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AbstracB Multimedia traf®c can typically tolerate someloss but has
rigid delay constraints. A natural QoSrequirementfor a multimedia con-
nection is a prescribed bound on the the fraction of traf®c that exceeds
an endttotenddelay limit. We proposeand analyzea traf®c management
schemewhich guaranteesQoSto multimedia traf®cwhile simultaneouslyal-
lowing for alarge connectionzcarryingcapacity. We study our traf®c man-
agementschemein the context of a single node. In order for the nodeto
guarantee QoS, eachconnections traf®c is regulated. In order to support
many connectionsthe link statistically multiplexesthe connections'traf®c.
The schemeconsistsof (i) cascadedeaky+bucketsfor traf®c regulation, (i)
smoothersat the ingressesand (iii) bufferlessstatistical multiplexing within
thenode. For this schemeave showthat lossprobabilities areminimized with
simple onexbuffersmootherswhich operateat speci®aninimum rates. We
alsoshowthat the worst+casenput traf®c is extremal onzoff traf®c for all
connections. Thesetwo resultslead to a straightforward schemefor guar-
anteeingQoSto regulatedtraf®c. UsingMPEG videotraces,we presentnu-
merical resultswhich demonstratethe methodology Finally, we compare
the bufferlessschemewith buffered statistical multiplexing.

Keywodsb Bufferless Multiplexing, Call Admission Control, Multime-
dia Traf®c,RegulatedTraf®c, Statistical Multiplexing, StatisticalQoS,Traf-
®cSmoothing.

|. INTRODUCTION

VER the pasttenyears,signi®cantesearcteffort hasad-

dressedthe important problem of guaranteeingQoS to
multimediatraf®cin a packettswitchedetwork. The goal has
beento developtraf®cmanagemergchemeshatallow for high
link utilizationswhile simultaneouslguaranteeinthatthe QoS
requirement®f the ongoingconnectionaremet. It is gener
ally agreedthat high link utilizationscanonly be achievedby
allowing traf®cto be statisticallymultiplexed,i.e., by allow-
ing eachconnectionstraf®cto havea smallamountof lossand
exploiting the statisticalindependencef the connectionstraf-
®c[1][2][3][4]. It is alsothe view of many researchershat
QoScanonly be guaranteedby requiringthe traf®cto be reg-
ulated(e.g.,by leakybuckets)ytthe edgesf thenetwork[5][6]
[7][8][9][10][1 1].

In recentyearsthe problemof providing QoS guaranteeso
regulatedsourceshich arestatisticallymultiplexedin ashared
buffer hasbeencarefully studied[9][10][11]. The existingso-
lutions, however do not extendto the networkenvironmenin
asatisfactorymanner Also in recentyears the problemof pro-
viding end+to+endleterministicguarantee$o regulatedraf®c
in networkshasbeenadequatelgolved[12][13][7][8]. Thede-
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terministic QoS guaranteeshowever typically imply a small
connectionzcarryingapacityfor networkswith burstymultime-
dia traf®c. In this paperwe lay the groundworkfor a traf®ct
managemenarchitecturethat provides end+totendstatistical
QoSguaranteesWVe focusour attentionto a networkconsisting
of asinglenodein this paper We extendthetraf®cmanagement
to networksin asubsequemapenf14].

In this papemwe view traf®@cas uid. The uid model,which
closely approximatesa packetizedmodel with small packets,
permitsus to focuson the centralissuesandsigni®cantlysim-
pli®esnotation.We supposehatthetrai®csentinto thenodeby
eachconnectionis regulatedby a connectiontspeci®mascade
of leaky buckets. A cascadef leaky bucketsis more general
thanthetwozleaky+bucketegulator commonlyusedin thelit-
erature[9][10], andcanmoreaccuratelycharacterize sources
traf®c. Moreover cascadedzleakytbuckieaf®ccaneasilybe
policed. For admissioncontrol, all thatwe know abouta con-
nectionstraf®cis its regulatorconstrainde®nedy its cascade
of leakybucketsijn particular we do nothaveavailablestatisti-
cal characterizationef thetraf®c.

We alsoassumehat the following naturalQoSrequirement
is in force: the fraction of traf®cthat exceedsa speci®alelay
limit mustbe below a prescribedbound. Traf®cwhich over
“ows atabufferis considere@shavingin®nitedelay andthere-
fore violatesthe QoSrequirementimportantly we permiteach
connectiorto haveits own limit onthenodaldelayandits own
boundonthefractionof traf®cthatexceedshisdelaylimit. This
QoSrequiremenits particularlyappropriatdor multimediatraf-
®c,wherebytimestampinganda playoutbuffer canensurethe
continuougplayoutof videoor audiowithoutjitter.

Given eachconnections traf®ccharacterizatiomndits QoS
requirementwe addresghe following problem: How should
we managethe traf®c and perform admissioncontrol in or-
der to guaranteeQoS while maintaininga large connectiont
admissiorregion?We advocatehefollowing simpleandprag-
maticscheme: smootheachconnections traf®cat the con-
nections input as much as allowed by the connections delay
constraint;  employbufferlessstatisticaimultiplexingwithin
thenode; baseadmissiorcontrolontheworst+casassump-
tion that sourcesare adversariato the extentpermittedby the
connectionsregulatorwhile concurrentlyassumingheconnec-
tionsgeneratéraf®cindependentlyThis schemeesnjoysthefol-
lowing features:



Admissioncontrolis solely basedon the connectionsteg-
ulator parametersyhich are policable. It is not basedon
more complex,dif®cultttoxpolicestatisticalcharacteriza-
tions.

It allowsfor statisticaimultiplexingatthenodewhile meet-
ing the QoSrequirementsThe smoothingat theinputin-
creaseshestatisticalmultiplexinggain.

It allowsfor pert:connectiooSrequirementstheconnec-
tionscanhavevastlydifferentdelayandlossrequirements.
Becausethe multiplexing is bufferless, the switch re-
guiresonly smallinputbuffers(whentraf®cis packetized),
therebyreducingswitchcost.

