
ScalableOverlay Multicast TreeConstruction for QoS-ConstrainedMedia
Streaming

GabrielParmer, RichardWest,GeraldFry
ComputerScienceDepartment

BostonUniversity
Boston,MA 02215

f gabep1,richwest,gfryg@cs.bu.edu

Abstract

Overlaynetworkshavebecomepopular in recenttimes
for contentdistribution andend-systemmulticastingof me-
dia streams.In the latter case, the motivationis basedon
the lack of widespreaddeploymentof IP multicastand the
ability to performend-hostprocessing. However, construct-
ing routesbetweenvariousend-hosts,so that data can be
streamedfromcontentpublishersto manythousandsof sub-
scribers, each havingtheir own QoSconstraints, is still a
challengingproblem. First, any routesbetweenend-hosts
using treesbuilt on top of overlay networkscan increase
stresson the underlyingphysicalnetwork,dueto multiple
instancesof thesamedatatraversinga givenphysicallink.
Second,becauseoverlayroutesbetweenend-hostsmaytra-
versephysicalnetworklinks more thanonce, they increase
theend-to-endlatencycomparedto IP-level routing. Third,
algorithmsfor constructingef�cient, large-scaletreesthat
reducelink stressandlatencyare typicallymorecomplex.

Thispapertherefore comparesvariousmethodsto con-
struct multicast trees betweenend-systems,that vary in
termsof implementationcostsand their ability to support
per-subscriberQoSconstraints. We describeseveral algo-
rithmsthatmaketrade-offsbetweenalgorithmiccomplexity,
physicallink stressandlatency. Whileno algorithmis best
in all threecaseswe showhow it is possibleto ef�ciently
build treesfor several thousandsubscribers with latencies
within a factorof twoof theoptimal,andlink stressescom-
parableto, or betterthan,existingtechnologies.

1 Intr oduction

This work addressestheproblemof deliveringreal-time
mediastreamson anInternet-scale,from oneor morepub-
lishersto potentiallymany thousandsof subscribers,each
having their own serviceconstraints.Suchconstraintsmay

be in termsof latency boundson the transferof datafrom
publishersto subscribers,but may also encompassjitter,
loss and bandwidthrequirements.Target applicationsfor
thiswork includemultimediastreamingof livevideobroad-
casts(e.g.,Internettelevision), interactivedistancelearning
andtheexchangeof time-criticaldatasetsin large-scalesci-
enti�c applications[20].

In recentyears,therehave beena numberof research
efforts focusedon contentdistribution using end-system,
or application-level, multicasttechniques[6, 25, 7, 2, 29,
13, 14]. Such work is partly motivated by the lack of
widespreaddeployment of IP multicast (at the network-
level) and the inability of routersto employ application-
speci�c streamprocessingservices.In mostcases,meshes
or overlaysform a logical interconnectbetweenend-hosts,
providing the basisfor multicasttreesor routesto deliver
datain a scalablemanner[12, 10, 21, 3, 5]. However, the
problemwith building routesbetweenend-hostsusinglog-
ical overlays is that datamay be duplicatedat the phys-
ical network level, increasingphysical link stress. Simi-
larly, theend-to-enddelayof datatransportedalonga log-
ical overlay pathbetweena pair of hostsmight be signi�-
cantlylargerthananequivalentunicastpathat thephysical
network level, therebyyieldingacorrespondingrelativede-
lay penalty1 greaterthan1:0.

Many approachesattemptto carefullymatchtheoverlay
topologyto theunderlyingphysicalnetwork, todecreasethe
relativedelaypenaltyandlink stress[26]. Similarly, anum-
ber of end-systemmulticasttechniquesattemptto reduce
physical link stresswhile maximizingbandwidth,but few
haveactuallyfocusedontheconstructionof communication
pathsbetweenhoststhat provide quality-of-service(QoS)
guarantees,even in termsof latency (or delay)bounds.Of
the few approachesthatdo considerQoS(e.g.,RITA [25],

1Someresearchersreferto a similar termcalledstretch thatis theratio
of the costof routing over an overlay tree, to the costof routing over a
shortestpathtreeat thenetwork-level, e.g.usingIP multicast.
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OMNI [3], andZIGZAG [23]), ourwork differsby focusing
on a studyof severalapproachesto build treesthatvary in
termsof theircomplexity, andability to limit bothlink stress
andrelative delaypenalties.Unlike thework on RITA, we
alsoconsiderdegreeconstraintsof multicasttreenodesas
dictatedby theoverlaytopologythatlogicallyconnectsend-
systems. Suchdegreeconstraintslimit the fanoutof tree
nodes,therebymakingtreedepthspotentiallylarger, espe-
cially for large-scaletrees.

Giventhatweenvisionadistributedsystemof end-hosts
built on the scaleof the Internet,somemethodis required
to maintainrouting stateand connectivity betweenhosts.
Peer-to-peer(P2P)systems[22, 15, 19, 30, 4] tackle this
problemby constructingdistributedhashtablesto lookup
andretrieve contentin O(lg(M )) hops,whereroutingstate
at eachpeeris also O(lg(M )) in size with respectto the
numberof peers,M . Implicitly, theseP2Psystemsform
logical interconnectionnetworks, or overlay topologies,
that include hypercubes[22], more generalizedtoroidal
structures[15,1] andk-ary n-cubes[19]. With thisin mind,
ourapproachfor constructingscalableend-systemmulticast
treesassumesa distributed systemof hoststhat are con-
nectedvia a regular overlay topology. Speci�cally, no sin-
gle host hasa global snapshotof the entire systemof M
hosts,but may �nd a pathbetweenitself andanotherhost
within O(lg(M )) hops.

