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Abstlact— Server replication and multicasting are well-
established techniques for increasing capacity of a net-
worked serviceand improving client performance. In this
paper, we considerthe combination of thesetwo techniques.
Specifically, we investigatethe problem of selectingamongst
rate-adaptivemulticast servers which adjust their sending
rate based on network conditions and/or feedback from
clients. Effective serverrate adaptation canleadto efficient
utilization of network resourcesand performance improve-
ment perceived by clients. In this initial study of adaptive
multicast server selection,we explore somefundamental is-
suesand study the implications of differ ent selectionstrate-
gieson the performance perceivedby clients.

We first define the Static Multicast Selection Problem,
in which there are static setsof clients and servers, and
one needsto establisha setof multicast treeswith onetree
for eachserver We explore several optimization problems
basedon differ ent performancemeasues.We provethat the
general problem is NP-hard and then presenttwo interest-
ing specialcaseswith an optimal polynomial-time solution
in eachcase.We designa heuristic for the generalcaseand
showthat it canimprovethe performance over somesimple
strategies.Wealsoconsiderthe Dynamic Multicast Selection
Problem, in which clients may join and leave multicast trees
already established.We designa heuristic for this dynamic
caseby which clients canselecta tr eeto join. We investigate
the performance of the heuristic thr ough simulation.

I. INTRODUCTION

With the explosive growth of the Internet, networked
servicegnustpotentiallyhandlealarge numberof clients.
An increasein service demandoften leadsto system
performancamplications: degradedperformanceas per
ceivedby theclient,possibleejectionof therequestiueto
sener overload,and poor performancebsened by other
networkconnectionslueto hot spots.

To help maintainperformanceunderhigher demands,
therehave beenseveral proposaldor multicastservicein
which a sener deliversinformationto multiple clientssi-
multaneously(e.qg.,[4], [5], [9]). Throughthe aggrega-
tion of requestprocessingat the sener and the aggrea-
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tion of bandwidthrequirementsn the network, a multi-
castservicecanreducetheload onthe senerandnetwork
and, therefore jmprove the performanceerceved by the
clients.

In amulticastservice oneof the key issueds how fast
asenershouldtransmit. Thereareseveralpossibleways
thata sener ratecanbe determined A simpleandoften-
usednethodsthatthesendingateis pre-determinedThe
problemwith this methodis olbvious. If therateis settoo
low, eitherthe quality of streamssentout is poor (in the
caseof a video multicastservice),or it takesa long time
to completea task (in the caseof bulk datatransfer). If
therateis too high, otherproblemscanoccur In a hetero-
geneousgervironment,the bandwidthof somelinks from
the sener to clientsmay be smallerthanthe sener rate.
Packetscanbelostdueto theratemismatchandlinks can
be congestedThereceptioncapacitieof clientscanalso
bevery differentfrom oneanother Somefastclientsmay
be capableof processinghe packetswhile otherslower
clientscannot.

An alternative to pre-determinedatesis thatthe sener
rateis adjustedbasedon feedbackirom clients. Effective
rate adaptationof multicastseners canleadto efficient
utilizationof networkresourceandperformancemprove-
mentpercevedby clients. More importantly it canavoid
congestingdow capacitylinks in the network. A simple
policy is to setthe sener rateto the minimum shareof
bandwidthon all links in the multicasttree. In this paper
we only considetthis simpleadjustmenscheme.

Theproblemwith anadaptie multicastsenerusingthe
simple adjustmentschemeis that the sener rate will be
verylow if thereis evenasinglelow bandwidthlink in the
multicasttree. For example,asshown in Figurel, clients
C'1 to C'4 connectto the networkwith differentcapacity
accessinks, rangingfrom 28.8 Kbpsto 3 Mbps. If there
isonly onemulticastsener(e.g.,51), thesenerwill adapt
to sendingat the rate of the slowestlink, i.e., 28.8 Kbps.
This jeopardizeghe performancef thoseclientsthatcan
potentiallyreceive at a higherrate. Multicastsener repli-
cationcanbeintroducedto dealwith this problem. If we

'We assumea sener operatesat a singlerate, ratherthan multiple
rates(e.g.,usinglayering).
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havemultipleseners(e.g.,51, 52), wecanallocateclients
with differentcapacitiedo differentseners,andthey can
receve atahigherrate.For example,if we allocateclients
C'1 and(C'2 to sener S1 andclientsC'3 andC'4 to sener
S2, thentherate of C'3 and C'4 canbe increasedo 1.5
Mbps.

Multicastsener replication,however, needgo be cou-
pledwith anappropriatesener selectionmechanismthat
will ensurefor example thatC'1 andC'2 choosesS1, while
('3 andC'4 chooseS2. Without effective sener selection,
the benefitsof replicationwill be lost. This leadsto the
problemof selectingamongstdaptve multicastseners.

Senerselectiorhasbeenextensively studiedin theuni-
castervironment[1], [11], [12], [3], [15]. In [6], we un-
dertakewhatwe believeis thefirst studydealingwith mul-
ticastsener selectionssues.Themainfocusin thatwork
was how to minimize the costfor establishingmulticast
treesassumingonstanperformanceegardles®f thetree
configurations.

In this paper we investigatethe selectionproblemfor
adaptve multicastseners. Somefundamentaissuesin-
clude:1) finding appropriateperformanceneasuref the
adaptve multicast sener selectionervironment, and 2)
studyingthe implicationsof differentselectionstratejies
ontheseperformancaneasuresWe first definethe Static
MulticastSelectionProblem,in whichtherearestaticsets
of clientsandseners,andoneneedso establisha setof
multicasttreeswith onetreefor eachsener. We explore
several optimizationproblemsbasedon different perfor
mancemeasuresyith thegoalto maximizesomefunction
of clientratesandminimize the bandwidthusedby multi-
casttrees. We prove thatthe generalproblemis NP-hard
by transformingthe 3-SAT problemto it andthenpresent
two interestingspecialcaseswvith an optimal polynomial-
time solutionin eachcase. We designa heuristicfor the
generaktaseandshaw thatit canimprove theperformance
over somesimplestratgies.