A connectiors traf®ccharacterizatiomloesnot changeas
thetraf®cpasseshroughthe bufferlessmultiplexer

It is thislastfeaturethatis particularlyusefulwhenextending
thetraf®cmanagemergchemeo amultihopnetwork[14]. With
our schemehetraf®cleavingthe networknodeconformsto the
sameregulatorconstraintasthetraf®centeringthe node.With
sharedbuffer multiplexersit is dif®@cult(if not impossible)to
tightly characterize& connections traf®concethetraf®cpasses
througha sharedouffer.

This paperis organizedasfollows. In Sectionll we formally
de®nethe cascadedeakytbucketegulatorsand the QoS re-
guirement. In Sectionlll we determinethe worst+caseraf®c
for asinglexlinkandoutline our smoothingandadmissiorcon-
trol procedure.We also considergeneralsmoothersand show
that the optimal smootheris a singlexbufer smootherwhich
smoothesraf®casmuchasthedelaylimit permits.In SectionV
we presentumericalresultsusingMPEGzencodettaces. In
SectionV we compareour schemeo designdasedn buffered
statisticalmultiplexing. We concluden SectionVI.

Il. REGULATED TRAFFIC AND THE QOS REQUIREMENT

In this papemwe focuson asinglenodeconsistingof abuffer-
lessmultiplexerthatfeedsinto a link of capacity . We view
traf®cas uid, i.e., packetsarein®nitesimal.Considera setof

connections.Eachconnection hasan associatedegulator
function, denotecby . . Theregulatorfunctioncon-
strainsthe amountof traf®cthat the th connectioncansend
into thenodeoverall timeintervals.Speci®callyif is the
amountof traf®cthatthe th connectiorsendgo the nodeover
theinterval , then is requiredto satisfy

for all Q)
A popularregulatoris the simpleregulator which consistof a
peakzrateontrollerin serieswith aleakybucket;for thesimple
regulatortheregulatorfunctiontakesthefollowing form:

Foragivensourcetype,theboundonthetraf®cprovidedby the
simpleregulatormay be looseandleadto overly conservative
admissioncontrol decisions. For many sourcetypes(e.g., for
VBR video),it is possibleo getatighterboundonthetraf®cand
dramaticallyincreasehe admissiorregion. In particulat regu-
lator functionsof theform

(2)

areeasilyimplementedvith cascadetkakybucketsijt is shown
in (see[6]) thatthe additionalleaky bucketscanleadto sub-
stantiallylarger admissiorregionsfor deterministicmultiplex-
ing. We shallshowthatthisis alsotruefor statisticaimultiplex-
ing. Throughoutthis paperwe assumehat eachregulatorhas
the form (2). Without loss of generalitywe may assumehat

and . Forease

of notation,we set . Notethatfor connectionz traf®c,
thelongtrunaverageateis nogreatethan andthepeaktrate
is nevergreaterthan

Eachconnectionalso hasa QoSrequirement.In this paper
we considera QoSrequirementhatis particularlyappropriate
for multimediatraf®c,suchasaudioandvideotraf®c. Speci®-
cally, eachconnectiorhasa connectiontspeci®elaylimit and
aconnectionzspeci@ssbound.Denote and forthedelay
limit andlossboundfor the thconnectionAny traf®cthatover
“ows ata buffer is consideredo havein®nitedelay andthere-
foreviolatesthedelaylimit. TheQoSrequirements asfollows:
for eachconnection , thelong+runfractionof traf®cthatis de-
layedby morethan secondsnustbelessthan

This QoSrequirementanassurecontinuous,uninterrupted
playbackfor a multimediaconnectionasfollows. Eachbit (or
packetfor packetizedraf®c)is time+stampedtthesource.f a
bit from connection is timexstampedvith value , the bit (if
notlostin thenode)arrivesat thereceivemo laterthan
Thereceiverdelaysplayoutof the bit until time . Thus,
by includinga buffer ateachreceiverthereceivercanplayback
a multimediastreamwithout jitter with a ®xeddelayof  and
with bit lossprobabilityof at most

Thestrategythatwe takein this paperis to passachconnec-
tion's traf®cthrougha smoothemtthe connectionsinputto the
node.We designthesmootherfor the th connectiorsothatthe

th connectionstraf®cis neverdelayedatthesmootheby more
than . After havingsmoothedh connectiors traf®c,we pass
the smoothedraf®cto the node. At the link the connections
traf®cis multiplexedwith traf®cfrom otherconnections.The
secondaspecbf our strategyis to removeall of the buffersin
thenode;thatis, we usebufferlessstatisticaimultiplexingrather
thanbufferedmultiplexingbeforethelink. In our uid model,a
connections traf®cthatarrivesto a bufferlesslink either ows
throughthelink without anydelayor over ows atthelink, and
thereforehasin®nitedelay In orderto satisfythe th connec-
tion's QoSrequirementit thereforesuf®ceghatthe fraction of
connectionz traf®cthatover owsthelink belessthan . Also,
if thelossat the link is small, we canreasonablyapproximate
a connectionrs traf®cat the outputof the multiplexerasbeing
identicalto its traf®cat the input to the multiplexer In other
words,a connectiorthat satis®eshe regulatorconstraint
at the input of the nodesatis®eshe sameregulatorconstraint

at the outputof the node. Our schemeextendgherefore

in a straightforwardnannefrom asinglenodeto agenerahet-
work of bufferlessmultiplexerswith smootherst the network
ingresse$14]. Ourapproachs illustratedin Figurel.

Forthesmootheatthe thconnectionsinput,initially weuse
a buffer which serveghetraf®catrate . Whenthe smoother
buffer is nonemptytraf®cis drainedfrom the smootherat rate
. Whenthesmoothebufferis emptyandconnectiont'straf-



[ ]

bufferless
multiplexer

Fig. 1. Thetraf®cof the th connectioris characterizetby the regulatorfunc-
tion . Thetraf®cis passedhrougha smoothemwith rate  andthen
multiplexedontoallink with capacity .

