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Abstract—End-systemmulticast providesa low-costsolution to
scalably broadcastinformation to groups of users. However, last-
mile bandwidth limitations constrain tr eefanouts leading to high
end-to-enddelivery delays. Thesedelayscanbereducedif the net-
work providesforwarding proxieswith high fanout capabilities at
an additional cost. We use simple graph theoretic network mod-
els to explore the problem of building hybrid proxy/end-system
application layer multicast tr eesthat meetfixed end-to-enddelay
bounds. Our goal is to meeta fixed delay bound while minimiz-
ing costsassociatedwith the utilization of proxies. We provide an
algorithm and formally prove its optimality in a fully-connected
overlay network with uniform-length edges. We then adapt this
algorithm into a heuristic and evaluate the heuristic for simu-
lated transit-stub networks with variable-delay edges. We com-
pareour heuristic in a proxy-freeervironmentto previously devel-
opedheuristicsand show that our heuristic typically yieldsfurther
reductionsin the maximum sessiorend-to-enddelay.

|. INTRODUCTION

ULTICAST is a delivery servicethat canoffer tremen
dous savingsin bardwidth for applicatiors thatrequie
delivery of the samedatato multiple recever destinatios.
However, numepusarchitectual andecoromic complications
have preventeda ubiquitous deploymentwithin the IP network
layer[9]. This hasled to recentefforts thatexplore implemert-
ing multicastwithin thelP applicatian layerupa networkover-
lays virtual networks that directly conrect apgication-laye-
suppating network compaentsto one anotherby tunneling
transmissionscrosghe undelying, unicast-oty network.
Previouswork considergwo variarts of thisapplicatiorlayer
multicast.Onevariant,known asEnd-SystenMulticast(ESM)
formstheoverlay outof theverynetwork end-systemthatwish
to receve the broactast[8], [7], [6]. Theseend-systerscon
necttogetherover unicastchanrels to form a multicasttree,
rootedat thetransmissiorsourcein whichthe endsystemsare
the nodes and the unicastchamels are the edges. ESM is a
cheapalterndive becasethereis no needto pay the network
or serviceprovider for additiona multicastsuppat - the users
contrdling the end-swtemsprovide all additioral functional-
ity necessaryHowever, applicalility of ESMto delay-sensitie
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applicdionsis constrainedor two reasonsFirst, thetransmis-
sionbandvidth availableto end-sgtemss oftenlimited by the
last-mileconrectivity techndogy suchasmodem DSL, andca-
ble,limiting thenumberof copiesof atransmissiothatanend-
systemcan simultaneosly forward Hence,interior nodes of

endsystemmulticasttreestendto have lower fanait resulting
in treesof greaterdeph anddelivery delay Second transfer
delaysacrosghis “last mile” areoftena significantfraction of

aconrections overall end-teenddelay rangirg betweer?Oms
and 150msdepending uponthe last mile technolgy. These
large delays furthe magnify the delay pendties formedfrom

thelonge chainsof endsystems.

An alternative appoachthatwe will call Proxy-BaedMulti-
cast(PBM)[14], [1], [13] usesproxiesasmulticastforwarding
points. In this paper a proxy is a high-bandwidh multicast
forwarding device that is provided by the network or service
provider ata cost. It canbearouter or anendsystemthatcan
be stratgically placedwithin the network, attachedlirectly to
high-speedines. In comparisonto end-sgtemmulticast,be-
causeproxy transmissiomuarities arenotconstrainedby last-
mile bandvidth limitations, treesformed from proxies areflat-
terandwiderwith lower-delayedges.

In this paper we focus on the needsof distributed applica-
tionssuchasteleconérencingdistributedgamirg, chatrooms,
andsmall-scaldive concertsor sportingeventswherethenum-
berof recevers is in the tensor hundeds. For thesekinds of
applicdions, low-lateng delivery is of paramaintimportance,
asis keepng sessiorcoststo a minimum. We considerappli-
cationsdesignedo copewith delaysup to someA. Trans-
missionbelow this delaycanbe achieved upona unicast-oty
network layer by multicastingat the application layer through
proxies. However, we assumeéhateachproxy chagespercopy
of the transmissiorthatit forwards. Hence,our goalis to re-
strict the numter of transmissionghat emange from proxies
by usingendsystemdo perfam the multicastwherever possi-
ble andstill meetthe end-teenddelaybound requiranentsof
theapplication for all sessiorparticipants.

This paperhastwo maincontritutions:

« It providesa more formal evaluationof the use of end-
systemmulticastfor delay-castrainedmulticastapplica-
tions.

« It is thefirst work thatwe are aware of thatexploresthe
problem of minimizing proxy costsin hybrid proxy/end
systemernvironmerts.



In this paperwe do not producepratocolsthatarereadyfor
deployment. Indeed, we do not focus on several issuesthat
crop up on practice,suchasdealingwith joining andleaving
participatsin thesessionandbuilding a distributedversian of
theprotacol. Ourgoalinsteads to

« provide awell-formalizedoptimizationprodem.

« uncerstandthe comgexities involved in solving the de-
siredoptimization prablemwhenthe constrais arestatic
andknown.

« compareour solutiors to existing solutionsthat might be
appliedin this area.

We develop a simplegraphical mocel to explore algorithms
andheuristicsn atheaeticalcontext in which nodesrepresent
multicast-capble agents(proxes or end-systemsand edges
representroutesbetweerntheseageits. Any “acceptate” mul-
ticasttreebuilt ontop of this gragh satisfieghreerequrements:
a) it mustconnet all end-systermodes (but neednot conrect
all proxies)to the source b) the delayalorg the pathfrom the
sourceto ary endsystemmustbe belov the specifieddelay
bouwnd, andc) the numter of childrenof a nodemustfall be-
neaththe bound imposedby the nodes bandvidth constrain.
While our focusis on smallto mediumsizedsessionsye be-
lieve our solutioncouldeasilybeadapedto support largersize
applicatins (thousandf participans) in networks thatdeploy
larger capacityproxes.