We also considerthe Dynamic Multicast Selection
Problem,in which clients may join and leave multicast
treesalreadyestablishedandoneneedsheuristicgo graft
and prunethe multicasttrees. We designa heuristicfor

this dynamiccaseand demonstratéy simulationsthat it
canoutperformcommonlyusedShortesbr Widestheuris-
tics.

Therestof the paperis structuredasfollows. Section2
definesthe StaticMulticast Sener SelectionProblemand
analyzeshecomplity of theproblem.Two specialcases
arepresentedn Section3 andSection4. Solutionsto the
generalstatic problemaregivenin Section5. We define
theDynamicSelectiorProblemandgive asolutionin Sec-
tion 6. Section7 concludeghepaper

Il. STATIC MULTICAST SERVER SELECTION PROBLEM
A. ProblemDescription

We usea corventionalmodelwherea networkis repre-
sentedby agraphGG = (V, F), whereV denoteghe set
of nodes(representindiostsand routers)and £ denotes
the setof edgeqrepresentindogical connectity). Edge
e € Fisof theform (v;, v;), wherev;, v; € V.

We considera single servicedeliveredby a setof n
seners S = {sy,---,s,} to a static set of m clients
C = {e1,- -, e ). An allocationof clientsto senersis a
function¢ : C — 5. Wedenotehesetof clientsallocated
to seners; as; = {¢; : ¢(c;) = s;}. We aimates-
tablishingrn multicasttrees?; = (V;, £;), (V; C V, E; C
E,1 < i < n),suchthats; € V; andVe; € C (¢(c;) =
s; = ¢; € V;). Notethatary node(including a client)
may exist in multiple trees. However, for eachc;, there
existsauniques; suchthate(c;) = s;.

Let RT denotethesetof positiverealnumbers Assume
a bandwidthfunction B : £ — R™ definedon E with
B(e;) = b;. Thebandwidthfunctioncanbe considereds
the residualbandwidthcurrently availableon the link for
theservicedeliveredby the setof replicatedsenerssS. For
adaptve multicastseners,the sendingrateis determined
by the minimumshareof bandwidthon all links. Because
alink canexist in multiple trees,a sener's shareof band-
width and, therefore its rate dependsn how we allocate
the bandwidthof sharedinks.

Assumetherateof sener s; is r;. Therateof all clients
selectinghissenerwill ber;. Sotheperformancef these
clientscanbeexpressea@sf(r;, 2;), wheref; is thesetof
clientsselectings; and f is somefunction of this setand
r;. The averageperformancenf all the clientscanbe ex-

pressedsP = - >, f(r;,€;), wherem is thenumber
of clients.
We focus on two particular functions f(.). If

f(ri, Q) = ri|Q|, thenP is theaverageateof theclients.
Ourotherspecificinteresimeasurefairnessacrosglients.
Specifically We usethe conceptof theinter-recever fair-

nesdefinedn [10]. We definetheisolatedrateof aclient
to be the maximal rate that a client canreceve if there
areno otherclients. If theisolatedrateof client¢; is r;,

a simplified versionof inter-receiverfairness(or fairness



for short)is definedas ;- 5°7-, y;/r3, wherey; is theac-
tualrateclientc; achieres. P is theinterrecever fairness
if wedefinef(r, %) =", cq, ri/7]-

In a tree, eachlink carries the same bandwidth as
the sener rate. So the total bandwidthusedby a tree
is the sener rate multiplied by the numberof links in
the tree. For tree 7; = (V;, E;), the bandwidthused
is r;|F;|. The averagebandwidthusedby one client is
B =LY, r|Ei

We wantto maximizesomefunction of P and B, rep-
resentinga tradeof betweenperformanceand cost. One
interestingfunctionis oP — 8B, wherea and 3 corvert
performanceand bandwidthmeasuresnto commonben-
efit and costunits. Anotherpossibility is to maximizeZ,
the performanceper unit bandwidth. Any optimizationis
subjectto the constraintthat the total bandwidthusedat
eachlink doesnotexceedthelink capacity Thatis, for all

links e;:
D ri<h
e; €L

(1)

In someapplicationsit is alsopossibleto imposesome
constraintson the minimal acceptableate of clientsand
seners. For example,we mayrequirethatr; > 4§ in some
cases.

Otherdefinitionsof f(.) arepossibleandthey mayre-
sultin someotherinterestingperformanceneasurefor P.
In this paperwewill focuson thetwo measureslescribed
above, the averagerate of clients and the inter-recever
fairnessof clients. Before we go to the detailsfor solv-
ing theproblem,we first takealook at its compleity.

B. Compleity of the Problem

We areinterestedn knowing whetherthereis an effi-
cientsolutionto optimizeafunctionof P andB. Theprob-
lem of optimizingaP — 5 is NP-hardby the following
argument.Considera graphin which the bandwidthof all
the edgesdn the graphis 1.0 andassumehereis only one
sener. Thenthevalueof o is somefixedvaluebecause
therateof theseneris 1.0 andso arethe ratesof all the
clients. With agiven > 0, the goalis reducedo min-
imizing B. This is a Steinertree problemwith all edges
of length1.0, which is NP-hard[8]. Sincea specialcase
of thegenerabroblemis NP-hard the original problemis
alsoNP-hard.

Evenif we do not considerthe goal of minimizing the
bandwidthusedj.e.,let 5 = 0, theproblemof maximizing
P is still NP-hardwhen P is the averagerate of clients.
The3-SAT problem[8] canbetransformedo thisproblem
in adirectedgraph.