®cisarrivingataratelessthan , traf®cleavegshesmootheex-
actly attherateatwhichit entershebuffer. Forthe uid model
andQoScriterionof thispapemwe shallshowthatmorecomplex
smoothergonsistingof cascadeteakybucketsdo notimprove
performance.

Usingthetheorydevelopedn [15], it canbe shownthatthe
maximumdelayat the smoothets

3)

Also, becausehe bufferlessmultiplexerandlink introduceno
delays,traf®cfrom the th connectionthat ows throughthe
nodewithout losshasthe maximumdelayof the smoother We
setthesmootherateto

(4)

sothatthetraf®cthatpasseshroughthenode(i.e., traf®cwhich
doesnotover ow atthelink) is notdelayedoy morethan . It
is straightforwardo showfrom (4) thatthesmootheratecanbe
expresseds

()

We focusin this paperon a singlelink with  connections.
Connection hasaregulatorconstrainfunction andQosS
parameters and . Now regardthe th arrival processasa
stochastigrocess.Let denotethe th arrival
processandlet denotea realizationof the
stochastiprocessAlso let , andlet

be the associatedectorstochastiarrival pro-

cess. We saythatthe vectorarrival process is

feasibleif ~ thecomponentrrival processes ,

, areindependentand for each ,

eachrealization satis®eshe regulatorcon-
straint

GUARANTEEING STATISTICAL QOS

for all

(6)

Denote for the setof all feasiblevector arrival processes

Our®rstgoalis to developa straightforwardprocedurdo de-
terminewhetherthe QoSrequirementsre metfor all possible
feasiblestochasti@rrival processesk-or a ®xedfeasiblevector
arrival process , let be the rateat which
traf®cfrom the th connectionleavesthe associatedmoother
attime , andlet  bethecorrespondingteady+stateandom
variable. Considemultiplexingthe traf®@cstreams

onto a bufferlessmultiplexerof rate . Thelong+run
averagdractionof traf®clost by connection is

(7)

In the de®nitionof we makethe naturalassumption
thattraf®clossat the bufferlessmultiplexeris split betweerthe
sourcesn amanneiproportionato therateatwhichthesources
sendtraf®cinto the multiplexer Notethat keepstrack
of lossfor eachindividual connection.

Although is anappealingperformanceneasurewe
havefoundit to bemathematicallynwieldy Insteadf
we shallwork with aboundon whichis moretractable
and which preservedhe essentialcharacteristic®f the origi-
nal performancaneasure.Noting that the term in the expec-
tation of the numeratorof equation(7) is nontzeroonly when

, We obtain:

(8)

In mostpracticalcircumstanceshe QoSrequiremenspeci®es
traf®clossto be miniscule,on the orderof or less.
Thuswe expectheboundto beverytight: duringtherareevent
when exceeds , weexpect tobeveryclose
to . Henceforthwe focusonthebound , andwe refer
to asthelossprobabilityfor the thconnection Weem-
phaziséherethatthebound(8) is acrucialandimportantstepfor
thetechniquegakenin this paper To our knowledge no other
authorshavemadedirectuseof thisimportantoound.In Section
5 we providenumericalresultswhich showthat isvery
nearlyequalto theactuallossprobability

By takingthesupremunoverall thefeasiblevectorstochastic
processesyeobtainthefollowing worst+cas@ssprobabilityof
the th connection:

(9)

If for all , thenthe QoSrequirementsare
guaranteetb bemetfor all feasiblevectorarrivalprocesseghat
is, for all independenarrival processesrhosesamplepathssat-
isfy the regulatorconstraintsIn our strategyat connectiorad-
missionwe determinewhether for all

will continueto hold whenaddingthe new connection.If not,
the connectionis rejected. Thus, we needto developan ef®-
cientmethodto computethe bounds . As a®rststep
in computingtheseboundswe needto explicitly determinethe
randomvariables thatattainthe supremumn (9).



Lemmal: Let
with  havingdistribution

beindependentandomvariables,

with probability —
with probability

Thereexistsafeasiblevectorarrival procesavhich produceshe
steady+stateatevariables atthesmootheoutputs.
Proof:  The proof is by construction. For each

, let

and

Alsolet beindependentandonvariablesvith  uni-
formly distributedover . Let beadeterministieri-
odic functionwith period  suchthat

De®nehe th arrival stochastiprocessas

Thuseachcomponentrrival process is gen-
eratedby a periodiconztof source;the th processhaspeak+
rate andaverageate . By sendingeachcomponenprocess
into its respectivesmootherwe obtainanonz
off procesavhosepeaktratés andwhoseaverageateis
Also, the componeniprocessesre independentthusthe vec-
tor arrival procesgproduceghe steady+stateandomvariables
atthesmootheoutputs.
It remainsto showthat eachrealizationof
satis®etheregulatorconstrain(6). It followsimmediatelyfrom

thede®nitiorof that
for all (10)
We can,in fact, showthat
for all (11)
To seethis consideranyarbitrary ,where issome
nonznegativéntegerand . We have

The®rstinequalityfollows from (10) andfrom the fact thatthe

averageateof overanyperiodoflength is . Thesec-
ond inequalityfollows becausehe slopeof is neverless
than . This establisheq11). Finally because is non+
increasingpvereachof its periodswe have

for all (12)
Combining (11) and (12) proves that each

realizationof

(6).

satis®eshe regulatorconstraint

|

We nowshowthattherandonvariables attainthe
supremunin (9). Thisresultwill leadto a simpleprocedurdor
calculatingtheworst+caséssprobabilities . Tothis
end,we will needto makeuseof a conceptfrom stochastior-
dering.A randomvariable issaidto besmallerthanarandom

variable in thesenseof theincreasingconvexstochastiqics)
ordering written as ,if for all
increasingconvexfunctions

Theoem1l: For each , the worst+casdoss

probabilityfor the th connectioris

Proof: Let
suchthat

1. areindependent.

