol-
lowing steps.

(i) Noden submitsits own landmarkvectorandits service
requirementsto theDHT infrastructure.TheDHT infras-
tructurematchesthe servicepathrequirementswith the
storedinformationto computeasetof candidatescloseto
noden with which theservicerequirementscanbesatis-
�ed directlyor a new servicepaththatmeetstheQoSre-
quirementscanbeconstructed.Whennoexistingservice
pathmatchestherequirementsuchaswhenthenodere-
queststheservicef (g(O)) andtheonly serviceavailable
is g(O), theDHT sendsto n a list of nodesthatprovide
theserviceg andalist of nodesthatprovidetheservicef .
In certaincases,somecurrentservicesneedto beundone
to provide the desiredservice. For instance,if the ser-
vicepathh(O) is available,thenonepossibilityis to con-
structtherequiredserviceby �rst reversingtheeffect of
h(:) andconstructingtheservicepathf (g(h� 1(h(O)))) .
A correspondingexamplecould be whenthe new node
needsunencryptedmediastreambut only theencrypted
streamis available. The computationof the candidate
setsis outof thescopeof thispaper.

(ii) Upon receiving the candidatesfrom the DHT, the new
noden performsadditionalmeasurementsby estimating
delayandbandwidthbetweenn andthecandidatenodes.
In the casewherea new servicepath needsto be con-
structed,noden instructssomecandidatenodesto per-
form measurementsamongthemselves to obtain delay
andbandwidthinformationbetweensomeof thenodes.

(iii) Noden carriesout a seriesof actionsto eitherreusean
existingservicepathby attachingto anodeasits child or
constructsa new servicepath.

In the�rst stepof thealgorithm,whenproviding thenew
noden with thecandidates,theDHT accountsfor boththe

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

userrequirementsandthe treequality. TheDHT �nds ex-
isting servicesthat are nearthe new nodewhenpossible.
However, whenexact requestedservicesdo not exist, ser-
vicecomponentsthatcanbeusedto constructadesiredser-
vicepathareprovidedcloseto thenew node.

Figure 1 exempli�es our tree-constructionalgorithm.
The new nodesn and n0 requestfor service f (O). In
Figure 1 (a), the DHT �nds an existing service path
(root; :::; a; b) nearn andthe new noden attachesto b as
its child. In Figure1 (b), whenthe new noden0 wantsto
join themulticasttree,nodesb andn thatoffer theservice
arefar away from n0. Consequently, nodea that provides
the original streamO and nodef that is not on the tree
but providestheservice,areidenti�ed. A new servicepath
(root; :::; a; f ; n0) is constructedasshown in Figure1 (c).

2.2.1. Landmark Clustering

Landmarkclusteringis basedon the intuition that nodes
closeto eachother are likely to have similar distancesto
a few selectedlandmarknodes. Our landmarkclustering
is basedon [21], where a set of well known landmark
nodesis �rst identi�ed. The landmarknodesmeasurethe
RTT amongthemselvesand usethis information to com-
putea coordinatein a Cartesianspace(i.e., landmarkvec-
tor) for eachof the landmark. Thesecoordinatesarethen
distributedto theclients,which measureRTTs to the land-
marknodesandcomputetheir own landmarkvector.

Landmarkclusteringhowever, is only a coarse-grained
approximation. It is not very effective in differentiating
nodeswithin close distance. To remedythis effect, we
proposetwo techniques:(i) combininglandmarkclustering
with RTT measurements,and(ii) hierarchicallandmarks.

With hierarchicallandmarks,the top-level global land-
marksprovide a rough estimationof nodes' physicalpo-
sition andlower-level local landmarksfurther differentiate
nodesthat are in closedistance.We arein the processof
evaluatingtheeffectivenessof severalhierarchicalschemes
andplan to incorporatethem in our treeconstructionand
maintenancealgorithms.
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Figure 2. Storing and retrie ving global state
on a DHT.

To obtainmoreaccurateinformation,actualRTT mea-
surementsareperformedagainstthesetof nodesthat is re-
turnedthroughlandmarkclustering.