In prior work we have studiedtheuseof k-ary n-cubes
anddeBruijn graphsfor routingmultimediastreams[8, 9,
24]. In this paper, we simply assumesuchoverlay topolo-
giesexist for the basisof multicasttreeconstruction,such
thatno treecanhave a fanoutgreaterthanthedegreeof the
correspondingoverlay.

The problemaddressedby this paper, then, is how to
constructcommunicationpathsbetweenend-systemsin an
ef�cient mannerwhile: (1) minimizing both relative delay
penaltyandphysical link stress,and(2) achieving the ser-
vice requirementsof most(if not all) subscribersof a given
publishedmediastream. We comparevariousmethodsto
constructmulticasttreesbetweenend-systems,thatvary in
termsof implementationcostsandtheir ability to support
per-subscriberQoSconstraints.We describeseveral algo-
rithms that make trade-offs betweenalgorithmiccomplex-
ity, physical link stressandlatency. While no algorithmis
bestin all caseswe show how it is possibleto ef�ciently
build treesfor several thousandsubscriberswith latencies
within a factorof two of theoptimal,andlink stressescom-
parableto, or betterthan,existing technologies.

The rest of the paperis organizedas follows. In Sec-
tion 2, variousmethodsfor multicasttreeconstructionare
discussed.Simulationresultsandanalysesof eachtreecon-
structionmethodare describedin Section3. This is fol-
lowedby a brief overview of relatedwork in Section4. Fi-
nally, conclusionsaredrawn, andfuturework is outlinedin

Section5.

2 Multicast TreeConstruction

Our approachfor constructingscalableend-systemmul-
ticast treesassumesa distributedsystemof hoststhat are
connectedvia a regular overlay topology. We make this
assumptionbecauseof the decentralizedmannerin which
hostsneedonly maintainpartial stateabouttheentiresys-
tem.In practice,weintendto usearegularoverlaytopology
for publishersto announcethe availability of streams,or
mediachannels, usingdistributedhashtables(DHTs), and
for variousend-systemsto discover which channelsareac-
tive sothey mayselectively subscribeto them.With this in
mind,wenow describeanumberof algorithmsfor building
(or effectively embedding)multicasttreesin overlays,that
vary in termsof runningtimes,link stressandrelativedelay
penalties.For the purposesof this paper, the only impor-
tanceof theoverlayis thatit correspondsto a regularstruc-
turewhosenodedegree,or fanout,is limited to O(lg(M ))
for asystemof M end-hosts.

2.1 Methods for EstablishingLocality

Eachmulticasttreeisconstructedsuchthatthelink stress
andrelative delaypenaltiesareminimized,with the intent
of using end-systemsto producea routing structurethat
closelyapproximatesthat of IP multicast. Variousmetrics
canbeusedto achieve this goal[18], althoughin this work
we focuson thefollowing two:

1. Latency, L , which is measuredby usingICMP to send
“ping” messagesbetweentwo hoststo calculateanap-
proximationof distance.Thismetrichastheadvantage
of beingsimpleandhaving alow overhead,bothonthe
hostsandon theunderlyingnetwork. Latency is a re-
lationbetweentwo hosts,L (H 1; H2) andspeci�esthe
timeit takesto traversetheshortestpathbetweenthem.

2. Traceroute, T, which is measuredby sendingICMP
packetstowardsthedestinationwith timeto live(TTL)
increasingfrom 0 to the hop distanceto the destina-
tion. In this way, we candeterminea list of physical
routersthroughwhich a communicationpathbetween
two hostswill traverse. Note that all modi�ed ICMP
messagescanbesentout in parallel,enablinga tracer-
outemeasurementto beconductedin thesameamount
of time it takes to carry out a normal ping. Taking
themeasurementsin parallelwill not give usinforma-
tion abouttheorderof routerstraversedalonga path.
The traceroutemetric, T(H 1; H2), returnsthe set of
all routerstraversedalong the shortestpath between
thehosts.
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2.2 ChannelSubscription Algorithms

When a new host joins the systemand wishesto sub-
scribeto a multicastchannel,a speci�c algorithmdictates
the methodologyfor wherethis host is placedin the tree,
andhow it getsthere.We termthesepoliciessubscription
algorithms. The subscription algorithmsdeterminenot
only the amount of time betweeneach subscriptionre-
questand when a streamis received, but also the ability
of a treeto meettheQoSrequirementsof eachsubscriber.
Subscription algorithmsmust make a dif�cult compro-
mise: a very complex subscription algorithm which at-
temptsto placea newly subscribinghostat theoptimal lo-
cationin thetreemaytakeanunacceptablylargeamountof
time to placethat hostandmight imposesigni�cant over-
headin termsof costmeasurements,whereasanextremely
naivesubscription algorithmwhichrandomlyassignsnew
hoststo positionsin thetreecouldveryquickly placenodes,
but theresultingtreewouldbequiteinef�cient.

The�rst consideration,thesubscriptiondelay, is impor-
tantbecausethesystemmustscalenot only in termsof the
amountof hostscurrentlyconstitutinga multicasttree,but
alsoin termsof arrival (anddeparture2) ratesof hosts[16].
Thesecondconsideration,thequalityof theresultingmulti-
casttree,is importantto beableto scalein termsof amount
of hostssupported,andto allow someform of guarantees
to be maderegardingbandwidthusage,andlatency of de-
liveryof content.A successfulsubscription algorithmwill
strike somebalancebetweensubscriptioncomplexity and
resultingtreequality.