2. and for all .
All feasiblevectorarrival processes  give steady+stateate
variableghatbelongto . Let bearandomvector
in . Let and . We
needto showthat

bethesetof all randomvectors

(13)

Fix , with , and considerthe randomvector
suchthat and for . Note

that . We ®rstshowthatfor each®xed |,

(14)

. Let
and . Noting

Considetthecase . Let
and bethedistributionfunctionsfor
that , and areindependentye have

Thefunction within theexpectatioris
anincreasingconvexfunctionin foreach®xed and . Thus,
because (e.g.,seePropositiori.5.1in [16]), we have



forall and . Combiningtheabovetwo equationgjives

which, whencombinedwith , gives(14).
Now considerthe case . Let . Using
, theindependencef and , andtheindependencef
and ,weobtain
Also

Combiningtheabovetwo equationgjives(14) for
Thus(14) holdsfor all . Therefore startingwith
the original vector we canreplace  with
andobtainanewvectorin  suchthat(14) holds. Rename
this newvectoras . We canrepeathe procedure,
thistimereplacing with , andagainobtaininganewvector
in  suchthat(14) holds. Performingthis procedurdor all
gives(13). ]
Usingthefactthat  isaBernoullirandomvariable we ob-
tain from Theoreml the following expressiorior the boundof

(15)

We cancomputethesebounddirectly by convolvingthedistri-
butionsof the independentandomvariables. An ef®cientap-
proximateconvolutionalgorithmis presentedn [17]. We can
alsoobtainanaccurateapproximatiorfor theright+handsideof
(15) by applyinglarge deviationtheoryto the expectationn the
numerator:To thisendlet

Note that is the logarithm of the momentgenerating
functionfor . Wede®ne
Notethat

by theindependencef the 's. Thelargedeviation(LD) ap-
proximationgivesthefollowing approximatiorfor  [1]

where istheuniguesolutionto

The LD approximationis known to be very accuratdl1], [4],
[18], [9], [19] andis alsocomputationallyery ef®cient.We use
theLD approximatiorfor the numericalstudiesn this paper

In summary (15) is a simple expressiorfor the worst+case
loss probability ; this simple expressiorinvolvesthe inde-
pendenBernoullirandomvariables , whosedistri-
butionswe know explicitly. TheLD approximatiorfor (15) is
highly accurateandis easilycalculated.For admissiorcontrol,
we advocateusingthe LD approximationto calculate  and
thenverifying the QoSrequirementj.e., verifying in realttime
whether for all .

At thisjuncturewenotesomemportantrelatedvork by Doshi
[20]. He studiesworst+caseinsmoothedraf®cthatmaximizes
anaggregatéossratio, wherethe aggregations takenoverall
sources For this criterion he discoversa numberof anomalies;
in particular extremalontof sourcegrenotalwaysworstcase.
With our bound (8) the lossis maximizedby the ex-
tremalonzof sourceswhich greatlysimpli®esadmissiorcon-
trol. Furthermoreaswe showin this papersmoothingf traf®c
cansigni®cantlyexpandheadmissiorregion.

A. TheOptimalSmoother

Up to this point we haveassumedhatthe smootheifor each
connection consistof asinglebuffer thatlimits the peaktrate
of the smoothemutputto . In this subsectiorwe studymore
generakmootherspamely smootherghatconsistof a cascade
of leaky buckets.The smootherfor connection , de®nedy a

function , constrainghe amountof traf®cthat can enter
the networkoveranytime interval. Speci®callyif is the
amounbf traf®cleavingsmoother overtheinterval ,then

is requiredto satisfy
for all

We assumehroughouthis sectionthatthe smootherfunctions
areof theform

(16)

with and .
Thesepiecewisdinear, concavesmoothefunctionscanbeeas-
ily implementedby a cascadeof leaky buckets. The singlex
buffersmoothede®nedh Section? is aspeciakasewith
and
We saythata setof smoothers

if the maximumdelayincurredat smoother is

. By de®nitiorthe setof smoothers
studiedearlieris feasible. Now ®x a feasiblesetof smoothers

, andlettheregulatedraf®cfromthe con-

nectiongasshroughthesesmoothersLet

is feasible
for all

(17)



be the associatedvorsttcasdossprobability Recallthat is

thesameworsttcaséssprobabilitybut with thetraf®cpassing
throughthesetof smoothers . Theproofof thefol-

lowing resultis providedin theappendix.

Theoem?2: for all . Thusthesinglex
buffer smootherswith minimize the worst+casdoss
probabilityoverall feasiblesetsof smoothers.

It follows from Theorem?2 thatthe morecomplexsmoothers
consistingof cascadedeaky bucketsdo not increasethe con-
nection carrying capacityof the network. Thus without loss
of performancewe may usethe simplesmootherf the form

Furthermore,Theorem2 veri®esthe intuition
thatin orderto maximizetheadmissiorregionthesmootherates
areassmallasthedelayconstraintpermit,thatis, for

B. A Heuristicfor Finding a LeakyBucketCharacterizatiorof
PrerecodedSouces

In this subsectionve discusshowto obtainagoodcharacteri-
zation of asourceor agivenrestriction  onthenumber
of leaky buckets. For any given characterization we use
atthenetworkedgea singletbufer smoothewith rate  given
by (5). Our goalis to ®nda characterization that hasat

most  slopeqi.e., cascadetkakybucketsandattemptdo
minimizeboth and . FromTheorem?2 we know thatmin-
imizing and minimizesthe worsttcasdossprobabilities,

andtherebymaximizeshe connectiontcarryingapacityof the
network.
We developthe heuristicfor determininghe characterization
in the contextof prerecordedources.Thesesourcesn-
cludefullxlengthmovies,musicvideoclipsandeducationaia-
terial for videoxontdeman@/oD) andothermultimediaappli-
cations.lt is well knownhowto computeheempiricalenvelope
for prerecordedourcegd6], [21]. Theempiricalenvelopegives
thetightestboundontheamounbf traf®cthatcanemanatérom
aprerecordedourceoveranytimeinterval. Theempiricalenve-
lopeis howevemot necessariloncaveandthereforewe may
notbeableto characterizé by acascadef leakybuckets.How-
ever, applyingthealgorithmsof Knightly etal. [6] or Grahams
Scan[22], we cancomputetheconcavehull of theempiricalen-
velope. The concavehull for connectionz traf®c,denotedby
, takestheform

(18)

Here, denoteshenumberof piecewisdinearsegmenti the
concavehull. Without lossof generalitywe mayassume

and

The numberof segmentsn the concavehull can be rather
large. TheaSilenceof The Lambs®video segmenusedin our
numericalexperimentsfor instancehasa concavehull consist-
ing of 39 segmentsThisimpliesthat39 leaky bucketpairsare
requiredto police the tightestconcavecharacterizatiorof the
aSilence of The Lambs® video segment.Our goal is to ®nda
more succinctcharacterizatiomf prerecordedgourcesn order
to simplify call admissiorcontrolandtraf®cpolicing.

