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Traffic Shapingor End-to-EndDelay Guarantees
with EDF Scheduling

Vijay Sivaraman, FabioM.

Abstlact— The provision of Quality of Sewice (QoS) in
terms of end-to-enddelay guaranteesto real-time applica-
tions is an important issuein emerging broadband packet
networks. Of the various packet scheduling schemesthat
have beenproposedin the literatur e, Earliest Deadline First
(EDF) schedulingin conjunction with per-hop traffic shap-
ing (jointly referredto asRate-Controlled EDF or RC-EDF)
hasbeenrecognizedasan effective meansof end-to-endde-
terministic delayprovisioning. An important aspectthat has
not beenaddressedsatisfactorily in the literatur e, however,
concemsthe choiceof RC-EDF shapingparametersthat re-
alize maximal network utilizations.

In this paper, wefirst establishthat exceptin tri vial cases,
it isinfeasibleto identify “optimal” shapersthat realizemax-
imal RC-EDF schedulableregions. Ascertaining the opti-
mal flow shaper requires the state of the entire network
to be considered, making it computationally impractical.
We then proposea heuristic choice of shaper derived from
the number of hops traversed by the flow. The resulting
shaper is easyto compute, and varies gracefully between
the known optimal shapersfor limiting valuesof the hop-
length. We show via simulations that for a realistic traffic
mix, our choiceof shaperallows RC-EDF to outperform the
GPS (Generalized ProcessorSharing) schedulingdiscipline
aswell asRC-EDF disciplinesthat useshaperschoseninde-
pendentof the flow hop-length.

I. INTRODUCTION

The provision of Quality of Service(QoS)to real-time
communicatiorstreamsds a key requirementn emeging
broadbandpaclet-switchednetworks. Applicationssuch
asvoice and video typically demandQoS guaranteesn
termsof end-to-endransferdelays. Supportingthe het-
erogeneouslelay constraintsof theseapplicationswith
widely varying characteristicsequirespaclet scheduling
schemesnoresophisticatedhanFirst-In-First-Ouf{FIFO)
ateachswitchin thenetwork (for asuney of suchschedul-
ing schemeseg[13], [28]). Of these GeneralizedProces-
sorSharing(GPS)[17], [18] (alsoknowvn asWeightedFair
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Queueing(WFQ) [6]) and EarliestDeadlineFirst (EDF)
[8], [26] areamongthe mostpopular

GPSguaranteea maximumqueueingdelayby reserv-
ing a certainamountof thelink bandwidthat eachhopfor
thegivenflow. Its mainattractionis its simplicity, bothin
the associatedCall AdmissionControl (CAC) framewvork
[18] aswell asin theimplementatiorof the schedulefre-
centtechniqueq22], [3], [1], [2] have madethe costof
GPS-relatedchedulerwery affordable). The simplicity,
however, comesat a price - GPSis suboptimalin its per
formance andyieldsreducechetwork admissibleregions.

EDF associateaperhopdeadlinewith eachpacletand
schedulepacletsin orderof deadlines.In the caseof a
single node,EDF is known to be the optimal scheduling
policy [10], [15] in termsof the schedulableregion for a
setof flows with giventraffic envelopesanddeterministic
delayrequirementgdetailsin sectionll-A). In the multi-
node setting, however, traffic interactionscould severely
distort the traffic, and the absenceof knowledge of the
traffic envelopesat nodesinternalto the network males
theuseof EDF for end-to-endyuaranteeproblematic.To
overcomethis problem theauthordn [29] proposehere-
shapingof traffic at eachnodein the network. The useof
pernodetraffic shapingn conjunctionwith EDF schedul-
ing (we referto this combinationasRate-Contwlled EDF
or RC-EDRF hasbeenstudiedn detailin [11]. Theauthors
derive expressiongor theend-to-endlelayin termsof the
traffic shapermparametersand shav that the schedulable
region underRC-EDFdependgritically uponthe choice
of shapingparameters.

A crucial issueregarding RC-EDF that has not been
addressedatishctorily in the literatureconcerngshe se-
lection of appropriateshaperparameterghat realizethe
largestschedulableegions underRC-EDFE Ad-hoc pro-
posals[11] and resultsfor restrictedsettings[19], [27]
have beenpresentedbut the underlyingfundamentals-
sueof identifying the “optimal” shaperif onesuchexists,
hasnot beentackled. In this paper we first establishthat
exceptin trivial casesidentifying an“optimal” shapeffor
a flow underthe RC-EDF schedulingdiscipline requires
the stateof the entirenetwork to be consideredmakingit
computationallyinfeasiblein practice.We thenshav how
ourresultis consistentvith someseeminglycontradictory
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resultsin the literature(for exampletheorem4.3in [19],
which, for the restrictedsetting of singleleaky-buckets,
allows the optimal shaperno be identified under certain
conditions).Finally, we proposea heuristicshaperchoice
that hasvery desirableproperties— it is very simple to
compute andby beingdependentn theflow hop-length,
variesgracefully betweenthe knovn optimal shaperdor
thelimiting valuesof the hop-length Usingsimulationsof
arealistictraffic mix consistingof numerousvideo flows,
we shaw thatour “hop-lengthdependentheuristicshaper
choiceallows RC-EDFto realizesignificantly larger ad-
missibleregionsthan both GPSaswell as RC-EDF dis-
ciplinesthatemplg/ shapersierved independenof flow
hop-lengths.