We provide an optimal algorithmfor the casein which the
delaysbetweenall pairs of nocesin the graphare identical,
but where fanous from the various nodescan differ due to
the variety in accesshandwdths availableto the nodes. This
uniform-dday assumptia is appopriatefor networks where
the mostsignificantdelays are dueto high transferdelays of
identical last-mile technolgies, as an apprximation for de-
lay in systemswhereprecisenodeto-nock delaysare unavail-
able,or whereall nodeguarateesonly thatthey will forward
a paclet to the next hop on the overlay within a fixed time
bownd, 7. Next, we corsider ervironmerns in which delays
betweennodes neednot be uniform. Here, the optimization
prodem is NP-hard We addessthe challeng of finding an
efficient, low-conmplexity solutionby exterding our optimalal-
gorithm to a heuistic that quickly identifiesa “good”, but not
necessarilyoptimal tree. The heuristiccortainsa tunablepa-
rameterthat allows us to adjustthe relative importarce given
to bandvidth constraits of nodesversusdelay constraits of
edges. We evaluate the perfamanceof the heuistic through
simulationon rancdbmly geneatedtransit-stubtopdogies and
considercaseswhereproxy placemenis restrictedto within
the backbme, restrictedwithin the stubnetworks, restrictedto
accesgoints, or is unrestricted We evaluateour heuristicin
two ways. First, we comprethe maximum end-sgtemdelay
of proxy-free treesbuilt by our heuristicto thosebuilt by the
heuistic developedin [7]. We demastratein theoly that our
heuistic providesa 25%reductia in delay Next, we demon
stratethe expectedcost(wherecostequalshenunberof edges
extendng from proxies)of treesbuilt by theheuristicto achieve
tighterdelaybourds.

The rest of the paperis organizedas follows. Sectionll
discusseselatedwork. In Sectionlll, we formdize our net-
work modé. SectionlV presets theoetical resultspertaining

to uniform-distarce networks. SectionV discusseshe devel-
oprentof theheuistic, andSectionVI presets our simulation
resultsevaluatingthe heuristic. We discusslimitations of our
work andfuture directionsin SectionVIl andconcldein Sec-
tion VIII.

Il. RELATED WORK

Studiegto datein theareaof applicationlayermulticasthave
beenmostly experinentalin naturefor both end-systenmulti-
cast8], [7], [6], [17] andProxy-BasedVulticast[14], [1], [13].
The experimentalwork thatrelatesmostcloselyto our theoet-
ical work hereis the recen work of Chu et al [7] that usesa
heuistic calledBandvidth-Lateng to build the multicastover-
lay tree. This heuristic,describedn more detailin [21], selects
pathsby choosingthosewith the greatestvailable bandwidh
(i.e.,maximum possibléfanait). Edgedelaysin theoverlay are
usedonly whenedgesare classifiedas having identical avail-
ablebandvidths. We will demorstratethat our heuristiccap-
turesthe betavior of Bandwidh-Lateny whenourtunable pa-
rameteris setto 1, andthat delays canbe further rediwced by
usingalternatgunings.

Previous work that hasinvestigded the building of delay-
bowndedmulticasttreeshasoften beenin the cortext of net-
work layer multicastwherenodefanous arerestrictedonly by
their degree within the undetying graphtopolagy and where
inclusion of route nocesin the treeis optiond. There,the
geneal optimization prodems are variarts of NP-conplete
SteinefTree prablems and are also NP-conplete. Several
works have developedheuistic apprximations[15], [16], [24],
[19], [18] or ratio-baindedappoximatians [5] to theseopti-
mization problems. However, theseheuristics are inappica-
ble to the prodems addressedn this papersincethereis no
straightbrward way to account for degree constraiis of nodes
in atreethatarelessits degreein the undelying connectvity
graph.

Bounced-farout multicasthasbeenexplored in the context
of building (nonsourcespecific)minimum spaning treesthat
minimize aggreateedgecostsinsteadof minimizingthedelay
from a specificsource3], [2]. Computéion of delay-lounded
pathsthat minimize a morotoneor additive metric, neitherof
which coversthecaseof fanou constrintsis describedn [12].
[20] presets asurwey of previouswork in theareaof QoSmul-
ticastrouting Thee is nodiscussiorin the surey of work that
addessegheproblemwe conside here.

I1l. ARCHITECTURE AND MODEL

In this section,we presenta more formal definition of our
network mockl and formally posethe optimizaion problem
However, we first begin by giving a high level descripion of
the prodem setting. We considera set of end-systenmodes
in which onenock in particdar wishesto multicastinforma-
tion to the other participatig nodes. This is accomplisied
by constructiig a multicastoverlay where endsystemnodes
forward the transmissiorto (several) other participatirg end-
systemnodesvia unicastconnetions. Thesenodes (including
the sourcg have limited bandvidth capabilities suchthatthey



mustform treesin which eachnodeis only requredto forward
datato a smallsetof othe nocks.

The sessionghatwe considerererequiie thatthe dataem-
anating from the sendermust reachall sessionparticipants
within somefixed amouwnt of time. For casesvheretransmis-
sion delays betweenendsystemsare difficult to predct accu-
rately, or wherethe delayresultsfrom transmissiorover last-
mile technola@ies,it is desirableo bourd thenunberof hopsin
thetreethatmustbetraversedo deliverdatato anendsystems.

To assistthesesessiongoward meetingdelay bourds, the
network providesforwarding proxies Thesearenodeswith ac-
cessto high bandwidh levels. The multicastsessiorcandraw
upan theseproxiesto forward datawithin the delayconstraints
to a much larger set of endsystems. However, the network
chages a price for eachproxies’ servicesthatis an increas-
ing function of the numter of copiesthatthe proxy is asledto
forward.

