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Abstract

Overlay networkshavebecomepopularin recenttimes
for contentdistribution and end-systermulticastingof me-
dia streams. In the latter case the motivationis basedon
the lack of widespeaddeploymenbf IP multicastand the
ability to performend-hosprocessingHowerer, construct-
ing routesbetweernvarious end-hostsso that data can be
streamedromcontentpublishesto manythousand®f sub-
scribers, eat havingtheir own QoSconstaints, is still a
challengingproblem. First, any routesbetweenend-hosts
using treeshbuilt on top of overlay networkscan increase
stresson the underlyingphysicalnetwork,dueto multiple
instancef the samedatatraversinga givenphysicallink.
Secondbecaus@verlayroutesbetweerend-hostsnaytra-
versephysicalnetworklinks more thanonce they increase
theend-to-endatencycompaedto IP-level routing Third,
algorithmsfor constructingefcient, large-scaletreesthat
reducdink stressandlatencyare typically more comple.

This papertherefore compaesvariousmethodgo con-
struct multicast trees betweenend-systemsthat vary in
termsof implementatiorcostsand their ability to support
persubscriberQoSconstaints. We describeseveral algo-
rithmsthatmaletrade-ofs betweeralgorithmiccompleity,
physicallink stressandlatency While no algorithmis best
in all three caseswe showhow it is possibleto efciently
build treesfor several thousandsubscribes with latencies
within a factor of two of the optimal,andlink stressesom-
parableto, or betterthan,existingtechnolaies.

1 Intr oduction

This work addressethe problemof deliveringreal-time
mediastreamson an Internet-scalefrom oneor morepub-
lishersto potentially mary thousandf subscriberseach
having their own serviceconstraints Suchconstraintsnay

bein termsof latengy boundson the transferof datafrom

publishersto subscribershbut may also encompasiitter,

loss and bandwidthrequirements. Target applicationsfor

thiswork includemultimediastreamingof live videobroad-
castqe.g.,Internettelevision), interactve distancdearning
andtheexchangeof time-criticaldatasetsin large-scalesci-
enti ¢ applicationd20].

In recentyears,there have beena numberof research
efforts focusedon contentdistribution using end-system,
or application-l@el, multicasttechniqued6, 25, 7, 2, 29,
13, 14]. Suchwork is partly motivated by the lack of
widespreaddeployment of IP multicast (at the network-
level) and the inability of routersto employ application-
speci ¢ streamprocessingervices.In mostcasesmeshes
or overlaysform alogical interconnecbetweenend-hosts,
providing the basisfor multicasttreesor routesto deliver
datain a scalablemanner[12, 10, 21, 3, 5]. However, the
problemwith building routesbetweerend-hostaisinglog-
ical overlaysis that datamay be duplicatedat the phys-
ical network level, increasingphysicallink stress Simi-
larly, the end-to-enddelay of datatransportedhlonga log-
ical overlay pathbetweena pair of hostsmight be signi -
cantlylargerthananequialentunicastpathat the physical
network level, therebyyielding a correspondingelativede-
lay penalty! greaterthan1:0.

Many approacheattemptto carefullymatchthe overlay
topologyto theunderlyingphysicalnetwork, to decreaséhe
relative delaypenaltyandlink stres426]. Similarly, anum-
ber of end-systenmulticasttechniquesattemptto reduce
physical link stresswhile maximizing bandwidth,but few
have actuallyfocusentheconstructiorof communication
pathsbetweenhoststhat provide quality-of-service(QoS)
guaranteesgvenin termsof lateng (or delay)bounds.Of
the few approacheshatdo considerQoS(e.g.,RITA [25],

1someresearchereeferto a similar termcalledstretch thatis theratio
of the costof routing over an overlay tree, to the costof routing over a
shortespathtreeat the network-level, e.g. usingIP multicast.



OMNI [3], andZIGZAG [23]), ourwork differsby focusing
on a studyof severalapproacheto build treesthatvary in

termsof theircompleity, andability to limit bothlink stress
andrelative delaypenalties.Unlike the work on RITA, we

alsoconsiderdegreeconstraintsof multicasttree nodesas
dictatedby theoverlaytopologythatlogically connect&nd-
systems. Suchdegree constraintdimit the fanoutof tree
nodes therebymakingtree depthspotentiallylarger, espe-
cially for large-scaldrees.

Giventhatwe ervision adistributedsystemof end-hosts
built on the scaleof the Internet,somemethodis required
to maintainrouting stateand connectvity betweenhosts.
Peerto-peer(P2P)systemg22, 15, 19, 30, 4] tackle this
problemby constructingdistributed hashtablesto lookup
andretrieve contentin O(Ig(M )) hops,whererouting state
at eachpeeris alsoO(lg(M)) in sizewith respectto the
numberof peers,M . Implicitly, theseP2P systemsform
logical interconnectionnetworks, or overlay topologies,
that include hypercubes[22], more generalizedtoroidal
structure$15, 1] andk-ary n-cubeq19]. With thisin mind,
ourapproachor constructingscalableend-systenmulticast
treesassumesa distributed systemof hoststhat are con-
nectedvia aregular overlaytopology Speci cally, ho sin-
gle hosthasa global snapshobf the entire systemof M
hosts,but may nd a pathbetweenitself andanotherhost
within O(Ig(M)) hops.

In prior work we have studiedthe useof k-ary n-cubes
andde Bruijn graphsfor routing multimediastreamd8, 9,
24]. In this paper we simply assumesuchoverlay topolo-
giesexist for the basisof multicasttree constructionsuch
thatno treecanhave afanoutgreaterthanthe degreeof the
correspondingverlay.

