Thelmpactof HeterogeneouBandwidth
Constraintoon DHT-BasedMulticast Protocols

Abstract— We consider support for bandwidth-
demanding applications such as video broadcasting
using DHTs. We focus our investigationsby considering
the impact of heterogeneity in the outgoing bandwidth
capabilities of nodeson Scribe, a representative and rela-
tively mature DHT-based multicast protocol. We expose
important issuesthat arise due to the mismatch between
the ID spacethat underlies the DHT and the outgoing
bandwidth constraintson nodes.

|. INTRODUCTION

While DHTs were originally developedwith applica-
tionslike peerto-peerle sharingin mind, therehasbeen
considerablénterestin recentyearsin applyingDHTsto
overlay multicastapplications[3], [7], [10], [13], [18].
In DHT-basedapproacheshe focusis on maintaininga
structurebaseddnavirtual id spaceandenablingscalable
andef cient unicastroutingbasedon the nodeidenti ers
- theunicastroutesarethenusedto createmulticastdistri-
bution trees.This approachs in contrasto performance-
centricapproaches suchas [4], [8], [11], [16], wherethe
primary considerationwhile addinglinks to the overlay
topologyis applicationperformance.

Two principalreasondiave beenadwocatedfor a DHT-
basedapproachFirst, DHTs providesa genericprimitive
thatcanbene t awide rangeof applicationsamongthem
overlay multicast. Second,the sameDHT-basedover-
lay canbe usedto simultaneoushsupportandmaintaina
large numberof overlay applicationsand multicasttrees.
This could help achieve lower overheadsascomparedo
constructingand maintaining seseral seperateoverlays.
While DHT-basedapproachebave thesepotentialadwan-
tagesakey unknavn is applicationperformanceAchiev-
ing goodperformancavith DHTsis anactiveandongoing
areaof research.

In this paper we explore issuesin enabling high-
bandwidthbroadcastingapplicationsusing DHTs. Our
exploration is guidedby designlessonswe have learnt
from our experiencedeplgying an overlay-basedroad-
castingsystem[5]. In particular we focusour investica-
tion by consideringthe implicationsof a key issue- het-
erogeneousutgoing bandwidthconstraintsof nodesin
theoverlay Suchheterogeneitarisesdueto thepresence
of hostsbehindvariousaccessechnologiedik e cablemo-
dem,DSL andEthernetassummarizedn Figurel.

Event Low Medium | High Avg
Speed Speed | Speed Deg
100Kbps| 1.5Mbps| 10Mbps
(deg.0) | (deg.?2) | (deg. 10)

Sigcomm[5] | 22% 2% 76% 7.64

Slashdof5] | 74% 4% 22% 2.28

Gnutella[17] | 65% 27% 8% 1.34

Fig.1. Constitutionof hostsfrom varioussources:'deg” refers
to our modelof how mary childrennodesin eachcategory can
support. Sigcommand Slashdotrefer to two differentbroad-
castawvith anoperationallydeplojedbroadcastingystenbased
onoverlaymulticast.Gnutellarefersto ameasuremergtudyof

peercharacteristicef the Gnutellasystem.

We presentan initial evaluationof Scribe[10], a rep-
resentatie andrelatively matureDHT-basedprotocolfor
overlay multicast. Our experimentsshav thatimposing
bandwidthconstraint®n Scribecanresultin thecreation
of distribution treeswith high depth,aswell asa signi -
cantnumberof non-DHTIinks, i.e.,links thatarepresent
in the overlaytreebut arenot partof theunderlyingDHT.
Treeswith highdepthareundesirablaslargerthenumber
of ancestorg$or anode,higherthefrequeng of interrupts
dueto thefailureor departureof ancestorsandultimately
poorerthe applicationperformance.Non-DHT links are
undesirabldecausehey restrictthe bene ts of theroute
convergenceandloop-freepropertieof DHT routing,and
incur maintenanceostsin additionto thatof the DHT in-
frastructure.We nd thata key causefor the issuesob-
sened is the mismatchbetweerthe id spacethat under
lies the DHT structureand node bandwidthconstraints.
Althoughwe believe theissuesarenot straight-forwardto
addresswe discusgotentialwaysto solve the problem.