The restof this paperis organizedas follows: section
Il providesthe requisitebackgroundon EDF scheduling
andtraffic shaping.Sectionlll establishesheinfeasibility
of optimal shaping andpresents heuristicchoicehaving
desirableproperties.Performanceesultsfrom simulation
arepresentedh 1V, andconcludingremarksareofferedin
sectionV.

1. BACKGROUND

A. EDF

We review somebasicconceptselatedto EDF schedul-
ing, and briefly describethe framework for deterministic
end-to-enddelayguaranteeslevelopedin [11]. The EDF
schedulingliscipline[8], [26] worksasfollows: eachflow
i at switchm is associateavith a local delayboundd;®;
then,anincomingpacletof flow 7 arriving to thescheduler
attimet is stampeavith adeadline + d*, andpacletsin
theschedulearesenedby increasingrderof their dead-
line.

In thedeterministicsetting,EDF is known to bethe op-
timal schedulingpolicy ata singleswitch[10]. Optimality
is definedin termsof the schedulableregion associated
with theschedulingpolicy. Given N flows with traffic en-
velopes4;(t)! (i = 1,2,...,N) sharingan outputlink,
andgiven a vector of deIayboundsJ': (d1,da,...dn),
whered; is anupperboundon the local schedulingdelay
that pacletsof flow i cantolerate,the schedulableegion
of aschedulindgliscipliner is definedasthe setof all vec-
tors d thatareschedulablainders. The authorsin [10],
[15] shaw that EDF hasthe largestschedulableegion of
all schedulinglisciplines givenby the vectorsthatsatisfy

'Flow 4 haservelope A;(t) if the amountof flow i traffic entering
thenetwork in ary intenal of lengtht is boundedby A;(t) [5]. A typ-
ical exampleis the multiple-lealy-bucket descriptor(ak, px ) k=1,....x;
denotingtheervelopeA;(t) = mini<x<x; {ox + prt}.

thefollowing constraint:

N
D At —d;) < Ct,

i=1

Vt >0 1)

whereC denoteghelink rate, 4;(t) = 0 for ¢t < 0, and
it is assumedhat either the paclet transmissiortime is

negligible (asin ATM networks) or the scheduleiis pre-

emptive. In the caseof non-preemptie schedulingwith

non-ngligible paclet sizes,the above constraintguaran-
teesdelayboundd; + L/C to every flow i, whereL de-

notesthe maximumpaclet size at the switch. Giventhe

traffic envelopesandthe delayrequirement®f eachflow,

inequality(1) canbe useddirectly to devise a single-node
CAC mechanismln the multi-nodesetting,however, the

traffic envelopesarenolongerknown at the inputsof the

nodesinside the network, and the interactionsthat dis-

tort thetraffic arenot easilycharacterizableTo overcome
this problem,ZhangandFerrariin [29] proposea classof

schemesalledRate-Contlled ServicelRCS)disciplines
which reshapehe traffic at eachhop within the network

(EDF with perhop reshapings referredto as RateCon-

trolled EDF or RC-EDF).Geogiadiset al. in [11] build

uponthis modelandderive expressiongor theend-to-end
delay boundsin termsof the shaperervelope E;(t) and

the schedulingdelay at eachnode;they shav that no ad-

vantagesare gainedby having non-identicalshapergor

a flow at eachswitchit traverses. The end-to-enddelay
boundd; for flow i is given by

M
di=d"+ ) d" )

m=1

whereds® = D(A;||E;) denoteghe maximumshapewde-

lay andd;™ is thelocal scheduledelayboundat the m:-th

switchfor flow 7. The maximumshapedelayis incurred
only once andis independenbf the numberof nodeson

thepath.Equation(2), in conjunctionwith thesingle-node
CAC derivedfrom inequality(1) abore readilyleadsto an

end-to-endCAC framework [11], [4]: oncean appropri-
ate shaperE; hasbeenchosenthe delayincurredin the

shaperis computed;the remainingdelay is split among
the scheduler®n the pathof the flow, andthe flow is ad-

mitted only if the single-nodeCAC at eachswitch along

the pathadmitstheflow. Theschedulableegion achiered

with RC-EDF dependgritically on the choiceof shaper
E;; theauthorsn [11] shav thatthe useof shapemparam-
etersinducedby GPSallows RC-EDFto outperformGPS.
Thedesignof shapersvhichachiee evenlarger(if notthe

largest)schedulableegionsunderRC-EDF, however, has
notbeenaddresseth theliterature.
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B. Traffic Shaping Smoothing

Smoothingtraffic atthe ingressto the network to make
it lessbursty hasin mary contets beenrecognizedas
a meansof increasingthe schedulableegion of the net-
work. For example,numerousauthorshave proposedff-
line work-ahead16], [7], [30], [24] aswell ason-line[20],
[21], [12] smoothingtechniquedor the transmissiorof
storedand interactve real-timevideo traffic. The focus
in mary of theseframevorkshasbeenthereductionof the
traffic stream$ peakrate, rate variance,or somerelated
costmetric, typically underbuffering constraints.More-
over, the delay boundsin mary of theseframevorks are
notstrictandtheresultingQoSis oftenstatistical By con-
trast,the focusin this work is on frameworks which pro-
vide deterministiadelayguarantees flowswith prespeci-
fiedtraffic ernvelopedn thecontet of RC-EDFscheduling.

