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Abstract

Multicast communicationachieses scalability by sendingdatato multiple recevers at the sametime.
Receversin a multicastsessiorusually sharethe fatewith eachother eventhoughtheir processingspeed
andthe capacityof the paththey usecanbe quitedifferent. A corventionalmulticastsessiorusuallyconsists
of asinglemulticastgroupandthe problemis how to setthe groupratesothatit is fair to bothfastandslow
recevers,to someextent. In areplicatedmulticastservice receversaredividedinto groupsbasedon their
capacitiesand a multicastsessiorcan consistof multiple multicastgroups. The questionis how to divide
receversinto groupsexactly and setappropriategroupratesso thatit is fair to all the recevers. Most of
currentwork focuseson optimizing the social welfare representedsa sumof someperformanceneasures
of recevers[Kar etal., 2002,Stoenescet al., 2003]. In this paper we de ne a new conceptcalledintra-
sessiorfairnessandgive an optimal solutionthatcanachieve fairnessamongreceversin the samesession.
Thegoalis to maximizetheminimumfairnessalueof therecevers. Thenovelty of theframeworkis thatit is
independentf thespeci ¢ de nition of thefairnesfunctiononindividualrecevers.We illustratealayering
methodto implementthe max-minintra-sessiorfair allocationand demonstratéhe signi cant differencein

fairnessachievedby the maximalsocialwelfarealgorithmandthe max-minintra-sessiotiairnessalgorithm.

Keywords: fairnessmulticast,replicatedservice

1 Intr oduction

Multicast communicatiorachieves scalability by sendingdatato multiple recevers at the sametime. One of
theimportantissuego dealwith is the heterogeneitgmongrecevers. Their processingpeedcanbe different.

Moreimportantly thepathsfrom thesendeto themalsohave differentrates.However, thereceversin thesame
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Figurel: A multicastsessiorwith asinglegroup

multicastsessiorusuallysharethe fatewith eachother A corventionalmulticastsessiorusuallyconsistsof a
singlemulticastgroup,andthereceversin thegrouphave to getdataatthe samerate.In someapplicationsthe
sendeisimply transmitsat the lowestrateof all therecevers. It is not sofair, to someextent,to thoserecevers
capableof receving at a muchhigherspeed.In otherapplications recevers cantoleratea certaindegreeof

paclet lossandwe cansetthe sendingrate higherthanthe lowestrate. For example,for a multicastvideo-
on-demandsener, settingits sendingrate higherthanthe lowestrate may improve the fairnessfor recevers
with highercapacitiesln Figurel, a singlegroupmulticastsessiorconsistof onesener S andfour recevers
R1;R2;R3 andR4. We cansetthe grouprateto 2 (the lowestrate),or setthe rate somavhathigher(e.g.,4).

Herecomesthe ®rst question.In a sessiorwith a singlemulticastgroup, how shouldwe setthe group rate so
thatit is fair to someextentto bothfastandslowreceives?

More recently using multiple multicastgroupshasbeenproposedo dealwith the heterogeneityproblem
amongreceversin the multicastcommunicatior{Bhattacharyyatal., 1998 Kar et al., 2001 Kar etal., 2002,
Stoenescetal.,2003KwonandByers,2004]. Theseschemesendto putthosereceverswith similar capacities
to thesamegroup,andit is fairerto thosereceverswith a highercapacity In Figurel, we canlet sener S form
two multicastgroupsandeachgrouptransmitsat a differentrate. For example,onegroupwith rate2 transmits
datato receversR1 andR2, andtheothergroupwith rate8 transmitsdatato receversR3 andR4. Notethatall
receversR1; R2; R3 andR4 arestill in the samemulticastsessioreventhoughthey areallocatedto different
groups. This is becausdhey arestill receving the samecontent,andit is perfectly®ne to move a recever
(R, ;R4 fromonegroupto anothethoughtheremaybeperformanceonsequences.

A moregeneralform of replicatedmulticastserviceis thereplicationof multicastseners. For example,in
Figure2, we have the multicastsener S replicatedat anothermplaceS2, which sendsout the samecontentas
S, but possiblyat a differentrate(thusquality). Eachof themcanform oneor moremulticastgroupsandeach

recever will beallocatedo oneof thegroupsfrom eithersener.
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Figure2: A multicastsessiorwith multiple groups

We needcriteriato guidethe allocationof receversto oneof the multicastgroupsin the session.The most
widely usedmeasureas the sumof utilities of recevers[Kar etal., 2001]. Receversaredividedinto groupsand
thegroupratesaresetin suchaway thatthe sumis maximized.This may achieve bettersocial welfare but, at
the sametime, hasto sacri®ceperformancef somereceversandthusunfair. Herecomesour secondjuestion.
In a sessiomwith multiplemulticastgroups,howshouldwedividereceives into groupsandsettheratesof those
groupssothatit is fair to someextentto all receives?