1. EVALUATION FRAMEWORK

Our evaluationis motivatedby video broadcastin@p-
plications. Suchapplicationsinvolve datadelivery from
a single sourceto a set of recevers. Further they are
non-interactre, anddo not placeatight constrainton the
end-to-endateng. We assumea constanbit rate(CBR)
sourcestream,and assumeonly nodesinterestedin the
contentat ary pointin time aremembersof the distribu-
tion treeandcontribute bandwidthto the system.

The outgoingbandwidthlimit of eachhostdetermines
its degree or fanout in the overlay multicasttree, i.e.,



the maximumnumberof childrenthatit canforwardthe
streamto. We catayorize hostsasbeingbehind: (a) con-
strainedinks suchascableandDSL (few hundredbps);
(b) intermediatespeedinks suchasT1 lines (1.5 Mbps;
and(c) high-speedinks (10 Mbpsor better). Giventypi-
cal streamingvideo ratesof the orderof severalhundred
kilobits per second[5], we quantizethe degreesof the
low, medium,andhigh speedhoststo 0, 2, and10. The
degree0 nodesare termednon-contrilutors. For higher
speedconnectionsthe degreeis likely to be boundedby
somepolicy (in view of the sharednatureof the links)
ratherthanthe actualoutgoingbandwidth.Figurel sum-
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Fig. 2. Issueswith heterogeneoudegree constraints.H ,M , and

marizesthe constitutionof hostsseenfrom measurement Z represennodesof high, mediumand zero (non-contritutor) de-

studieq17] andrealInternetbroadcasevents[5].
TheAverage Degreeof thesystemis de ned asthetotal
degreeof all nodes(including the source)divided by the
numberof recevers (all nodesbut the source). In this
paperwe focusonregimeswith anaveragedegreegreater
thanlwhichindicateghatit is feasibleto constructtree.

I1l. PASTRY/SCRIBE

While therehave beenseveral DHT-basedproposaldor
multicastin recentyears[9], [13], [18], [10], we choose
to focuson Scribe. Scribeis one of the morematurepro-
posalsamongDHT-basedapproachesvith well-de ned
mechanismgo honor pernode degree constraints. A
morerecentfollow-up work SplitStrean3] builds ontop
of Scribeandconsiderslatadelivery alongmultiple trees,
ratherthana singletreeto improve theresilieny of data
delivery. While we drav on someof the extensionspro-
posedn Splitstreamyve only considersingletreedatade-
livery in this paper We discusssomeof the implications
of multiple-treesolutionsin SectionViIIl.

Scribeis built on top of the PastryDHT protocol[14],
andis targetedat settingswhichinvolve supportof alarge
numberof multicastgroups.Eachgroupmayinvolve only
a subsetof the nodesin the Pastry system,but members
in Pastrynot part of a particularmulticastgroupmay be
recruitedto beforwardersn ary Scribetree.In this paper
however, our evaluationassumesll participatingmem-
bersin Pastryarealsopartof the Scribetree.

Each node in Pastry is assigneda unique 128-bit
nodeld which can be thoughtof as a sequencef dig-
its in base2? (bis a Pastryparametej A Pastrynodein a
network of N nodesmaintainsa routingtable containing
aboutlog,s N rows and 2° columns. The entriesin the
r" row of theroutingtablereferto nodeswvhosenodelds
sharethe rst r digits with thelocal nodes nodeld. The
routingmechanisms a generalizatiorof hypercuberout-
ing: eachsubsequenhop of the routeto the destination
sharedongerpre xeswith thedestinatiomodeld.

Scribeutilizes Pastry's routingmechanismo construct
multicasttreesin the following manner: eachmulticast
group corresponddo a speciallD called topicld . A
multicasttreeassociatedvith the groupis formedby the

greesrespectiely; (a) Entire subtrees(bottom) could be rejected
whenthe subtreeconnectedo the source(top) is saturatedvith non-
contritutors. (b) Depthcanbe poor with heterogeneoudegreecon-
straints.

unionof the Pastryroutesfrom eachgroupmembetto the
topicld . Messagesare multicastfrom the root to the
memberaisingreversepathforwarding[6].