2.2.2. Storing and Retrieving Global Stateon a DHT

DHT-basedoverlays,representedby ContentAddressable
Networks (CAN) [24], Chord [30], and Pastry [27], are
scalable,fault-tolerant,andadministration-free.Their ba-
sic functionality is to map“keys” onto “values.” Our DHT
storestheglobalstateandis basedonCAN, whichprovides
a hashtableabstractionover a Cartesianspace.TheCarte-
sianspaceis partitionedinto zones,with oneor morenodes
servingasowner(s)of a zone.A key is a point in thespace
andtheownerof thezonethatcontainsthepoint storesthe
correspondingvalue. Sincethe landmarkvectorsde�ne a
coordinatespace,we usethe landmarkvectorsdirectly as
thehashkeys.

To take advantageof thephysicalnetwork topology, we
employ landmarkclusteringwhen constructingthe DHT
andstoringtheinformation.Webuild atopologically-aware
CAN [25] whereeachnodejoins theCartesianspaceown-
ing azonethatcontainsits landmarkvector.

Whenstoringinformationabouta nodein themulticast
servicetree,we computeits landmarkvector in the same
way as we did for the DHT nodes,and useits landmark
vectorasthe key to storethe informationaccordingto the
schemadescribedin Section2.2.Thisapproachhastwo ad-
vantages:(i) informationof atreenodearestoredonaDHT
nodethatis closeto it with ahighprobability;and(ii) infor-
mationof nodesthatareneareachotherarestoredcloseto
eachotherontheDHT. Therefore,to �nd informationabout
nodesthatarecloseto aparticularnode,we�rst routeto the
zoneusingthenode's landmarkvectorasthekey andthen
performa localized�ooding.

Figure 2 illustrateshow the global stateis storedon a
DHT basedonlandmarkclusteringusingatwo-dimensional
CAN. In the�gure, thex andy coordinatesof thenodesare
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Figure 3. Tree adaptation.

drawnto re�ect theirlandmarkvectors.TheCartesianspace
of CAN is the coordinatespace. The coordinatespaceis
partitionedinto four zonesfrom Z 1 to Z 4 with DHT nodes
n1 to n4 servingastheir owners,respectively. EachDHT
nodeownsa CAN zonein which its landmarkvectorfalls
into. Theinformationaboutthetreenodesarestoredon the
DHT using their landmarkvectorsaskeys. For example,
the information of nodesa and b are storedon the DHT
noden2. Similarly, theinformationof nodesc, e, andf are
storedon thenoden3.

2.3. Adaptation of Multicast ServiceTrees

Driven by the inherentdynamicsin the underlyingin-
frastructure,we proposetwo tree adaptationschemes—a
just-in-timeadaptationto addressapplicationquality, and
a long-termadaptationto addresstreequality drivenby the
network statechangeobservedby theDHT.

2.3.1. Just-in-Time Adaptation

This algorithm,basedon [33], is drivenby applicationper-
ceivedQoSthat is impactednot only by �uctuations in the
link qualitybut alsoby theavailability of therequestedser-
vice. To provide the enduserswith desiredserviceswith
reasonableQoS,thetreecontinuouslyadaptsto thechang-
ing conditionsandminimizesany servicedisruptionto the
endusers.This translatesinto �nding the bestlocationto
performtheadaptationandminimizing thelatency for each
repair. We assumethatall treenodescanmonitortheavail-
ability of relevantservicesandthe quality of the link, and
translatetheseinto user-perceivedQoS.

We illustrateour treeadaptationalgorithmin Figure3.
When noden perceives that the requestedserviceis not
available or QoS degradesover its tolerancethreshold,it
sendsa complaintto its parentp in the treealongwith its
landmarkvectorandservicerequirements.If p is not re-
sponsive, n switchesto a new parentby performinga new
join processasdescribedin Section2.2. If p responses,we
havetwo casesasshown in Figure3 (a)and(b).

(i) p is happy with the servicesit receives, which indicates
thatthebottlenecklink liesonthepath(p;n). p forwards
the complaintinitiated by n directly to the DHT, which
will providen with asetof new candidatesthatareclose
to n, judgingfrom the landmarkvectors.This candidate
setincludesp0andb. n choosesits new parent,for exam-
plep0, basedonthemeasuredRTTsto candidatesandthe
QoSthey provide. n thencarriesout theswitchingwith
thehandoff processwe describein Section2.4.