We presentdifferent policies, eachof which has dif-
ferent goalsand makes different trade-offs. Eachof the
subscription algorithmsis separatedinto two parts.First,
thesubscriptionpolicy which determines,generally, where
in the tree a new host begins searchingfor it' s place-
ment,andwhereit lookssubsequentlyusingalevel-by-level
traversalof thetree.Second,at eachlevel of thetreethatis
examined,thechildrenareevaluatedandcomparedwith the
new subscriber, andconclusionsaredrawn regardingwhich
subtreeshouldbeevaluatednext. Thepolicieswhich eval-
uatethechildrenof a certainhostarede�ned by two func-
tions,best andworst . Thesefunctionsidentify, respec-
tively, the bestandworst child (asde�ned by the speci�c
policy), andthis informationcanbe usedby the subscrip-
tion policy to makedecisionsregardingwhereto attemptto
attachthenext new subscriber.

In what follows, we describethe different policies we

2Here,wedon't considerhostsleaving thesystem,asthefocusis onef-
�cient treeconstructionfor a setof subscribers.However, in practice,tree
membershipwill changedynamicallyasend-systemsjoin andleave. We
envision streamslastingup to several hoursin our system,during which
membershipchangesareassumedinfrequentafter the initial set of sub-
scriptions.Previouslypublishedmethodsaddressinghostdeparturecanbe
used[29] in ourscheme.

have investigated. Section2.3 describesthe subscription
policies and Section2.4 covers the different methodsfor
choosingthe bestand worst children of a host. Figure 1
illustrates a simple example of how tree nodesare la-
beled, and this notationwill be usedthroughoutthe rest
of the text. The �gure depictsa multicasttreeconsisting
of the parent,P, the setof all of P 's childrendenotedby
CP = f CP 1; CP 2; CP 3g, anda new subscriber, S. In gen-
eral, we useCP i to representthe ith child of P, where
i � M AX F AN OUTP for themaximumfanoutof P. Re-
cursively, we thenuseCP i j to denotethej th child of CP i .

C

C
S

P
C

P1

P2

P3

Figure 1. The relationship between hosts in
the multicast tree , and their labels. S is a new
subscriber , attempting to join the tree .

2.3 Subscription Policies

As statedin Section2.2, the subscriptionpoliciesgov-
ernwherea hostwhich wishesto join a multicasttreewill
start looking, andwhereit will look from thereas it pro-
gressively convergeson its eventuallocation.The�rst sub-
scriptionpolicy is “bubbleout” andcanbeseenin Figure2.
The “bubbleout” policy alwaysbegins at the publisherof
thedata-streamand,asdictatedby thebestandworstfunc-
tions,decideswhich child to recursively considernext. In
thismanner, anew nodewill causea“bubbleout” typesub-
scription,wherebyateachlevel in thetreeachild is chosen
andthealgorithmis run recursively until a leaf is reached,
wherethe unsubscribedhost is added. More speci�cally,
a new subscriber, S, attemptsto join the multicasttreeby
contactingthepublisher, P. The�rst iterationof the“bub-
ble out” subscriptionpolicy will re�ect this. The bestand
worst childrenof P arechosenvia the best andworst
functions,respectively. Thesefunctionsconsidertheexist-
ing setof P 'schildren,CP , aswell asS.

If it is possibleto addS to thesetof childrenof P with-
out exceedingthe fanoutlimit of the tree,thentheworst
functionreturnsnil . If theworstis S itself, thenit hasbeen
decidedthatS is notbetterthanany of thecurrentchildren.
In thiscase,S is addedto thebestchild's (i.e.,B 's) subtree
by recursively calling the “bubbleout” subscriptionpolicy
with argumentsS and B . However, if it is decidedthat
theworsthost,W , is oneof P 's currentchildren(suchthat
W 6= S), the implication is that S would improve the tree
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if it replacedW asoneof P 's children. Thus,the logical
positionsof W andS areswapped,andthe worst child is
recursively bubbledout into thebestnode's subtree.

bubble out subscribe (S, P )

B = best (P; S)

W = worst (P; S)

if (W = nil )

addS to P 'schildren

else if (W 6= S)

swap(S; W )

bubble out subscribe (W; B )

else

bubble out subscribe (S; B )

Figure 2. The “b ubb le out” subscription pol­
icy.

It shouldbe observed that using this subscriptionpol-
icy, thepublisherof thedata-streamis alwayscontactedand
measurementsarealwaysmadestartingfrom P. The cost
measurementsdescribedin Section2.1 arenot particularly
heavy weight,but we do not wish to put any restrictionson
what canconstitutea costmethod. Thuswe mustassume
thatin certaincircumstanceswe might wantto mitigatethe
large amountof costmeasurementsmadenearthe root of
the tree. This is the motivation for the next subscription
policy, “bubblein”, describedin Figure2.3.

“Bubblein” is basedontheassumptionthatthereis some
distributedhashtable(in ourcase,basedonak-ary, n-cube)
usingwhich we cantraversea logical path towardsP. A
new subscriber, S, will follow areversepathtowardsP un-
til an existing subscriber, S0 to P is found. At this point,
the algorithmrunsthe normal“bubbleout” method,treat-
ing S0 asthe publisher. This will addS to S0s subtree.S
will thenattemptto move in towardsP, usingthefunction
swap towards pub .

The function swap towards pub comparesthe la-
tency, L , betweenS and its grandparent,parentpar ent S ,
with the latency betweentheparentof S andits grandpar-
ent. If the treelatency canbe reduced,S is swappedwith
its parent,causinga “bubble in” effect towardsP. Cost
measurementsaremuchmoredistributedwhenusing this
methodasopposedto the“bubbleout” policy, sincetheref-
erencepoint in the tree wheremeasurementsare initially
madeis decidedby thereversepathtraversalover thepeer-
to-peeroverlay. Resultsshow that after 5000 hostshave
subscribedto a tree,an orderof magnitudelesscostmea-
surementsto P arepossiblewith the“bubblein” method.

bubble in subscribe (S; P )

reversepathalongP2Pnetwork from S, towards

P until anexistingsubscriber, S0, to P is found

if (S0 is a leaf)

bubble out subscribe (S, par ent S 0)

else

bubble out subscribe (S, S0)

swap towards pub(S; P )

swap towards pub(S; P )

if (par ent S 6= P and

L (S; par ent par ent S ) <

L (par ent S ; par ent par ent S )

swap(S; par ent S )

swap towards pub(par ent S ; P )

Figure 3. The “b ubb le in” subscription polic y.