A key issuewith Scribeis thatthe numberof children
of a nodeA in the Scribetree canbe ashigh asthe in-
degreeof the nodein the underlyingPastryinfrastructure
— that is, the numberof nodesin Pastry which use A
asthe next hop whenrouting towardsthe topicld . In
general, this may be greaterthan is permitted by the
nodes bandwidth constraints. In order to tackle this
overloadingof nodes,the authorsof Scribe/SplitStream
have proposedwo mechanisms:

Pushdown:Wheneer anoverloadechodeA recevesa
requestfrom a potentialchild X , it candrop an existing
child C, if X is foundto be more“desirable”asa child
thanC. The orphanedchode(eitherC or X) cancontact
one of the childrenof A asa potential parent,and this
procesgyoeson recursvely. Choosingthe criteriato de-
terminewhich child of A (if ary) thatX shoulddisplace
is animportantissue.We discusdurtherin SectionV.

Anycastlf all nodedn thesystemhave non-zeradegree
constraints,pushdaevn is guaranteedo terminatesince
leaf nodeswill always have capacity However, in the
presencef non-contrilutor (degree0) nodes,pushdaevn
could end at a leaf that doesnot have capacity This is
tackledby an anycastprocedurewhich providesan ef -
cientway to locatea nodewith free capacity[3].

IV. |SSUES WITH HETEROGENEOUS CONSTRAINTS

Our evaluation of Scribe focuseson the following
concernghatarisewith heterogeneoussgreeconstraints:

Rejections: The tree constructedy a protocolcould
attain sub-optimalcon gurations, as for exampleshavn
in Figure2(a). Here,the systemasa whole hassufcient
bandwidthresourcego enableconnectiity to all nodes.



However, thesubtregootedatthesources saturatedvith
non-contrilutors, and the bandwidthresourcesf nodes
in the disconnectedsubtreesemainsunutilized. Nodes
in the disconnectedgubtreesare eventually rejected, or
forcedto exit the multicastsession.

High Depth: An optimal con guration in terms of
depthis onewherethe nodeghatcontributethemost(i.e.
highestdegree) form the highestlevels, with lower de-
greenodesat lower levels. In the absencef mechanisms
thatexplicitly favor constructiorof suchtrees,a protocol
could producetreesof high depthsuchasshown in Fig-
ure2(b). We believethatthedepthmetricis importantasit
signi cantly in uencesapplicationperformanceln gen-
eral,in anoverlay multicastapplicationthe performance
seenby a nodedependsn two factors: (i) thefrequeng
of interruptionsdueto thefailure of anancestagror dueto
congestioron anupstreantink; and(ii) thetimeit takesa
protocolto recover from theinterruptions.Thefrequeny
of interruptionsanodeexperiencesn turndepend®nthe
numberof ancestorshenodehas,or thedepthof thenode.

Non-DHTLinks: While thetwo concernsabove apply
to performance-centric protocols as well, DHT-based
designaeedto dealwith additionalconcernswith regard
to preservingthe structureof the DHT. In particular
while the pushdevn and arycastoperationsdescribedn
Sectionlll help Scribe cope with heterogeneousiode
bandwidthconstraintsthey may resultin the creationof
parent-childrelationshipswhich correspondo links that
are not part of the underlying Pastry overlay We term
suchlinks asnon-DHTIlinks. We believe thesenon-DHT
links are undesirablebecause(i) the route corvergence
andloop-freepropertiesof DHT routing no longerapply
if non-DHT links exist in signi cant numbers;and (ii)
such links require explicit pertree maintenancewhich
reducesthe bene ts of DHTs in terms of amortizing
overlay maintenanceostsover multiple multicastgroups
(andotherapplications).

V. TECHNIQUES EVALUATED

We presenttwo variantsof the pushdevn algorithm
that we evaluatedin Scribe. The rst policy, Preempt-
ID-Pushdownis basedon the policy implementedn [3],

continuewith the pushdevn operationby picking a ran-
domchild of A.> An arycastoperationis emplo/edif a
leaf nodeis reachedvithout a parentbeingfound.