(b)
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Fig. 1. Redwing Delaywith Forwarding Proxies

For exame, Figure1(a) depictsa setof endsystemnodes
with a particdar nocke labeledS asthe datasource. S wishes
transmitdatawith low delayto a setof endsystemnoces, but
the bandwidh limitationsimposedon eachnock (includng S)
restrictsit to simultaneosly forwardingat mosttwo copiesof
the transmission Hence,a minimd-depth multicast overlay
treein thisexamplehasdepth3: thetreedepidedin Figure 1(b)
is anexampe of onesuchtree.Figurel(c) defcts the sameset
of end-systermodesin a network wheretwo high bardwidth
proxes are also madeavailable The oneon the left cansi-
multaneusly forward datato 6 end-systemsandthe one on
theright cansimultaneasly forwarddatato 3 endsystemsBy
utilizing the proxies to respectrely forward datadirectly to 5
and 3 end-systenpatrticiparts, it is possibleto build a multi-
castoverlaytreewith depth2. Thereis notreethatcanbebuilt

have depthno morethantwo.

We now stateour mocel of the network in a more formal
manrer. Let G = (s, N, P, E) be a network consistingof
a sourcenode s, a setof end-systenmoces N, a (possibly
empty) setof proxy nodes P, anda setof edges E suchthat
anedgee = (n1,ns) € E exists betweeneachpair of nodes
ni,ng € {s} UN U P (i.e.,theoverlay network is fully con-
nected. Becaus®verlay networks commnunicateacrossunnds
implementedat the transpet layer, it is possiblefor an over-
lay noce to communicatedirectly with arny otheroverlay node
in the network. Let d({n1,n2)) representthe end{o-endde-
lay from ny to ny. In addition our assumptiorthatbandwidh
ratesare constraied by the last-mile hop translatedo the de-
lays alongthe edgesandthe bardwidth availabilities between
pairsof nodes beingindependentof the respectie delaysand
bandvidth availabilities at othernodes. The fact that the ac-
tual pathsrepresentedby thesenetwork edgessharelinks in
comnon is of no conseqgancesincetheselinks do notimpose
bandvidth constraits in our model.

Definition 1—Fanou Constaints: A fanout constraint
function (FCF), f(), is a function that maps each node
n € {s} UN U P to anon-regative integer f(n) = i implies
that nock n has suficient bandwidh capabilitiesto forward
sessiordatato at mosti othernodes.

We assumehatgiventhe transmissiorrate of the suppoted
sessionanoden candeternine f(n). For instancejf a node
n’s bandwidh capabilityis » anda sessioris to be transmitted
at rate p, then f(n) = max{|(r — p)/p],0}.} We assume
praoxies have accesgo larger amaintsof bandvidth thanend-
systemssuchthat f(p) > f(n) for mostproxies p andend-
systemsn. In this pape, we will alsouseFCFsto artificially
limit potenial fanaut from proxes,i.e.,we will construct-CFs
f1() wherefi(n) = f(n) forn € {s}UN andfi(p) < f(p)
forp € P.

UponG, wewishto build atreeT = {s, N, Pr, Er} formed
from nodes{s} U N U Py where}) C Pr C PandEr C E
arethe edges. We definesereralfundionsthatdescribeseveral
relevant treeproperties:

¢ IT,(T): theparentof noden in treeT'.

e ¢cn(T): the nurber of child nodes of n in treeT, i.e.,
en(T) = [{n' : I (T) = n}|.

e D,(T): the delay from s to noce n in tree T where
Dy(T) = 0andD,(T) = Dn,,(1)(T) + d({I1,(T),n)).

e Dyax(T,S) = max,cs D, (T), i.e.,themaximumdepth
in T' of ary nodesin S C T'. For concisenessye define
Dmax(T) = Diax (T, T).

Definition 2—Legal Connectivity: We sayatreeT is legally
connectedwith respectto FCF f() if s is the roat of T,
N CT,ande,(T) < f(n) foralln € T, i.e., all nodes of
N belorg to T andno node’s maximum degree constrant un-
der f() is violated

TreeCost Let A(T) bethe costfor the sessiorto utilize
treeT. In this papey we restrict our attentionto cost func-

with depth2 in whichthenunberof transmissionthatemanate tionsof theform A(T') = 3~ - » g(c(T)), whereg is annor

from the proxiesis smaller Hence the treedepictel hereis a
minimum costtreewhena restrictionis appliedthattreesmust

IHere, we subtrat p from the numerato to allow sufiicient bandwth for
thenodeto receive sessiordata.



decreasig, concae or linearfunction Undersuchacostfunc
tion, theincreasen costto addanadditioral transmissiotirom
a praxy doesnot increase. This covers costfunctiors of the
form g(i) = 0 fori = 0 andg(i) = C;1 + Cai othewise,i.e.,
the proxy provider chagesC, for eachproxy providedto the
sessiorplus C, for eachcopy of the sessiortransmittedfrom
thatproxy.

Optimization Problem: Theformal descriptia of our opti-
mizationprodem is asfollows: Let A beanapplicdion delay
bownd. Let f() betheFCFimposedy theapplicationonnodes
{s} UN U P € G andlet A() betheproxy costfundion. We
wishto find atree,Tmin = (s, N, Pr_,., E1,.) where

in? m

o Thin is legally connectd w.r.t. f().
L Dmax(TminaN) S A.

o A(Twin) < A(T) for all othertreesT thatarelegally con
nectedw.r.t. f() andwhereD . (T, N) < A.

IV. FuLLY CONNECTED, UNIFORM EDGE OVERLAYS

In this section,we preseh an algorithm (called FindMin-
Cost) for usein a network where the end-teend delay be-
tween all pairs of nodes is uniform (WLOG we assume
Vni,n2 € {s} UN U P,d({n1,n2)) = 1). We prove that,
givenamaximun delay A, thealgoithm findsa multicasttree
thatminimizesthe costto conrectthe sourceto all sessiorre-
ceivers alongpathswith adelaylessthanA. This algoithm is
developedin threesteps.In thefirst step,we presentanalgo-
rithm (calledMinDepth) that,for agivenFCF, f(), compuesa
minimum-defh treeroatedat s. Thisinitial algotithm doesnot
distinguishbetweerproxy nocesandrecever noces,andhence
the treedoesnot necessariljhaze minimal cost. Next, we ap-
ply thetheoryof majorizatian to constriet analgorithm(called
FindBestProxyree)that computesa minimum-deph treethat
doesnot exceeda fixed cost,C. FindBestProxyreeis imple-
mentedby selectinganappopriateFCFandthenapplyirg Min-
Depth. Last, we constriet FindMinCostby choasing various
valuesfor C' until a minimum costfor which a treeexists with
maximum depthnolargerthanA is found.