2.4 Bestand Worst Functions

The best and worst functions de�ne if swaps will be
made,andwhich hostwill beselectedto (recursively) sub-
scribeto aspeci�c subtree,duringtheexecutionof thesub-
scription algorithm. Eachof the methodsfor �nding the
bestand worst hostsabideby a speci�c goal, and make
trade-offs to achieve thatgoal. We discussthesegoalsand
trade-offs for eachof the following policiesconsideredin
thispaper:

Latency Onehop is basedon the ideathat hostswhich
areclosestphysically to apublisher(or any subsequentsub-
treeroots),shouldbe logically closestaswell. The formal
de�nition for thismethodis describedin Figure4. Theone-
hop latency(henceforthcalledonehop) policy will choose
asworst,eitherS or oneof thehostsin CP prior to S's ar-
rival,whicheverhasthelargestlatency to P. A speci�c goal
of thispolicy is to minimizethemaximumlatency provided
to all hostsin thesystem,andthereforeprovide predictable
delayboundsto subscribinghosts.Eachhost,h, in themul-
ticasttreemaintainsit' ssubtreecost, whichis theminimum
latency betweenh andany hostwhosefanoutis lessthan
the maximumfanoutin the tree rootedat h. The formal
de�nition is shown in Figure4. Usingthis subtreecost, the
onehoppolicy decidesthe bestchild amongsta given set.
Thechild with the lowestsubtreecost,thusthe lowesttree
overheadfor any hostinsertedinto thatsubtree,is thechild
thatis returnedby theonehopbestmethod.

The onehopmethodhasseveral advantages.Latencies
betweenthetreerootandits childrenareminimized,which
in turn hasthepotentialto minimize latenciesbetweenthe
root andhostsfurtherdown thetree.Moreover, theonehop
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best (P; S) = CP i j subtr eeCost(P; CP i ) = min
8 j

(subtr eeCost(P; CP j ))

subtr eeCost(P; CP i ) =
�

0 if j CP j< M AX F AN OUTP
L (CP i ; P ) + min 8 j (subtr eeCost(CP i ; CP i j )) other wise

worst (P; S) =
�

nil if j CP j< M AX F AN OUTP
CP i j L (CP i ; P ) = max8 j (L (CP j ; P )) other wise

Figure 4. Methods for �nding the best and worst children using the latencyonehoppolic y.

methodis relatively simple, requiringonly oneround-trip
time measurementto �nd the latency betweenthe root of
thecurrentsubtreeandthenew subscriberfor eachlevel in
thetree.Theamountof time it takesfor anew subscriberto
actuallybe addedto the treeis relatively small. However,
theonehopmethoddoesnot take link stressinto accountat
all, andthe amountof physical links that areconcurrently
usedbetweenmultiple differentsubtreeswill contribute to
link stress.Further, it is possiblethatwhenwe swapa cur-
rentchild with a new subscriber, latenciesthroughthecor-
respondingsubtreemaybeincreased.For example,if CP i

is very closeto all of it' s children,andit is foundthatCP i

is theworstof P 's children,S will take CP i 's place;how-
ever, it is possiblethateven thoughS couldbecloseto P,
it mightbevery far from all of its childrenwhich it recently
inherited.

Latency Twohop attemptsto avoid the de�ciency of
onehopon the resultanttree. Figure 5 containsthe for-
mal de�nition of this policy. The twohoppolicy not only
measuresif S is closerto P thanany hostsin CP , but also
measureshow muchthesubtreerootedat eachchild, CP i ,
would beaffectedif S wereswappedin to CP i 's position.
If the overall latency to childrenof CP i is decreasedafter
swappingCP i with S, thenCP i is consideredasa candi-
datefor theworstchild. Thechild with thelargestdecrease
in latency to its subtreeis returnedastheworstchild. If S
doesnot improveany subtrees,thenit is theworst.Thebest
child is foundin thesamewayasin onehop. It shouldbeno-
ticedthatwhile onehoptakesmeasurementsbetweenhosts
thatareonehopaway from P, twohoptakesmeasurements
which considerhoststhat are up to two hopsaway from
P. Themainde�ciency of this policy is that it mustmake
anextremelylargeamountof costmeasurements.Whereas
onehophasto make onecostmeasurementper level in the
tree, twohopmust make one to P, and one to all of the
grandchildrenof P, or O(f anout2) perlevel in thetree.

ClosestLatency takesanoppositeapproachto building
multicasttrees.Insteadof attemptingto putphysicallyclose
hostslogically closeto therootsof thesubtrees,closestla-
tencyattemptsto placeanew host,S, logically closeto chil-
drenthatarephysically closeto S. Therefore,theworst is
alwaysS, andthebestis thatchild,CP i , whichis physically
closestto S. In thisway, S will berecursively subscribedto
CP i 's subtree,andphysically closehostswill becomelog-

ically close. This policy of multicasttree constructionis
similar to themethodin HostMulticast[29].

This policy hasthe bene�t that it attemptsto minimize
the link stressimplicitly by makinga correspondencebe-
tweenchildren's logical andphysical locationsin relation
to eachother. Unfortunately, closestlatencydoesrequire
morecostmeasurementsandmoretime per-level thanone-
hop. Not only will S have to communicatewith P to geta
list of children,it will alsoneedto makecostmeasurements
to eachof thosechildren. The numberof cost measure-
mentsper level in the tree is O(f anout). The amountof
time taken for measurementsat a given level consistsof a
roundtrip timeto contacttherootof thesubtree,in addition
to time to take costmeasurementsto all of thathost's chil-
dren.Becauseonehoprequiresonly a costmeasurementto
thesubtree's root, theamountof time takenat eachlevel is
less.