Preempt-Dgree-Pushdown:Here, nodedegreerather
than nodeid is the primary criterion in the pushdevn.
When a saturatednode A receves a requestfrom a
potentialchild X, X preemptsthe child (say C) of A
which has the lowest degree, provided X itself hasa
higherdegreethanC. Theorphanediode(X or C) picks
arandomchild of A thathasa degreeequalto or greater
than itself and continuesthe pushdevn. An arycast
operationis employedif aleaf nodeis reachedvithouta
parentbeingfound.

While Preempt-Dgree-Pushdown can improve the
depthof treesproducedby Scribecomparedo Preempt-
ID-Pushdown, it can lead to the creationof a larger
numberof non-DHT links given thattheid is no longer
a key criterionin pushdevn. Further Preempt-Dgree-
Pushdown itself cannotcreateperfectly balancedtrees
- for example,if nodeA hasa lower degreethan node
X, thereis no mechanisnin placefor X to displaceA.
Doing sowould requirefurther deviation from the DHT-
structure,andthe creationof additionalnon-DHT links.
In fact, we believe it is not easyto constructtreeswith
both low depth,aswell as a low fraction of non-DHT
links. We discusghis furtherin SectionVII.

V1. EVALUATION DETAILS

We usethe original Scribeand Splitstreammplemen-
tation[15] for our experiments.In the Scribeimplemen-
tation, Scribe-level links weremaintainedseparatelyrom
the underlyingPastry links. Thus, if Pastry changedts
routing table (due to its own optimizations),the Scribe
level link would appeato beanon-Rastry(i.e. non-DHT)
link afterwards.In orderto avoid suchovercounting,we
associate DHT or non-DHT ag with a Scribelink only
whenit is r stestablished?

Our experimentsuse a Poissonarrival patternand a
Pareto-distrilited stay time for clients. Thesechoices
have beenmotivated by group dynamicscharacteristics
obsenredin overlaymulticastdeploymentg5] andMbone

andis not optimizedto minimize depthin heterogeneous measurement®]. Our experimentdastfor a durationof

environments. The second policy, Preempt-Dgree-
Pushdownis a new policy thatwe introducedin Scribe
to improve depthin heterogeneousrvironments.

Preempt-ID-PushdownWhen a saturatechode A re-
ceivesarequestfrom a potentialchild X , X preemptsa
child C of A if X shareslongerpre x with thetopiclD
thanC. Further the orphanechode(X or C) contactsa
child of A and continuesthe pushdaevn if the orphaned
nodesharesa pre x matchwith the child. However, if
no child of A sharesa pre x with the orphanechode,we

1000secondsandassume meanarrival rateof 10 joins
persecond.Further our experimentsassumenodeshave
ameanstaytime of 300secondsa minimumstaytime of

1This is a slight departurérom [3], wherean arycastoperationis
employedif nochild of A sharesapre x with the orphanechode.We
have obsenred betterperformancen depthin homogeneousrviron-
mentswith our optimization. Theintuition is thatpushdaevn tendsto
do betterat lling up nodeshigherin the tree,while arycasttendsto
chooseparentsat morerandomlocationsin thetree.

2|t is possiblethat Pastryroutetablechangesantransformainitial
non-DHT Scribelink into aDHT link. However, theprobabilityof this
happenings very small.
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Fig. 3. Fractionof non-DHT links (meanover the session)n ho-
mogenousrvironmentsfor variousvaluesof nodedegreeandb, the
baseof thenodelDs in Pastry

200

Time: 300 sec —+—
Time: 500 sec -
Time: 700 sec
Time: 900 sec
Time: 1000 sec -

fan}

180 - —xe-
-
160 - 8
=
140 f :
120 -

100 -

Fan-ins

80 - *
60 - ;5 5o
x

40

20 1

0

0 20 40 60 80 100 120 140 160 180
Number of O* nodes

Fig. 4. Distribution of fan-in/in-dgreeof 0 nodesin Pastry The
Y-Axis is the in-degree of Pastry routing tables. The X-Axis is the
numberof 0 nodeghathave anin-degreelessthana particularvalue.
Eachcune presentshedistribution at differenttimesduringthe simu-
lation. Thereexistsa sharpskaw —indicatinga smallnumberof nodes
with high in-degree— which persistghroughouthe simulation.