In this paper we give a formal de®nition of intra-sessiorfairnessamongreceversin the samemulticast
sessionTheconcepts basedn afairnesfunctionde®nedfor individual receversandthegoalis to maximize
the minimumvalueof fairnessof receiversin thesamesession.

Startingwith asinglegroupmulticastsessionye give optimalsolutionsto therateassignmenproblem(the
®rst question)for a variety of fairnessfunction de®nitions. Note the solutionis speci®cto a fairnessfunction
andtherealways exists an optimal solutionto ary fairnessfunction. Thenfor a sessiorwith multiple groups,
we give analgorithmthatcangeneratean optimalsolutionto the problemof groupingandrateassignmengthe
secondguestion).The novelty of the solutionmethodis thatit is a generaframevork andindependenbf the
speci®cde®nitionof thefairnesdunction. It canbe usedto solve the groupingandrateassignmenproblemin
a sessiorwith multiple multicastgroupsaslong aswe have a solutionto the rate assignmenproblemfor the
fairnesdunctionin thesinglegroupsessionWe illustratea methodof implementinghe max-minintra-session
fair allocationby layeringanddemonstrat¢éhe signi®cantdifferencein fairnessachieved by the maximalsocial
welfarealgorithmandthe max-minintra-sessioffiair allocation.

Therestof the paperis organizedasfollows. Section2 discusseselatedwork. Section3 givesa formal
de®nitionof intra-sessioiairnessin Sectiond, we give optimalsolutionsto themax-minintra-sessiotfiairness
problemin sessionsvith a singlegroupandwith multiple groups.We alsogive performancevaluationof the

algorithms,in comparisorwith the maximalsocialwelfarealgorithm. Section5 discusseshe implementation



issuesandillustratesa layeringmethodfor video streamingapplications We concludethe paperin Section6.

2 RelatedWork

Fairnesss oneof the key issuesn bandwidthallocation.Max-min fairnesgJaffe, 1981]aimedat maximizing
the minimum bandwidthallocatedto unicast o ws involved. It was extendedto the multicastcasein [Tzeng
and Siu, 1997], whereall receversin the samemulticastgroup are allocatedthe samegroup rate, which is
determinedby all links involved from the senderto all receversin the group. The goal is to maximizethe
minimum grouprate. The utility max-minfairnessmaximizesthe minimum of the utility of receversinstead
of therate[CaoandZegura,1999]. The scenariogliscussedy themis differentfrom oursin thateachgroup
constitutesa multicastsessiorandit is not possibleto move arecever from onegroupto anotheito improve the
fairness.All of themfocusedon allocatingbandwidthamongmulticastgroups,andtherefore fairnessamong
receversis notaconcern.

Multi-rate max-minfair allocationextendedthe multicastmax-minfairnessfurther to the casewherere-
ceiversin the samemulticastsessioncanreceve at differentrates[Rubensteiret al., 2002, Kwon andByers,
2004,Stoenescet al., 2003]. However, the allocationalgorithm cannotbe usedto answerthe two questions
raisedin Sectionl becausdts tamgetis theinter-sessiorfairnessi.e., thefairnessetweerreceversfrom differ-
entsessionsatherthanthefairnessamongreceversin the samesessionln a multiratemulticastsessiongach
recever canreceve at a differentrate. Therefore,in a multicastsessionwith n recevers,we needto be able
to let themreceve at n differentrates. To implementmulti-rate max-minfairnessend-to-endwe have to use
upto n groupsif we have n recevers. If the numberof groupswe canuseis smallerthann, we still have the
problemsof decidingthe allocationof receversinto groupsandchoosinga ratefor eachgroup,in away thatis
fair to recevers. Thisis theintra-sessiorairnessproblemwe wantto solwe in this paper

Another relatedwork is the useof multiple multicastgroupsto dealwith the problemof heterogeneous
recever capacitie§JAmmar and Wu, 1992 Kaseraet al., 2000,Bhattacharyyaet al., 1998,Kar et al., 2001].
In the schemeof destinatiorsetsplitting [Ammar andWu, 1992]the sendemwould sendto differentgroupsat
differentratescontrolledby thefeedbacKrom thereceversin eachgroup.Multiple multicastchannelsverealso
usedin areliablemulticastschemeo reduceend-hosfprocessingostsandnetwork bandwidthusaggKasera
etal., 2000]. Bhattacharyyaet al. designeda schemeo minimize the averagetransfertime by usingmultiple
multicastgroupsin bulk datatransfe{Bhattacharyyaetal., 1998]. Kar etal. addressetheproblemof achieving
ratesthatmaximizethe total recever utility for multirate multicastsessiongKar etal., 2001 Kar etal., 2002].

Most of themaimedat optimizing someperformancaneasurdhatis the summation(or average)of recevers'



performanceat the costof sacri®cingperformancef somerecevers.