Theorem. Given a networkG = (V, £), a bandwidth
function B definedon F, n multicastsenerss;, - -, s, €
V, m clientseq, -+, ¢, € V, the following problemis
NP-hard: Is therean allocationof clientsto senerswith

sener s; operatingat rater; suchthatthe total rateof all
the clientsis greateror equalto 2, subjectto thelink ca-
pacityconstrainin equation(1)?

Proof. SeeAppendixA.

C. Approadesto Solvingthe StaticProblem

Sincethe generaktaticmulticastsener selectionprob-
lemis NP-hard,we areunlikely to be ableto find an effi-
cientalgorithmthatgivesan optimal solution. Beforewe
explore heuristicsolutionsto the generalproblem,we are
interestedn finding somesimplified versionsof the prob-
lemthatmayarisein practicalsituationsandcanbesolved
efficiently.

We mentionedthat the problem consistsof two parts.
Oneis selection which choosesa sener (and path) for
eachclient. Anotheris therate allocationfor seners. If
two or more multicasttreessharea link, the rate of each
seneris determinedy how we split the bandwidthof the
sharedink.

Basedon theabove obsenations,we canformulatetwo
simplifiedversionof theproblem.In thefirst specialcase,
we considemsituationwherethebottleneckor eactclient
is the unsharechccesdink directly connectedo it. The
rateof thislink canbeassumedo bethemaximalpossible
ratefor eachclient. We assuméhattheothernetworklinks
have enoughbandwidthto supportanarbitraryallocation,
therefore we do not needto considerthe rate allocation.
After eachclientchooses sener, the sener rateis setto
be the lowestrate of all the clientsselectingit. We give
an optimal solutionto this selectionproblemin the next
section.

In the otherspecialcase we assumehatall the clients
have selecteda sener and a pathto the sener. We are
interestedn the problemof bandwidthallocationon the
sharedinks so asto maximizeeitherthe averagerate of
all the clientsor the inter-recever fairness. We will give
anoptimalalgorithmin SectionlV.

I1l. SPECIAL CASE |: SELECTION ONLY

In this specialcasewe assumehateachclient's access
link presentsthe bandwidthbottleneck. Other network
links have ahundantbandwidth.For example,in Figure2,
clientC'1 hasa bottleneckat accesdink 7.1 with 1 Kbps
andclient C'6 hasa bottleneckataccessink .6 with 100
Kbps. The sener selectionproblemreducego determin-
ing a groupingof clientsandan allocationof a sener to
eachgroup.

Assumeclientc; (1 < j < m) canreceve atrater?,
which is the isolatedrate of client j, asdefinedin Sec-
tion Il. The rate of eachsener is the minimum rate of
all the clientsselectingthe sener. If we orderthe clients
suchthatry < r7,, (1 < j < m - 1), we canformu-
late the problemas follows: Given m clientswith rates
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rr (1 < j < m) in increasingorder selectn ratesfrom

themassener rates. Assumethatthe n indicesmarking
the selectedratesarek; (1 < ¢ < n). Weletk; =1

becauseve assumehateachsener mustadapto thelow-

estrateof clientsselectingit andevery client mustselect
oneof the seners. In otherwords, we have a constraint
(r; > r7) ontheminimumrateof clientsandseners. If

we definek,, 11 = m + 1, wecanletclientk; < j < ki41

selectseners andits effective rateis rj . This completely
determineghefunction ¢. Thusthe selectionproblemre-
ducesto picking the n. sener rates(indices)amongsthe
m clientrates.

We have identifiedtwo goals:

1) Maximizethe averagerateof clients: % D=1 Te(e,)-
For a given m, this problem reducesto maximizing
Yoica g (ki — ki),

2) Maximizt'ethefairness:% Y1 Te(iy/ 75, wherethe
fairnessis definedas the averageof the actualrate over

theisolatedrate. For a given m, this problemreducedo

maximizingy_/_, Yoyt T e e

A. OptimalAllocationAlgorithms

The bruteforce solutionto the probleminvolvestrying
every possiblewayto selectn — 1 senerratesfromm — 1
clientrates.Whenn << m, thecompleity is exponential
Oo(m™).

We develop analgorithmwith compleity O (nm?), by
firsttransformingo ashortespathproblemandthenusing
Dijkstra's algorithmto solwe it. First we presentanalgo-
rithm for solving the maximalrate problem,andthenwe
shav how to modify it for the maximalfairnesgproblem.

Theideais to representachpossiblechoiceof sener
ratesfrom amongstlientratesusinga graph,with thever-
ticesarrangedn rows and columnsasfollows. Thereis
onecolumnof verticesfor eachsener; thereis onerow of
verticesfor eachclient. Vertex v;; in row j andcolumn
@ representshe potentialfor sener ¢ to selectthe rate of
client . Figure3illustratesthe graphfor the examplein
Figure?2.

The edgesin the graphare usedto representhe per
formanceassociatedvith the choiceof particularratesfor

Fig. 3. An examplesolution

two adjacenseners. Thatis, anedgefrom v; ; to vg ;41

representshat sener i selectsthe rate of client j while
seneri + 1 selectdherateof client k. Theweightonthis
edgeis the“deviation” from idealfor clientsj,---, k — 1

thatresultsfrom this choice. Theseclientswill all be as-
signedto sener: with rater?; all exceptclientj will there-
fore receve ataratelowerthantheirisolatedrate.

A solutionis representedby a paththroughthis graph
that includesone vertex per column, thus selectingone
client rate per sener. With the edgesandweightsasde-
scribed ashortespathcorrespond$ anoptimalsolution.