90 secondsanda parameteof = 1 in the Paretodis-
tribution. This correspond$o a steadystategroupsizeof
about3000members.Finally, giventhat our focusis on
bandwidth-sensie and non-interactre applicationswe
simply considera uniform-delaynetwork modelthrough-
outthis paper

VII. EMPIRICAL RESULTS

We presenthe resultsof experimentswith Scribewith
bothhomogeneouandheterogeneousegreeconstraints.

Homogeneougnvironments: Weassumehatall nodes
have adegreeH . Figure3 plotsthefractionof non-DHT
links within the Scribetreeasafunctionof H. Thereare
3 setsof bars,eachsetcorrespondingo a differentvalue
of H. Eachsetconsistsf barsof 2 shadesgorrespoding
to differentvaluesof b, thebaseof thenodelDs in Pastry
Eachbarrepresentshe meanof threeruns. We nd the
fraction of non-DHT links is high and over 40% for all
con gurationswe evaluate.

We now discusstwo factorsthat contribute to the cre-
ationof non-DHT inks in Figure3. ConsideratopiclD
of 00:::00. Let 0 representhe nodeswhoselDs match
thetopiclD in the rst digit (thatis, the rst digit is 0 and
therestof thedigits arearbitrary).A join or reconnecte-
questfrom ary nodein Scribeshouldberoutedin the rst
hoptoaO node,sincewewouldliketo matchatleastthe
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rst digit of thetopiclD . So,if therewereno pushdevn
operationsgiventhereverse-patmatureof treeconstruc-
tion in Scribe,all parentsin a Scribetree would be 0
nodes.

A rst factorleadingto the creationof non-DHT links
is thatthe total bandwidthresourcestthe0 nodesmay
not be sufcient to supportall nodesin thetree. Let b be
thebaseof thenodelDs in Pastry andAD betheaverage
dggreeof the nodesin the system. Then,the 0 nodes
representa fraction 515 of the total nodesof the system,
andwe expectthemto only be ableto supporta fraction
%‘?,,— of the nodesin the system. Thus, we expectto see

1 AZ—EIinksthatha/enonO nodesasparents Suchlinks
arelikely to benon-DHTlinks. Thisis because(i) these
links musthave beencreatedby pushdevn operationsas
describedbove; and(ii) therearenoexplicit mechanisms
in placeto preferchoosingDHT links duringa pushdavn.
From this discussionwe expect the numberof non-
DHT links to beequalto 1 % in ahomogeneousrvi-
ronmentwhereall nodeshave adegreeH (astheaverage
degreeAD = H). While this partially explainsFigure 3,
thefractionof non-DHT links is signi cantly higherthan
our estimate In particular if H 2P thenwe would not
expectto seeary non-DHT links. However, even when
H = 16andb= 2 sothatH 2P non-DHTlinks con-
stituteover 40%of thelinks in thetree.We believe thisis
dueto a secondfactorthat contritutedto the creationof
non-DHT links, aswe discussn thenext paragraph.
Figure4 plotsthe CDF of thefan-insof the0 sin the
systemat varioustimes during the simulation. The fan-
in of a nodeis the numberof othernodesin the system



that have this nodeasa neighborin Pastry We seethat
thereis asigni cant skew in thefan-insof the0 s. Dueto
the skew, Scribejoin requestdit the 0 s non-uniformly
causinga muchlarger numberof pushdevns, andhence
non-DHTIinks. This alsoresultsin poor utilization of the
availablebandwidthresourcest mary of theO nodes.
We have investicated potential factorsthat may have
led to the skew. For instance,we consideredwhether
it resultedfrom the uniform delay model usedin our
simulations. Preliminary experimentsindicate that the
skew existsevenwith topologieswith non-uniformdelays
generatedusing the GeogiaTech simulator reportedin
[10]. We believe that the skew arisesdue to Pastry's
join and repair mechanismsgn which a new nodepicks
up routing table entriesfrom othernodesin the system.
While this reducesjoin/repair times and overheads,it
makes nodesthat joined earlier far more likely to be
picked as neighborsas comparedto other nodes. We
deferto future work an examinationof how fundamental
the skew is to the designof Pastry/Scribeandwhetherit
canbeeliminatedusingsimpleheuristics.