ClosestLatency Swapattemptsto combineonehopand
closestlatencyand can be seenin Figure 7. The closest
child, CP i , to the subscriber, S, is found in the sameway
as in the closestlatency policy. If S is closer in terms
of latency to P thanCP i , thenthe two hostsarelogically
swapped,with theswappedout hostthensubscribedto the
swappedin host's subtree. In all other cases,the normal
closestlatencypolicy is utilized. This methodhas little
moreoverheadthanclosestlatency, andproducesa better
tree.

Closest Traceroute has the samegoals as closestla-
tency, but goesabout�nding theclosestchild to S in a dif-
ferentmanner. Figure8 illustratesthis method. Insteadof
makinga latency measurementto eachof P 's children,a
single traceroutemeasurementis madeto P. The tracer-
oute measurement,T(P; S) yields the set of physical (or
IP-level) routinghopsbetweenhostsP andS. In this case,
thechild CP i whosetraceroutepathhasthelargestintersec-
tion with T(P; S) is deemedthe closestto S andreturned
asbest.Otherthanthis it is identicalto closestlatency. Be-
causeonly onecostmeasurementis madeand it is to the
parent,the amountof time spentat eachlevel in the tree
is signi�cantly lessthanthat in closestlatency. However,
resultsshow that the traceroutemethodof approximating
which child is closestto S only �nds thesamechild asthe
closestlatencymethod43% of the time in a tree of 200
hosts,sothereis apriceto bepaidby theapproximation.

5



best (P; S) = same as in F igur e 4:

onehopF ur ther (P; CP i ; H ) = L (P; H ) + � 8 j (L (H ; CP i j ) + L (P; H ))

worst (P; S) =

8
>>><

>>>:

nil if j CP j< M AX F AN OUTP
CP i j onehopF ur ther (P; CP i ; CP i )�

onehopF ur ther (P; CP i ; S) =
max8 j (onehopF ur ther (P; CP j ; CP j )�

onehopF ur ther (P; CP j ; S)) other wise

Figure 5. Methods for �nding the best and worst children using the latencytwohoppolic y.

best (P; S) = CP i j L (CP i ; S) = min
8 j

(L (CP j ; S))

worst (P; S) =
�

nil if j CP j< M AX F AN OUTP
S other wise

Figure 6. Methods for �nding the best and worst children using the latencyclosestpolic y.

best (P; S) =
�

CP i if L (P; S) � L (P; CP i ) j L (CP i ; S) = min 8 j (L (CP j ; S))
S other wise

worst (P; S) =

8
<

:

nil if j CP j< M AX F AN OUTP
S if L (P; S) � L (P; CP i ) j L (CP i ; S) = min 8 j (L (CP j ; S))
CP i other wise

Figure 7. Methods for �nding the best and worst children using the latencyclosestswappolic y. Notice
that best and worst are opposites, with the addition of the nil case for worst.

ClosestTraceroute Swapis illustratedin Figure9, and
makesthe samemodi�cations to the closesttracerouteal-
gorithm that the closestlatencyswapalgorithm makes to
closestlatency.

3 Resultsand Analysis

In thissection,wecomparethedifferentsubscriptional-
gorithms,usingsimulationsinvolving theGT-ITM software
for generatingtransit-stubphysical topologies[28]. Unless
otherwisespeci�ed, eachphysical network is createdwith
5050routers,10 transitdomains,10 transitnodesper tran-
sit domain,5 stub domainsattachedto eachtransit node,
and10 nodesin eachstubdomain.All hostsin thesystem
are assignedto a randomrouter, with the possibility that
multiple hostsareassignedto the samerouter. Oneof the
hostsis chosento be the publisher. A set of subscribing
hostsrun thechosensubscriptionalgorithmin arandomor-
der, which is indicativeof a realapplicationscenariowhere
hostsmaysubscribeto publishedstreamsatarbitrarytimes.
The propertiesof the resultingtree are measuredand re-
ported. Thoughthe tree fanout(or maximumnumberof
children)canbecon�gured on a per-hostbasis,we choose
a valueof 12 for all hostsunlessotherwisespeci�ed. All
resultsareaveragedover experimentsrun on threetransit-
stubgraphs,with eachgraphbeingusedtwicefor randomly
chosenpublishersandsubscribers.

3.1 Comparison of Differ ent Subscription Algo­
rithms

Oneof themostimportantmetrics,to comparetheper-
formanceof differentsubscriptionalgorithms,is therelative
delaypenaltyfor eachsubscriberin the resultantmulticast
tree. The relative delaypenalty(or, simply, delaypenalty)
for eachsubscriberhost, S, is the ratio of the latency of
thetreepathbetweenthepublisher, P, andS to thelatency
of the shortestunicastpathbetweenP andS (using,e.g.,
IP unicast). A delaypenaltyof 1:0 would imply the tree
latency betweenP andS is thesameasthelatency of uni-
castrouting. Althoughthis would be ideal, it is unrealistic
in practice,due to treesbeingconstructedat the end-host
level ratherthanphysicalnetwork level. Figure10(a)shows
thecumulativedistributionfunctionof thedelaypenaltyfor
eachof thesubscriptionalgorithmsfor apopulationof 5000
hosts.Thevalueson they-axisrepresentthepercentageof
subscriberswith a delaypenaltyof no morethanthecorre-
spondingvalueon thex-axis.