Referencegll] and[19] establishthe frameavork for
shapingin the context of deterministicdelay guarantees
under RC-EDF, and help identify the family of “good”
shaperghat are most effective in providing thesedelay
guaranteesWe recallthreelemmasfrom thesereferences
which shallbe usefulfor our work in this paper Let flow
1 becharacterizethy the multiple-lealy-bucketarrival en-
velopeA;(t) = mini<x<x,{oir + pixt} andend-to-end
deterministiadelayrequirementl;. Further let EI"(t) de-
notethe shapetenvelopefor flow i atthe m-th nodeonits
path,andthesymbolA representoncatenatiofi.e.,series
placement)of shapers.(Throughoutthis work all traffic
andshapetenvelopesareassumedo be concae, increas-
ing, piecavise-linearfunctionswith a finite number of
slopes;thusthey canbe describedby the multiple-lealy-
bucket form (o, pk)k=1,...x Whereo; < 03 < --- < ok
andp; > p2 > --- > pg.) Thefirst resultshavs that
it sufficesto considerRC-EDFdisciplinesthat, for a flow
i, emplo/ anidenticalshaperE; at eachof the nodestra-
versedoy theflow.

Lemmal: [11, Proposition2] Considerflow 7 thattra-
verseodesl, ..., M. GiventheRC-EDFdisciplinethat

usesshaperE" for theflow atnodem (m = 1,..., M),
the RC-EDFdisciplinethat usesshaperE; = AM_, E"
for theflow ateachnodem (m = 1,..., M) canprovide

thesameend-to-endlelayguarantees.

The secondlemmashaws that a “good” shaperfor a
givenflow i is characterizely asingleparametemamely
the worst-caseshapingdelay Sucha shaperis morewer
easyto construcigiventhe shapingdelay

Lemma2: [11, Proposition3] For flow 7 with multiple-
leaky-bucket arrival envelope A;(t) = minj <<k, {0ir +
pi kt}, theervelopeof the smallestshapet®; (d) (t) which
guaranteeshat D(A4;||E;(d)) < d, where0 < d <

0 K;/ pi.K;» IS Uniqueandgiven by

Ailripe)t ,
Ed)(t) = { Giperdy TOST<Tipe +d
Ai(t —d), iftZTi,k* +d

wherer;1 =0, 7 = (04k — i k—1)/(Pik—1 — pix) for
2 < k < K;, andk* = minlSkSKi{k Ai(Ti,k) —
pik(Tix +d) > 0}.

The third lemma shavs that the family of “good”
shaperscan be further restrictedto oneswith peakrate
no larger thanthe link rateat ary of the switcheson the
pathof the flow. (The peakratep of the multiple-lealy-
bucket ervelope E(t) = minj<x<x{or + pit}, where
o1 < --- < ogandp; > --- > pg, is givenby p; if
o1 = 0 andoo otherwise.)

Lemma3: [11, Proposition4] Considerflow 4 traffic
with arrival envelope 4,(t) thattraversesnodesl, ..., M
with correspondingutputlink speedsC™. Thengiven
anRC-EDFdisciplinethatusesshapeervelopeE; (d)(t),
there is an RC-EDF discipline using shaperenvelope
E;(d)(t), d > d, which guaranteeghe same end-
to-end delaysto all flows and whose peak rate p' <
mini<m<m{C™}.

The above threelemmasidentify the family of “good”
shaperdo which we canrestrictour attentionin orderto
designefficient RC-EDF disciplines. However, the fam-
ily of “good” shaperdfor a flow i comprisesof the set
{E;i(d)(t) 0 < d < 0;.k;/pik;},» andcould be very
large. The generalproblemof identifying an “optimal”
shaperamongthem hasnot beenaddressed Resultsfor
somerestrictedsettings,howvever, have beenpresented.
For example, a resultin [27] establisheghatin the re-
strictedcaseof homaeneoustraffic flows, smoothingis
beneficialif andonly if the hop lengthsarelarger thana
critical value. Anotherresult[19, Theoremd.3] whichwe
recallin the following theorem shaws thatin the special
casewhereshaperervelopesare restrictedto the single
leaky-bucket form E(t) = o + pt, thelargestschedulable
regionsunderRC-EDFcanbe realizedby smoothingen-
tirely thetraffic from flowswith a“sufficiently” large hop-
length. (A confirmationof this resultwill emegein the
courseof ourdiscussiorin sectionlll-A.)

Theoeml: [19, Theorem4.3] Consideran RC-EDF
discipline using traffic shapersrestrictedto the single-
leaky-bucket form, andcarryinga flow ¢ with arrival en-
velopeA;(t) = o; + p;t traversingM hopswith link rates
C',...,CM. Then,if ¥M_, p;/C™ > 1, the schedula-
ble region of the RC-EDFdisciplineis not reducedf the
shapemith ervelopeE;(t) = o} + p;t, where) < o} < o,
is usedfor flow 7 atevery switch.