Formally, we definethedeficitfrom i to j (+ < j) asthe
differencebetweertheisolatedratesof clients: andyj, i.e.,
D(i,j) = r; — rf. If clientj selectsa sener sendingat
rater; (noter? < r7), thewastedcapacityby j is D(3, j).
The cumulativedeficit from 7 to j (denotedas D¢ (¢, 7))
is the sumof thedeficitsfromitoall k (: < k& < j), or
Dc(i,5) = S4_. D(i, 7). Define D¢ (i, j) = 0if i > j.

We definea deficitdigraphGy = (Vy, E4), whereV; =
{v;;.} U{vs,ve} (j = 1,---,myt = 1,---,n) and £y
is given asfollows. Connectv, to vy ; with an edgeof
length0. For1 < j < k£ < m,1 < i < n— 1, connect
v;; 10 v 41 With an edgeof length D¢ (4, k — 1). For
1 < j < m, connecty;, to v. with an edgeof length
D¢ (j, m). For theratesof clientsin Figure 2, we can
generatea graphin Figure 3 (not all edgesare shavn in
thefigure).

Using Dijkstra's algorithm, we can computea short-
est path from v, to v.. The path mustbe in the form
(Vs, V1,1, Uky,25 "3 Uk iy " Ukpyny Ve)- ThESER;'S (2 <
1 < m) are clients we want to partition the client
set. The shortestpath in the problemin Figure 3 is
(vs,v1,1, 03,2, 53, e) (Shown asbold lines) and the op-
timal solutionto the problemis to setsenerssy, s, s3 at
ratesry, r3, rz, orl, 22,64 andallocateclientsey, c; 10 s,
clientses, ¢4 t0 59 andclientscs, cg 10 s3.

For themaximumfairnessallocationalgorithm,we only
needto modify thedeficitfrom ¢ to j tobe D(7,j) = 1 —

ri/ry.
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B. PerformanceResults

To illustrate the use of the algorithmdescribedabove,
considera systemwith 400recevers. Their isolatedrates
are randomly set between0.1 to 0.9. The number of
senersvariesfrom 1 to 15. We compardive algorithms:

1. Maximize AverageRate asdescribedabove.

2. MaximizeFairnessasdescribedabove.

3. Random.Eachclientrandomlyselectsa sener, and
the rate of sener is setto the lowestof the ratesof the
clientsselectinghis sener.

4. Equally Spacedsener Rates. Assumethattherange
of ratesis pre-determinedEachsener is assignedh rate
evenly spacedfrom eachother Each client selectsthe
fastestone from the setof senersthat have a lower rate
thanthis client.

5. MaximumGap. Thisis anapproximatiorto the opti-
mizationalgorithmabove. It operatesasfollows. Assume
client ratesare in ascendingorder Calculatethe differ-
encebetweertheratesof two clientsin adjacenpositions
in that order Divide the clientsinto groupsat the place
wherethe differenceis biggest. If thereareseveralloca-
tions with the samebiggestdistance divide arbitrarily if
thereare no consecuiie pairsthathave the samebiggest
distancelf thereareconsecutie pairswith thebiggestis-
tance they constitutea chain.We candivide at themiddle
of longestchain. For the problemin Figure 2, the Maxi-
mumGapsolutionis to setsenerss, sq, s3 atratesl, 64,
100, respectiely, and allocateclients ¢y, cq, 3, ¢4 10 s1,
clientcs to s andclient cg to s3.

In Figure4, we comparethe averagerate of eachalgo-
rithm. We usethe averageof isolatedratesof all clientsas
acomparisorbaselineTherateshavnin theplotis thera-
tio of theaverageof actualratesof clientsovertheaverage
of isolatedrates.As the numberof senersincreasegrom
1to15,theaverageratein all cases$ncreasesTherandom
selectiomalgorithmdoesnotincreasanuchwhile all other
algorithmsdemonstrata sharpincreaseavhenthe number
of senersincreased$rom 1 to 6. The maximumratealgo-
rithm hasthe highestaveragerate,andthe maximumfair-
nessalgorithmis very closetoit. They bothperformbetter
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thanequallyspacedateandmaximumgapalgorithms.
Figure5 shaws the fairnessof eachalgorithm. As ex-
pected,the maximum fairnessalgorithm hasthe largest
fairnessvalue, and the fairnessof the maximumrate al-
gorithmis very closeto it. They both have a larger fair-
nessvaluethanmaximumgapandequallyspacedateal-
gorithms. The randomselectionhasa very low fairness
value.Thisis becausét leadsto senersoperatingat rates
of somelow-endclients,andall the clientsarereceving
at a very low rate. Therefore,both the averagerate and
fairnessarevery low whenusingrandomselection.
Theseresultsdemonstratéhatincreasedophistication
in the selectionalgorithmhasa considerablg@erformance
payof. The presencef rate-adaptie senersrequiresco-
ordinationacros<clientsto avoid the “lowestcommonde-
nominatoreffect” illustrated by the randomresult. The
equallyspacedateimprovesupontherandonresult,how-
ever, thethreemostsophisticatedgcheme®ffer additional
improvementvaryingfrom 30%to 50%.

IV. SPECIAL CASE |l: SERVER RATE ALLOCATION

In this section,we assumehateachclient hasselected
asener accordingo somestratgy, andthe pathfrom the
sener to eachclientis alsodetermined. This prior allo-
cationof clientsto senerscouldbe basedon closenes$o
sener criteria or perhapssomepolicy or pricing consid-
erations. The problemis how to allocatethe rate of each
sener to maximizethe averagerate or the fairnessindex,
subjectto the feasibility constraints. One obvious solu-
tion is multicastmax-minallocationunderthe definition
of TzengandSiu [13]. However, asshallbe demonstrated
shortly, this doesnot necessarilygeneratehe bestalloca-
tion accordingto our measures.