Ef�cient useof network bandwidthis alsoan important
metric for end-systemmulticast, particularly for the pur-
posesof multimediastreamingto potentially many thou-
sandsof subscribers.We measuretheimpactof a multicast
tree on link bandwidthby computingits link stress. The
link stressis a measureof the averagenumberof timesa
physicalnetwork link is traversedwhendeliveringcontent
alongthetreepathsfrom apublisherto eachandeverysub-
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best (P; S) = CP i j j T (P; Ci ) \ T (P; S) j= max
8 j

(j T (P; Cj ) \ T (P; S) j)

worst (P; S) =
�

nil if j CP j< M AX F AN OUTP
S other wise

Figure 8. Methods for �nding the best and worst children using the tracerouteclosestpolic y.

best (P; S) =
�
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8
<
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S if L (P; S) � L (P; CP i ) j j T (P; Ci ) \ T (P; S) j= max8 j (j T (P; Cj ) \ T (P; S) j)
CP i other wise

Figure 9. Methods for �nding the best and worst children using the tracerouteclosestswappolic y.

scriber. A link stressof 1:0 is perfectandmeansthateach
network link is usedonly oncein the disseminationof the
data-stream.As with therelative delaypenalty, anef�cient
end-systemmulticasttreeshouldattemptto minimize the
link stress.Figure10(b)shows thecumulative distribution
functionof thelink stressfor eachsubscriptionalgorithm.

In addition to link stressand relative delay penalty, it
is also importantto considerthe numberof costmeasure-
mentsneededto constructa scalableend-systemmulticast
tree. This is particularlyimportantwhena treeneedsto be
built or modi�ed quickly in thepresenceof �ash crowds(or
burstsof subscriptions).Thenumberof costmeasurements
takenperhostin thesystem,afterall 5000hostshave sub-
scribed,is representedasacumulativedistribution function
in Figure10(c).

Discussion:Weseethatthetwohopmethod,whichtakes
a largeamountof costmeasurementsdoesnot achieve sig-
ni�cantly betterdelaypenaltiesthanonehop, which takes
very few costmeasurements.It appearsthatthecomplexity
addedto make twohopdoesnot translateinto betterperfor-
mance.This con�rms that theroughheuristicwhich is the
basisfor onehop– that swappingin hoststhat are closer
to the publisher– is valid. Also, it is apparentthat both
thecloserlatencyandclosertraceroutepoliciesbene�t by
swappingnodesthatarecloserto thesubtreeroot with the
closestchild. With this optimization,both closer latency
swapandcloser tracerouteswapareable to not only put
physically closechildren neareachother in the resultant
tree,but arealsoable to make a physical correspondence
betweenthesubtreerootsandtheir children.

The “bubble in” onehopmethoddemonstratesa lower
maximumandaveragenumberof costmeasurementsthan
theothermethods,but doesnot performnotablywell in ei-
therdelaypenaltyor link stress.Thepolicieswhich require
O(f anout) costmeasurementsperlevel (suchascloserla-
tency) in the treedemonstratea signi�cant increasein the
numberof cost measurementsover methodssuchas one-
hop. Recall that this will affect not only the stresson
the systeminducedby costmeasurements,but alsoon the

amountof time it takesfor a new hostto completeits sub-
scription request. Thesemethods,however, do incur sig-
ni�cantly lesslink stresson the systemthanonehop. The
closesttraceroutemethod,thoughit makesfew costmea-
surements,doesnotapproximatelocality in termsof latency
betweenchildrenwell enough.However, closesttraceroute
swapseemsto make theapproximationmuchmorereason-
ableandachievesa respectabledelaypenaltywhile provid-
ing a low link stress.

3.2 Scalability

To understandthescalabilityof eachof thesubscription
algorithms,simulationsarerunonpopulationsizesranging
from 1000to 10000. It is importantthateachof thepolicies
scalein termsof latency of delivery to eachhostandalso
in termsof the bandwidthconsumed. The delay penalty
resultsfor thedifferentpopulationssizesareshown in Fig-
ure11(a).With theexceptionof closesttraceroute, all of the
policiesseemto increaseslowly enoughto imply scalabil-
ity in termsof populationsize.Someof thedelaypenalties
seemtodecreaseasthehostsizegrowspast6000. It appears
thatastheamountof subscribedhostsexceedstheamount
of routersin a system,the quality of the treeimprovesfor
somepolicies.Thishasimplicationsfor deploymentin cor-
porateenvironmentswherethenumberof employeesmight
overshadow the numberof routers. The onehopandclos-
estlatencyswappoliciesdemonstrateanextremelylow de-
lay penaltywhich is consistentacrosspopulationsizes.All
conclusionsdrawn in Section3.1arereinforced,andwecan
seethatthedelaypenaltyof many of thepoliciesappearsto
scalewell in termsof populationsize.

Figure 11(b) illustratesthe link stress. All the meth-
odswhich attemptto mapphysically closechildrento log-
ically closepositions(i.e., within a few logical hops) in
the tree,demonstrateextremely low link stress.However,
onehop(using“bubbleout”) andonehopbubbleIn, which
only attemptto make a correlationbetweensubtreeroots
andtheir childrenhave signi�cant link stresses.This is due
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Figure 10. Subscription algorithm comparison.
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Figure 11. Scalability of the diff erent subscription algorithms.

to the“cross-talk”betweendifferentsubtrees.That is, dif-
ferentsubtreesmight utilize commonphysical links. This
“cross-talk”is limited in thepolicieswhichclusterchildren
togetherbecauseeachsubtreewill ideally representnon-
overlappingsubsectionsof theentirenetwork.

3.3 Variation of Fanout

As mentionedbefore,the fanoutof the treeis, for sim-
plicity, setto 12in all of theprecedingexperiments.It is im-
portant,however, to understandtheeffect of fanouton the
ef�ciency of themulticasttree.Figure12demonstratesthis
effect. Multicasttreesareconstructedusingbothafanoutof
6 anda fanoutof 12, andthecumulative distribution func-
tions for both delaypenalty(Figure12(a))and link stress
(Figure12(b))aremeasured.In thesegraphs,only a subset
of the original subscriptionpolicies are tested,which are
deemedmostinteresting.