A. Minimizing Fanout-corstrained TreeDepth

We beggin by presentingAlgorithm MinDepth which com-
putesaminimum depthtreew.r.t. FCF f() onG. Thealgorittm
essentiallyputsnodeswith highestpotertial fanou (i.e., largest
f(n)) closerto thesource:

Algorithm1: MinDepthG, f())

1) Let the sourcenode be noy and order the nodesin G
asmni,ng,- -+ ,nnj—1 suchthat f(n;) > f(n;) for all
1<i<j<|N|

2)i=1,=0

3) Whilei < |N]|

4)  Setll,, (Tmin) = n;

5 i++

6) If cn; (Timin) = f(ny) thenj 4+ +

7) endloop

8) returnTiyin

Lemmal: Algorithm MinDepth gererates a minimum
depthlegally connetedtreew.r.t. f().

Proof: Let Li. bethe setof nodeswithin treeT thatre-
sideat depthlessthanor equalto i. We begin by proving the
following claim:

Claim1: L& <
1+ S (Fn) — ).

Proof:  Every nodein the subtreeformed from the
nodesin L"T_1 hasone parentwith the excegion of the root,
which has no parents. The sum of fanous of noces in
Litis > nerizt f(n), and with |LE ' — 1 edges‘used”
to connecta noce to its paren , there reman at most
1+ ZHEL;T_l f(n) — |Li1| edgesthat can connet nodes of
depthi to nodesof depthi — 1in T'. ]

We next shav by inductiononsi thatfor ary legally conneted
treeT w.rt. f(), [L4 | > |Li| for all i < Dmax(Tmin)- For
i = 0, theresultclearlyholds, since|LS, | = |L}| = 1,i.e,,
justtherootnode. Assumethat|L%. ! | > |L% |, andlet S(4)
be the setof j nodesfirst attachedo the tree by MinDepth
SinceMinDepthplacesnodesof largest fanoutat the mininum
depttsof thetree,it followsthat}_, 5 ;) f(n) > 3, cq f(n)
for ary othersetof nodes S’ where|S’| = |S(j)| = j. By the
constretion of Ty, using Algorithm MinDepth, no nodesin
LiT;lin areleaves,andit mustbethecasethat f(n) — 1 > 0 for
alln € L% . Choosingj = |L%'|, since|Li ! | > [LE ),
wehave S(j) C L' and

1+ ZneL"T—l f(n) - |L’iT_1| =

> (f(n)—1)
nELg.:nlm
= Y -+ > (fm)-1
neS(j) neLit \S(j)
> D (fm-1= > (fn)-1). 1)

nes(y) neLict

Furthemore, since MinDepth doesnot add nodesat depthi
until ¢, (Timin) = f(n) for all nodesn whereD , (Tin) < i—1,
we have that

| i

1+ Y fn)—|LEL |

Tmin
nEL}:ﬂli
= 1+ Y (fm—-1)
TLEL"T;Iin
> 1+ Y (fm) -1) (2)
nELf'IT1
> L7, (3)

where(2) holds dueto (1) and(3) holdsdueto Claim 1, com-
pletingthe prod by induction (for all i < D yax(Timin)). The
final resultfollows from thefactthatfor ary i < D max(Tiin),
|Li| < |L% | < |N|. Thus,notall nodesof T' canlie ata
depthlessthat D ax (Tmin)- [ |

B. Apgying Majorizationto FCFs

We next develop analgoithm thatinsertsproxy nodeswithin
a treethat minimizestree deph while keepirg costsbelov a



givenbound C. Beforeintrodwing the algorithm we intro-
duceamajorization techniguie andprove animpottantproperty
of majorizationthatis critical in demastratingthe correctness
of ouralgorithm

Definition3: Let f1() and f2() betwo differert FCFsin G.
We say that f;() majorizes fo() andwrite f1() = f2() if
thereexist two orderingsof the nodesin G, a1, -- -, a,, and
B1,- -+, Bm suchthatall thefollowing hold:

o filai) > fi(ay) andfa(Bi) > f2(B;) fori < j.
o Forallj > 0,57, filew) > Y0, f2(8i).
M 2?;1 fl(ai) = Z:i1 f2(51)

Lemma2: Let f1() and f2() be two differert maximum
fanou assignmets in which f1() > f2(). If Tp is alegdly
conrectedtreein G with respectto f»(), thenthereexists a
tree Ty thatis legally conrectedwith respectto f1() where
Dmax(Tl) S Dmax(TO)-

Proof: Letay,---,a, beanordeing of the nodesin
G in which fi(ai+1) < fi(a;) andpy,-- -, B beanalter
nateorderirg in which f3(8;41) < f2(8;). We constret T}
asfollows: first, createatreeT> thatis legally conrectedw.r.t.
f2() usingAlgorithm 1. By Lemmal, D 2% (T%) < Dmax(T0)-
Next, form atreeTs in whichnodea; conrectsto node o iff 3;
conrectsto 3; in treeTs. Sincethetreeshave isomophic con
nectvity structue, D ,.x(T3) = Dyax(Ts). Somenodesin T
mayviolatefanou corstraintsof f; () suchthatT} is notlegdly
conrectedw.r.t. f1(). We corvert T3 into alegally comected
treew.rt. fi(), T1 by detacling subtres roaed at noces n
wherec, (T3) > f1(n) andre-attacing themto nodesn’ where
D, (T3) < D,(T3) ande, (T3) < fi(n'). Thefactthatasuf-
ficient numter of available edgesexist at lower depthsof the
treefollows from the condtion that f1 () > f2() andhencefor
allj > 0,7, fi(ei) > X1, f2(8;) andthatin treescon
structedby Algorithm MinDepth, the degth of nodesof larger
fanou is no more thanthoseof lesserdepth The transition
from Ty from T35 involved only the shifting of subtres closer
to thesource.Hence,Dax (T1) < Dmax(T3) = Dmax(T2) <
Dmax(TO)- u