In this section,we formulatethe optimizationproblem
asa LinearProgrammingLP) problemandgive analgo-
rithm basedon the Simplex method[14], exploiting spe-
cial propertiesof the problem. We usethe maximalrate
asanexamplein theproblemformulationandthendiscuss
how to modify it to solve otheroptimizationproblems.

Assumethat the rate of sener s; is r;. For the case



wherewe desireto maximizetheaveragerate,theproblem
canbeformulatedas:Maximize Z = kyry + koro + - - -+
k., r,, subjectto

> ri<bjforalledges; and r;>48>0

e; €L,

wherek; is the numberof clientsselectingsener s; and
& is someminimum raterequirement.Note that because
we aregivenrouting and client allocationto seners, the
problemmay have no feasiblesolutionif too mary trees
sharea singlelink, unless$ is 0. Thislinearprogramming
problemcan be solved by the Simplex method. We are
interestedn finding a simple algorithmic solution based
onthespecialpropertiesof the LP problem.

First we transformthe formulationslightly. Let z; =
r; — 4. Theoriginal problemis transformednto anew LP

problem. Maximize 7 = kyxzy + koxo + -+ + kpx, +
(k1 + k2 + - - -+ kn)d, subjectto

ingb]——éﬁ and z; >0

e;€E;

where/; is the numberof senerswhosetreesincludethe
edgee;. Obviously, if ary of b; — £, is lessthanO, then
the LP problemhasno solutionandthe originalallocation
problemwill have nosolution.

Following the Simplex method,we get the following
greedyalgorithm. At eachstep,this algorithmassignsa
rateto thesenerwith thelargestnumberof clientsthathas
notyet hadits rateassignedThe choserrateis aslargeas
possible,subjectto the link constraints. That sener and
clientsarethen“remaoved” from the problem,andthelink
ratesareadjustedaccordingly

Stepl. For eachlink e;, let b’ = b; — {;4, where/;
is the numberof senerscurrentlyusingthis link. If ary
b; is lessthan O, thenthereis no solutionto the original
problemandexit; otherwise,

Step2. Selecta sener s; from S with the largestk;
(numberof clients). For all thelinks e; thats; usesselect
thesmallesﬂ);. Setz; to thisvalue.

Step3. For all thelinks e; thats; uses]et b; = b; —x
Remae s; from S. If S is notempty goto Step2.

Step4. For seneri, setits rateto be z; + 4.

Basedon the above processywe cangetan optimal so-
lution to the original problemwith a guaranteedninimal
rated for eachsener. Thisis optimalbecauseachstepis
adirectmappingfrom the Simplex method.

This method can be usedas long as the goal func-
tion can be formulated as a linear combinationof r;.
For example,we canmaximizethe fairnessandthe goal
functlon canbe definedas 7 = (3 4,)=s, 1/77)71 +

—o, 1/T5)r2t (g, )=sn 1/75)7n- Theonly
modn‘] catlonto the above algorlthmls to substltuteevery
ki With 3= e y=s; 1/75-
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A. PerformanceResults

We show differentrateallocationalgorithmsby two ex-
amplesasillustratedin Figure 6. We have two seners
S1 and S2. Thereare 10 clients(C'1 to C'10) selecting
sener S1 and5 clients(D1 to D5) selectingS2. Thereis
asharedink with bandwidthy. We changethevalueof y
to seetheeffectsof differentalgorithms.In thefirst exam-
ple,theisolatedrateof C'2 to C'10 is 500,andtheisolated
rateof C'1 canbeupto 10. Theisolatedrateof D2 to D5
is 25, andtheisolatedrateof D1 canbeup to 20. In the
seconaexample,we changdheisolatedrateof C2 to C'10
to 100andtheisolatedrateof C'1 canbeupto 40.

We comparethreebandwidthallocationalgorithms. In
additionto maximalrate allocationand maximalfairness
allocationalgorithms,we usea multicastmax-minallo-
cationto determinethe ratesof seners. We measurehe
averagerateof receversandtheinter-recever fairness.

In Figure 7 we show the averagerate in the first ex-
ample. As the bandwidthy increasedrom 1 to 30, the
averagerate of all threealgorithmsincreases.The max-
imal fairnessalgorithmfavors clientswith a smalleriso-
latedrate;theaveragerateit canachieveis smallestamong
threealgorithms.Themax-minallocationfalls in the mid-
dle and convergesto the maximal rate allocation when
the bandwidthy is morethan 20. In Figure8 we shav
the inter-recever fairnessfor the three algorithms. The
maximalrate algorithmis worstwith regardto the inter-
recever fairnessmeasure.Correspondindo averagerate
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The average rate in the second example
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plot, the inter-recever fairnessof the max-minalgorithm
is the sameas that of maximal rate algorithmwhenthe
bandwidthy is greaterthan20.

Theresultsof allocationin thesecondexamplearegiven
in Figures9 and 10. The generalbehaior is similar to
the first example. In this case,we canseethat max-min
allocationcorvergesto maximalfairnessallocationafter
thebandwidthy is greatethan40in boththe averagerate
andtheinter-recever fairnessplots.

In theseexamples max-minallocationoffersacompro-
mise betweenmaximizing averagerate and maximizing
fairness.However, otherresultswe obtainedndicatethat
this conclusioncannotbe extendedo generakases.