(ii) p is also unhappy with its QoS, which indicatesthat
thebottlenecklink existson theupstreampath,e.g.,path
(a; p) in our example.In this case,p startsits own com-
plaint processby sendinga messagecontainingits land-
mark vector to its parenta. Note that by the time the
complaintfrom n arrivesat p, p may alreadyhave sent
its own complaint to a. In this case,p suppressesn's
complaint.Theseconcurrentcomplaintssave signi�cant
adaptationtime.

In Figure3 (b), becausea is happy with the servicesit
receives,it directsthecomplaintto theDHT, whichwill in-
structp to switchto a new parentwith thecandidatesetin-
cludinga0 andc. p thenmeasurestheRTTs to thesenodes
and switchesto a0. During this process,n waits for the
serviceto becomeavailableor the QoSto improve, or an
instructionfrom the DHT to switch to a new parent. If it
is still unhappy aftera timeout,i.e., therearemultiple bot-
tlenecklinks on its upstreampath, it startsthe complaint
processagain.

Our tree-adaptationalgorithmminimizestheoveralldis-
ruptionby locatingtheproblematiclink andhaving thenode
incidentto that link to adapt.For instance,whenthequal-
ity of a link closeto the root degradesor a serviceclose
to theroot becomesunavailable,our local repairalgorithm
requiresonly the nodeincident to that link to attachto a
new parent,insteadof having every downstreamnodeof
thatlink to �nd a new parent.

Our treeadaptationalgorithmavoidsthecyclic pathbe-
causethe DHT keepsthe nodeIDsof the nodesfrom the
root to every treenode. If the DHT �nds that the ID of a
complainingnodeis in thepathfrom theroot to acandidate
it identi�es, thiscandidateis notselectedasthenew parent.
Treeadaptationcouldcauseoscillationswhereanodekeeps
switchingparentsbackandforth amonga setof candidate
nodes.To avoid this problem,eachnodecachestheparent
nodesof the recentpastanddoesnot choosea nodein the
cacheasthenew parent.

Our approachtypically takesthreestepsto obtaina set
of parentcandidates.UsingFigure3 (a),assumethat(n; p)
and(n; p0) distancesare20mssincen is closeto p andp0,
and(p;DH T) and(n; DH T) are100ms.Consideringthat
routingin theDHT typically doublesthelatency of IP rout-
ing [34], it takesapproximately320msto obtain the can-
didatesets. Assumethat we performthreeroundsof con-
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Figure 4. Tree maintenance .

currentRTT measurementsto all candidatesandchoosethe
candidatethathasthelowestRTT. This processtakesaddi-
tional 120ms. This leavesus with 560msto completethe
entireswitchingunderonesecond.

2.3.2. Demand-drivenMaintenance

The basictreeconstructionalgorithmis greedyin nature.
The order in which the nodesjoin the tree can affect the
treequality. For example,whena nodejoins thetree,there
maynot bea close-byupstreamnodethatprovidesthede-
siredservicebut suchanupstreamnodemay laterbecome
available. Insteadof relying on local repair, we leverage
theglobalstatekept in theDHT. Thebasicideaof our tree
maintenancealgorithmis describedbelow:

� Whennoden joins thetree,theDHT maintainsinforma-
tion includingtherequirementsof thisnode(e.g.,theser-
vicesit requestsandQoSrequirements),andits upstream
(andpossiblydownstream)nodes.Noden canalsospec-
ify conditions(predicates)underwhich it is interestedin
gettingnoti�ed.

� As nodesjoin andleave thesystem,theDHT continues
to evaluatethepredicatesof thenodesin thesystemand
noti�es theappropriatenodeswhena predicatebecomes
valid (e.g.,thereis a nodeneara particularnodeandis
offeringa desiredservice).

� After a node receives a noti�cation from the DHT, it
makesa local decisionas to whetherto reconstructthe
treeby switchingto a new parent.

We give an exampleof the treemaintenancealgorithm
in Figure4. Whennoded �rst joined thesystem,theonly
choice it had was to attachto node b. Later on, when
f joined the system,it decidedthat attachingto b or d
will not satisfy its delayrequirement.A new servicepath
(root; :::; a; e;f ) wasthereforeconstructed.The DHT re-
membersd's servicerequirementsandnoti�es d theavail-
ability of e and f . Noded performssomemeasurements
andattachesto e asits child.