Mostcloselyrelatedwork is theinterrecever fairnessvhichintendsto solve the sameintra-sessioffiairness
problem[Jiangetal., 1998]. A fairnesdunctionis de®nedor individual receversandtheinterrecever fairness
is de®nedasthe weightedsumof the fairness'of all recevers. Our obseration [Fei and Yang,2002]is that
the sumis optimized,but the fairnessof eachindividual recever is not taken careof. It is still possiblethata
recever hasa very smallfairnessvaluein the solution. Therefore,it is not sofair to therecever. In contrast,
we will de®nethe conceptof max-minfairnesghatwill maximizethe minimumfairnessvalueof therecevers,

ratherthanoptimizethe summatiorof them.

3 Model

3.1 Performance Measure of an Individual Recever

Performancef recevers canbe measuredn differentways. For bulk datatransfer we may be interestedn
theratearecever cangetdatafrom the sender For multimediaapplicationswe may de®nemorecomplicated
utility functions,suchastheproportionof usefuldata.

Recallthatdueto the differencein the processingpeedandtherateof the path,the capacityof a recever
to receve datafrom the sendercanvary from oneto another We de®nethe measuremerfunction with two
parametersOneis the capacity(c) of therecever andthe otheris therate(r) of the multicastgroupit receves
datafrom. Herearesomeexamples.
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Theperformanceanbeassimpleastheactualreceving rateasin f 1, whichtamgetsatgettinganequalshare
for eachrecever. An alternatve is theratio of thegrouprateover the capacitysuchasf ,, whichtriesto achiere

the goal that eachrecever getsthe rate proportionalto its capacity Performancaneasuremerfor individual



recevers canbe even more complicated(e.g., usingfunctionsf 3 andf 4). For mostmultimediaapplications,

evenif arecever hasto dropsomepaclketswhenthe sendingrateis higherthanits capacity thereis still some

valueto therecever. Thatis why we de®nef (c;r) > 0whenr > cin thesefunctions. However, the value

to therecever whenit hasto drop pacletsis not asgoodasin the casewherethe sendingrateis equalto its

capacity As amatterof fact,asthesendingate(r) increase# therange(c;+ 1 ), thefairnessvaluedecreases

in f; f 3 andf 4. Thisimpliesthatthe higherthe sendingrate,thelessvaluefor therecever in thisrange.

In someotherapplicationssuchas®Ile or softwaredistributions, dataareno useat all for arecever if the

seneris sendingatarate(r) greatetthanits capacity(c) andtherecever maylosepartof a®le. In thiscasewe

may preferthefollowing fairnesgunctionsthathave valueQif r > c.
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In somemultimediaapplicationsjf the sendingrateis lower thana certainlower bound,receverswill not

be ableto get the minimal quality mediastreamandall the datawill be useless.Therefore,we cande®nea

group of fairnessfugctionswith an additionalagument,i.e., the lower bound™. Obviously, = c¢. We can
< . N
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de®neh(c;’;r) = | . If we expandf (c;r), we getthefollowing fairnesgunctions.
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Figure4: Fairnesdunctionsf2 andf4
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Similarly, we cande®nekf(c;‘; ry= .
fAcir) ifr
We plotfunctionsf ; andf 3 in Figure3, andfunctionsf , andf 4 in Figure4, wherec = 1. All thesefunctions
(includingf ’s, h;'s,andh®s,wherel j  4) have thefollowing property:it monotonicallyincreasesver
(0; ) anddecreasesver (c;+1 ). Theintuition behindthis is that the closerthe grouprateto the capacity

the betterits performance.A recever achieresthe maximalutility or fairnessf the grouprateis equalto its



capacity

Basedon the measuresle®nedfor individual recevers,we will de®nesocialwelfare andintra-sessiorair-
ness We wantto emphasizeéhatour de®nitionsandalgorithmsdo notdependcon ary speci®cform of functions
de®nedfor individual recevers,andonecanusewhate/er performanceneasurde/shehinksappropriatgor a

speci®capplication.

3.2 SocialWelfare

The socialwelfareemphasizethetotal or averageperformancef all recevers. We de®nethe socialwelfareof

asessiomwith n receversastheweightedsumof performanceneasuresver all recevers,i.e.,

W = Wi

wherew; is the weight assignedo recever i andyv; is the performancevalue for recever i using one of
the performancefunctions(f ;fjo; hj; hjo) appropriatefor the application. For example, if we usef, asthe
performancefunction for individual recevers, we have vi = f2(ci;ryi)), wherec; is the capacityof re-
ceveri, g(i) is the groupto which recever i belongsandr y is its grouprate. The socialwelfarewill be
W = i Wi fa(cisrggy).

Theweights(w;'s) andperformancdunctionwill bedeterminedy aspeci®capplication.Thesimplestcase
for weightsis all w; = 1. Noteevenif f is somefairnesameasurdor eachrecever (for examplef ), we still

consideNV is asocialwelfaremeasurenotanintra-sessiofiairnessneasure.