The delaypenaltyplots indicatethat a larger fanoutis
morebene�cial to the constructionof treeswith betterla-
tency characteristics.This is dueto two reasons:(1) asthe

fanoutincreases,the best andworst functionscansee
morechildrenandcanthereforemake more informedde-
cisionsregardingwhich child is the bestandwhich is the
worst,and(2) becausethedepthof thetreeis less(log12N
insteadof log6N for a populationsize, N ). The change
in fanout doesnot seemto signi�cantly impact the link
stress.This is perhapsnon-intuitive becauseasthe fanout
increases,it wouldseemthatthelink stressaroundthatroot
would alsoincrease.However, bothof themethodsthatat-
temptto attachthesubscriber, S, to aclosechild will simply
have moreinformationaboutwhich child to connectto S.
In the caseof onehop, the same“cross-talk”betweensub-
treeswill exist regardlessof how many childreneachnode
has,andthis is theprimarycontributor to its link stress.

3.4 Soft Real­Time Constraints

Given that overlay multicast techniquesroute between
end-systemsto deliver content from publishersto sub-
scribers,they lackcontrolat thenetwork level to makehard
real-timeserviceguarantees.However, it is possibleto use
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Figure 12. Comparison of the effect of diff erent fanout values.

overlaymulticastingto provide soft real-timeguaranteesto
subscribers(e.g., to guaranteea signi�cant percentageof
deadlinesaremeton thedelivery of a mediastream).With
this in mind, we study the ability of eachtree construc-
tion policy to meetsubscriber-speci�ed delay bounds(or
latency constraints).For eachsubscriber, S, latency con-
straintsare generateduniform and randomlyin the range
[l l ower ; lupper ], wherel l ower is theunicastlatency between
publisher, P, and S, and lupper is � ve times the average
unicastlatency betweenall subscribersandP. The factor
of � ve waschosenbecauseit is theupperboundon theav-
eragedepthof the multicast treesconstructedusing each
of the subscriptionalgorithms. The delivery latency over
themulticasttreeis computedandcomparedto it' s latency
constraint.A successis recordedif theachievedcostdoes
not surpasstheconstraint.The total numberof successes
is divided by the populationsize to obtain a successra-
tio. Figure13(a)showsthesuccessratiosof thevarioustree
constructionmethods.

For eachhost, S, with a correspondinglatency con-
straint,c, anddelivery latency over themulticasttree,D S ,
a normalizedlatenessvalue,L (S; c) is calculatedusingthe
following formula:

L (S; c) =
�

0 if DS � c
D S � c

c if DS > c

Thelatenessvaluesarenormalizedin orderto eliminate
biastowardssubscriberswith largelatency constraints,rela-
tiveto theotherhosts,andall hostswith satis�edconstraints
are assigneda normalizedlatenessof zero. Figure 13(b)
shows thenormalizedlatenessvaluesfor eachsubscription
algorithm.

As expected,thosepolicieswhich demonstratelow de-
lay penaltiesmeetthe mostconstraintsandhave the low-

est latenessaverages. It shouldbe notedthat even those
hostswhich cannotmake their constraints,miss them by
relatively small amounts. This improves on previous re-
sults[8] which use“greedy-basedrouting” (ratherthanex-
plicit multicast trees),to deliver dataover a peer-to-peer
network basedon a k-ary n-cubetopology. That said,our
earliergreedy-basedroutingapproachwasextremelyquick
at �nding pathsbetweena publisherand eachsubscriber,
which maybebene�cial for initial setupof pathsfor media
streamingwhenthereare�ash crowds.

3.5 Variation of PhysicalTopology

Soasto ensurethatresultsobtainedherearenot depen-
dent on the size or shapeof the physical topology used,
we re-runthe experimentsfrom Section3.2 on a different
graphwith 10100routers.Thegraphconsistsof 25 transit
domains,� ve transitnodespertransitdomain,four stubdo-
mainsattachedto eachtransitnode,and20 nodesin each
stubdomain.Further, we wish to compareour resultswith
theRITA [25] treegenerationmethodwhichapproachesthe
problemin a completelydifferentmanner. RITA usesland-
marking information and a peer-to-peernetwork to place
nodesinto the multicasttree. The evaluationof RITA uti-
lizesaphysicalgraphwith thesamepropertiesandthetests
arerun for smallernumbersof hosts,with amaximumpop-
ulationsizeof 2000. It is importantto notethatRITA mea-
suresthestretch in latency of theend-systemmulticasttree
comparedto the latency of anequivalentshortestpathtree
at thenetwork-level. This is a slightly differentmetricthan
our notion of relative delaypenalty. We compareagainst
unicastlatency sothatwewill bemeasuredagainstthebest
possibledelivery latency for eachsubscriber.

Figure14(a)shows thedelaypenaltyfrom a population
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Figure 14. Multicast tree construction for smaller population sizes and a larger physical topology .

sizeof 100 to 2000. Thoughthedelaypenaltiescannotbe
compareddirectly, the valuesfor closestlatencyswapand
onehopseemto comparefavorablyto thosereportedin the
work on RITA [25]. Figure14(b) illustratesthelink stress.
The onehopmethodseemsto achieve a comparablelink
stressto RITA at 2000 nodes. However, both other poli-
cies demonstratea signi�cantly betteraveragelink stress
of approximatelytwo. Resultsshow that in termsof delay
penaltyandlink stress,closestlatencyswapachievesaver-
agedelaypenaltiescomparableto RITA, andlink stresses
which arebetter. closesttracerouteswapseemssuperiorin
termsof link stress,but not necessarilyin termsof delay
penalty. onehopis competitive in termsof delaypenalty,
andlink stress(thoughthe authorsbelieve that after 2000
hosts,onehops link stresswill be larger than that demon-
stratedby RITA.)