In the generalsetting, howvever, where (a) multiple
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(ratherthanjust single leaky-bucket shapersare permit-
ted,and(b) flows canhave arbitraryhop-lengthsit is not
known if “optimal” shapercanbe identified. A few ad-
hoc shapingstratgies have beensuggestedn the litera-
ture, for example[11], which proposeghe useof shap-
ing parametersnducedby the rate-basedsPS schedul-
ing discipline. Sucha choiceis shawvn to give reasonably
goodperformanceij.e., at leastasgoodas GPS,and still
allow the RC-EDF discipline to acceptsomeadditional
calls. Neverthelessthis choicecorrespondgo a signifi-

the“bad” shapeescriptionby virtue of the single-leak-
bucket restriction, rather than an inherentadwantageof
shaping. In fact even a naive network-state-indegncert
multiple-lealy-bucket shaperis shavn to be capableof
outperformingthe bestnetwork-state-indepndent single-
leaky-bucket shaper Having establishedhat the design
of anoptimal shapeiis infeasible,we proposea heuristic
choicethat hasdesirablepropertiesandyields very good
performancdor reasonablyealistictraffic mixes.

We assumeherethat eitherthe EDF schedulingdisci-

cantsmoothingof the traffic at the ingress. This maybe plineis preemptie or paclet transmissionimesarenegli-
reasonabldor flows with large hop-lengthgassuggested gible. For non-preemptie EDFwith non-ngligible paclet
by theoreml above), sinceit avoidsthe fragmentatiorof —sizes,the end-to-enddelay boundfor a flow i traversing
the end-to-enddelay budgetamongthe hopsandinstead M nodescanbe adjustedoy the quantityz,]‘,/;’:1 rm/cm,
emplgys it towardstraffic smoothing. However, for short where C™ denotesthe link rate and L™ the maximum
hop-lengthlows, it yieldspoorperformanceForinstance, paclet sizeat nodem, in orderto accountfor the effects

whenthehoplengthis 1, smoothings known to be detri-
mentalto network performancg14]. The GPS-induced
shapingparameterstherefore,do not yield good perfor
manceunderall conditions.

1. CHOOSING THE RC-EDF SHAPER

In this section we addressheissueof identifying “op-
timal” shaperdor usewith RC-EDFdisciplinesthatguar
anteeend-to-enddeterministicdelayboundsto flows. We
definethe“optimal” shapemasfollows:

Definition1: An optimal shaperE; for flow i is such
that the RC-EDF discipline that uses shaperenvelope
E;(t) for flow i guaranteegnd-to-enddelaysto all flows
no smallerthanthe RC-EDFdisciplinethatusesary enve-
lope E.(t) for flow i.

Theshapeervelopefor theflow istypically choseratcall-
setup,and not modified during the lifetime of the flow.
Moreover, the choiceis madeindependenbf the other
flows in the network, sincel) the numberof flows in the
network is typically too large, and 2) the setof flows in
the network variesdynamicallyas flows enterand leave
the network. Therefore,it is reasonabldo restrict our
focusto network-state-indepdent shapes, i.e., shapers
thatare constructedndependentf the othertraffic in the
network. The questionof interestthat needsto be ad-
dresseds whetherthereexist shapershatarebothoptimal
andnetwork-state-indepedent

In thefirst partof thissectionwe shav thatexceptin the
trivial casewherea flow is eitherconstantit rateor has
hop-lengttone,shapershatarebothoptimalandnetwork-
state-independergannotexist. We then shav how this
result reconcileswith theorem1 abore, which suggests
thatin therestrictedsettingof single-lealg-bucketshapers,
it is optimal to smoothflows with suficiently large hop-
lengths. We shav that the resultof theoreml is dueto

of pacletization.

A. Infeasibilityof Optimal Shaping

Considera link of rate C emplg/ing EDF scheduling,
andlet the workload W consistof N flows, whereflow i
is characterizedby the concae piecavise linear envelope
A;(t) andhasa maximumdelayrequirementl;. Thenwe
definethefollowing:

Definition2: The servicedemandD,y(t), theresidual
capacityFyy (t) andthe effectiveresidualcapacity Ryy ()
correspondingo theworkloadVV aredefinedby

N
Dy(t) = Y A(t—d;), t>0 (3)

i=1
Fw(t) = Ct—Dw(t), t>0 (4)
Rw(t) = minFy(t), t>0 (5)
Furtherdefine{R4 = Rg} = {Vt > 0 : Ry(t) >
Rp(t)}, and{R4 >~ R} = {R4 = Rp and 3t >

0: Ra(t) > Rp(t)}.

Usingthe above definitions,we establishthe following
two lemmag(provedin appendixA andB respecitiely):

Lemmad: Let W denotethe workload at the EDF
scheduler Now considera disjoint workloadi/ with ser
vice demandDy,(t). Thenthe admissibilityconditionfor
workload{ is givenby V¢t > 0: Dy (t) < Rw(t).

Lemmab: LetworkloadsA andB yield effective resid-
ual capacitiesR 4(t) and Rg(t) respectiely, and let
limy ,oo Ra(t)/t > 0 andlim;_, Rg(t)/t > 0. Then
R4 = Rp if andonly if, for every workloadi/, BU U is
feasibleimpliesthat.4 U U is alsofeasible.

We arenow readyto prove our resultthat given a flow
thatis neitherconstanbit-ratenor hashop-lengthof one,
a shaperthat is optimal for the flow and network-state-
independenat the sametime cannotexist. Recallthatit
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sufiicesto focuson shapersvhich, for ary flow, areiden-
tical at eachnode (lemmal) traversedby the flow, have
thesmalleservelopefor agivenshapingdelay(asperthe
constructiorin lemma2), andhave peakratenolargerthan
thelink rate (lemma3) at eachof the nodestraversedby
theflow.