HeterogeneousEnvironments: Our experimentswith
heterogeneousrvironmentswere conductedwith 50%
of the nodesbeing non-contrilutors (degree0), and for
various average degree values. Changingthe average
dagree value resultsin a different fraction of nodesof
medium(degree2) and higher (degree 10) degree. Fig-
ure 5 comparesthe depth of the Scribe multicasttree
createdwith the Preempt-ID-Pushdowrand Preempt-
Degree-Pushdowrin heterogeneousrvironments. The
depthis computedhsfollows: we computehemeandepth
of anodeby samplingits depthatdifferenttimeinstances,
andthencomputethe mediansacrosshe nodes.The op-
timal mediandepthfor ary of the plottedcon gurations
(notshawn in thegraph)is about4. Thetop 2 curvescor
respondto Preempt-ID-Pushdowand Preempt-Dgree-
PushdownPreempt-ID-Pushdowperformssigni cantly
worsethanoptimal,which is asexpectedgiventhatthere
arenomechanism# placethatoptimizedepthin hetero-
geneouservironments. Preempt-Dgree-Pushdowiper
forms betterthan Preempt-ID-Pushdowiut is still far
from optimal. This is consistentwith our discussionin
SectionV.

Figure6 shavsthefractionof non-DHTlinks from our
simulationgfor Preempt-Dgree-PushdowrgndPreempt-
ID-PushdownThefractionof non-DHTIinks is over80%
for a rangeof averagedegrees. We believe both factors
thatwe discussedvith homogeneousrvironments— in-
sufcient resourcesat 0 nodes,andthe skew in thein-
dagreeof Pastry— have contrikutedto thecreationof non-
DHT links. Further asdiscussedbore, evenif the skew
could be completelyeliminated,we would still expectto
seel 2P non-DHTlinks dueto insufcient resources
at0 nodeswhereAD istheaveragedegreeof thenodes

in the system.

A third important factor that could causenon-DHT
links in heterogeneougrvironmentsis that it may be
desirableto use non0 nodesas parentsto minimize
the depthof trees. For example,in an ervironmentwith
nodesof degreeH , L, and0 (H > L), theoptimaldepth
treerequireshaving all nodesof degreeH at the highest
levelsin the tree, and thus asinterior nodes. However,
only a fraction 2%, of nodesof degreeH are likely to
be 0 nodes. Thus, optimizing for tree depthin Scribe
could potentially resultin a larger fraction of non-DHT
links due to the needto use non0 nodesof degyree
H as interior nodes. Consequentlywe would expect
Preempt-Dgree-Pushdowrio have a higher fraction of
non-DHT links as comparedto Preempt-ID-Pushdown
However, bothpoliciesperformsimilarly. We believe this
is becausdhe othertwo factorscausingnon-DHT links
dominatein our experiments.

Summary: Our experimentswith Scribeindicatestrees
producedhave a high depth,anda large fraction of non-
DHT links. Therearethreefactorsthatcausehecreation
of non-DHT links with Scribe. First, the bandwidthre-
source®f nodeghatshareapre x with thetopicld may
not be sufcient to sustainall nodesin the system. Sec-
ond, minimizing depthof treesin Scriberequiresutilizing

higher degree nodes,even thoughthey may not sharea
pre x with the topicld . The third factoris a skew in

thein-degreeof Pastry We believe the skew is aresultof

speci ¢ heuristiceemployedin Pastry andcanpotentially
be minimized. However, we believe the rst two factors
arefundamentato the mismatchof nodebandwidthcon-
straintsand nodeids with DHT-baseddesigns. Further
simpleanalysisshovsthatthe rst factoralonecouldlead
to the creationof 1~ £2- non-DHT links, whereAD is
the averagedegreeof the systemandb is the baseof the
nodelDs in Pastry