3.3 Intra-SessionFairness

Intra-sessiorfairnessachieves the fairnessamongreceversin the samemulticastsession. Unlike the social
welfaremeasurethemainfocusis onindividual valuesof someperformancéunctionf for recevers.Therefore,
we de®netheintra-sessiofiairnesgo beavectorof performanceneasuresf receverst. Givenn recevers,the

intra-sessioffiairnesof anallocationis de®nedasavector i.e.,
F=tvive, gl

wherey; is the performancevaluefor recever i usingoneof the performancdunctions(f  ; fjo; h;; hjo) appro-

priatefor the application.

IActually it canalsobe de®nedasa multi-setof valuesof thefairnessunctionfor eachreceiver andthenwe cande®nean ordering

over multi-sets.However, we chooseo usethe vectornotationfor the easeof presentation.



To comparethe relative fairnessbetweenallocations we de®nean orderingover the fairnessvectors. It is
hardto comparetwo vectorsif their elementqv;'s) arenot ordered.Our ideais thatfor eachvector we de®ne
a canonicalform in which elementsn the vectorare ordered. We then de®nean orderingover the canonical

formsand®nally extendthatorderingto ary fairnessvectors.

Def1: Thecanonicaform of vectorF isdenotedchsC(F). If F = hvy;vy; ;Vni, thenC(F) = hug;uy; JUni,

whereuq; us; ;Up IS apermutatiorof vq; vo; ‘Vn,andu; uj4p foralll i n 1
Def 2. We de®neanordering , over canonicafforms. huq; uy; ‘uni y hqto; (thi Iff thereexistsan
i (1 i n)suchthatu; < tj andforalll j <i,u; =tj.

Def 3: Two vectorskF;  Fo iff Q(F1) v C(F2).
To make it completewe de®neanequialentrelationover fairnessvectors.
Def 4: Two vectorsk, = F, if they have thesamecanonicaform,i.e.,C(F1) = C(F»).

Def5: TwovectorsF;  Foif F1 y FoorFp = Fo.

Thegoal of the max-minintra-sessiorair allocationis to maximizethe minimum of fairnessvaluesin the
fairnessvector With the orderingde®ned the optimal solutionis the onethatmaximizesF over the ordering

v, ortotry togetmax ,hvi; vy; IVni.

3.4 Summary

The socialwelfare andthe intra-sessiorfairnessare two differentmeasuresn multicastservices.Improving
one of themdoesnot necessarilymake the otherworse. We do obsere thatin somecaseswve canimprove
both measurest the sametime. We do not aigue that the intra-sessiorfairnessis a bettermeasurehanthe
socialwelfarein allocatingreceversto oneof thereplicatedmulticastgroupsanddeterminingheratesof these
multicastgroups.Nor do we objectto theideasof usingor adaptingthe algorithmmaximizingonemeasurdo
geta (possiblyapproximate)xolutionto the otherproblem. However, we wantto point out thatin generalwe

cannotachiaze the max-minintra-sessioffiairnessy maximizingthe socialwelfareandviceversa



4 A Framework for Max-min Intra-sessionFair Allocations

4.1 SingleMulticast Group

In asinglegroupmulticastsessionall receversgetthe samegrouprateno matterwhattheir capacitiesare. The
problemis to determingherateof thegroupsothatthefairness= is maximizedwith regardto . Thisdepends
on the de®nition of individual fairnessfunction (f; ; qu h;; hjo). Givenn recevers, we assumehe capacityof
receveri is ¢; andthelowerboundfor receveri is™; (i  ¢). Withoutlossof generalityweassumes;  Gj+1
foralll i n 1. Notewe do nothave assumptiongbouttherelationshipsetween ;'s, andit is quite
possiblethat™; > “j+; for somei. Tablel givestheoptimalgrouprateto maximizetheintra-sessiomairness-

for thefunctionsde®nedn Section3. AppendixA givesthe detailson how to derive theseresults.

Fairneéss‘unction Optimalgrouprate
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valuesof ¢;'sand’;'s

Tablel: Theoptimalgroupratein the caseof singlemulticastgroup

In mostcaseswe have a simplesolution. However, the computationcanbe complicateddependingon the
de®nitionof thefairnesgunction. For example thesolutionfor functionf, needgo solve anequatiorP (x) = 0
if cn > 3c1, whereP(x) = x3  2c,x? + 1125065 Forf?(j = 1, ;4), recelerscannottolerateloss

(fjo(c;r) = 0if r > ¢), wehaveto setthegrouprateto theslowestreceverto avoid having anelemenbf 0in the

10



vector For bothf; andfjo, the groupratedepend®nly on ratesof the slovestrecever andthefastesrecever.
This is becausave imposethe requirementhat the fairnessfunction increasesnonotonicallyover (0; ¢) and
decreasemonotonicallyover (c;+ 1 ). For h; andhjo, lower boundvalues’is play arole in the solution. For
hjo, we have asimplesolutionr = ¢; if max(j) ¢;. Inthecasesvhenmax("j) > ¢, thesolutiondepends
on therelative valuesof ¢;'s andj's. We do not have analgebraicsolution. Instead we candesigna simple

algorithmto ®nd the optimalgrouprate.