The problemaddressedy this paper then, is how to
constructtcommunicatiorpathsbetweerend-system an
ef cient mannerwhile: (1) minimizing both relative delay
penaltyandphysicallink stressand(2) achieving the ser
vice requirement®f most(if notall) subscriber®f a given
publishedmediastream. We comparevarious methodsto
constructmulticasttreesbetweerend-systemshatvary in
termsof implementationcostsand their ability to support
persubscribeiQoS constraints.We describeseveral algo-
rithms that make trade-ofs betweenalgorithmic comple-
ity, physicallink stressandlateng. While no algorithmis
bestin all caseswe shav how it is possibleto ef ciently
build treesfor several thousandsubscribersvith latencies
within afactorof two of theoptimal,andlink stressesom-
parableto, or betterthan,existing technologies.

The restof the paperis organizedas follows. In Sec-
tion 2, variousmethodsfor multicasttree constructionare
discussedSimulationresultsandanalyse®f eachtreecon-
structionmethodare describedin Section3. This is fol-
lowed by a brief overview of relatedwork in Section4. Fi-
nally, conclusionsaredravn, andfuturework is outlinedin

Sectionb.

2 Multicast TreeConstruction

Our approactor constructingscalableend-systenmul-
ticasttreesassumes distributed systemof hoststhat are
connectedvia a regular overlay topology We male this
assumptiorbecausef the decentralizednannerin which
hostsneedonly maintainpartial stateaboutthe entiresys-
tem. In practice we intendto usearegularoverlaytopology
for publishersto announcethe availability of streams,or
mediachannels usingdistributedhashtables(DHTSs), and
for variousend-system#o discover which channelsareac-
tive sothey may selectvely subscribeo them. With thisin
mind, we now describea numberof algorithmsfor building
(or effectively embedding)multicasttreesin overlays,that
varyin termsof runningtimes,link stressandrelative delay
penalties. For the purposef this paper the only impor-
tanceof theoverlayis thatit correspond$o aregularstruc-
turewhosenodedegree,or fanout,is limited to O(Ig(M ))
for asystemof M end-hosts.

2.1 Methodsfor Establishing Locality

Eachmulticasttreeis constructeduchthatthelink stress
andrelative delay penaltiesare minimized, with the intent
of using end-systemdo producea routing structurethat
closelyapproximateshat of IP multicast. Variousmetrics
canbeusedto achieve this goal[18], althoughin this work
we focuson thefollowing two:

1. LatencyL, whichis measuredby usinglCMP to send
“ping” messagebetweertwo hoststo calculateanap-
proximationof distance This metrichastheadwantage
of beingsimpleandhaving alow overheadbothonthe
hostsandon the underlyingnetwork. Lateng is are-
lation betweerntwo hosts,L (H; H,) andspeci esthe
timeit takesto traversetheshortespathbetweerthem.

2. Traceoute T, which is measuredy sendingICMP
pacletstowardsthedestinatiorwith timeto live (TTL)
increasingfrom O to the hop distanceto the destina-
tion. In this way, we candeterminea list of physical
routersthroughwhich a communicatiormpathbetween
two hostswill traverse. Note thatall modi ed ICMP
messagesanbesentoutin parallel,enablingatracer
outemeasuremertb beconductedn thesameamount
of time it takesto carry out a normal ping. Taking
themeasurements parallelwill not give usinforma-
tion aboutthe orderof routerstraversedalonga path.
The traceroutemetric, T(H1; H>), returnsthe set of
all routerstraversedalong the shortestpath between
thehosts.



2.2 Channel Subscription Algorithms

When a new hostjoins the systemand wishesto sub-
scribeto a multicastchannel,a speci ¢ algorithmdictates
the methodologyfor wherethis hostis placedin the tree,
andhow it getsthere.We termthesepoliciessubscription
algorithms. The subscription algorithmsdeterminenot
only the amountof time betweeneach subscriptionre-
guestand when a streamis receved, but also the ability
of atreeto meetthe QoSrequirement®f eachsubscriber
Subscription algorithmsmust make a dif cult compro-
mise: a very comple subscription algorithm which at-
temptsto placea newly subscribinghostat the optimallo-
cationin thetreemaytake anunacceptablyargeamountof
time to placethat hostand might imposesigni cant over-
headin termsof costmeasurementsyhereasan extremely
naive subscription algorithmwhich randomlyassignsew
hoststo positionsin thetreecouldvery quickly placenodes,
but theresultingtreewould be quiteinef cient.

The rst considerationthe subscriptiondelay is impor
tantbecauséhe systemmustscalenot only in termsof the
amountof hostscurrently constitutinga multicasttree, but
alsoin termsof arrival (anddeparture?) ratesof hosts[16].
Thesecondonsiderationthe quality of theresultingmulti-
casttree,is importantto beableto scalein termsof amount
of hostssupportedandto allow someform of guarantees
to be maderegardingbandwidthusageandlateny of de-
livery of content.A successfusubscription algorithmwill
strike somebalancebetweensubscriptioncompleity and
resultingtreequality.