Supposeéhata sourcels allowedto use leaky
bucketdo characterizés traf®c.We now presentheuristicfor

thefollowing problem:Givena sources concavehull
andthedelaylimit ,®nd leakybuck-
ets(out of the  leaky bucketpairsin the concavehull) that
maximizetheadmissiorregion.
We illustrateour heuristicfor the case
thetraf®cconstrainfunctiontakestheform

. For

with (29)
wheretheindices and areyetto be speci®ed.Our strat-
egyis to ®rstchooseheleakybucketthathasthetightestbound
ontheaverageaate(i.e., minimize ), andthenchooseanother
leaky bucketwhich minimizesthe smootherrate . Let
denotethe averagaateof the prerecordedource.We foundin
ournumericakxperimentshatsomeof theleakybucketpairsin
theconcavehull (particularlythosewith highindices)mayhave
slopes . We set

In words,we usethe highestindexedleaky bucketwith aslope
largerthan to specifythesourcesaverageate.

In orderto ®ndthe leaky bucketindexedby  we consider
all leaky buckets with . We computethe
smootheratesobtainedby combiningeachof theleakybuckets

with theleakybucket andselect
theindex thatgivesthesmallessmootherateb andthusthe
largestadmissiorregion. More formally, let
denotegheminimalsmootheratefor traf®cwith regulatorfunc—
tion anddelaybound
By (5) we have

We canobtainamoreexplicit expressiorior . Since

for
for

with , we have

The expressioninsidethe
canbeshownthat

canbe further simpli®ed. It

and

We setthesmootherateto andset totheindex

thatattainsthis minimum.



Wenowbrie y discus$owto ®ndtheoptimalregulatorfunc-
tion consistingof 3 or moreleakybuckets First, notethatthere

are combination®f leakybucketpairsto consider

This canbe computationallyprohibitive. The heuristiccanbe
spedup by consideringonly regulatorfunctionsconsistingof
consecutivdeaky bucketsof the concavehull andthe

leaky bucket . In thecase , for instancewe
computetheminimalsmootheratesonly for theregulatorfunc-
tions with
. This speed+upf the heuristiccanproducea
suboptimakegulatorfunction. Our numericalexperimentgsee
SectionlV), howeverindicatethatit workssurprisinglywell.

C. InteractionbetweerApplicationand Network

In this subsectionwe discusshow the responsibilitiesof
smoothing,call admissioncontrol and traf®c policing can be
sharecby the applicationandthe network. Call admissiorcon-
trol is theresponsibilityof thenetwork.Beforeacceptinga new
connectionthenetworkhasto ensurghatthe QoSrequirements
continueto holdfor all establishedonnectionandthenewcon-
nection. Policingis alsoa networkresponsibility The network
edgehasto policeall establishe@onnectionsn orderto ensure
thatall connectiongomplywith theirrespectiveegulatorfunc-
tion advertisedat connectiorestablishmentWhile call admis-
sion control andtraf®c policing areresponsibilitief the net-
work, smoothingcanbe performedby eitherthe applicationor
thenetwork.Wereferto thecasewvheretheapplicatiorperforms
thesmoothingandsendshesmoothedraf®cto thenetworkedge
asapplicationsmoothing The casewheretheapplicationsends
its unsmoothedraf®cto thenetworkedgeandthe networkedge
performsthe smoothings referredto asnetworksmoothing

With application ~ smoothing  the application
internally smoothests traf®c. Basedon the regulatorfunction
of its traf®candthe maximumdelayit cantolerate theapplica-
tion ®ndghe minimumsmootherateby applying(5). Sincethe
smoothings doneby theapplication thereis no needto reduce
the numberof leaky bucketsusedto characterizehe traf®chby
applyingtheheuristicoutlinedin Sectionll-B. Insteadthecon-
cavehull of aprerecordedourcds useddirectlyfor dimension-
ing its smoother The applicationadvertiseshe regulatorfunc-
tion andthedelaybound
to the network. We remarkthatthis dualleakybucketregulator
functionhasbeenadoptedby the ATM Forum[23] andis being
proposedor the Internet[24]. Thenetworkdoesnothaveto be
awareof the smoothingdoneby the application. The network
edgedimensionsts own smootheibasedn and
Since the networks' smootherdegenerate® a server
with rate  precededby abuffer of sizezero.

With networksmoothingheapplicationadvertiseds regula-
tor functionandmaximumtolerabledelayto thenetwork.Prere-
cordedsourcespplytheheuristicof Sectionlll-B whenthenet-
work restrictsthe numberof leaky bucketsto a numbersmaller
thanthe numberof segmentsn the concavehull. The network
edgedimensionghe smootheibasedon the regulatorfunction
and delay boundsuppliedby the application. Call admission
controlis basedntheassumptiomf worsttcasenzof traf®cat

TABLE |
STATISTICSOF MPEG=1 TRACES.