4.2 Multiple Multicast Groups

To dealwith the heterogeneityproblemof recevers, multiple multicastgroupsare usedto sendthe contentto
recevers at differentrates. Receverswith similar capacityjoin the samegroup so that slower recevers will
not affect the performancef fasterrecevers. If the maximalnumberof groupswe canhave is m, the problem
becomegroupingreceverswith similar ratestogetherandassigninghemto oneof them groupswith thegoal
of maximizingtheintra-sessioffiairness-.

Thebruteforce solutionto the probleminvolvestrying every possiblewayto selectm indicesfrom n possi-
ble positions.We develop a framework thatcansolve the problemin polynomialtime. Theideais to transform
the original problemto the longestpath problemandthenusea modi®edDijkstra’s algorithm[Dijkstra, 1959]
to solweit. In thefollowing discussionweassume; ¢+ foralll i n 1L

Informally, we represenpossiblegroupingsof receversandtheir associatiorwith a multicastgroupasa
directedgraph,with the verticesarrangedn rows and columnsas follows. For the problemof allocatingn
receversto m groupswe haven m + 1 vertices.Figure5 illustratesthe casein which we have 6 recevers
and 3 groups. Thereis one columnof verticesfor eachgroup; thereis onerow of verticesfor eachrecever.
Vertex vi;j inrow i andcolumnj representshatthereceversassignedo groupj will startfrom receveri. An
edgefromv;;j tovy;+1 (i K) representthatreceveri toreceverk 1 will begroupedogetherandassigned
asgroupj . Theweighton this edgeis the intra-sessiorfairnessvectorof this multicastgroup. Obviously we
only have edgedetweeradjacentolumns,andthoseedgesalwaysstartfrom anodeon theleft sideandpoint
to anodeon theright sideon the samerow or belov. An edgepointingto a nodeon the samerow meanghat
no nodeswill beallocatedin this group. For clarity of presentationye do not shav theseedgesin Figure5.
Also removed from the ®gure arethoseedgesthat have to be combinedwith suchedgesto form a pathfrom
V1.1 10 Vh+1:m+1 . Thelengthof apathis theconcatenationf elementdrom thefairnessrectorsontheedgesn
the path. The comparisorbetweerthe lengthsof two pathsis basedon theordering  de®nedin Section3.3.
Notewe only needto comparewo pathswith the sameendpointsandthereforethey have the samenumberof

elementsn thevectors.

11
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Figure5: An examplewith six receversandthreegroups

A solutionis representedsa paththatincludesonevertex per columnin the graph. With the edgesand
weightsasdescribedthelongestpathcorrespondso anoptimalsolution. Thedetailsfor generatinghe optimal
solutionaregivenin Algorithm 1. It makesuseof the operationconcateto combinetwo vectorstogether We
usel (u;v) to recordthe fairnessvector and G(u; v) to recordhow the receversare splittedinto groups. It
startswith theinitialization of theedgesin thegraphby statementd to 11. We useF;, .y, ., torepresenthe
fairnessrectorcalculatecbasednthe de®nitionin Section3.3for thegroupwith receversi; i + 1; koA, if
i < k. Wealsode®neF, ., ., = hi, i.e.,avectorwith noelement.Statementérom 12to 23in thealgorithm
®ndthelongestpathfromw.1 t0 V41 :m+1 . Theresultisin G(V1:1; Vn+1:m+1 ), Whichrecordshow therecevers
shouldbesplitted. For example,if n = 10, m = 3andG(v1.1;Vi1:4) = 13;8; 111, we will know thatwe should
divide thereceversinto threegroupswith 1,2asagroup,3, 4,5, 6, 7 asagroup,and8, 9, 10 asagroup.