We presentdifferent policies, each of which has dif-
ferent goals and makes different trade-ofs. Each of the
subscription algorithmsis separatedhto two parts. First,
the subscriptiorpolicy which determinesgenerally where
in the tree a new host beggins searchingfor it's place-
ment,andwhereit lookssubsequentlysingalevel-by-level
traversalof thetree. Secondat eachlevel of thetreethatis
examinedthechildrenareevaluatedandcomparedvith the
new subscriberandconclusionsaredravn regardingwhich
subtreeshouldbe evaluatednext. The policieswhich eval-
uatethe childrenof a certainhostarede ned by two func-
tions,best andworst . Thesefunctionsidentify, respec-
tively, the bestandworst child (asde ned by the speci ¢
policy), andthis informationcanbe usedby the subscrip-
tion policy to make decisiongegardingwhereto attemptto
attachthe next new subscriber

In what follows, we describethe different policies we

2Here,wedon't considehostdeaving thesystemasthefocusis onef-
cient treeconstructiorfor a setof subscribersHowever, in practice tree
membershipwill changedynamicallyasend-systemgoin andleave. We
ervision streamdastingup to several hoursin our system,during which
membershipchangesare assumednfrequentafter the initial setof sub-
scriptions.Previously publishedmethodsaddressindnostdepartureeanbe
used[29] in our scheme.

have investigated. Section2.3 describeshe 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 thetext. The gure depictsa multicasttree consisting
of the parent,P, the setof all of P's childrendenotedby
Cp = fCp1;Cp2; Cp3g, andanew subscriberS. In gen-
eral, we use Cp; to representhe ith child of P, where
i MAX FAN OUTp for the maximumfanoutof P. Re-
cursiely, wethenuseCp,; to denotethej th child of Cp;.
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Figure 1. The relationship between hosts in
the multicast tree, and their labels. Sis a new
subscriber , attempting to join the tree.

2.3 Subscription Policies

As statedin Section2.2, the subscriptionpolicies gov-
ernwherea hostwhich wishesto join a multicasttreewill
startlooking, andwhereit will look from thereasit pro-
gressiely convergesonits eventuallocation. The rst sub-
scriptionpolicy is “bubbleout” andcanbeseenin Figure2.
The “bubble out” policy always begins at the publisherof
thedata-streanand,asdictatedby the bestandworstfunc-
tions, decideswhich child to recursvely considemext. In
thismanneranew nodewill causea“bubbleout” typesub-
scription,wherebyat eachlevel in thetreeachild is chosen
andthe algorithmis run recursvely until aleafis reached,
wherethe unsubscribedhostis added. More speci cally,
a new subscriberS, attemptsto join the multicasttree by
contactingthe publishey P. The rst iterationof the “bub-
ble out” subscriptionpolicy will re ect this. The bestand
worst childrenof P arechosernvia the best andworst
functions,respectiely. Thesefunctionsconsiderthe exist-
ing setof P'schildren,Cp , aswell asS.

If it is possibleto addS to thesetof childrenof P with-
out exceedingthe fanoutlimit of the tree,thenthe worst
functionreturnsnil . If theworstis S itself, thenit hasbeen
decidedhats is notbetterthanary of the currentchildren.
In thiscase S is addedo thebestchild's (i.e.,B's) subtree
by recursiely calling the “bubbleout” subscriptiorpolicy
with agumentsS and B. However, if it is decidedthat
theworsthost,W, is oneof P's currentchildren(suchthat
W6 S), the implication is that S would improve the tree



if it replacedW asoneof P's children. Thus,the logical
positionsof W andS are swapped,andthe worst child is
recursvely bubbledoutinto the bestnodes subtree.

bubble _out _subscribe
B =best (P;S)
W =worst (P;S)

(S.P)

if (W =nil)

addsS to P 'schildren
else if (W86 YS)

swap(S; W)

bubble _out _subscribe (W;B)
else

bubble _out _subscribe

(§;B)

Figure 2. The “bubble out” subscription pol-
icy.

It shouldbe obsered that using this subscriptionpol-
icy, thepublisherof thedata-streans alwayscontactedind
measurementare always madestartingfrom P. The cost
measurementdescribedn Section2.1 arenot particularly
heary weight, but we do notwish to putary restrictionson
what canconstitutea costmethod. Thuswe mustassume
thatin certaincircumstancese might wantto mitigatethe
large amountof costmeasurementsadenearthe root of
the tree. This is the motivation for the next subscription
policy, “bubblein”, describedn Figure2.3.

“Bubblein” is basebntheassumptionhatthereis some
distributedhashtable(in ourcasepasednak-ary, n-cube)
usingwhich we cantraversea logical pathtowardsP. A
new subscriberS, will follow areversepathtowardsP un-
til an existing subscriberS®to P is found. At this point,
the algorithmrunsthe normal“bubble out” method,treat-
ing S® asthe publisher This will addS to S% subtree.S
will thenattemptto move in towardsP, usingthe function
swap_towards _pub.

The function swap _towards _pub comparesthe la-
teng/, L, betweenS andits grandparentparentpar ent s »
with the lateny betweenthe parentof S andits grandpar
ent. If thetreelateny canbereduced,S is swappedwith
its parent,causinga “bubble in” effect towardsP. Cost
measurementare much more distributed when using this
methodasopposedo the“bubbleout” policy, sincetheref-
erencepoint in the tree where measurementare initially
madeis decidedby thereversepathtraversalover the peer
to-peeroverlay Resultsshav that after 5000 hostshave
subscribedo a tree,an orderof magnitudelesscostmea-
surementso P arepossiblewith the“bubblein” method.

bubble _in _subscribe (S;P)
reversepathalongP2Pnetwork from S, towards
P until anexisting subscribers®, to P is found

if (SCis aleaf)

bubble _out _subscribe
else

bubble _out _subscribe
swap_towards _pub(S;P)

(S, parentgo)

(8,89

swap_towards _pub(S;P)
if (parents 6 P and
L(S; parentpar ent g ) <
L (parents; parentpar ent 5 )

swap(S; parents)
swap_towards _pub(parents;P)

Figure 3. The “bubble in” subscription policy.