Mean(bit) Peak/Mean
bits/frame
7,312
17,647

Mean
kbits/sec
171.2
4235

Trace

18.4
13.0

lambs
mr.bean

TABLE Il
PARAMETERS OF THE OPTIMAL LEAKY BUCKET CHARACTERIZATION WITH
2 LEAKY BUCKETSAS A FUNCTION OF THE DELAY BOUND FOR THE LAMBS
TRACE. THE AVERAGE RATE IS CHARACTERIZED BY THE 34TH LEAKY

BUCKET, I.E., , WITH PARAMETERS KBYTE
AND = 208.8 KBIT/SEC FOR ALL DELAY BOUNDS.
sec. kByte | kbit/sec| kbit/sec
0 1 0| 3474.8| 3474.8
0.042 2 13.3 939.3| 2535.5
0.125 2 13.3 939.3 939.0
0.250 4 23.5 802.2 801.9
0.500 8 435 711.0 710.8
1.000 10 69.9 676.9 674.7

thesmootheputput. Thenetworkedgepolicestheapplications'
traf®cbeforeit entershe smootheianddropsviolating traf®c.

IV. NUMERICAL EXPERIMENTS

In this sectionwe evaluatethe smoothing/buferlessmulti-
plexingschemeroposedn this paperusingtracesrom MPEG
encodednovies.In all experimentsve consideasinglebuffer-
lessmultiplexerwhich feedsinto a 45 Mbpslink. We obtained
the frame size traces,which give the numberof bits in each
video frame,from the public domain[25]. (We areawarethat
theseare low resolutiontracesand somecritical framesare
dropped; neverthelessthe tracesare extremelybursty) The
movieswerecompressedith the Groupof PictureGOP)pat-
tern IBBPBBPBBPBBat a framerate of frames/sec
[25]. Eachof thetraceshas = 40,000frames,correspond-
ing to about28 minutes. The meannumberof bits per frame
andthe peak+totmearatio aregivenin TablelV. Let

, denotethe sizeof the th framein bits. We convert
the discreteframesizetraceto a uid "ow by transmittingthe
th frameatrate overtheinterval .

We ®rstevaluatethe heuristicof Sectionlll-B. We compute
theempiricalenvelopeandthe concavehull of eachtraceusing
thealgorithmsof Knightly etal. [6]. Basedontheconcavehull
of eachvideo we computethe minimal smootherrate . We
alsoapplytheheuristicof Sectionll-B totheconcavenull in or-
derto ®ndthe optimalleakybucketcharacterizatiomith 2 and
moreleaky buckets.(We applythe speedtuplescribedn Sec-
tion llI-B for theleakybucketcharacterizationwith 3 or more
leakybuckets.)

The heuristicof Sectionlll-B producedthe optimal leaky
bucketcharacterizationgivenin Tablell for the lambstrace.
Thetablegivestheindex andtheparametersf theleaky
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Fig. 2. Numberof video connectionsas a function of the delay bound. The
videosarecharacterizetly theconcavéhull or theoptimalleakybucketchar
acterizatiorwith 2 leakybuckets.Theboundonthelossprobabilityis

bucket for variousdelaybounds. The aver
agerateis characterizetly the 34thleakybucketin theconcave
hull, i.e., , for all delaybounds.Thetablealsogives
the minimal smootheratesfor the variousdelaybounds.Fora
delayboundof zero,the smootherateis setto the rateof the
®rstleakybucket,i.e., the peak+tratef thetrace. For =
0.042sec thetraceis characterizefly the2ndand34th
leaky bucketof the concavehull (
Note that in this caseand
For 0.125secwe have

and

Assumingworst+casenzof traf®c,thesmootheoutputsare
statisticallymultiplexedontothe bufferlesslink asdiscussedn
the previoussections We set for all connectionsin
Figure2 we plot the numberof admissiblevideoconnectionsis
a function of the delaybound. The graphgivesthe numberof
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Fig. 3. Numberof lambsconnectionssa functionof the delayboundandthe

numberof leakybucketgLB). Plotsshownarefor Knightly etal. (KLZ) and
ourapproaciRRR).

with 2 leaky buckets.We observefrom the plots thatthe opti-
mal leaky bucketcharacterizationvith 2 leaky bucketsadmits
almostasmanyvideoconnectiongsthemoreaccurateoncave
hull characterizationThecurvesor 3 or moreleakybucketsco-
incidewith thecurvefor the concavehull.

In the nextexperimentve comparethe admissiornregion of
our approachwith the admissionregion obtainedwith the de-
terministicadmissioncontrol condition of Knightly et al. [6].
Note that the deterministicapproactof Knightly et al. is loss-
lessandguaranteethatno bit is delayedoy morethanthe pre-
speci®edlelaylimit in the multiplexerbuffer. Our approach,
on the otherhand,exploitsthe independencef traf®cemanat-
ingfromthe connectionsThevideosarepassedhroughsim-
ple smoothersvith . Thesmoothemoutputsb assum-
ingworst+casenzof traf®cb arethenstatisticallymultiplexed
ontothe bufferlesslink, asdiscussedn the precedingsections.
We set for all connections.Lossesthis smallhave
essentiallynoimpacton the perceivedvideo quality andcanbe
easilyhiddenby errorconcealmentechnique$26].

In Figure3 we plot the numberof admissibldambsconnec-
tions as a function of the delay bound. The graphgivesthe
numberof lambsconnectionghatareadmittedwith the our ap-
proach(RRR)when2 or 3 leakybucketsLB) areusedto char
acterizethe video trace. As we just sawin Figure 2 the opti-
malleakybucketcharacterizatiowith 3 leakybucketsaadmitsas
many connectiongasthe concavehull, the mostaccuratecon-
cave characterizatiorof the video; using more leaky buckets
doesnotincreasehe admissiorregion. We alsoplot the num-
berof lambsconnectionshatareadmittedwith the approactof
Knightly etal. (KLZ) when2, 3, 8 or 16 leakybucketsareused
to characterizehe trace. We observethatfor delayson the or-
der of 0.5 secondsor more, the numberof admissibleconnec-
tionssigni®cantlyncreaseasthenumberof leakybucketaused
to describehetraceincreasesThe approachof Knightly etal.
thusgreatlybene®tfromamoreaccurateharacterizationf the
videob achievedy moreleakybuckets.