C. Minimizing Proxy Invdvement

We now designanalgorithmthatcalls Algorithm MinDepth
to gereratethe minimumdepthtree with costno more thana
givenC. We do this by restrictingthe numter of childrenthat
proxies are permittedbeyond the restrictionsimposedby their
fanou constrais by varying the FCFusedwhencomptingthe
minimum-deph tree.Lemma 2 uniquely determiresthe FCFto
usewithin thealgaithm:

Algorithm2: FindBestProxyree(@, C, f())

1) Order proxy noces ay,---,a, suchthat f(a;) >
f(aiy1).

2) Construct f1() such that fi(n) = f(n) for all
n € {s} U N andrecursidy compue fi(a;) =

maxXg<<f(a;) 1k : 23;11 9(fi(az)) + g(k) < C}.
3) returnMinDepth(G, f1())

Lemma3: Let Ty be the tree generatedby Algorithm 2.
Then A(Ty) < C. Furthernore, if atreeT existsin which
A(T) = C andDpax(T) < d, thenDyax (Tp) < d.2

Here,we preseh a proof for the casewhereg(i) = i, i.e.,
sessiorcostfor atreeT equds sumof the numberof children
of proxies.

Proof: Thefactthat A(Ty) < C follows from the con-
structionof the FCF, f1(). Notethat f;() is constretedsuch
that) ", .4 fi(a) = C. Furthernore, f,() is alsoconstruted
suchthat ary other fo() where) ., f2(a) = C satisfies
f1() = f2(). LetT besometreewhere A(T') = C, andlet
the fanait of nodesin T' be descrited by fanou function f ()
(i.e.,Vn € {s} U N U P, fa(n) = c,(T)). Sincefi() > f2(),
by Lemma 2, Dyax(To) < Dmax(T). Thus,if Do, (T) < d,
thenD % (T0) < d.

|

Thefinal algorithmdevelopedin this sectioncalls FindBest-
ProxyTree with different valuesof C' until the smallestC is
identifiedwithin which a treeof depthlessthanA canbecon-
structed.

Algorithm3: FindMinCast(@G, f(), A)
1) SetCmin = 0,Cmax = >, f(a)

2) While Crnax — Cmin > 1

3) C = Cmin + I_(Cmax - C'min)/QJ
4) T =FindBestProxyree(G, C)

5)  if Dpax(T) > A

6) Cmin =C

7)  elseCpax =C

8) endif

9) endloop

10) retun FindBestProxTreeG, Cmax)

Lemmad: For ary pair of FCFs, f1(), f2(), if foralln €
G, f1(n) < fa(n), thenthe depthof the minimumdepthtree
thatis legally conrectedw.r.t. fo() is lessthanthedepthof the
minimum-deh treethatis legally connetedw.r.t. f1().

Proof: Any treethatis legally conrectedw.r.t. f1() isalso
legdly conrectedw.r.t. f2(). ]

Theoem1: Algorithm FindMinCost() finds the minimum
costlegdly conrectedtreeT” w.r.t. FCF f() whereD 1, (T') <
dbound anddoessoin time O(nlog®n), wheren = |{s} UN U
P|.

Proof: Correctressof thealgorithm followstrivially from
Lemmas 3 and 4, plus the obsevation that C',;, is never set
to a costfor which a legally connectedreew.r.t. f;() exists
thathasdepthof A or less,andthat Cr,ax IS Only setto costs
for which sucha tree doesexist. Algorithm MinDepth runs
in time O(n logn) to sortthe nodesasa function of FCF f().
Building the treetakes O(n) time. FindBestProxyree takes
O(n) time to geneate f1 () prior to calling MinDepth Finally,
eachiterationin Algorithm FindMinCast halves the distance
betweenCy,in andChax. Noting that proxy costscannotex-
ceed|P| - max,cp f(p) - g(1) whichis O(n), therecanbe at
mostO(log n) iterations. |

2Note that it is possiblethat A(75) < C' if not all outgdng proxy edges
permitied under f1 () areused,andhence we cannotclaim thata tree of cost
C exists.



V. HEURISTICS FOR NON-UNIFORM-EDGE GRAPHS

In this section,we focuson the developmaent of a heuristic
that seeksto minimize the cost of a delaybourded, fanou-
constraied multicast with maxinum delay A in a network
where endto-enddelaysbetweennodescanvary. It canbe
shavn thatsolvingthis prodem exactly is NP-had via aredue
tion to Hamiltonianpath.Detailsof thisredudion areprovided
in AppendxA.

A. DesignfromTheoeticd Observations

We draw two obsenationsfrom our theoeticalresultsin the
previoussection:

« It is bendicial to have nodeswith highfanou closerto the

roat of thetree.

« Oneappoachto findingtheminimumcostdelaybourded
treeis to corstructan artificial bourd on costby limiting
aggegatefanou permittedover all proxies,andthenvary
ing this bourd to identify a minimum costtreethatmeets
thedelaybound.

Obviously, ourtheorgical resultsdonotaccounfor thevari-
ationin endto-enddelays betweennodes. Clearly; it is ben
eficial to keepdelaysof hops nearthe roat of the tree small
since edgesnearthe root affect a larger fraction of recevers
thando their descendas. A dilemmaariseswhenthereare
aclassof nodeswith high permittedfanaut conrectedto edges
with highdelayandanotherclassof nodeswith smallpernitted
fanou conrectedto edgeswith smalldelay Shouldwe move
nodeswith high fanoutnearerto the root, or edgeswith small
delay? Our apprachis to develop a heuristicwith a tunabe
paraneter o thatcanbe variedbetween0 and 1 whosevalue
deterninestherelativeimpartanceof edgedelaysandpernitted
nock fanous whenmakingthis selection.