2.4 Bestand Worst Functions

The bestand worst functions de ne if swapswill be
made,andwhich hostwill beselectedo (recursvely) sub-
scribeto aspeci ¢ subtreeduringthe executionof the sub-
scription algorithm. Eachof the methodsfor nding the
bestand worst hostsabide by a speci ¢ goal, and make
trade-ofs to achieve thatgoal. We discussthesegoalsand
trade-ofs for eachof the following policies consideredn
this paper:

Latency Onehopis basedon the ideathat hostswhich
areclosesiphysicallyto apublisher(or ary subsequergub-
treeroots),shouldbe logically closestaswell. The formal
de nition for this methodis describedn Figure4. Theone-
hop latency(henceforthcalled onehop policy will choose
asworst, eitherS or oneof thehostsin Cp priorto S'sar
rival, whicheverhasthelargestlateng to P. A speci c goal
of this policy is to minimizethemaximumlateng provided
to all hostsin the systemandthereforeprovide predictable
delayboundsgo subscribinchosts.Eachhost,h, in themul-
ticasttreemaintaingt' s subteecost whichis theminimum
lateny betweenh andary hostwhosefanoutis lessthan
the maximumfanoutin the treerootedat h. The formal
de nition is shaovn in Figure4. Usingthis subteecost the
onehoppolicy decidesthe bestchild amongsta given set.
The child with the lowestsubtreecost,thusthe lowesttree
overheador ary hostinsertednto thatsubtreejs thechild
thatis returnedby the onehopbestmethod.

The onehopmethodhassereral advantages.Latencies
betweerthetreeroot andits childrenareminimized,which
in turn hasthe potentialto minimize latenciesbetweerthe
rootandhostsfurtherdown thetree. Moreover, the onehop



best (P;S) = Cpj j subtreeCost(P;Cp;i) = rrgi_n(subtr eeCost(P;Cpj))
j

subtr eeCost(P; Cpj) =

worst (P;S) = nil

0
L(Cpi;P) + ming; (subtreeCost(Cpi;Cp,;))

Cpi jL(Cpi;P) = maxg; (L(Cpj;P))

if jCp j< MAX FAN OUTp
other wise

if jCp j< MAX FAN OUTp
other wise

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

methodis relatively simple, requiring only one round-trip
time measuremertio nd the lateny betweenthe root of
the currentsubtreeandthe new subscribefor eachlevel in
thetree. Theamountof timeit takesfor anew subscribeto
actuallybe addedto the treeis relatively small. However,
the onehopmethoddoesnottake link stressnto accountat
all, andthe amountof physical links that are concurrently
usedbetweenmultiple differentsubtreeswill contributeto
link stress.Further it is possiblethatwhenwe swapa cur-
rentchild with a new subscriberlatencieghroughthe cor-
respondingsubtreemay be increased For example,if Cp;
is very closeto all of it's children,andit is foundthatCp
is theworstof P's children,S will take Cp;'s place;how-
ever, it is possiblethateventhoughS could be closeto P,
it mightbeveryfarfrom all of its childrenwhichit 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
measure# S is closerto P thanary hostsin Cp, but also
measuresiowv muchthe subtreerootedat eachchild, Cpi,
would be affectedif S wereswappedin to Cp;'s position.
If the overall lateng to childrenof Cp; is decreaseafter
swappingCp; with S, thenCp; is consideredasa candi-
datefor theworstchild. Thechild with thelargestdecrease
in lateng to its subtreds returnedasthe worstchild. If S
doesnotimprove ary subtreesthenit is theworst. Thebest
childisfoundin thesameway asin onehop It shouldbeno-
ticed thatwhile onehoptakesmeasurementsetweerhosts

thatareonehopaway from P, twohoptakesmeasurements

which considerhoststhat are up to two hopsaway from

P. The mainde ciency of this policy is thatit mustmake

anextremelylarge amountof costmeasurementdVhereas
onehophasto make onecostmeasuremerperlevel in the

tree, twohop must make oneto P, and oneto all of the

grandchildrerof P, or O(f anout?) perlevelin thetree.

ClosestLatency takesanoppositeapproacho building
multicasttrees.Insteadf attemptingo putphysically close
hostslogically closeto therootsof the subtreesclosesta-
tencyattemptgo placeanew host,S, logically closeto chil-
drenthatarephysically closeto S. Therefore theworstis
alwayssS, andthebestis thatchild, Cp; , whichis physically
closesto S. In thisway, S will berecursvely subscribedo
Cpi's subtreeandphysically closehostswill becomédog-

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

This policy hasthe bene t thatit attemptsto minimize
the link stressimplicitly by makinga correspondencbe-
tweenchildren's logical and physical locationsin relation
to eachother Unfortunately closestlatencydoesrequire
morecostmeasurement@ndmoretime perlevel thanone-
hop. Not only will S have to communicatevith P to geta
list of children,it will alsoneedto make costmeasurements
to eachof thosechildren. The numberof cost measure-
mentsper level in the treeis O(f anout). The amountof
time taken for measurementat a given level consistsof a
roundtrip timeto contactheroot of thesubtreejn addition
to time to take costmeasurement® all of thathost's chil-
dren. Becausenehoprequiresonly a costmeasuremertb
the subtrees root, the amountof time takenat eachlevel is
less.