4 RelatedWork

Therehavebeenseveralrecentmethodsfor buildingend-
systemmulticasttreesandgraphs[6, 25, 7, 2, 29, 13, 14, 27,
17] thataccountfor heterogeneousQoSconstraintsand/or
attemptto reducedelaypenaltiesandlink stress.Somesys-
tems,suchasPastry/Scribe[19, 4] implicitly form distribu-
tion treesusinglogicallinks thatcompriseastructuredover-
lay. Theadvantageof this approachis that it is scalablein
thesensethatindividualparticipatinghostsmustonly store
routing statethat is logarithmic in the numberof hostsin
the system. In addition,many suchregular overlay struc-
turescanroutea messagebetweenany pair of hostsin an
asymptoticallylogarithmicnumberof hopswith respectto
thenumberof participants,thusensuringreasonablerouting
latencies.
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In contrast,we proposealgorithmsfor building dense
multicasttreesdirectly, in the context of a limited fanout
at eachlevel. Suchdistribution treesoutperformthoseim-
plicitly built using the union of routesin an overlay such
asCHORD [22], CAN [15], andTapestry[30], but in our
schemea structuredoverlay is still helpful for routingcon-
trol messagesandmaybeusefulfor �nding routesaround
failednodes.Notethatthetreeconstructionalgorithmspre-
sentedin this work producemulticasttreesthatcanbeem-
beddedontoa regularoverlaygraph(e.g.,a k-ary n-cube),
in which thesubscribinghostsareswappedinto logicalpo-
sitionsin correspondencewith thetreestructure.

NARADA [6] also focuseson tree formation acrossa
logical mesh,that is dynamicallyconstructedby consid-
ering all point-to-pointconnectionsbetweenend-systems.
Logical links areaddedto, anddeletedfrom, themeshde-
pendingon their bene�ts (or lack, thereof)to the delivery
of contentbetweenhosts. However, this methoddoesnot
achieve thescalabilityof approachesinvolving moreregu-
larly structuredoverlays,partly dueto thesigni�cant num-
ber of probemessagesinvolved in constructingthe mesh.
Our methodsdo not limit possibleconnectionsbetween
hostsin the multicasttree to the particularlinks available
in a pre-constructedoverlaynetwork exceptin therequire-
mentthatmaximumfanoutis heldconstant.Thus,distribu-
tion treesbuilt usingthe algorithmsdiscussedin our work
arenot asdependentuponthequality of the initial overlay
structure.

Other relatedwork, such as RITA [25], HMTP [29],
Yoid [7], andBullet [11], presentapproachesthat attempt
to form multicasttrees,without beingstrictly limited to a
�x edlogical topology. In thesesystemsa numberof meth-
odsareproposedfor insertingnewly subscribinghostsinto
the tree at positionsthat ful�ll speci�ed QoS constraints
and/orresult in low-costdatadistribution. Somesystems,
suchasOMNI [3], usea setof pre-selectedservicenodes
to form a low-costdistribution treethatconnectssubscriber
hosts. Our approachdiffers from OMNI in that all hosts
are peers,ratherthan being arrangedin a two-tier hierar-
chy, which allows for greater�e xibility in theplacementof
hostsin atreestructure.While focusingontreeconstruction
algorithmsto helpmeet(statistically, at least)theQoScon-
straintsof subscribers,we explicitly considerthe impacts
of tree fanout, which has not beenaddressedby similar
work suchasRITA. Of all the bodiesof work mentioned
above,nonehave providedacomparative studyof different
treeconstructionalgorithmsthat emphasizethe trade-offs
in cost, link stress,delaypenaltyandability to meetper-
subscriberQoSconstraints.

5 Conclusionsand Futur eWork

This paperdescribesseveral end-systemmulticasttree
constructionalgorithms,thatvary in termsof cost,relative
delay penaltyand link stress. We show how it is possi-
ble to ef�ciently build treesthat supportmany thousands
of subscriberseachwith their own QoSconstraints.While
no algorithmis bestin all caseswe show how it is possible
to ef�ciently build large-scaletreeswith latencieswithin a
factorof two of the optimal, andlink stressescomparable
to, or betterthan,existing technologiessuchasRITA and
HMTP. Severalof our approachessupporttheswappingof
hostsinto differenttreepositions,to adaptively improve the
overall treequality without incurring signi�cant overhead.
While no onealgorithmis bestin all casesfor link stress,
latency andcost,our closestlatencyswappolicy is shown
to do reasonablywell in all cases.For thepoliciesconsid-
eredin thispaper, experimentalresultssuggestthatincreas-
ing treefanoutimprovestheoverall latency characteristics
withoutsigni�cantly impactingthelink stress.

Futurework will investigatethecostsof constructingef-
�cient tressthat minimize link stress,while meetingper-
subscriberQoSconstraintsin thepresenceof burstjoinsand
departures.Dealingwith departuresisparticularlyproblem-
atic, asthe treecanbecomepartitioned,suchthat a media
streammay not be able to reachits destination.The cost
of someof the tree constructionalgorithmsdiscussedin
this paperwill alsobeaffectedby additionalmeasurements
thatareneededto repaira treeafteroneor morehostsde-
parts.During theprocessof repairinga tree,we will study
theability to continueroutinga mediastreamover alterna-
tive links selectedfrom anoverlaytopologybetweenhosts.
Suchanapproachwill alleviatetheneedto restartthetrans-
missionof a streamto oneor moresubscribersaffectedby
changesto thetree.
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