The mainresultof this experimenthowever is that our ap-

admissiblevideoconnectionsvhenthevideosarecharacterized proachallowsfor morethantwice the numberconnectionshan
by theconcavenull or theoptimalleakybucketcharacterization doesthe approachof Knightly etal. For examplefor a delay
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Fig. 4. Admissionregionfor the multiplexing of lambsandbeanconnections
overa45Mbpslink.

boundof 1.1 secondsKnightly etal. admit69 connectiong =
29.6% averagdink utilization)with 16 leakybucketswhile our
approachadmits146 connectiong = 62.7 % averagdink uti-
lization) with 3 leakybuckets.We obtainthis dramaticincrease
in the admissiornregion by exploiting the independencef the
sourceandallowingfor a smalllossprobability.

In Figure 4 we considermultiplexing two differentmovies,
beansandlambs,eachwith its own delayconstraint.\WWe again
assume 45 Mbpslink. We usedelayboundsof 125
msor 1.25secondsand 125msor 1.25secondsgiv-
ing four combinationsBothvideosarecharacterizetly 3 leaky
buckets.We assumehatbothvideo connectiondiavethe QoS
requirementhat the fraction of traf®cthatis delayedby more
thantheimposeddelaylimit is lessthan . FortheKnightly
etal. plot we useEarliestDeadlineFirst (EDF) scheduling We
seethatfor all four casestheadmissiorregionfor ourapproach
is dramaticallylarger

In Figure5 we comparethe actuallossprobability,
givenby (7) with our boundfor lossprobability, , given
by (8). We obtain and by simulation,andas-
sumeworsttcas®n-off traf®c. We alsoverify the accuracyof
the large deviationapproximatiorfor . In Figure5 we
plotthelossprobabilitiesasa functionof thenumberof connec-
tions beingmultiplexedovera 45 Mbpslink. We considerthe
scenariavherethevideoshaveadelayboundof 1 secondandare
characterizetty 3 leakybuckets.We observahattheboundon
thelossprobability 0ss  (solidline) tightly boundgheactual
lossprobability [ (dottedline). We alsoobservethatthe
LD approximatior{dashedine) closelyapproximateshesimu-
lationresults.

V. COMPARISON WITH BUFFERED STATISTICAL
MULTIPLEXING

Thenumericalesultof theprevioussectiorshowthatourap-
proachallowsfor dramaticallymore connectiongshanbuffered
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Fig. 5. Thesimulationveri®eghatthe boundon thelossprobability |osg
tightly boundsthe actualloss probability I'”ég . The plots further con-
®rmtheaccuracyof theLarge Deviation(LD(S approximation We usea de-
lay boundof 1 secondandcharacterizehe videosby 3 leakybuckets.The
link rateis 45 Mbps. Theplotsgive thelossprobabilityasa functionof the
numberof ongoingconnections.

deterministicmultiplexing. In this sectionwe brie’y consider
bufferedmultiplexingwith anallowanceof smalllossprobabili-
ties,whichwe referto asbuffeledstatisticalmultiplexing Con-
siderthe bufferedanalogyof the single-link bufferlesssystem
studiedin Section3. Thelink hascapacity andis precededy
a®nitebuffer of capacity . Letthesame connectiongrrive
to this system;speci®callythe connectionsare independent
andthe th connections regulatedy agivenregulatorfunction
. Thetraf®cfromthe connectionpasseslirectlyintothe
bufferedmultiplexer i.e., thetraf®cis not prexsmoothetefore
arriving atthe buffer. This bufferedsystemis illustratedin Fig-
ure6. Assumingthattraf®cis served~IFO,themaximumdelay



[ ]

Fig. 6. Thetraf®cof connection is characterizedy the regulatorfunction
andfed directly, i.e. unsmoothednto abufferedmultiplexer

in this systemis . Supposeéhatthe buffer over ow
probabilityis constrainedo be no greatetthan .

It is a dif®cultand challengingproblemto accuratelychar
acterizethe admissiorregionfor a bufferedmultiplexerwhich
multiplexesegulatedraf®candwhichallowsfor statisticamul-
tiplexing. Elwalid etal. in [9] madesigni®canprogressn this
direction. They considerthe buffered multiplexerfor the spe-
cial caseof regulatorswith two leakybucketsi.e., for

. (In our numericalcomparisonsye ex-
tendtheir theoryto the caseof multiple cascadedeaky buck-
ets.) In orderto makethe bufferedmultiplexermathematically
tractableheyassigreachconnectiorits ownvirtual buffer/trunk
system.Eachvirtual buffer/trunksystemis allocatedouffer
andbandwidth . Theallocationsarebasecdn thebufferand
bandwidthresourceg and , respectivelyandon theregu-
lator parameterg , , and ) for theinputtraf®c. It turns
outthatthebandwidth  is exactlythe obtainedby setting

in (4). After someanalysisElwalid etal. obtain
the following boundon the fraction of time during which loss
occursatthe bufferedmultiplexer:

EMW

loss
where areexactlythesameandonindependenian-
domvariableghatoccurin Theoreml. (To calculateheassoci-
ated , set for eachconnection .)

This observatiorindicatesthat the bufferlesssystemof this
paperhasremarkablysimilarities with the buffered systemin
[9]. Speci®callyfor a ®xedmaximumdelay in the buffered
systemwe candesigna bufferlesssystemwith prexsmoothers
whichhasthesamemaximumdelayandwhichhasanadmission
regionbasedon the samesetof independentandomvariables

. The prexsmootherassentiallyimplementthe vir-
tualbuffer/trunksystemséntroducedy Elwalid etal. Foramax-
imumlossprobabilityof theadmissiorregionfor thebuffered
multiplexeris de®nedy

whereaghe admissiorregionfor the bufferlesssystems

Althoughtheseadmissiomregionsaredifferent theyarebased
on exactlythesamendependentandomvariables
Thedifferencen theseadmissioregionsis anartifactof usmg
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two differentnotionsof lossprobability: while in this paperwe
use?fraction of traf®clost®, the paper[9] usestthe fraction of
time duringwhichlossoccurs®.If thesamenotionsof losswere
used,thenthe admissiorregionswould be identical. Figure7
givesthenumberf lambsconnectionshatareadmittedwith the
approactof Elwalid etal. (EMW) [9] andour approachRRR)
when3 leaky bucketsareusedto characteriz¢hetrace.\We as-
sumea 45 Mbpslink andset for all connections.