ClosestLatency Swapattemptg€o combineonehopand
closestlatencyand can be seenin Figure 7. The closest
child, Cpj, to the subscriberS, is foundin the sameway
asin the closestlatency policy. If S is closerin terms
of lateny to P thanCp;, thenthe two hostsarelogically
swappedwith the swappedout hostthensubscribedo the
swappedin hosts subtree. In all other casesthe normal
closestlatency policy is utilized. This methodhaslittle
more overheadthan closestlatency and producesa better
tree.

Closest Traceroute hasthe samegoals as closestla-
tency but goesabout nding theclosestchild to S in a dif-
ferentmanner Figure 8 illustratesthis method. Insteadof
making a lateny measuremento eachof P's children, a
single traceroutemeasuremenis madeto P. The tracer
oute measurement] (P; S) yields the setof physical (or
IP-level) routinghopsbetweerhostsP andS. In this case,
thechild Cp; whosetraceroutgathhasthelargestintersec-
tion with T (P; S) is deemedhe closestto S andreturned
asbest.Otherthanthisit is identicalto closestatency Be-
causeonly one costmeasuremens madeandit is to the
parent,the amountof time spentat eachlevel in the tree
is signi cantly lessthanthatin closestlatency However,
resultsshav that the traceroutemethodof approximating
which child is closestto S only nds the samechild asthe
closestlatency method43% of the time in a tree of 200
hosts,sothereis a priceto be paidby theapproximation.



best (P;S) = same asin Figure4:

onehopF urther (P;Cpi;H) = L(P;H) +

nil

% Cpi j onehopF urther (P;Cpi;Cpj)
onehopF ur ther (P;Cp;;S) =

worst (P;S) =

gj (L(H:Cp;j) + L(P;H))
if jCp j< MAX FAN OUTp

maxg; (onehopF ur ther (P; Cp; ;Cpj)

onehopF ur ther (P;Cpj ; S))

other wise

Figure 5. Methods for nding the best and worst children using the latencytwohoppolicy.

best (P;S) = CpijL(Cpi;S) = rrgijn(L(ij iS)

worst (P;S) =

nil  if jCp j< MAX FAN OUTp
S other wise

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

best (P;S) = Cpi ifL(P;S)

S other wise
< nil
worst (P;S)=_ S if L(P;S)

Cpi otherwise

L(P;Cpi)jL(Cpi;:S) = ming; (L(Cpj;S))

if jCp j< MAX FAN OUTp
L(P;Cpi)jL(Cpi;S) = ming; (L(Cpj;S))

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 closesttraceoute al-
gorithm that the closestlatency swapalgorithm makes to
closestatency

3 Resultsand Analysis

In this section we comparehedifferentsubscriptioral-
gorithms,usingsimulationsnvolving the GT-ITM software
for generatingransit-stutphysicaltopologieq28]. Unless
otherwisespeci ed, eachphysical network is createdwith
5050routers,10 transitdomains,10 transitnodesper tran-
sit domain,5 stub domainsattachedio eachtransitnode,
and10 nodesin eachstubdomain. All hostsin the system
are assignedo a randomrouter with the possibility that
multiple hostsare assignedo the samerouter Oneof the
hostsis chosento be the publisher A setof subscribing
hostsrunthechosersubscriptioralgorithmin arandomor-
der, whichis indicative of arealapplicationscenariovhere
hostsmaysubscribeo publishedstreamsat arbitrarytimes.
The propertiesof the resultingtree are measuredand re-
ported. Thoughthe tree fanout(or maximumnumberof
children)canbe con gured on a perhostbasis,we choose
avalueof 12 for all hostsunlessotherwisespeci ed. All
resultsare averagedover experimentsrun on threetransit-
stubgraphswith eachgraphbeingusedtwice for randomly
chosempublishersandsubscribers.

3.1 Comparison of Different Subscription Algo-
rithms

One of the mostimportantmetrics,to comparethe per
formanceof differentsubscriptioralgorithmsjs therelative
delaypenaltyfor eachsubscribeiin the resultantmulticast
tree. Therelative delay penalty(or, simply, delaypenalty)
for eachsubscriberost, S, is the ratio of the lateny of
thetreepathbetweerthepublisher P, andS to thelateng
of the shortestunicastpathbetweenP andS (using,e.g.,
IP unicast). A delay penaltyof 1:0 would imply the tree
lateny betweerP andS is the sameasthe lateng of uni-
castrouting. Althoughthis would beideal, it is unrealistic
in practice,dueto treesbeingconstructecdat the end-host
level ratherthanphysicalnetwork level. Figure10(a)showvs
the cumulatie distribution functionof the delaypenaltyfor
eachof thesubscriptioralgorithmsfor a populationof 5000
hosts.The valueson the y-axisrepresenthe percentagef
subscribersvith a delaypenaltyof no morethanthe corre-
spondingvalueon thex-axis.