Theoem?2: Considefflow i with multiple-lealy-bucket
input traffic arrival ervelope 4;(t) = minj<x<x{oix +
pikt} (K > 2) thattraversesnodesl, ..., M (2 < M <
oo) with correspondingutputlink speedsC™. Further
let the peakrate of flow i be no morethanthe minimum
link speedalongthe pathof the flow (i.e., ;1 = 0 and
pin < minj<,<py{C™}). Then,theredoesnot exist a
network-state-indepedent shaperE; (ds") thatis optimal,
in the senseof guaranteeinghat the RC-EDF discipline
emploing shaperenvelope E;(d$")(t) provides end-to-
end delaysto all flows no worsethan the RC-EDF dis-
cipline thatusesshapetervelopeE;(d;*")(t) for arbitrary
0<d <éix/pik

Proof: A directproof could be derived by computingthe
effective residualbandwidthsfor two arbitrary but dis-
tinct choicesof the shapingdelay and shawving that the
> relation cannothold betweenthem; however, herewe
present proof by explicitly constructingraffic examples
thatcontradictthe optimality property Let d; > 0 denote
the end-to-enddelay requirementof flow i, and assume
that thereexists a value of d¢* suchthat the shaperen-
velopeE; (di")(t) is network-state-indegncert and opti-
mal. Thus,irrespectie of the cross-trdic at the various
switches,the RC-EDF discipline that usesshaperenve-
lope E;(ds")(t) guaranteeend-to-endielaysto all flows
noworsethanthe RC-EDFdisciplinethatusesary shaper
E;(d")(t) where0 < d*" < 6; k/pi k. Considerthe
two cases:

Casel — df" > 0: Choosethe cross-trdfic at each
switchm to bea singleflow with dual-lealy-bucket enve-
lope A™(t) = min{C™t, d”’ﬁ + (C™ — p; 1)t} andhop
lengthl1. It is easilyverified using (1) that the envelope
E;(d*")(t) whered ** = 0 canguaranteen end-to-end
delayboundof d; to flow i (by guaranteeinglelaybound
d; /M ateachnode)while simultaneouslyroviding ade-
lay boundof 0 to eachof the otherflows. The shaperen-
velopeE;(d*")(t), however, cannotguarante¢hesedelay
bounds,sinced®” > 0 implies that at leastone nodem
on the flow’s path hasto guaranteea delay boundlower
thand; /M to theflow i ervelopeE;(d*")(t), but simulta-
neouslyproviding adelayboundof 0 to thecross-trdic at
nodem is notfeasible.

Casell — ds® = 0: Selectthe cross-trdic at each
switchm to beasingleflow with dual-lealy-bucket erve-

Pi1 m
’ M 1+6(P11 Pi, 2)/‘712 +(C

e Y ~)t} (where0 < e < min{d;, ”}) and
hop length of 1. It can be verified that the ervelope
E;(d'*h) whered s = ¢ canguarantean end-to-endie-
lay boundof d; toflow i (by guaranteeing delayboundof
% ateachhop)asalsodelaybound0 to thecross-trdic.
However, E;(d*")(t) whered*® = 0 cannotsimultane-
ouslyprovide a delayboundof 0 to the cross-trdic while
providing an end-to-enddelay boundof d; to flow i, as
thatwould requireatleastoneof the nodesm onthepath
to provide a delayboundno largerthand; /M, andthis is
notfeasiblefor M > 1. A

The above theoremestablisheghat the resultsfor re-
strictedsettingsconsideredn [27] and[19] do not extend
to the generalsetting. Referencd27] shavs thatin the
presencef homaeneoudraffic flows, smoothings ben-
eficial if andonly if thehop-lengthsarelargerthana crit-
ical value. In the presencef hetepgeneoudraffic, how-
ever, suchan agumentdoesnot hold. The singleleaky-
bucket restrictionin theoreml allows optimal shaperso
beidentifiedfor flows with sufliciently large hop-lengths;
for generamultipleleaky-bucket ervelopeshowever, op-
timal shapergannotbeidentified. In fact,theapparenad-
vantageof shapingin the single-lealg-bucket caseis due
to poor shaperdescription(by virtue of the single-leak-
bucket restriction) rather than an inherentadwantageof
shaping.To demonstratehis, we shaw thata naive dual
leaky-bucket shapetthat performspeak-ate regulation at
the link rate outperformsany network-state-indegncert
singleleaky-bucket shaper We first establishthe follow-
ing two lemmagproofsin appendixC andD respectiely):

Lemmab: Consideran arbitrary workload at an EDF
scheduleroperatingat rate C. A flow f with ervelope
A(t) = o+ pt anddelayboundd is admissiblaf andonly
if flow f" with ervelopeA’ (t) = min{Ct,o(1 - &) + pt}
anddelayboundd’ = d — ¢/C is admissible.