Thecorrectnes®f theframeavork is straightforvard. Any allocationcanbe mappedo a pathin thedirected
graph,with thelengthof the pathbeingthe intra-sessioriairnessof the allocation. The factthatthe pathfound
by our algorithmis thelongestimpliesthatthe solutionachievesthe maximalintra-sessioffiairness.Therefore,

it is anoptimalsolution.
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Algorithm 1 Generatingoptimalsolutionsfor the multiple groupcase

1: fori = 1ton do
2: L(Vl;l;Vi;Z) = FV1;1:Vi;2

3 G(V1:1;Vi2) = hi

i

- forj = 2tom 1do
5. fori= 1ltondo

6: fork = iton do

N

L(Vi;j 1 Vkij +1) = FVi;j Vi +1

G(Vij ;Vicj+1) = ki

©

9: fori = 1ton do

10:  L(Vim:;Va+1:m+1) = Fuim vnerm e
11:  G(Vim ;Vn+im+1) = m+ 1i

12: forj = 3tom do

13: fork = 1ltondo

14: Initialize L (v1;1; Vk;; ) to avectorof lengthj 1 with all elementsqualto zero
15: fori = 1tok do

16: if L(vy1i Vi) v concate(lL (vy1; Vi 1);L(Vij 15 Vi) then

17: L(Vi1; Vi) = concate(L (vi;1;Vij 1);L(Vij 15 Vi;j))

18: G(V1.1;Vkj) = concateG(Va.1;Vij 1); G(Vij 15 Vkyj))

19: Initialize L (v1:1; Vn+1:m+1 ) to avectorof lengthn with all elementsqualto zero
20: fori = 1ton do

21:  if L(Ve1;Vn+rm+1) v concate(L (Vi1 Vim ); L (Viim 5 Vn+1:m+1)) then

22: L(V1:1; Vn+1:m+1) = concate(L (V1:1; Vim ); L(Vim ; Vn+1:m+1))

13
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4.3 PerformanceResults

We evaluatethe performancenf the max-minintra-sessioriair algorithmandthe maximalsocialwelfarealgo-
rithm. We have 100 receverswith capacitiesangingfrom 0 to 1. Threemethodsareusedto generatehem.
First, they areuniformly distributedfrom 0 to 1. Secondwe generatevaluesthatfollow the exponentialdistri-
butionwith meanequalto 0.5. We only usethoesevaluesbetweerD and1. Theactualmeanof the capacitief
the 100receversis 0.30. Third, we usethe normaldistribution with a meanof 0.5 andvarianceequalto 0.25.
We alsoonly usethevaluesbetweerD and1. Thefunctionf , is usedastheindividual fairnessunctionin the
calculationof the intra-sessiorfairnessandthe socialwelfare (equalweights). Figure 6 shavs the minimum
fairnesdor the max-minfair allocationalgorithmandthe maximalsocialwelfarealgorithmwhenthe capacity
of receversfollows the uniform distribution. As the numberof groupsin a sessiorincreasegrom 1 to 40, the
minimumfairnesof receversincrease$rom 0.05to morethan0.96. However therearesigni®cantdifferences
betweerthe max-minintra-sessioriairnessalgorithmandthe maximalsocialwelfarealgorithm. For example,
whenthe numberof groupsis 8, the max-minfairnessalgorithm hasa minimum fairnessof 0.78 while the
maximalwelfarealgorithmhasa minimumfairnessof 0.34.

Figure7 shavs theminimumfairnessvhenthe capacityfollows the exponentialdistribution. Theminimum
fairnesds a bit closerbetweentwo algorithms,but we canstill seethe maximalwelfarealgorithmhasa much
lower minimumfairnesghanthe max-minfairnessalgorithm,especiallywhenthe numberof groupsis between
4 and14. We have similar resultsin the caseof normaldistribution.

To take a closerlook at the fairnessvaluefor otherrecevers,we plot all elementf the fairnessfactorin

Figures8 and9 whenthe numberof groupsis 12. We sortthe fairnessvaluesof receversin increasingorder
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The x-axisis therecever index andthe y-axisis the fairnessof eachrecever. Figure8 is theresultwhenthe
distribution of recever capacityis uniform. The max-minfairnessalgorithmhaslargerfairnessvaluesthanthe
maximalwelfare algorithmwhenthe recever index is smallerthan5, andthereforeit is fairerfor thoseat the
lower endof fairnessvaluesbasedon the fairnessfunctionused. It is at the expenseof smallerfairnessvalue
of thoserecevershaving a higherindex. Figure9 shavs the resultwhenthe distribution is exponential. The
max-minfairnesshashigherfairnesssaluesthanthe maximalwelfarewhenthereceverindex is smallerthan8.
Thoughthe max-minfairnesshasa smallertotal averageof fairnessvaluesthanthe optimalwelfare, it is fairer

basedn the max-mincriterion.
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5 Implementation Issues

Oneof key issuesn the max-minfair allocationis to determingthe capacityfor eachrecever. Whenthelinks
in the pathfrom the sourceto arecever arenot sharedwith otherunicast/multicassessionssuchasrecevers
in Figure 10, the capacityof a recever is the bandwidthof the bottlenecklink in the path,becausehis is the
maximalratethatthe recever cangetdatafrom the source.Whenthe links from the sourceto a recever are
sharedvith othersessionsywe canusethe multi-ratemax-minfair allocationto determinghebandwidthateach
link thatcanbe usedby this multicastsessiorfRubensteiret al., 2002]. For example,in Figure 11l we wantto
know the capacitieof receversin a multicastsessiorwith A asthesendemandal, a2, ..., a6 asrecevers. The
links (L 1,L 2) to receversaresharedwith othertwo sessionspnehaving sourceB andrecever bl andtheother
having sourceC andrecever cl. Thebandwidthallocatedo multicastsessioA by the multi-ratemax-minfair
allocationis shawn in Figure12. The capacitiedor al to a6 are3, 5, 6, 9, 12 and18, respectiely. Notethat
L, andL, play arolein determiningthe bandwidththatcanbe allocatedto the sessiorbasedon the multi-rate
max-minfair allocation,andthe capacitiesf therecevers.