2.4. SmoothApplication Handoff

One of our goals is to develop methodsto ensurethat
theapplicationperformancesuffersminimally andthetree
recon�gurationis conductedtransparently. Becauseswitch-
ing to a new parentmayincur delay, it is essentialto main-
tain the performancelevels during the parenthandoff pro-
cess.For mediaapplications,this is crucialastheuserper-
ceivedmediaquality maysuffer signi�cantly whenthereis
asuddenhigh lossrateor largedelayperiodin�icted by the
handoff. To minimize disruption,we usemulti-homingat
themulticastoverlaylayerduringthehandoff period,simi-
lar to [28]. Theideais to haveachild connectedto boththe
new andold parents,andreceive applicationpacketsfrom
bothuntil thehandoff is complete.

3. Experimental Results

To evaluateour algorithms, we conducta simulation
study on two transit-stub topologies producedby GT-
ITM [4], bothwith approximately10,000nodes.The �rst
topology, small-transit, has25 transit domains,� ve tran-
sit nodesper transitdomain,four stubdomainsattachedto
eachtransitnode,and20 nodesin eachstubdomain. The
secondtopology, large-transit, has228transitdomainsand
two nodesin eachstubdomaininstead. With this second
topology, weintendto simulateanetworkwith alargeback-
bone. The link latenciesin this topologyaresetautomati-
cally by GT-ITM, whereasthe link bandwidthis setmanu-
ally accordingto the fan-outsof thenodesthata link con-
nectsto. A link connectingtwo nodeswith ahigherfan-out
hasa higherbandwidththana link connectingtwo nodes
with a lower fan-out.

We compareouralgorithmagainsttwo otheralgorithms.
The�rst algorithmis anabstractionof theexistinglevel-by-
level (LBL) treeconstructionschemessuchasHostMulti-
castTreeProtocol(HMTP) [35] andYoid [11]. LBL tra-
versesdown the treelevel-by-level from the root to search
for thenodethat is closestto thenew nodeuntil it reaches
the leaf. This algorithmdoesnot accountfor the QoSre-
quirementsof theendusers.Thesecondalgorithm,LBL+,
is an enhancementto LBL that we propose. It performs
level-by-level treetraversal,but alsoaccountsfor the QoS
requirementsof theendusers.Sincetherearemany LBL-
basedschemes,we proposeLBL+ to maintaincompatibil-
ity with the prior work. We use“SAM(C)” to denoteour
approachwith RTT measurementsto C closestcandidates
identi�ed by theDHT.

Theperformancemetricsof interestare:

� Treequality metrics: We usestressandstretch to mea-
surethetreequality. Stretchis de�ned astheratioof tree
cost(thesumof thedelayassociatedwith thetreelinks)
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Figure 6. Large­transit topology: stretc h, stress, and speedup.

to thatof a minimalspanningtree.Thestressof anover-
lay multicasttreeis theaveragenumberof overlaylinks
overa physicallink in theunderlyingtopology.

� Treeconstruction metrics: Speedupis usedto measure
thetreeconstructiontimeof ouralgorithmagainstthatof
LBL.

� TreeQoS metrics: Satisfactionis the fraction of users
thataresatis�edwith their bandwidthanddelayrequire-
ments.

We vary the treesizefrom 8 to 2,048nodes.For each
treesize,wepresenttheaverageresultsfor 20runs.Table2
summarizetheparameters,theirdefaultvalues,andthevar-
ied range.We constrainthedegreeof eachnodeon thetree
to simulatethefactthatthenumberof �o wsthatanodecan
serveareconstrainedby itsprocessingcapacityandnetwork
connectivity. For simplicity, we assumethatthereis only a
singleservice,the original mediastream.We setthe QoS

Table 2. Parameter values.
Parameter Default value range
Treesize - 8 � 2; 048

Landmarks 15 -
RTTs - 10 � 30

Maximumnodedegree 10 -

requirementsfor the differentnodesas follows. For each
individual noden, let d(n) denotetheshortestpathlatency
from therootof thetreeto n andb(n) denotethebottleneck
bandwidthfrom thetreeroot to n. Theuserrequirementis
setto (delay < 2� d(n)

V
bandwidth > 0:25� b(n)).

The preliminary resultsof our experimentsare shown
in Figures5 to 8, whereFigures5 and6 comparethe tree
quality of thedifferentalgorithmsandRTT measurements.
They alsoshow thespeedupof our treeconstructionalgo-
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Figure 7. Satisfaction rate in small­transit
topology .

rithm whencomparedwith LBL andLBL+. Figures7 and
8 comparetheuser-perceivedQoSin thetwo topologies.