Lemmar: For anarbitraryworkloadat an EDF sched-
uleroperatingatrateC, if theflow f with ervelopeA(t) =
o + pt canbe guaranteedelayboundd, thenthe flow f/
with envelope A'(t) = ¢’ + pt, wheres’ < o, canbe
guaranteedelayboundd’ = d — "‘T"'

In general,it is not always possibleto provide a de-
lay boundtighter thand’ to flow f’ in lemma7 above.
For example considercrosstraffic with ervelopeE(t) =
Cd— o — % + et wheree is very small. Flow f with delay
boundd is adm|SS|bIewh|Ie flow f’ is not adm|SS|bIe‘or
ary delayboundlowerthand —
e smallenoughcanbe madeascloseto d asdeswed

These lemmas help us establishthe following the-
orem that the naive dual-leak-bucket shapercan out-

lope A™(t) = min{C™t, &
Pi,1
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Fig. 1. Servicedemandsor highandlow choicesof d** whenhop-lengthk is (a) large, (b) smalll

performthe bestnetwork-state-indepeent single-leak-
bucket shaper

Theoem3: Consideraflow i with singleleaky bucket
input traffic ervelope A(t) = o; + pit that traverses
nodesl,..., M with correspondingoutput link speeds
C™. Then the RC-EDF discipline that emplag/s for
flow ¢ the network-state-indepedert shaperE;"(t)
min{C™t, 0;(1 — &)+ pit} ateachnodemn = 1,..., M
guarantee®nd-to-enddelay boundsno worse than any
RC-EDF discipline that emplgys for flow 7 only single-
leaky-bucket network-state-indepncent shapers.
Proof: Letd;* denotethedelayboundatnoder provided
to flow 7 whenthe arrival envelope A(t) is used,andlet
di = d} +d? + ... + d denotethe associatedightest
end-to-endlelayguarantee.

Consideffirstthe RC-EDFdisciplinethatis restrictedo
single-leak-bucket shaping.Denoteby E;(t) = o} + p;t
the shaperervelope(wherecs; > 0 is picked independent

of the cross-trdic in the network), andby 4} the delay
boundat nodem. Thenthe shapingdelay §;" = "p;”’
andthe end-to-enddelay boundfor flow i is §; = 05" +
6t + ...+ 6M. Fromlemma7, 6" = d* — %"J (note
that by virtue of the network-state-indepetert property
tighter delay boundscannotbe guaranteed).Thus§; =

-
0;—0;

P04 Yo (dl - Tt), e
g, — ol M pi
6‘ — d ? 1 1 _ ) 6
2 7 + pZ l TnZZI Cm] ( )

The above equationincidentally providesa proof for the-
orem1 by shaving thatwhen Y07, 2= > 1, §; < d;
holds and hencesmoothingis beneficialirrespectie of
othertraffic in the network.

Now considerthe RC-EDF discipline that enforces
the peakrate at eachnode, i.e. usesshaperernvelope

E"(t) = min{C™t,0;(1 — &&) + pit} atnodem. The

total shapingdelay is 6" = o;/C™® where C™i* =
min;<,<p{C™}. Fromlemmas, the delay boundat
nodem is 0 = di* — 0;/C™. The end-to-enddelay

boundis thusé; = o;/C™" + S M_ (4" — 0;/C™), i.e.,
ag; ag;
i i

=i b — 7

0; di + (C'min — cm ( )

Usingthefactthat0 < ¢! < o; andp; < C™", it canbe
shawvn thaté; < ¢; for arbitrarychoiceof o;. A

Thusevenif input traffic is describedby single leaky
buckets,RC-EDFdisciplineghatusetheabore naive dual-
leaky-bucket shapersvithin the network canrealizebetter
end-to-enddelaysthanary RC-EDF disciplinethat uses
only single-leak-bucket shapersThis shavs thatthe ad-
vantagef smoothingin theoreml arisedueto the poor
shaperdescriptionrather than an inherentadwantageof
smoothing.

B. HeuristicShaperChoice

We have establishedin theorem?2) that we cannotre-
alize network-state-indepedent shaperghat are optimal
Yet, we canidentify heuristicchoiceghatcanbeexpected
to performwell for reasonablyealistictraffic mixes.

Recallfrom (2) thatfor a given end-to-enddelay bud-
get, the worst-caseshapingdelayis incurredonly once
while the remainingdelayis subdividedamongthe hops.
Thereforepnecanexpectin generathatsmoothings ad-
vantageoufor flowswith largehop-lengthsanddetrimen-
tal whenthe hop-lengthsaresmall. To illustratethis with
an example,considera flow f with (p, o, p) dual-leak-
bucket ingresstraffic. Theenvelope A(t) = min{pt,o +
pt} is depictedby OPQIn figurel. Letd (whered < o/p)
denotethe end-to-enddelay requirementand & the hop-
length of the flow. Further assumehat oncea shaping
delay d** hasbeenselectedfor the flow, the remaining
schedulingdelayd — d*" is split equallyamongthe hops.
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TABLE |
FOUR-SEGMENT CHARACTERIZATION FOR SIX MPEG-CODED MOVIE TRACES

| Movie ool | oo [ po | o3 | ps | oo | pa |
Advertisements| 0 | 1.6 | 800.0| 0.8000| 1333.0| 0.6000| 1600.0| 0.5330
Jurassic 0 | 4.0 133.3| 1.0540| 400.0 | 0.8533| 1066.0| 0.7619
Mtv 0 |6.0|266.6| 2.3565| 933.3 | 1.9730| 1866.6| 1.8666
Silence 0| 4.0 266.6| 0.6665| 533.3 | 0.6000| 1133.0| 0.5000
Soccer 0 | 5.0| 266.6| 2.5000| 1000.0| 1.2380| 2133.3| 1.0666
Terminator 0| 3.4 133.3| 0.7878| 266.6 | 0.5866| 800.0 | 0.3666

Consideffirst the casewhenh is reasonablyarge. Fig-
urel(a)shavs,ataswitch,theservicedemandABC when
d*" isverysmall(i.e.,verylittle smoothingpgsalsotheser
vice demandODE whend*" = d (completesmoothing).
ThoughABC % ODE,theservicedemandODE liesbelav
the servicedemandABC for the mostpart. Thereforeit
seemgeasonabléo expectthatsmoothingwill yield con-
siderablébenefitavhenh is high. Ontheotherhand when
h is low, the servicedemandABC correspondingo small
d*" asshawn in figure 1(b) is preferablein generalover
thesmoothedaseODE. Thusasmallvaluefor d*" canbe
expectedo yield betterperformancavhenh is low.