The multi-ratemax-minfair allocationcanbe implementedend-to-endoy usingmultiple multicastgroups

16
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for eachsessionlf we have enoughgroupsto use we canachieve their capacityfor all recevers.We needto use
six multicastgroupsfor sessiorA. However, in practicewe have to implementwith alimited numberof groups
andusuallythis will inevitably resultin anunderutilizationof bandwidthat variouspointsin the network. This
is atradeof of bandwidthutilization for simplicity of managemerdandimplementationThe problemis, with a
givennumberof groupswe canuse,how shouldwe divide receversinto groupsanddeterminea ratefor each
group?We canusethe algorithmsin the previous sectionto ®nd the max-minintra-sessioriair groupingsand
grouprates.For example,if we canonly use3 groups.the optimalsolutionis to groupal anda2 togethera3
anda4 togetherandab anda6 together Their rateswill besetto 3, 6 and12, respectiely.
Settingthreemulticastgroupswith rates3, 6, 12 andhaving receversjoin correspondingroupswill result
in thetotalratesover sharedinks exceedinghebandwidthallocatedor thesessionFor example thebandwidth
allocatecto this sessiorover link L1 is 18. However, thetotal rate of threegroupsoverlink L1 is 3+6+12=21,
higher than the bandwidthallocatedto the sessionwhich is 18. For multimediaapplicationswherenot all
receversneedto getall thedata,we proposealayeringbasedsolution.If we have m groupsof receversandthe
max-minintra-sessiorair allocationresultsin the groupratesfrom r 1 to r,,, we canimplementit asm layers
andsettherateof layerj tor; rj 1 (assumeag = 0). All thereceversin groupj will listento layer1 upto
layerj . Theactualrateof eachrecever is still equalto the optimalintra-sessiorair allocationwhile the total

rateover a givenlink will be smallerthanor equalto the bandwidthallocated. For the examplein Figure12,
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threelayerswill besetatrates3,3(= 6 3),and6(= 12 6). Receversal anda? listento layerl, a3 anda4
listento layersl and2, a5 andaé listento layersl, 2 and3. They getthe max-minintra-sessioriair rate. The
rateusedat eachlink is the sumof the ratesof the layersgoing throughthatlink. All threelayersgo through
bothlinks L1 andL 2. ThereforetherateusedatL 1is 3 + 3 + 6 =12. Thisdoesnot exceedtherateallocatedo
this sessiorover link L 1. Thesameis truefor link L 2, exceptthatthetotal rateusedis equalto the bandwidth

allocatedo this sessioroverlink L2.

5.1 PerformanceResults

We evaluatethe performanceof the max-minintra-sessiorfair allocationandthe maximal social welfare al-
locationin the ervironmentwherelinks are sharedwith receversfrom otherunicast/multicassessions.The
topologyusedis shavn in Figure11. The bandwidthfor eachlink is labelednext to it, exceptthatwe vary the
bandwidthof link L2 from 1 to 50. The goalis to usethreelayersto implementthe multicastsessiorwith re-
ceiversal to a6. We shav theresultsusingthe max-minfairnessalgorithmandthe maximalwelfarealgorithm,
with f , astheindividual fairnessunction.

Figure13 shavs the minimumindividual fairnessvalueover all recevers. Whenthe bandwidthof link L2
is lessthan 10, thereis no differencebecausaeceversal, a2, anda5 areall constrainedy link L2 andhas
the capacityof 3. Whenthe bandwidthof L2 is betweenl0 and 45, we seesigni®cantdifferencesetween
thesetwo algorithms. Figure 14 shaws the averagefairnessof recevers. We canseethatthe maximalwelfare
algorithm getsa higher averagefairnessvalue, or bettersocial welfare. However, we ®nd that bettersocial
welfareis achieved at the costof beingnot sofair to someunlucky receversin the session.Throughthesetwo

plots,we canseethetradeof betweerthemax-minintra-sessioffiairnessandthe maximalsocialwelfare. While
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socialwelfareis animportantmeasurdor groupingmulticastreceversandrateassignmentye cannotignore

theintra-sessiomairnessf we wantto befair to receversin the samesession.