VIIl. POTENTIAL SOLUTIONS

We discusspotential ways of addressingthe issues
raisedin the previoussection:

ID-Degree Correlation: A naturalquestionis whether
changingthe randomid assignmenif DHTs, and in-
steademploying an assignmentvherenodeids are cor-
relatedto nodebandwidthconstraintscanaddressheis-
sue.To evaluatethe potentialof suchtechniquesye con-
siderCorrelated-Peempt-IDheuristic,wherenodeswith
higherdegreesare assignedhodelds which sharelonger
pre xeswith thetopicld . Figure5 shovsthatthispolicy
indeedis ableto achiere depthscloseto the optimaldepth
of 4, while Figure 6 shaws it cansigni cantly lower the
fraction of non-DHT links. However, while sucha solu-
tion couldwork in scenariosvherethe DHT is primarily
usedfor aspeci ¢ multicastgroup,disturbingthe uniform



distribution of DHT nodelds canbe undesirableandcan
adwerselyaffect routing propertiesof DHTs[1]. Further
DHT'sareparticularlyusefulin scenariosvherethereis a
sharednfrastructurefor awide variety of applicationsn-
cludingmulticastsessionsln suchscenariosit is dif cult
to achiere a correlationbetweemodeid andnodedegree
assignmentacrossall trees.

Multiple Trees: Anotherquestionis whetherthe issues
involved canbetackledusingthe multi-treedatadelivery
framework usedto improve theresilieny of datadelivery
andfor bandwidthmanagemeni3], [11]. In this frame-
work, 2° treesareconstructedwith thetopiclds  of ev-
ery treebeginning with a differentdigit. Eachnodeis an
interior nodein the onetreewhereit sharesa pre x with
thetopicld , andis aleafnodein therest.We notethata
directapplicationof the multi-treeapproactcannotsolve
the problem- if nodesbelongto multiple degreeclasses
to begin with, then,eachof thetreeswill continueto have
nodesof multiple degreeclassesandtheissuegpresented
in this papercontinueto beaconcern.

Multiple Treeswith Virtual Serves [12]: Onepotential
practicaldirectionfor solvingthe issueswith DHTs is to
combinethe multi-treedatadelivery framevork with the
concepbf virtual senersproposedn [12]. Theideahere
is that a nodecan acquirea numberof ids proportional
to its degree, and then use the multi-tree data delivery
framewvork above. The trade-of thenis that we are not
completelyconcentratingheresource®f ahigherdegree
nodein onetree,rather we aredistributing it acrosssev-
eraltrees,therebygiving up on the policy of interior dis-
jointness.We believe this may be a promisingdirection,
andtheimplicationsof this trade-of would beinteresting
to evaluate.

IX. SUMMARY AND DISCUSSION

In this paper we have consideredhe impactof het-
erogeneityin outgoingbandwidthconstraintsof nodeson
Scribe.Our resultsindicatethattreesproducedy Scribe
have a high depth, as well as a signi cant fraction of
non-DHTlinks . A key causeis the mismatchbetween
the id spacethat underliesthe DHT structureand node
bandwidthconstraints Onepotentialdirectionto address
theissueds by combiningthe multiple treedatadelivery
framework [3] with thenotionof virtual seners[12].

Thiswork hasbeermotivatedby lessonsvelearntfrom
deplgying an overlay-basedroadcastingystem[5]. In
addition to the particularissuethat we have considered
in this paper our experiencehasalsohighlightedthe im-
portanceof consideringfactorssuchas heterogeneityn
node stabilities, as well as NATs and rewalls. These
concerngpertainto both performance-centricand DHT-
based designs- however, we believe they areharderto
addressn the DHT contet given the structureimposed
by DHTSs. Althoughtherehasbeensigni cant progresso-
wardsdemonstratinghe performanceotentialof DHTSs,

with regardto delay-basedhetricssuchasRelativeDelay
Penalty, we believe theseotherissuesieedo beaddressed
beforea compellingcasecanbe madefor the viability of
DHTs to enablingperformance-demandingroadcasting
applications.
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