The inter-receiver fairness in the second example
0.6 T T T T T

05 | Maximal Rate ——
Maximal Fairness -+ E.BBEEE
Max-min Fairness -= =

Fairness

. . .
10 20 30 40 50 60
The bandwidth y

Fig. 10. Thefairnessn thesecondexample

V. HEURISTICS FOR SOLVING THE GENERAL STATIC
PROBLEM

The generalstatic problemis NP-hard,andthereis no
efficient optimal solution asin the two previous special
cases.We studyheuristicsolutionsto the problemin this
section.Two olbviousheuristicsare:

1. Shortest.Eachclient selectsa nearessener based
on the hop count. To avoid the situationthata nodemay
bein multiple trees,the clientsjoin sequentially Specifi-
cally, connecta client to a multicasttree by startingfrom
theclientandfollowing ashortespathtowardsthenearest
sener until a nodealreadyin a multicasttreeis met. If
no suchnodeexists, the entire pathfrom sener to client
will beaddedo thetree.Otherwisea partial pathwill be
added. Thereareno sharedinks betweendifferentmul-
ticasttreesestablishedhis way. We setthe sener rateto
be the minimum bandwidthof all thelinks in the sener's
tree.

2. Widest. First we let eachclient selecta sener that
hasthe highestbandwidthfrom the sener to the client.
Notethe pathfrom the senerto theclientis notnecessar
ily the shortestpath. Thenwe setthe sener ratessothat
they arefeasibleandmaximizethegoalfunctionusingthe
algorithmsdescribedn SectionlV.

We proposeanotherheuristiccalled OptimizedWidest
Obsenre that with the Widestheuristic,a client selectsa
paththatis bestfor itself. However, thebandwidthof paths
connectingto the samesener may vary a lot. Whena
senerhasclientswith considerableliversityin pathband-
width, OptimizedWidest forcesthoseclients at the low
endof pathbandwidthto selecta differentsener. This al-
lows the particularsener to operateat higherbandwidth,
oftenwith minimal penaltyfor theclientsforcedto another
sener.

Recallthatthesenersetis S = {sq, - - -, s,,} andclient
setis C' = {e1,---,¢n}. Let M denotethe maximum
bandwidthof ary edgein F.

Stepl. Add anextranodes, andconnects, with each
si (1=1,---,n) with anedgeof bandwidthM + 1.

Step2. UseDijkstra'salgorithmto setup atreesothat
so hasmaximumrate along this tree to ary nodein the
graph.This consistof thefollowing steps.

2.1)SetselectedsetN = {sq} andN =V — N.

2.2) Selectanedgee = (v;,v;) suchthatv; € N and
v; € N andtheresiduabandwidthof e is thebiggest.Add
this edgeto thetree.

2.3)Add v; to N andremore v; from N.

2.4)Repea.2)and2.3)until N = V U {sp}.

Step3. From subtreegootedat eachsener, pick one
with thelargestnumberof clientsin the subtree Optimize
this subtreeasdescribedn thefollowing steps.If thereis
only onesubtredeft, skip optimizationstep3.2.

3.1) Prunethosenon-clientleases(recursvely).
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3.2)Assumeheclientsselectinghesenerarel, - - -, w
andtheisolatedrateof clientz isr* (1 < 7 < w). Without
loss of generality we assumery < rf,, for1 < @ <
w — 1. We determinea k suchthatthe value (w — k& +
1)ry is maximized.We let clientsk, - - -, w staywith this
sener, whichwill operateatrater;. Clients1, -,k — 1
areprunedfrom the subtree.

3.3)Settherateof thissenerto bethemaximalpossible
rate(r;) subjectto the bandwidthconstraintsandreduce
the bandwidthof eachedgein the prunedsubtreeby the
senerrate. Theseedgegeta new residuabandwidth.

3.4) Remawe clientsin the subtreg(k, - - -, w) from the
clientsetC'. Remwe thesenerfrom thesenersets.

Step4. If C' = (), stop;elsegotostep?2.

A. PerformanceResults

In additionto thethreeheuristics Shortest\Widest,and
Optimized Widest, we calculatean upperboundon the
ratesof clients. Eachclient canreceve atits isolatedrate
if thereareno otherclients. Usually, this rate cannotbe
achievedif we have multiple clientsin the sessiorsimul-
taneously This is alooseboundon whatwe canachieve
whenthe clientsarereceving at the sametime. We will
comparethe averagerate of clientsby the heuristicswith
theaveragelsolatedRatemeasure.

We generateéwo kindsof topologiesusingGT-ITM [2].
Oneis a randomgraphwith 400 nodes. Anotheris a
transit-stulgraphwith 400nodes We have 1to 32 seners
randomlyplacedin the graph. We experimentwith two
kindsof clientdensitieseither5% of thenodesareclients
or 25% of the nodesare clients, alsorandomlyplacedin
thenetwork.We shav theresultsfor thetransit-stukgraph
with 5% of nodesbeingclients. Resultsn othercasesare
similarandcanbefoundin [7].

Figure 11 shaws the averagerateof all clients. As the
numberof senersincreasetheaverageateincrease all
cases.The Widestheuristichasa higheraverageratethan
the Shortestheuristic,and the Optimized Widest further
improvesthe Widestif the numberof senersis morethan
1. Theaveragerateof theOptimizedWidestis muchcloser

8
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to IsolatedRatethanWidestandShortest.

Figure 12 shows the inter-recever fairness. From the
definition in Sectionll-A, it is obvious that the inter-
recever fairnessin IsolatedRatecaseis alwaysone. The
Widestheuristichasa higherinter-recever fairnessvalue
thanthe Shortesheuristic,andthe OptimizedWidestim-
provesuponthiswhenthenumberof senersis greatethan
one. Note that the inter-recever fairnessin the Shortest
and Widest casesdecreasesvhen the numberof seners
increasedrom oneto two. This is becausedhe isolated
rate increasedasterthan the actualrate obtainedby the
heuristicsthus,the averageof ratio of the actualrateover
the isolatedrate decreases.Similar phenomenoris also
obsenredin othercases.