We now descrile the processusedby heuristicFindTree A,
C) in its attempto build atreewith maximumdelaybourd less
thanA andmaximun costlessthanC'. During the runring of
theheuristic,a proxy budgetB is maintainel thatlimits the set
of edgeghatcanbe usedfrom proxies. Initially, this budgetis
setto C', andevely time anew edgeis usedn thetreeexterding
from a praxy, the costof addingthatedgeis dedictedfrom B.

During its execuion, the heuistic also maintainsthreesets
of noces:

« S, isthesetof nodesalreadyattachedo thetreeandable

to accepimorechildren Initially, S, = {s}.

« S, isthesetof nodedo beattachedlnitially, S, = NUP.

» Sy is asetof nodes thathave beenattachedo thetreebut
cannolonge acceptadditioral childrenbecausef fanait
restrictiors. Initially, Sy = 0.

Throughaut the duration of the ruming of the heuristic,
Sa, S0, Sy remainmutually exclusive setswith S, US, U Sy =
{s} UN UP. While S, N N # 0, the heuristicrepeatsthe
following procedire. For eachnoden € S,, theminimum dis-
tanceg (s, n) from s ton alongapathof nodesvhosehopprior
ton is somen; € S, is computed. This ensuesthatweren
to attachto nq, this would not violate the fanou constraintof
ni. A setS is formedof the nocksn € S, whereall of the
following hold:

e d(s,n) <A

« Adding n doesnot incur coststhat violate the remainirg
praxy budget, B (thisis of concen whenn € P).
If S = 0, thenthe heuristicreturrs a null tree (indicating
failureto find anacceptale tree). Otherwisethenocken € S
is selectedhatminimizes

f(n) Omin
Jmax d(s,n) ‘

where fiax anddn;n arenormalizationconstats, suchthatfor
all n, )f(") and lie betweerD andl. Thesecorstantsare
calculatedas

. fmax = MaXpe{s}UNUP f(n)

® Omin — minne{s}uNUP d(87 TL)
whered(s, n) is simply the shortespathfrom s to n (ignaring
budgetsandfanaut constraintse.g.,justapplyirg Dijkstra’s al-
gorithm).

The nock n is thenattachedo the tree throuch n{, andis
movedfrom S, into S,. Nodesn andn; arethenmoved from
S, t0 Sy if theirrespectie nurrbersof childrenequaltheir re-
spectve fanou constraints.

Holn) = « +(1-a) 4)

Omin

6(s,n)

B. Addtional Modificaions

Evaluationwith this preliminay heuristicrevealedtwo prob-
lems:

1) Theproxy budget, B would on occasiorbe depletedby
attachingunneeeéd chainsof high fanait proxy nodes
with low delayedgeghatnever hadarny endsystemde-
scendets. Theseproxy nodes would sere no usein
the sessionsincethey would not lie on the ary of the
endsystems'transmissiorpaths,but would still prevent
theheuistic from subsequetty addingadditional proxies
thatmightin factsene someuse.

2) Proxies would often aggressiely be attachednearthe
source depleting available edgesof nodes near the
source This would sometims pushend-systemsway
from the source,unrecessarilyincreasingtransmission
delays.

Theseprodems were rectified in a secondversion of the
heuistic, FindTreeZA, C), thatwasidenticalto thefirst heuris-
tic except thata 2-phaseprocessto attachproxieswasused.In
this 2-phaseprocessnodesareattachedasin the previousver
sionof the heuristic,but anattachedoroxy, p € P would only
becountedagainsproxy budgetor aganstthefanou constraint
of anancestonodein thetreewhensomedescenderof p (at-
tachedlater on by the heuristic)is an end-system.An exam
ple of this 2-phae processs depictedin Figure2. The node
marked with an S is the source nodes marled with E areend-
systemsandnodesmarkedwith P are proxies. The nunber of
“counted” childrenof anock is indicatedto its immedate left.
In Figure2(a),proxieshave beenaddedout arenotancestorso
ary endsystemsandhene do not “count” asdescendds. In
Figure2(b),andend-sgtemis addedjncrematingeachnodeés
child countup by 1 all the way up the chainto the soure. In
Figure 2(c), an additicnal endsystemnodeis attachedo the
samenodeasbefore increasingits parer nodes child court.
However, that nodehad “counted” previously, its parett does
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Fig.2. Sample2-phaseproxy attachment

not incremant its own child count. At the comgetion of the
running of the heuistic, childrenthatarenot “counted” do not
have ary endsystemdescendnts,and hencecanbe dropped
fromthetree.

Whena = 1, theheuistic givespriority to nodeswith larger
fanou. Here theheuistic mostcloselyresembesthealgorithm
from SectionlV whereedgedelaysareusedonly to breakties.
Also, the heuristicis identicalto the heuistic usedwithin [7].
Whena = 0, theheuristicgives priority to nodeswith minimal
delayfromthesoure. Valuesof a betweerD and1 give priority
to nodeswith bothhighfanoutandlow delay with theemphais
placedon fanou increasingwith increasinga.

V1. HEURISTIC EVALUATION

In this section,we evaluatethe heuristicin transit-stubnet-
works[23] createdisingthegt-itm softwarepackae[4]. While
debatecortinuesabou the accurag of topolagiesgeneatedto
emulatdarge-scalenetworks[10], ourunderstandings thatthe
packa@ providesan accuratenodé of the mediumsizednet-
work topologeswe experimentupan within this paper

A. Experimetal Setup

1) UnderlyingNetworkTopolagy: For all expeiiments,we
geneatetwo instancef the undelying network layer topd-
ogy. Bothinstancegontain30 nodeswithin thetransitdomain
10 of which arerandanly selectedto conrectto 10 separate
stubdomains. Eachstubdomain contains20 nocesincluding
anedge routerthatconnetsthestubdoman to thetransitback-
bore. This gives a total of 30 transitnodes,10 edgerouters
and190 (nonedge)stubnodes.Edgesare constrictedfor the
transitdomain according to the distribution definedwithin the
Waxmanmodel[22] with ay, = 0.3 andBw = 0.3 (weusethe
“W” subscriptto distinguishtheseparanetersusedwithin the
Waxmanmodelfrom the o paraneterusedwithin the heuris-
tic). Thetwo underlying network topolayy instancediffer in
how ay andBy aresetwhengeneatingedgeswithin thestub
domain. In oneinstancewe generatesparse stubdomairs by
settingaw = 0.3 andSBw = 0.3. In thederseinstancewe set
aw = 0.6 andgBw = 0.7. Thedelayassignedo eachedgeis
proportioral to its length.