Ef cient useof network bandwidthis alsoanimportant
metric for end-systenmulticast, particularly for the pur
posesof multimediastreamingto potentially mary thou-
sandsof subscribersWe measurgheimpactof a multicast
treeon link bandwidthby computingits link stress The
link stressis a measureof the averagenumberof timesa
physical network link is traversedwhendelivering content
alongthetreepathsfrom a publisherto eachandevery sub-



best (P;S) = Cpij j T(P;Ci)\ T(P;S) j= n"é?x(jT(RCj)\ T(P;S) )

worst (P;S) =

nil  if jCp j< MAX FAN OUTp
S other wise

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

Cpi if L(P;S)

best (P;S) = S other wise
< il if jCp j< MAX FAN OUTp
worst (P;S)=_ S if L(P;S)

Cpi otherwise

L(P;Cpi)j J T(P;Ci)\ T(P;S) j= maxg; (j T(P;Cj)\ T(P;S) )

L(P:Cpi)j J T(P;Ci)\ T(P:S) = maxgj(j T(P;Cj)\ T(P:S)])

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

scriber A link stressof 1.0 is perfectandmeanshateach
network link is usedonly oncein the disseminatiorof the
data-streamAs with therelative delaypenalty anef cient
end-systemmulticasttree shouldattemptto minimize the
link stress.Figure10(b)shavs the cumulative distribution
functionof thelink stresgor eachsubscriptioralgorithm.
In additionto link stressand relative delay penalty it
is alsoimportantto considerthe numberof costmeasure-
mentsneededo constructa scalableend-systenmulticast
tree. Thisis particularlyimportantwhena treeneedgo be
built or modi ed quickly in the presencef ash crowds(or

burstsof subscriptions)The numberof costmeasurements

takenperhostin the system afterall 5000hostshave sub-
scribed,is representedsa cumulatve distribution function
in Figure10(c).

Discussion:We seethatthetwohopmethodwhichtakes
alargeamountof costmeasurementdoesnot achiese sig-
ni cantly betterdelay penaltiesthan onehop which takes
very few costmeasurementdt appearshatthe compleity
addedto make twohopdoesnot translatento betterperfor
mance.This con rms thatthe roughheuristicwhich is the
basisfor onehop- that swappingin hoststhat are closer
to the publisher— is valid. Also, it is apparenthat both
the closerlatencyandclosertraceoute policiesbene t by
swappingnodesthat are closerto the subtreeroot with the
closestchild. With this optimization, both closer latency
swapand closertraceoute swapare ableto not only put
physically close children neareachotherin the resultant

tree, but are also able to make a physical correspondence

betweerthe subtreerootsandtheir children.

The “bubblein” onehopmethoddemonstrates lower
maximumand averagenumberof costmeasurementthan
the othermethodshut doesnot performnotablywell in ei-
therdelaypenaltyor link stress.The policieswhichrequire
O(f anout) costmeasurementgerlevel (suchascloserla-
tency in the tree demonstrate signi cant increasen the
numberof costmeasurementever methodssuchas one-
hop. Recall that this will affect not only the stresson
the systeminducedby costmeasurementgut 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
closesttraceioute method,thoughit makesfew costmea-
surementsjoesnotapproximatdocality in termsof lateng

betweerchildrenwell enough.However, closestraceioute
swapseemso make theapproximatiormuchmorereason-
ableandachieresarespectablelelaypenaltywhile provid-

ing alow link stress.

3.2 Scalability

To understandhe scalabilityof eachof the subscription
algorithms,simulationsarerun on populationsizesranging
from 1000to 10000 It is importantthateachof thepolicies
scalein termsof lateny of delivery to eachhostandalso
in termsof the bandwidthconsumed. The delay penalty
resultsfor the differentpopulationssizesareshowvn in Fig-
urell(a).With theexceptionof closestracewoute all of the
policiesseemto increaseslowly enoughto imply scalabil-
ity in termsof populationsize. Someof the delaypenalties
seemnto decreasasthehostsizegrows past600Q It appears
thatasthe amountof subscribedostsexceedshe amount
of routersin a system the quality of the treeimprovesfor
somepolicies. This hasimplicationsfor deploymentin cor-
porateervironmentswherethe numberof employeesmight
overshadw the numberof routers. The onehopand clos-
estlatencyswappoliciesdemonstratanextremelylow de-
lay penaltywhich is consistenicrosgpopulationsizes.All
conclusionglravn in Section3.1arereinforced andwe can
seethatthedelaypenaltyof mary of thepoliciesappearso
scalewell in termsof populationsize.

Figure 11(b) illustratesthe link stress. All the meth-
odswhich attemptto mapphysically closechildrento log-
ically close positions(i.e., within a few logical hops)in
the tree,demonstratextremelylow link stress.However,
onehop(using “bubble out”) and onehopbubbleln which
only attemptto make a correlationbetweensubtreeroots
andtheir childrenhave signi cant link stressesThisis due
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Figure 11. Scalability of the diff erent subscription algorithms.

to the “cross-talk” betweerdifferentsubtrees Thatis, dif-
ferentsubtreeamight utilize commonphysicallinks. This
“cross-talk”is limited in the policieswhich clusterchildren
togetherbecausesachsubtreewill ideally represennon-
overlappingsubsectionsf the entirenetwork.

3.3 Variation of Fanout

As mentionedbefore,the fanoutof thetreeis, for sim-
plicity, setto 12in all of theprecedingexperimentslt isim-
portant,however, to understandhe effect of fanouton the
ef ciency of themulticasttree. Figure12 demonstratethis
effect. Multicasttreesareconstructedisingbothafanoutof
6 andafanoutof 12, andthe cumulatie distribution func-
tions for both delay penalty (Figure 12(a)) andlink stress
(Figure12(b))aremeasuredin thesegraphsonly a subset
of the original subscriptionpolicies are tested,which are
deemednostinteresting.