Figure 13 shows the bandwidthused. As expected,
Widestuseanorebandwidththanthe Shortestandthe Op-
timized Widestusesmorebandwidththanthe Widest. As
the numberof senersincreasesthe bandwidthusedalso
increases.This is becausehe rate of senersandclients
can be higher when we hase more seners. We notice
that whenthe numberof senersincreasedeyond a cer
tain point, the bandwidthusedwill decreaseThis is be-
causein thesesituationsthe averagerate cannotincrease
much, but the distancefrom a sener to a client becomes
shorter Therefore the bandwidthuseddecreasebecause
thenumberof hopsfrom asenerto its clientsis smaller



V1. DYNAMIC PROBLEM

In mary multicast applications,the set of recevers
changesdynamically When a recever joins or leaves
a multicast session, messagesare exchangedbetween
routersto establishor tear down the appropriatepaths.
For thedynamicsener selectionproblem,we assumehat
thereare multiple multicasttreesestablishednd a client
wantsto join one of them. Once the client joins, the
senerratewill beadaptedif necessarbasednthenen
path.We comparesereraljoining heuristics Whenaclient
leavesthe multicastsessionye usea simpleheuristicthat
prunedinks not sharedoy otherclients.

The performancaneasuregor the dynamiccasearea
bit differentfrom the staticcase.We areinterestedn four
measuresthe averagereceving ratesof clients,theinter-
recever fairness,the bandwidthusedby multicasttrees,
andthe joining andleaving cost. Sincethe treeschange
over time, we mustincludetime in our measuresAssume
thatwe areinterestedn thetimeinterval 7', in which the
systemgoesthrough N configurationsof multicasttrees,
with eachconfigurationlastingfor ¢; (1 < 7 < N). As-
sumethenumberof clientsduringtimet; is n;, theaverage
rateis r;. We definetime-normalizecbverall averagerate

N _
aszl'}liw. Othermeasuresrecalculatedn a similar

=1

way.

A. Heuristicsfor Solvingthe DynamicProblem

We have two simple heuristicsthat a client canuseto
selectfrom asetof existing trees.

1. Shortest:Selectanin-treenodethatis closesto this
nodebasecnthehopcount.

2. Widest: Selectan in-tree nodethat hasthe highest
bandwidthpathto thejoining node.

We alsoproposeanotherheuristiccalledGreedy

First, obsene thateachin-treenodev; maybein more
thanonemulticasttree. For eachtreez, it hasanassoci-
atedrater; ;. Fromthenodewantingto join themulticast
sessionwe cangeta widestpathto eachin-treenodewy.
Assumingthe bandwidthof this pathis b, we compare;,
andry;. If by > rg;, thenthe pathfrom nodew;, to the
joining nodeis not a bottleneckandtheratewill bery, ; if
the clientjoins this multicastgroup. If b; < rj;, thenthe
pathfrom nodew;, to thejoining nodeis a bottleneckand
theratewill beb; if the client joins this multicastgroup.
We noticein this casethattherateof theseneris reduced
becausef this clientjoin.

Basedon the above obsenation, the Greedyheuristic
will letaclientjoin amulticastgroupwith thebiggesthen-
efitvalue.We definethebenefitvalueto bery, ; if b, > ry;
andby, — n;(rr; — by) if by < ry 4, Wheren; is thenum-
ber of clientsalreadyin the multicastgroupfor this tree.
By doingthis, we canmakethe largestincreasdrom the
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existing rate.

B. SimulationResults

For thedynamicproblem we comparehe performance
of three heuristics,Shortest,Widest, and Greedy As a
comparisorbaseline we calculatethe performancenea-
sureswith the OptimizedWidestheuristicdescribedn the
static case. It reallocatesclientsto senersfrom scratch
wheneer a client joins or leaves. This frequenttreere-
configurationhashigh overheadand potentially disturbs
existing clients,henceit is not particularlypractical.

Two kinds of topologies,randomand transit-stub,are
generatedby usingGT-ITM. Thereare400nodesin each
graph,amongwhich1to 32nodesareseners. Thetime of
aclientin themulticastsessioris exponentiallydistributed
andsois thetime outside.By adjustingtheaveragetimein
andout of the multicastsessiorf clients,we cancontrol
the averagenumberof clientsin the multicastsessiono
beeither5% or 25%o0f nodesn thegraph.Againwe only
shaw theresultsfor the transit-stubgraphwith 5% nodes
beingclients. Interestedeadersanfind similar resultsin
othercasesn [7].

Figure 14 shows the averagerate of clients. We find
that the Widesthasa higher averageratethanthe Short-
estheuristicand our proposedsreedyheuristicimproves
over Widest. The Recalculatenethodcanadjustthe tree
structurewhenaclientjoinsor leases,soit cangetaneven
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higheraveragerate.

Theinterreceverfairnessn Figurel5hasthesameel-
ative rankingasthe averagerate. The inter-recever fair-
nessdn theShortestWidestandGreedyheuristiccasesle-
creasesvhenthe numberincrease$rom oneto two. The
reasonis thattherategeneratedby the heuristicsdoesnot
increaseslientrateasfastasthetheisolatedrate.

Figure 16 shaws the bandwidthused. We find that the
Greedyheuristicmay use more bandwidththan the Re-
calculatemethodwhen the numberof senersis greater
thaneight, thoughthe averagerateof the Greedymethod
is smallerthanRecalculateThis is becaus¢he pathfrom
thesenerto theclientmaybeverylongin theGreedycase
afterseveraljoins andleavesof clients.It doesnothappen
in theRecalculatease.