2) OverlayGeneation: For eachexpeimentalrun, afixed
nunberof endsystemsareconrectedto randanly choserstub
noces (nodesare chosenwith replacenent suchthat a single
stubnoce canconnectto multiple endsystems)and 10 proxy
nocesareselectedWe considerfour waysof assigningproxies
to nodes in thenetwork:

« Proxy placenentis restrictedto thetransitbackbame.

« Proxy placenentis restrictedo stubnoces.

« Proxy placenent is restrictedto edge noces (i.e., the

bridgesbetweertransitandstub)

« Proxy placemenis unrestrictedwith eachpraxy having
equal likelihoad of beingattachedo atransit,stubor edge
nock.

The delay betweena nodeandthe proxy conneted to that
noceis setto O (i.e.,theproxy is co-locatedwvith thenocde). De-
lay from a stubnock to a conrectingendsystemis setto 0.3
timesthe averag delaybetweerthe sourceandstubsthatcon-
tainend-swptems.Thefanait from aproxy nodeis choserfrom
auniform distribution betweerb and15. Endsystemfanod is
uniformly chcsenbetweerl and3.

B. PerformanceEvaludion

Figure 3 plots the cost of the tree for a sessionwith 100
endsystemsn which endsystemaneeta given delaybound.
The costfunction usedwithin the simulationis the sumof the
fanauts of edges extendng from proxes within the tree, (i.e.,
the costfundion is g(i) = 4). The different sub-figues plot
resultsfor the various proxy placementrestrictions. In each
sub-figure, the value of the z-axisis A/ max,ecn d(s,n), i.e.,
the delay boundnormdized to the largestendsystemend-te
end(unicast)delayfromthesourcgin theunderlyingnetwork).
They-axis givesthe cost. Eachcurwve plots, for a givena, the
cost of the tree computed by the heuristicto meetthe delay
bouwnd for all receversgiven on the z-axis. Eachpoint plotted
is the averageof 98 simulationruns. The 95% corfidencein-
tenals shovn are geneatedusing seven samplepoints,where
eachsamplepointis theaverage of 14runs.® Valuesof o whose

3Eachsimulaion run deteminesthe minimum delay obtairablefor all end-
systemgyiven afixedcostbudget.Our averagesarethencompuedover the set
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Fig. 3. Heuristic Performace

cuneslie closerto the bottomandleft-mostedgesf thegraph
arepreferable sincethesepointsrepresentower costtreesthat
yield lower delays.

We seethata = 0 is preferdle to a = 1 when proxies
are restrictedto either the stub or edgepoints but not when
proxies arerestrictedwithin thetransitportion of the network.
Intuitively, this is becase proxiesin the transitportion of the
network are typically closerto one anotter. Hence,the high
fanou nodes that are first added into the treewhena = 1
areclosertogether In contiast, whenproxies lie at the edges
of the network, the distanceqandhencedelays)traversedto
conrect thesehigh fanou nodes togetherbecanesexcessie.
However, theseobserationsarein somesensemoot, sincein
all four scenarig, @ = 0.6 anda. = 0.3 producetreeswhose
costis consistentljowerto achieve ary fixedbourd onthede-
lay. This demamstrateghatthe “best” treesresultfrom giving
a more equalconsideationto boththe transmissiordelayand
bandvidth constrints. Theheuristicusedn [7] is equvalentto
our heuristicwith @ = 1. Thepointat which the curvestouch
the z-axis indicatesthe minimum delay achievable for all re-
ceiversin asessiorthatreceies no proxy suppot. We seethat

of delaysachiewdfor eact costvalue As aresut, our confidenceintervalslie
horizontally for eachcost,instead of vertically for eac delay
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(d) Proxieseverywhere

avalueof a = 0.6 or o = 0.3 yieldsalmosta 25%reductionin
thisdelayin compaisonto thecasewherea = 1.

By comparingthe plots acrassthe threefigures,we obsere
that proxies redu@ costsfor a fixed delay more significantly
whenplacedat edgesor in the transitportion of the network
thanin conparisonto the edges.We have alsoexplored how
varying the number of end-systemandproxiesimpactsdelay
and cost. We seethat increaing the numkber of end-systems
grows costs,but at a very slow rate. Increaing the numter
of praxies decreasesosts,but at a rate even slower thanthe
increasean costswhenadditicnal end-systemareaddedo the
sessionWe seethesamdrendsirregardlesof whethertthestub
networks aresparseor dense.

Next, we explore how proxy costsof delay-lounced trees
constrieted by the heuistic vary asa fundion of the numter
of recevers in the multicastsession. Figure 4 plots thesere-
sultsalongtwo axes. In Figure4(a), we plot the proxy costas
afundion of thedelaybourd usingthe heuistic with o = 0.3.
Eachcunwe plots the costfor a fixed nunber of recevers par
ticipatingin the session.This figure demorstrateshatthereis
anincreasingcostin building a tree that meetsa given delay
bownd asthe numbe of recevers increasesbut that this cost
grows slowly. Figure4(b) furtherillustratesthis obsenration,
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plotting the costas a function of the numter of clientsin the
sessionwhereeachcune represets a differert bourd on the
maximum delayto ary recever in the session.We obsere an
appoximatelinear growth in the costasthe nunber of clients
is increased.However, we notethat becauset would appea
asthoudh the curveswould crossthe line above the y-axis, we
suspecthatthecostperrecever decreaseasthenumter of re-
ceivers increae,andthatthe costapprachessomeasymitotic
valueasthe numter of recevers grows large. In addtion, the
costperreceverincreasest a muchhigherrateasthe desired
delaybourd is tightened Hence proxy-assisteanulticastcosts
lessper client asthe nunber of clientsin a sessionincreases
andasdesireddelaybowndsarerelaxed

VIIl. DISCUSSION

There are two basic directiors for future work. One in-
volvesfurther improvemen to the perfamanceof the heuis-
tic. First, it maybe possibleto optimize searche$or minimum
costwithin the heuristicby usinga binary jump processsim-
ilar to whatis employed within the exact algorithm Second
we currerily fix o during the constructio of a treewithin the
heuistic. It maymake senseo vary . duiing this processe.g.,

startingwith averyhigha anddecreasing: during thebuilding
of thetree.