The delay penaltyplots indicatethat a larger fanoutis
more bene cial to the constructionof treeswith betterla-
teng characteristicsThis is dueto two reasons{1) asthe

fanoutincreasesthe best andworst functionscansee
more childrenand canthereforemake more informed de-
cisionsregardingwhich child is the bestandwhich is the
worst,and(2) becausehe depthof thetreeis less(logi2N
insteadof logsN for a populationsize, N). The change
in fanout doesnot seemto signi cantly impact the link
stress. This is perhapson-intuitive becauseasthe fanout
increasest would seenthatthelink stressaroundthatroot
would alsoincrease However, both of the methodghatat-
temptto attachthesubscriberS, to aclosechild will simply
have moreinformationaboutwhich child to connectto S.
In the caseof onehop the same“cross-talk” betweensub-
treeswill exist regardlessof how mary childreneachnode
has,andthis is the primarycontributorto its link stress.

3.4 Soft Real-Time Constraints

Given that overlay multicasttechniquesroute between
end-systemgo deliver content from publishersto sub-
scribersthey lack controlatthe network level to make hard
real-timeserviceguaranteesHowever, it is possibleto use
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overlay multicastingto provide soft real-timeguaranteeto

subscriberqe.g., to guaranteea signi cant percentageof

deadlinesaremeton the delivery of a mediastream).With

this in mind, we study the ability of eachtree construc-
tion policy to meetsubscribesspeci ed delay bounds(or

lateng constraints). For eachsubscriberS, lateng con-
straintsare generateduniform and randomlyin the range
[hower ; lupper ], Whereljgwer is theunicastlateny between
publisher P, and S, andlyper is ve timesthe average
unicastlateny betweenall subscriberandP. The factor
of vewaschoserbecausét is theupperboundon the av-

eragedepthof the multicasttreesconstructedusing each
of the subscriptionalgorithms. The delivery lateny over

the multicasttreeis computedandcomparedo it' s latengy

constraint.A successis recordedf theachiezed costdoes
not surpasghe constraint. The total numberof successes
is divided by the populationsize to obtaina successra-

tio. Figure13(a)shavsthesuccessatiosof thevarioustree
constructiormethods.

For eachhost, S, with a correspondingateny con-
straint,c, anddelivery lateng over the multicasttree,D s,
anormalizedateneswvalue,L (S; ¢) is calculatedusingthe
following formula:

. _ 0 if Dg C
L(S, C) - DSC [ if DS >c

Thelatenesvaluesarenormalizedin orderto eliminate
biastowardssubscribersvith largelateny constraintsrela-
tiveto theotherhosts andall hostswith satis edconstraints
are assigneda normalizedlatenesof zero. Figure 13(b)
shavs the normalizedatenessaluesfor eachsubscription
algorithm.

As expected,thosepolicieswhich demonstratéow de-
lay penaltiesmeetthe most constraintsand have the low-
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effect of diff erent fanout values.

estlatenessaverages. It shouldbe notedthat even those
hostswhich cannotmale their constraints,miss them by

relatvely small amounts. This improves on previous re-

sults[8] which use“greedy-basedouting” (ratherthanex-

plicit multicasttrees),to deliver dataover a peerto-peer
network basedon a k-ary n-cubetopology Thatsaid,our

earliergreedy-basetbutingapproactwasextremelyquick
at nding pathsbetweena publisherand eachsubscriber
which maybebene cial for initial setupof pathsfor media
streamingvhenthereare ash crowds.

3.5 Variation of Physical Topology

Soasto ensurethatresultsobtainedherearenot depen-
dent on the size or shapeof the physical topology used,
we re-runthe experimentsfrom Section3.2 on a different
graphwith 10100routers. The graphconsistsof 25 transit
domains, vetransitnodespertransitdomain.four stubdo-
mainsattachedo eachtransitnode,and 20 nodesin each
stubdomain. Further we wish to compareour resultswith
theRITA [25] treegeneratiomethodwhichapproachethe
problemin a completelydifferentmanner RITA usedand-
marking information and a peerto-peernetwork to place
nodesinto the multicasttree. The evaluationof RITA uti-
lizesa physicalgraphwith the samepropertiesaandthetests
arerunfor smallernumberf hostswith amaximumpop-
ulationsizeof 200Q It is importantto notethatRITA mea-
suresthe stretch in lateng of the end-systenmulticasttree
comparedo thelatengy of anequialentshortestpathtree
atthe network-level. Thisis aslightly differentmetricthan
our notion of relative delay penalty We compareagainst
unicastlateny sothatwe will be measure@dginstthe best
possibledelivery lateng for eachsubscriber

Figure 14(a)shaws the delay penaltyfrom a population
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sizeof 100to 2000. Thoughthe delay penaltiescannotbe
comparedlirectly, the valuesfor closestlatencyswapand
onehopseemto comparefavorablyto thosereportedn the
work on RITA [25]. Figure14(b)illustratesthelink stress.
The onehopmethodseemsto achieze a comparabldink
stressto RITA at 2000 nodes. However, both other poli-
cies demonstratea signi cantly betteraveragelink stress
of approximatelytwo. Resultsshawv thatin termsof delay
penaltyandlink stressclosestatencyswapachiaresaver-
agedelaypenaltiescomparabldo RITA, andlink stresses
which arebetter closestraceouteswapseemssuperiorin
termsof link stress,but not necessarilyin termsof delay
penalty onehopis competitive in termsof delay penalty
andlink stress(thoughthe authorsbelieve that after 2000
hosts,onehops link stresswill be larger thanthat demon-
stratedby RITA.)
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for smaller population sizes and a larger physical topology .