In Figures 5 and6, we canseethat our treeconstruc-
tion algorithmis anorderof magnitudefasterthatLBL and
LBL+ whenthe treedegreeis constrainedto ten. The tree
constructiontimesfor LBL andLBL+ aresimilar. In fact,
thisspeedupcanbeaslargeas20for atreewith 2,048nodes
whenthetreedegreeconstraintis setto � ve.

The �gures alsoshow that the stressandstretchof the
treesproducedby our algorithm is comparableto that of
treesproducedby LBL+. The quality of the LBL treesis
betterthanothersbecauseLBL treesarenot restrictedby
the quality-of-serviceconstraints. The stressand stretch
numbersin the small-transittopology are slightly worse
thanin thelarge-transittopologyfor thefollowing reasons:
(i) landmark+RTT schemeis less effective in the small-
transittopologybecauseof thedif�culties in differentiating
nodeswithin a closedistance;and(ii) in the small-transit
topology, therearemorenodesin the samestubdomains
andshortestpathsbetweennodesaremorelikely to share
commonlinks, thereforetheworsestressnumbers.Despite
the seeminglylarger stretchnumbersfor the small-transit
topology, theabsoluteoverheadis small,becausethelaten-
ciesareshortandthepenaltyfor not�nding theclosestnode
is small.

Figures7 and8 show thefractionof usersthataresatis-
�ed by their needs.Thesatisfactionratein thelarge-transit
topology is lower than that in the small-transittopology.
This is becausewhenthenodesaresparelypopulatedover
a very largeareanetwork, the parentof a treenodeis less
likely to be on the shortestpath from the tree root to the
node.Notethattheabsolutenumberis not important,since
it is a consequenceof how we selecttheQoSrequirement.
Whatis signi�cant is thatSAM achievesbetterlevel of QoS
andcomparabletreequalityasLBL at amuchfasterspeed.
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Figure 8. Satisfaction rate in large­transit
topology .

In our experiments,we have variedthenumberof RTT
measurements.The numberof RTTs doesnot affect the
treequality anduserperceivedQoSwhenit is greaterthan
20. Moreover, we usea verysmallnumberof landmarksto
clusterthenodesfor avery largetransit-stubgraph.We ex-
pectthehierarchicallandmarkclusteringschemedescribed
in Section2.2.1to further improve our treequality andthe
user-perceivedQoSthesetreesoffer.

4. RelatedWork

4.1. Overlay Multicast Trees

Severalapplication-levelmulticastschemesachievedata
distributionby implicitly building a multicaststructure.For
instance,Scribe[6] is amulticastinfrastructurebuilt on top
of Pastry[27]. In Scribe,themulticasttreeis formedby the
union of the Pastry routesfrom multicastmembersto the
rendezvouspoint (RP).Bayeux[37] is anarchitecturebuilt
on top of Tapestry[36] andsupportssource-speci�cmul-
ticast. The Content-AddressableNetwork (CAN) frame-
work [24] is extendedfor multicastin [26]. In thiswork, the
multicastgroupmembersestablisha mini-CAN andmul-
ticast data is distributed by �ooding over the mini-CAN,
without explicitly building a tree. The Scribe's tree-based
approachandCAN's �ood-basedapproacharecomparedin
[7]. Their experimentsshow that the tree-basedmulticast
consistentlyoutperformsthe�ooding approach.

The “NICE is the Internet Cooperative Environment”
(NICE)protocol[1] buildsandmaintainshierarchicaltopol-
ogyof multicastmembers.Themulticastroutesareimplic-
itly de�nedby thestructureof thehierarchy. A protocolthat
usesDelaunaytriangulationas an overlay network topol-
ogy is proposedin [20]. With the distributedconstruction
of a Delaunaytriangulation,multicastpathsareembedded



in theoverlaywithoutaroutingprotocol.OverlayMulticast
Network Infrastructure(OMNI) [3] proposesa two-tier ar-
chitectureandbuildsamulticasttreeconsistingof multicast
servicenodes(MSN) which in turnconnectto clients.This
distributedschemeisadaptivewith changesin theclientdis-
tributionandnetwork conditions.