Thus, our bufferlesssystemhasessentiallythe sameadmis-
sionregionasthe bufferedsystemin [9] for a ®xedworsttcase
delay andlossprobability . While beingno more dif®cult
to performcall admissionwe believethatthe bufferlesssystem
hassomeimportantadvantagesver the buffered system:
no buffer is neededat the multiplexer(for packetizedraf®c,a
relativelysmallbuffer wouldbeneeded); thebufferlessap-
proachallows for a pee-connectiorQoSrequirementwhereas
the bufferedsystemimposesthe sameQoSrequiremenbn all
connectionsand , perhapsnostimportantly networksare
quitetractablefor bufferlesdinks, aswe canreasonablypprox-
imateaconnectionstraf®cattheoutputof themultiplexerasbe-
ing identicalto its traf®cat the inputto the multiplexer

On the otherhand,the buffered systemdoeshavesomead-
vantagesver the bufferlesssystem. First, althoughboth sys-
temshavethe sameworst+caselelay the bufferedsystemwill
havealoweraveragalelay Secondtheadmissiorregionof [9]
canbeincreasedisingthetechniqueén [10] and[11] (attheex-
penseof a muchmore complicatedadmissionprocedure).Be-
causanultimediaapplicationsaretypically designedor adelay
bound andbecauséheaforementionethcreasén admissiomne-
gionis typically small,we feel thattheadvantagesf thebuffer-
lessapproactoutweightheadvantagesf thebufferedapproach.

VI. FINAL REMARKS

In this papemwe haveconsideredraf®cmanagemerfor mul-
timedianetworkingapplicationsvhichpermitasmallamouniof
lossandsomeboundedielay We havearguedthatit is prefer
ableto smooththe traf®cat the ingressandto performbuffer-
lessstatisticalmultiplexingwithin the nodethanto useshared+



buffer multiplexing. For our schemewe havedeterminedhe
worstxcaseraf®candhaveoutlinedan admissioncontrol pro-
cedurebasedon the worsttcasdraf®c. We havealsoexplicitly
characterizethe optimalsmoother

As pointedout in Sectionlll-C the smoothingcan be per
formedby eitherthenetwork(atthenetworkedge)or by theap-
plicationsthemselveslIf the applicationsperformthe smooth-
ing, thenanapplicatiorshouldsmooththetraf®casmuchasper
mitted by the delay constraint,andthe network shouldoffer a
serviceto the applicationwhich guaranteegjueueing+freele-
lays (delaysonly dueto propagatiorandnodalprocessingand
allowstheapplicationto specifyamaximumtolerablelossrate.
Thenetworknodeshouldperformstatisticaimultiplexingin or-
derto maximizeits connectiontcarryingapacity To guarantee
QoS,admissiorcontrolshouldsupposehatthetraf®cis adver
sarialto the extentpermittedby theregulatorsandsmoothers.

Throughoutthis paperwe have studieda singletnodenet-
work. A subsequentaperaddressesowtheschemeanbeex-
tendedo moregenerahetworks[14].
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APPENDIX

The purposeof this appendixs to providea prooffor Theorem
2. But ®rstwe needto establisitwo lemmas.

Lemma2: A necessargonditionfor tobe
feasibleis for all .

Proof:  From [27], [28], [7] the maximum delay at

smoother is
(20)
Suppose for some . Because and
forall , it follows from (20) that
— (21)

And becausehy assumption, , it follows from (21) that

wherethelastequalityfollows from (4). |

Lemma3: Thereexistsa stochastiozectorarrival processn

thatproduceghesteady-stateatevariables with
havingdistribution

with probability ———
with probability

atthesmootheoutputs.
Proof: Foreach , let and
. At the slopeof changesorm
to . Consequently is the maximum

sizeburstthatcanbetransmittecatrate , providedsuccessive
maximumsize burstsare spacedat least apart.
Similarly, at the slopeof changedorm to

. Consequently is themaximumsizeburstthe

smoothecanpasstrate , providedsuccessivenaximumsize
burstsarespacecdht least apart.
Let beadeterministigperiodicfunctionsuchthat

on

on

with onttime o, andperiod givenin Tablelll. Also, let

be independentandomvariableswith  uniformly
distributedover andde®ndhe th stochastiarrival pro-
cessas

Thuseachcomponenarrival process is gener
atedby a periodicon-off sourcejthe th processhaspeakzrate

andaverageate . Theargumentn theproofof Theoreml
showshatthevectorprocess is afeasibleprocess
in .

It remainsto showthat by sendingeachcomponenprocess

into its respectivesmoothemve obtainanon-off
processvhosepeak+ratés andwhoseaverageate
is . Speci®callywe now showthat produces
atthesmootheoutputwhere

on

on

wheretheperiodsandonztimesaregivenin Tablelll.

First,considethecase and . Clearly,
on since on and andby as-
sumption . Thisimpliesthat on on -
Hence
on on (22)
Notefurthermorethat
on on (23)
since on andby assumption

. Becausef (22) and(23)and o, thesmoothembursts
atrate for adurationof o, whenfedwith aninputburstat
rate  for adurationof o, . Also, notethatthe smoother

outputhasaverageate o , Wherethelast
inequalityfollows from the stability condition.

Becauseof pagelimitations we omit the discussionof the
otherthreecaseddenti®edn Tablelll. Theyaredealtwith in
asimilarfashion;see[29] for details. |

Proof of Theorem2: UsingLemma3 andmimickingthe proof
of Theoreml we obtain




TABLE 1l
ON=TIMESAND PERIODS OF

AND

on

on

where arede®nedn Lemma3. Usingthefactthat
isaBernoullirandomvariable we obtainfrom theaboveex-
pression

(24)
wherethelastinequalityfollows from Lemma2.
From(15)and(24)it remaingo showthat
(25)
FromLemma2 andPropositionl.5.1in [16]
for all (26)

The inequality (25) follows from (26), the independencef
andan argumentthat parallelsthe argumentin the
proofof Theoreml.
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