The aborve obserationsarevalid even in the presence
of multiple-lealy-bucket envelopesandleadusto propose
thefollowing heuristicchoiceof the shapingdelay:

st :min{d (1—1) ,"—K}
h) " pk

Theshapeervelopecorrespondingdo this choiceof shap-
ing delay can be computedusinglemma?2. The shaper
ervelopethusobtainedhasvery desirableproperties.lt is

optimalfor the limiting valuesof the hop-length.Indeed,
whenh = 1, d5" computedo zero; this correspondso

no smoothingat all, andis in conformancewith the re-

sultin [14] shaving that smoothingis always detrimen-
tal for flows traversinga singlehop. Whenh — oo, (8)

yieldsd*" = min{d, o /px }, in accordancevith the ob-

senation that the traffic shouldbe smoothedentirely at

the ingressto the network. Our proposedshaperchoice
variesgracefully betweentheseoptimal limiting caseof

thehop-length Moreover, it is very easyto computesince
it is independenof exogenoudraffic in the network, and
yieldsvery goodperformanceasdemonstrateth thenext

sectionfor areasonablyealistictraffic scenario.

(8)

IV. PERFORMANCE

To quantifythe performancef our “hop-lengthdepen-
dent” choice of shaperwe comparevia simulationsthe
call blocking probabilitiesyieldedby RC-EDFdisciplines

thatuseshaperchoicescorrespondingo 1) no smoothing,
i.e., d*" = 0, 2) completesmoothing,i.e., d** = d (as
recommendedh [11]), and 3) partial smoothing,as per
our proposaln (8). For comparisonwe alsosimulatethe
behaior of the GPSschedulingliscipline.

For our simulationswe focuson oneswitchwithin the
network, and assumethat the chosenswitch is the bot-
tleneckfor all the flows passingthroughit; the chosen
switch thereforedeterminesf an incoming flow can be
acceptedinto the network or not. Further the chosen
switch operatesat 155 Mbps (correspondingo an OC-3
ATM link), andmultiplexesa traffic mix consistingof six
typesof video flows. The variousflow typeshave traf-
fic characteristicas shawvn in tablel. Eachrow repre-
sentsa four-sggmentmultiple-lealy-bucket characteriza-
tion (o, pk)k=1,-,4 Of amovie trace wheretheo’s arein
Kbits andthe p’s in Mbits/s. Thesecharacterizationare
borravedfrom [9], andhave beenderivedasfour-segment
covers of the empirical envelopesof tracesof MPEG-1
codedmoviesin [23].

Flow arrivals aregenerateéccordingto a Poissorpro-
cesswith parametein. and their durationsare exponen-
tially distributedwith meanl/s3. Theratio /3 character
izestheloadofferedto thelink, i.e.,theaveragenumberof
flows thatwould exist atary time atalink with no capac-
ity limitation. Eachflow hastraffic characteristicehosen
randomlyfrom the characteristic®f the six typesshavn
in tablel. The end-to-enddelayrequirement! (excluding
propagationdelays)of the flow is uniformly distributed
in [L00ms,1.5s],andits hop-lengthuniformly chosenin
[1,5]. After aflow is generatedvith the abose parame-
ters,shaperervelopesfor the flow areselectechsperthe
threeshapingstratgies: 1) no smoothing(d*® = 0), 2)
completesmoothing(d*® = min{d, o4/p4}), and3) hop-
lengthdependensmoothingasgivenin (8). Theremain-
ing delayd — d*"* undereachof the shapingstratgiesis
then split equally amongthe hops,andthe EDF call ac-
ceptanceestis performedat the switch to determineif
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Fig. 2. CallblockingprobabilitiesunderRC-EDF(nosmoothing) GPS,RC-EDF(completesmoothinglandRC-EDF(hop-length

dependensmoothing) Hop-lengthchoseruniformly in [1,5].

the flow canbe acceptednto the network (as statedbe-
fore, the switch considereds assumedo be the bottle-
neck, and hencedeterminesf the flow can be accepted
into the network or not). We emplogy the exact schedula-
bility testof (1); alternatvely, the approximatebut sim-
pler call admissiomrmethodproposedn [9] couldbe used
([9] shaws thatfor thevery sametraffic mix asconsidered
here,the degradationsntroducedby the approximations
in the call admissiormethodarevery small). We generate
amillion flows in eachsimulationrun, andareinterested
in thelink blocking probability i.e., the ratio betweerthe
numberof rejectedflows andthe total numberof gener
atedflows. We take the call blocking probability under
eachshapingstratgy asameasuref its performanceFor
comparisonthe call blocking probability underthe GPS
schedulingschemes alsomeasured.