The following protocols explicitly form the multicast
tree. Targeting at contentdistribution applications,over-
cast[15] builds a singlesourcemulticasttreerootedat the
source. The optimizationgoal of its “up/down” protocol
is to provide eachtreenodewith a high bandwidthpathto
theroot. Yoid [11] formsa sharedmulticastspanningtree
acrossthe endhosts. Yoid builds a meshstructureamong
membersfor routingstability. Similar to Yoid, HostMulti-
castTreeProtocol(HMTP) [35] buildsasharedtree.When
a new node joins, it probesthe tree at eachlevel, start-
ing from the root, to �nd the nearestmembernodeas a
parent. CoopNet[22] focuseson using multiple descrip-
tion coding to handle�ash crowd while reducingdisrup-
tion. They rely on a centralizedserver for treeconstruction
andmaintenance.Application Level Multicast Infrastruc-
ture (ALMI) [23] usesa centralizedapproachto construct
sharedminimumspanningtreebasedon network measure-
ments.

Narada[9] andScattercast[8] build a meshtopologyof
all multicastmembers,andthencomputea multicastspan-
ning tree for eachsource. Both protocolsperiodically re-
freshthemeshto maintainthemulticasttopology.

SplitStream[5] addressestheproblemof loadimbalance
of interior andleaf nodesin a multicasttree.It constructsa
forest,ratherthana singletree. The contentis partitioned
into multiple stripesusingerasurecoding or multiple de-
scriptioncoding,with eachstripebeingmulticastedon one
of the trees. Eachparticipatingnodeservesasan interior
nodeof a treebut asa leaf of someothertreesin the for-
est. Similar to mostotherDHT-basedmulticastschemes,
thetreesin theforestareembeddedin theDHT.

ZIGZAG [31] proposesa peer-to-peer multicast for
streamingmediabasedon an administrative organization
in which peersareorganizedin a multi-layer hierarchyof
clusters.Giventheadministrative logical organization,the
multicasttree is built using threegiven rules. The tree is
periodicallyrecon�guredto balancethe load basedon the
nodedegreeandcapacity.

The ScalableAdaptive RandomizedOverlay (SARO)
protocol[18] hasbeenrecentlyproposed,built on top of a
RandomSubsets(RanSub) utility. TheRanSub utility is
usedto deliver stateinformationabouta randomsubsetof
globalnodeswith eachnodeselectedin asubsetwith equal
probability.

Ourschemediffersfrom existingapproachesin thatpre-
vious P2Pmulticastsystemsembedthe multicasttreesin
the overlay, and thereforeare constrainedby the logical

structureof theP2Pnetworks. In this aspect,SAM is simi-
lar to theZIGZAG approachwhich decouplestheadminis-
trativeorganizationandthemulticastdatadeliverypaths.

In addition,with theexceptionof OMNI andZIGZAG,
none of the existing approachestake QoS into account
in tree constructionand maintenance.Unlike OMNI and
ZIGZAG, thetreerecon�gurationin ourschemeis initiated
by thereceiverbasedontheapplicationperceivedQoS.The
objectivesof SARO aresimilar to thatof SAM in termsof
adaptingquickly to network changes.However, SAM ad-
vocatestheuseof applicationQoSfeedbackto trigger tree
transformationsratherthantheuseof theperiodicrandom
subsetdistributionapproachof SARO.

4.2. ServicePaths

Ninja [13] andComposable,AdaptiveNetwork Services
(CANS) [12] are typical examplesof infrastructuresthat
supportheterogeneoususerdevicesandneeds.Ninja is a
distributed servicearchitecturethat builds pathsof com-
posedservices.Active proxiesarelocatedbetweentheser-
vice baseandtheuserdevicesfor dynamicserviceadapta-
tion. CANS is very similar to Ninja, but oneof the main
differencesis that CANS performsresource-awareservice
adaptation.ServiceOn-DemandArchitecture(SODA) [16]
sharesthesamehigh-level goalof Ninja andCANS,but fo-
cuseson servicevirtualizationby executingmultiple User-
ModeLinux atopaunmodi�edhostOSto achievefault iso-
lation. ServiceOverlayNetworks(SON)[10] is piecedto-
gethervia servicegateways,thelogicalconnectionbetween
which is providedby theunderlyingnetwork domainwith
certainQoS(e.g.,bandwidth)guarantees.The Internetin-
directioninfrastructure(I3) [29] introducesa level of indi-
rectionto avoid thelimitationsof thecurrentpoint-to-point
communicationmodelof theInternet.It providesthebasic
primitivesto enableef�cient multicast,anycastandservice
composition.