Thesecondlirectioninvolvesthe consideation of proxy se-
lectionin networks thataccoun for addtional network dynam
ics suchasthosehanded by Chuet al in the proxy-free envi-
romrment[8], [7]. Thesenclude:

« Theoverlay conrectiity gragh maynotbefully conneted
due to communication and statemaintenace overheads
associateavith maintainng connetivity betweerpairsof
nodes.

« Endsystemmembes might join or leave a sessionin
progressyequiing dynamicrestructuing of the multicast
overlaytree.

« Delaysandbandwidh constraits canvary asa resultof
corgestionfrom other sessionscompeting for the same
network bardwidth.

« Bandwidh canbe constraied at points other than last-
mile hops, suchthatthebandvidth constrénts ona pair of
overlayedgeseednot bedisjoint.

« We mustconsicr developmentof analgorithm thatoper
atesin adistributedfashion

Ourresultspresetedheregive someguideliresthatwill help
usto addesssomeof thechallenges:

« If full conrectiity cannd be maintainegdwe suspecthat
“better’ overlayswill resultwhennodeswith largerfanait
corstraintscommunicatedirectly with oneanotter anddi-
rectlywith the sessiorsouce.

« Proxes can be temporaily emplo/ed during periods of
chamge of groyp membeship. After memkership ap-
peas morestable,a new treecanbe formedwith costre-
evaluated. Proxes canalsosene asatempoary means
of assistinganend-systemvhosebandvidth suddenlyde-
creasesWe assumef course,thata proxy would not exit
asessiorearlyunlesst wasnolonger nee@dor somenet-
work faultoccured.

Finally, therearemorecompgex econonic issueghatcanbe
consicered. For instance we do not conside the casewhere
differentserviceproviderschage differentratesfor their proxy
servicesHence the“best” proxy to minimizethecostneednot
bethe greatesfanaut, leastdelayproxy, but might alsobethe
cheapst.

VIIl. CONCLUSION

In this paperwe evaluatedalgoithmsandheuisticsto mini-
mizethecostof emplg/ing proxiesasamears of meetingdelay
constrants for hybrid endsystem/proyx application layer mul-
ticast sessions.We presentan algorithm that provably mini-
mizescostsfor the casewheredelayshetweerapplicdion layer
multicast points is uniform. For the casewhere delays be-
tweenthesepointsvary, solvingthe problem optimally is NP-
hard We insteadresortto a tunalle heuistic, anddemorstrate
that certaintunings outpeform previously developed heuris-
tics. Our resultsdemorstratethatthesehybrid appoachesare
a promising meandfor enablirg low-cost,delayboundedmul-
ticastservicesupa aunicast-ofy network layetr
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APPENDIX

A. TheNeedfor Heuristics

In SectionV, we claim that the problemof finding a tree whose
longestpath from a given sourcenode s to ary nodeis minimized,
with therestrictionthatwithin thetree,eachnoden hasaboundonits
fanout,f(), is NP-hard.We did notfind a proof of this factwithin the
literature. In particular thereis no obvious reductionfrom a Steiner
Treeproblem.Also, we seeka shortespathstree,andnot aminimum
spanningreeasin [3], [2]. We provide a sketchhereof the reduction

10

from HamiltonianPath. While we doult theresultspresentedhereare
novel, we includethemfor completerss.

We begin by consideringa graphG = (V, E) thatis not fully
connectedn which all edgeshave unit length. If wesetf(n) = 1 for
alln € G (boundirg thepermittedfanoutthatcanbe usedto construct
the tree, not boundirg its fanou in the underlyinggraph,G), thena
shortest-pattiree would have depth|N| — 1 iff a HamiltonianPath
existedwithin the graph andfinding a Hamiltonianpathis known to
be NP-completg11].” Thus,finding a shortest-pathreein G is NP-
hard. To shaw the problemis NP-hardfor graptsin whichthetreecan
have arbitrary (but bourded)fanou f(n) < N, we constructa nev
graphG’ thatis identicalto G except we add someadditionalnodes
andedges For eachnoden with f(n) > 1, createfy(n) = f(n) — 1
additionalnodesand createedgesin G’ that attachthesenew nodes
to (andonly to) n. Finding a shortest-patiireein G’ thatincludes
all nodesin G’ will requiren to attachto the new f(n) — 1 in the
treethatonly it attachesgo in the underlyinggraphG’. If atreecan
be constructedhat doesnot violate fanou constraintsn &', thenwe
have constructedh HamiltonianPathfor the arbitrarygraph G. Thus,
the problemof constructinga minimum-deph treewith an arbitrary
FCFis NP-hard.

Last, to shav that the above problem is NP-hardin a fully-
connectedyraphG with variable-lengtredgeswe constructG asfol-
lows: Chooseanarbitrarygraphwith unitedge-lengthsf 1. Wherever
anedgedoesnot exist, addan edgeof lengthA + 1, whereA is the
desireddelay bound Clearly, thesenewv edgescannotbe usedin a
treethat solvesour problem,so solving the problemreduce to solv-
ing the problemon an arbitrary graphwith unit lengthedges. Thus,
solving the problemon a variable-lengthedgefully-connectedgraph
is NP-hard.

4Thanksto Micah Adler for pointing usto this reducton.