6 Conclusion

In this paperwe gave a formal de®nition of intra-sessiorfairnessandillustratedits essentiallifferencefrom
socialwelfare. Intra-sessiorfairnessis a very importantconceptusuallyignoredin practice. In the caseof
single group sessionswe gave optimal solutionsto the max-minintra-sessiorfairnessproblemfor various
fairnesdunctionde®nitionsto setanappropriatgrouprate.In thecaseof multiple groupsessionsye presented
analgorithmframewvork thatcangenerataptimal solutionsto the problemof groupingreceversto achieve the
max-minintra-sessiomairness.The novelty of the solutionis thatit doesnot dependon ary speci®cindividual
fairnessfunction de®nition. We also discussedmplementationissuesand shaved the differencein fairness
achieved by the maximalsocialwelfareandthe max-minintra-sessioffiair allocations.

The future work includesinvestigatingthe heterogeneoufairnessfunction de®nitions. It is possiblethat
differentreceverswantto usedifferentfairnessunctions. Theproblembecomesnuchmorecomplicatedf the
fairnesdunctionis in acomplicatedorm, which mayinvolve somespecialutility eachrecever is interestedn.
Our perceptioris thatwe maynot have a generakolutionandhave to do anapplicationspeci®canalysiso ®nd

anintra-sessioriair solutionto the problem.
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A Derivation of the Optimal Group Rate

Then recevershave capacitiess ; ¢y; iCh,Withg ¢4 forl i n 1 Wewantto ®ndthegrouprate
X, suchtheintra-sessiofairnessde®nedastf (q;x);f C2;x);  ;f (Cq;x)i is maximizedwith regardto .
Letcg = 1 andc,+1 = +1 . Without lossof generality we assumehatc; < x Ci+1 for some
0O i n.
For functionf 1, thefairnessvectorof thegroupis hcy; ¢;; (Gl X, ; Xi. To maximizeit, we needto set

i toben. Thatis, whenx = ¢, thefairnesds maximizedwith regardto .

For functionf », the fairnessvectorof the groupis h&; <2; ;f(—i; Cifl : ;%i. The smallestelementis
either< or % because: < for2 | i, and% % fori+1 j n 1 Ifxistoo small,% will
betoo small. If x is too big, - will be too small. To maximizethe fairnessvectoy we set+ = 2-. Thatis,
X = P C1 Cn. Similaragumentscanbemadefor functionf 3.

Y y=1 (1x/c)® y=1(1x/c)?2

1.5¢ y=1.125¢ /x

Figurel5: Solutionfor f4

For functionf 4, we startwith an obserationthatif x < c¢; orx > c,, wewill have a very smallelement
in the fairnessvector Assumethatthe fairnessfunctionfor recever n interceptswith the fairnessunction of
recever 1 atx, asshavn in Figurel5. Thenext questionwe wantto answelis whetherx ~ 1:5c1 orx > 1.5c¢;.

To®ndout,weletl (1 x=@)2=1 (1 x=¢,)2 andgetx = £% % |norderforx  1:5c;, we have

C1+Cn

ifi—c‘;” 1:5¢1,i.e.,cn  3c;. Thatis,whenc, 3cy, thefunctionof recever n interceptswith thefunction
of recever 1l atx = 2% & \which make themhave the samefairnessvalue,while the fairnessvaluesof other

Ci1+Cn

receversaregreaterthanthis value. If we setthe grouprateto somevalueotherthanx, it will male eitherthe
fairnessvalueof recever n or recever 1 to be smallerthanits currentvalue,andthusmalke the overall fairness

vectorsmallerthanthe currentvector Thereforethegrouprateshouldbe setto chi—cﬁ" whenc, 3ci.
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Whenc, > 3cy, thefunctionfor recever n interceptswith the functionfor recever 1 at somex > 1.5c;.
Sowelet1:125% = 1 (1 X)? andgetx® 2cox*+ 1:125;¢3 = 0. Theoptimalsolutionis to setthe
grouprateto x, suchthatx®  2c,x? + 1:1251¢2 = Oandc; X Cp.

For fairnesgunctionsf J-O(c;r), if thegrouprater is greatethancs, it will causdhefairnessralueof recever
1to beO. Thereforewe have to setthegrouprater to c; to maximizethefairnessvectorwith regardto .

For fairnesgunctionsh; (c; '; r), if thesolutionto thecorresponding; is biggerthanmax("j), thentheso-
lutionry, isthesolutionto h;. If r¢; is smallerthanmax(";), we have to setthegrouprateto max (") to ensure
thatno elementn thefairnessvectoris zero. Thereforewe have to setthegrouprater to max(max("i);r¢;).

Forfairnessfunctionshjo(c; ), if max(ti)  c1, wecansetthegrouprateto c; to ensurghatno element
in thefairnessvectoris zero. If max(*;) > ci, the optimalgroupratewill depen(:bnfj0 andrelative valuesof

¢'sand’;'s.
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