Servicepath in overlay networks is consideredin Ser-
vice Proxy Networks (SPY-Net) [32]. SPY-Net builds a
highly connectedmeshto maintainnetwork resourcecon-
ditions. It then performs a link-state algorithm on the
meshto constructoverlayservicepaths.SPY-Net requires
the proxy to have global network resourceavailability in-
formation. QoS-awareserviceaggregation[14] composes
overlay service paths by mapping user requestinto re-
sourcerequirements(e.g.,bandwidth,processor, memory,
etc.). The path that satis�es theseresourcerequirements
is selectedandused. QoS-awareRoutingin Overlay Net-
works (QRON) [19] builds QoS-satis�edhierarchicalser-
vice pathsusing Dijkstra-like algorithms,with computa-
tional capacityandavailablebandwidthasthepathweight.

Although the above schemesconsiderbuilding service
pathsto accommodateheterogeneoususers,nonehave ex-



ploredmulticast. We recentlydiscoveredwork concurrent
with ours that extendsSPY-Net to multicast[17]. It pro-
posestwo algorithms: (i) shortestservicepath tree that
is basicallya union of unicastroutesfrom the sourceto
eachmulticastmember, and(ii) longestmatchapproachthat
stresseson path sharing. While the conceptof multicast
servicetreesis similar to our work, thereareseveraldiffer-
ences.Theprimarydifferenceis that[17] is gearedtowards
anenvironmentwith asmallnumberof serviceproxies,and
usesa link-statelike protocol to distribute servicerouting
informationbetweenthe proxies. This is clearly not scal-
ableto anenvironmentwith alargenumberof serviceprox-
ies, aswe envision. The framework proposedin [17] as-
sumestheexistenceof serviceproxies,while ouralgorithm
deploys oneif necessarybasedon availableresources.To
constructthemostef�cient andhigh quality servicepaths,
we recognizethatsomeservicesarereversible,which pro-
videsadded�e xibility in creatingnew servicepaths.In ad-
dition, we advocatejust-in-time multicastservicetree re-
con�gurationbasedon receiver perceivedmediaquality as
well asperiodiclongertermtreemaintenanceoperations.

5. Discussionand Conclusion

We provideda new framework that considersscenarios
wheredifferent usershave different servicerequirements
whenaccessingthesamemediacontent.Theservicescan
be provided by a small numberof well known large ser-
vice providerswith multiple serviceofferings,and/orby a
largenumberof smallsingle-serviceprovidersovera peer-
to-peerinfrastructure.Unlike thebig serviceprovidersthat
mayhosttheirservicesin datacentersseveralnetwork hops
away from the end user, the small serviceprovidersmay
hosttheir servicescloserto thenetwork edgeandthusthe
end user. This proximity to the end usermay provide a
higher perceived servicequality in somecasesand bears
furtherinvestigation.This framework presentsseveraldif�-
cult challengesin coordinatingend-to-endservicepathsto
deliver compositepersonalizedservicesto endconsumers.
Ouremphasisis onscalablemechanismsthatworkswell in
suchlarge scaleenvironments. While the mechanismsin
this paperhave beendescribedin thecontext of rich media
streamingapplications,they canbeappliedto othertypesof
applicationsandservicesaswell.

Towardsthis end,we havepresentedtheconceptof Ser-
vice Adaptive Multicast (SAM) that provides composite
individualizedservicesto consumerswhile balancingthe
needfor anef�cient infrastructurethatmaximizesresource
utilization. Our approachrestson providing a global view
of thesystemstoredin a distributedhashtable(DHT). The
global view is generatedfrom landmarkclustering. Com-
bining the landmarkinformation with a small numberof
RTT measurementsto locatephysicallyclose-byneighbors,

our approachprovidesvery fast,high quality treeconstruc-
tion andadaptation.Performanceevaluationusingsimula-
tionsindicatethatthis approachis promising.

Our future work focuseson improving the accuracy of
thelandmarkclusteringscheme.Designingef�cient service
pathcomputationalgorithmsis anongoingresearchthread
aswell asacomprehensiveevaluationof theframeworkpre-
sented.
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