Figure 17 shows the the join/leave cost. We calculate
the hop countof graftingandpruningtreesandgetan av-
eragevalueovertimein eachcase We know from the plot
thatthe averagecostby the ShortesandWidestheuristics
decreasesvhenthe numberof senersincreases.This is

becausehe numberof links to join or leave is decreased [s5)

whenthereare more seners. The Greedyheuristichas
a higherjoin/leave costthan Shortestand Widestbecause
it may choosea longerpathfor a higherbandwidthlink
to oneof seners. Whenthe numberof senersincreases,
the join/leave costof Greedyincreases.This is because
with more seners, it hasa larger chanceof selectinga
sener fartheraway for a wider path. An interestingre-

sultis in theRecalculatease Whenthenumberincreases
from oneto two, thento four, thejoin/leave costincreases.
This is becausehe clients may be allocatedto a farther
away sener. Whenthe numberincreasedrom four, the
join/leave costdecreasebecausst is possibleto allocate
clientsto a closersener. One point worth mentioningis
thatwhile the Recalculatanethodcanget a muchhigher
averagerateandinter-recever fairness,it hasa very high
join/leave cost,comparedo otherheuristics.Soit maybe
infeasibleto usethe Recalculatenethodin the dynamic
case. Among the threeheuristics,our proposedGreedy
heuristichasmuch betterperformancewhile the costis
closeto others.

VIl. CONCLUDING REMARKS

Multicastsenerrateadaptations anapproachio utilize
thenetworkresourcegfficiently andimprove performance
percevedby clients.We exploretechnique®f usingrepli-
cationto enhancehe capacityof rate-adaptie multicast
seners. Specificallywe studythe problemof how to allo-
cateclientstoreplicatecadaptve multicastsenersin order
to optimizethe performancef clients. We prove thatthe
generalselectionproblemis NP-hardby transformingthe
3-SAT problemto it. We thenpresentwo interestingspe-
cial casesandgive an optimal solutionin eachcase.The
OptimizedWidestis proposedo solve the generalstatic
selectionproblemandits performanceas demonstratetb
be betterthan other simple heuristics(e.g., Shortestand
Widest). We alsostudythe dynamicselectionproblemfor
adaptve multicastsenersandproposea Greedyheuristic,
which is shavn to be ableto improve over otherdynamic
selectionheuristicsby simulations.In futurework we are
interestedn developing practicalprotocolsto implement
selectiorheuristics.
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APPENDIX

I. NP-HARDNESS PROOF OF THE ALLOCATION
PROBLEM

Theorem. Given a networkG = (V, £), a bandwidth
function B definedon F, n multicastsenerss;, - -, s, €
V, m clientseq, -+, ¢, € V, the following problemis
NP-hard: Is therean allocationof clientsto senerswith
sener s; operatingat rater; suchthatthe total rate of all
the clientsis greateror equalto 2, subjectto thelink ca-
pacity constrainin equation(1)?

Proof. The3-SAT problemis awell-known NP-hardprob-
lem. We shaw thatthe 3-SAT problemcanbetransformed
to theallocationproblem.

Here is the 3-SAT problem: We are given a set of
Booleanvariables, X, - - -, X,,. A literal is avariable X;
or its complementX;. Also givenis a setof clauses”,
where eachclausecontainsthreeliterals from threedis-
tinct variables. The problemis: Caneachvariablebe set
to Trueor Falsesothatall clausesaretrue?

Thetransformatioris asfollows. Givenary instanceof
3-SAT problem with n variablesandm clausesconstruct
agraphG = (V, F) asshowvn in Figure18. SetM to be
somebig number(like e”*"). ThenodesetV containsX;
andX; (i = 1,--+,n),C; (j = 1,---,m) andauxiliary
nodesY;, U;,,W; (: = 1,---,n)andK; ( = 1,---,m).
For eachvariable X;, we have anedgefrom X; to Y; and
anedgefrom X; to Y;. EachhasbandwidthA/. Add an
edgefrom Y; to U; with bandwidth1 andan edgefrom

C

m

Fig. 18. NP-hardproofof multicastsener selectionproblem

Y; to W; with bandwidthM . For eachclauseC’;, addan
edgefrom K; to C; with bandwidthA. If C; contains
literal . (someX;; or X;), thenaddanedgefrom L to K.
In the figure, we shaw a clauseC; containsX;, X3, Xj.
Thesenersare X; and X;. TheclientsareU;, W, andC;.
Theproblemis to decidewhethemwe canfind anallocation
with totalrate(n + m)M + n. It is clearthatthetime to
computethetransformations polynomial.

Assumewe canfind an allocationwith total rate (n +
m)M + n. Becausef constraintdy thebandwidthof the
edgecomingto them,themaximalpossiblerateof U; is 1,
the maximalpossiblerateof W; andC’; is M. To achieve
the total maximalrateof (n + m)M + n, they mustall
operateatthemaximalrate. For ary 7, U; andW; canonly
receve from seners X; and X;, soeither X; or X; must
haverate M andanothehaveratel. ThefactthateachC
musthave rate M impliesthatat leastoneof literal in C;
musthaverate M .

If X, hasrate M and X; hasratel, we let X; beTrue.
If X, hasratel and X; hasrate M, we let X; be False.
Therefore all literals operatingatrate M areTrue. Since
eachclausecontainsat leastone literal with rate M, so
every clausemustbe True.

Corversely we assumehatwe cansetvariablego True
or False,sothatall the clausesare True. Let U; selecta
sener (from X; and X;) thatis Falseand W; selectthe
otheronethatis True. For ary clauseC;, oneof its literals
mustbe Truebecausé¢heclauses True. Let theC; selects
oneof its literal thatis True. By verifying againstcondi-
tion (1), we canseefollowing rateallocationis feasible.If
X, is True,we settherateof X; to be M andtherateof X;
to 1. If X; is False,wesettherateof X; to 1 andtherateof
X, to M. SoU, hasratel, W, hasrate M andC'; hasrate
M. Sothetotalrateisn+ Mn+ Mm = (n+m)M + n.
This completeghe proof.
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