4 RelatedWork

Therehave beenseveralrecentmethoddor building end-
systenmulticasttreesandgraphd6, 25, 7, 2, 29, 13, 14, 27,
17] thataccountfor heterogeneou®oS constraintsand/or
attemptto reducedelaypenaltiesandlink stress Somesys-
tems,suchasPastry/Scribe[194] implicitly form distribu-
tiontreesusinglogicallinks thatcompriseastructurecver-
lay. The advantageof this approachis thatit is scalablen
the sensehatindividual participatinghostsmustonly store
routing statethat is logarithmic in the numberof hostsin
the system. In addition, mary suchregular overlay struc-
turescanroutea messagédetweenary pair of hostsin an
asymptoticallylogarithmic numberof hopswith respecto
thenumberof participantsthusensuringeasonableouting
latencies.



In contrast,we proposealgorithmsfor building dense
multicasttreesdirectly, in the context of a limited fanout
at eachlevel. Suchdistribution treesoutperformthoseim-
plicitly built usingthe union of routesin an overlay such
asCHORD[22], CAN [15], and Tapestry[30Q], but in our
schemea structuredoverlayis still helpful for routing con-
trol messageandmay be usefulfor nding routesaround
failednodes Notethatthetreeconstructioralgorithmspre-
sentedn this work producemulticasttreesthatcanbe em-
beddedontoa regularoverlay graph(e.g.,a k-ary n-cube),
in which the subscribinghostsareswappednto logical po-
sitionsin correspondenceith thetreestructure.

NARADA [6] alsofocuseson tree formation acrossa
logical mesh,that is dynamically constructedby consid-

ering all point-to-pointconnectiondbetweenend-systems.

Logical links areaddedto, anddeletedfrom, the meshde-

pendingon their bene ts (or lack, thereof)to the delivery

of contentbetweenhosts. However, this methoddoesnot

achieve the scalability of approache#volving moreregu-

larly structuredoverlays,partly dueto the signi cant num-

ber of probemessagesvolved in constructingthe mesh.
Our methodsdo not limit possible connectionsbetween
hostsin the multicasttreeto the particularlinks available
in a pre-constructedverlay network exceptin therequire-
mentthatmaximumfanoutis held constant.Thus,distribu-

tion treesbuilt usingthe algorithmsdiscussedn our work

arenot asdependentiponthe quality of the initial overlay
structure.

Other relatedwork, such as RITA [25], HMTP [29],
Yoid [7], andBullet [11], presentapproacheshat attempt
to form multicasttrees,without beingstrictly limited to a
x edlogical topology In thesesystemsa numberof meth-
odsareproposedor insertingnewly subscribinghostsinto
the tree at positionsthat ful Il speci ed QoS constraints
and/orresultin low-costdatadistribution. Somesystems,
suchasOMNI [3], usea setof pre-selectedervicenodes
to form alow-costdistribution treethatconnectsubscriber
hosts. Our approachdiffers from OMNI in that all hosts
are peers,ratherthan being arrangedn a two-tier hierar
chy, which allows for greatere xibility in the placementf
hostsin atreestructure While focusingontreeconstruction
algorithmsto help meet(statistically atleast)the QoScon-
straintsof subscriberswe explicitly considerthe impacts
of tree fanout, which has not beenaddressedy similar
work suchasRITA. Of all the bodiesof work mentioned
above, nonehave provideda comparatie studyof different
tree constructionalgorithmsthat emphasizehe trade-ofs
in cost, link stress,delay penaltyand ability to meetper
subscribeQoSconstraints.
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5 Conclusionsand Futur e Work

This paperdescribesseveral end-systenmulticasttree
constructionalgorithms thatvary in termsof cost,relative
delay penaltyand link stress. We shav how it is possi-
ble to efciently build treesthat supportmary thousands
of subscribergachwith their own QoSconstraints While
no algorithmis bestin all casesve shov how it is possible
to ef ciently build large-scaldreeswith latencieswithin a
factorof two of the optimal, andlink stressesomparable
to, or betterthan, existing technologiessuchasRITA and
HMTP. Several of our approachesupportthe swappingof
hostsinto differenttreepositionsto adaptvely improve the
overall tree quality without incurring signi cant overhead.
While no onealgorithmis bestin all casedor link stress,
lateng andcost,our closestlatencyswappolicy is shavn
to do reasonablywvell in all cases.For the policiesconsid-
eredin this paper experimentakesultssuggesthatincreas-
ing treefanoutimprovesthe overall lateny characteristics
without signi cantly impactingthelink stress.

Futurework will investigatethe costsof constructingef-

cient tressthat minimize link stress,while meetingper
subscribeoSconstraintsn thepresencef burstjoinsand
departuresDealingwith departuress particularlyproblem-
atic, asthe treecanbecomepartitioned,suchthat a media
streammay not be ableto reachits destination. The cost
of someof the tree constructionalgorithmsdiscussedn
this papemwill alsobeaffectedby additionalmeasurements
thatareneededo repaira treeafter oneor morehostsde-
parts. During the procesof repairinga tree,we will study
the ability to continueroutinga mediastreamover alterna-
tive links selectedrom anoverlaytopologybetweerhosts.
Suchanapproactwill alleviatetheneedto restarthetrans-
missionof a streamto oneor moresubscriberaffectedby
changedo thetree.
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