Figure 2 plots the call blocking probabilitiesunderl)
GPS,2) RC-EDF with no smoothing,3) RC-EDF with
completesmoothingand4) RC-EDFwith our hop-length
dependensmoothingmethodof (8), asthe offered load
is varied from 110 to 150 calls. The confidenceinter
vals arequite smallandnot shawn in thefigure. We first
obsere that the RC-EDF discipline emplg/ing complete
smoothingoutperformsGPS. This is in accordancevith
theresultsof [11] shawving that RC-EDF disciplinesem-
ploying the GPS-inducedhapingparametersutperform
GPS Moreimportantly we obsere from figure2 thatboth
GPSaswell asRC-EDFthatusescompletesmoothingare
outperformedsignificantlyby the RC-EDFdisciplineem-
ploying the “hop-lengthdependent’shaperderived from

(8). For example,if the systemis designedto operate
at a call rejectionrate of 1%, our shaperchoice allows

RC-EDFto achiere a utilization around4% larger than
the completesmoothingshaperchoiceand around6.5%
largerthanGPS.Thusour proposedshaperchoiceallows

RC-EDFto realizebetterperformancdor realistictraffic

scenarioshanbothGPSandRC-EDFdisciplinesthatem-
ploy shaperghoserindependenof flow hop-lengths.

V. CONCLUSIONS

RC-EDFhasbeenproposedsa moreefficient way of
end-to-enddelayprovisioningin networks supportingde-
terministicQoSthanGPS[11], [4]. The performanceof
RC-EDF, however, dependsrucially uponthe choice of
shapingparametersin this paper we have addressethe
questiorof identifyingtraffic shapershatrealizemaximal
RC-EDFschedulableegions. We have shavn thatiden-
tifying the “optimal” shapelis in generalinfeasible,asit
requiresthe entire network stateto be knovn. We then
proposeda heuristic choice that dependsupon the hop-
lengthof theflow. Sucha choiceis simpleto computeand
variesgracefully betweenthe knovn optimal choicesfor
thelimiting valuesof the hop-lengthFor arealistictraffic
scenariowhereflows have varying hop-lengthspur pro-
posedshaperchoiceis shavn via simulationto yield sig-
nificantly larger network utilizationsthanGPSaswell as
RC-EDF disciplinesthat emplo/ shapermparametergho-
senindependentf the flow hop-length.

Deterministic framevorks are in generalexcessiely
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conserative, and resultin reducednetwork utilizations.
The performanceof RC-EDF in the statistical setting,
wherethe end-to-enddelay guaranteesre statisticalin-
steadof worst-caseis addresseth [25].
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APPENDICES
I. PROOF OF LEMMA 4

From (1), the admissibility criteria for workload{ is
seentobeVt > 0: Dy (t) < Fw(t). Sinceall traffic en-
velopesA;(t) arenon-decreasinfunctionsof ¢, sois the
servicedemandD,, of workloadl{. Thusthe abore con-
dition is equivalentto V¢ > 0 : Dy, (t) < miny>¢ Fyy(t').
Thequantityontherightis nothingbut Ry, (t); this proves
theresult. A
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Fig. 3. The(a)envelopes(b) servicedemandsnd(c) residualcapacitiegor flows f (solidlines)andf’ (dashedines)in theproof

of lemmas.
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Fig. 4. The(a)servicedemands(b) residualcapacitieand(c) effectiveresidualcapacitiesor flows f (solidlines)and f’ (dashed

lines)in the proof of lemmayr.

II. PROOF OF LEMMA 5

If part: SayR 4 = Rgp. Thenary workload/ satisfying
Vit > 0: Dy(t) < Rp(t) (i.e., theworkload B U U is
feasible)alsosatisfiesvt > 0 : Dy(t) < R4(t), andso
theworkload.A U U/ is alsofeasible.

Only if part: SayR4 # Rp. Then3dr : Rp(r) —
Ra(t) = 20 > 0. Considerworkload/ consistingof
asingleflow with ervelope A(t) = Rp(7) — ¢ + €t and
delayrequirement-. SinceRgz(t) is monotonicallynon-
decreasingand lim;_, , Rg(t)/t > 0, € canbe chosen
small enoughsuchthatVt > 0 : Dy(t) < Rg(t), thus
making the workload B U U feasible. But the workload
A UU is notfeasiblesinceDy (1) = Rg — § £ Ra(T).
The existenceof a workloadi/, suchthatB U U/ is admis-
siblewhile A U U is not,completeghe proof. A

I11. PROOF OF LEMMA 6

The ervelope A(t), servicedemandD(t¢) andresidual
capacityF'(t) for the workload consistingof flow f with
delayboundd areshavnin figure3, asarethecorrespond-
ing quantitiesA’(t), D'(t) andF’(t) for theworkloadcon-
sistingof flow f’ with delayboundd’. It is easyto see
thattheresidualeffective capacitieareequivalentin both
casesandthereforeby lemmab theresultfollows. A

IV. PROOF OF LEMMA 7

Considettheeffective residuakcapacities?(¢) whenthe
workload consistsof the flow f with delayboundd, and
R'(t) whentheworkloadconsistf theflow f’ with delay
boundd’ = d — "‘C"'. The envelopes residualcapacities
andeffective residualcapacitiegredepictedyraphicallyin
figure4, andit is easilyverifiedthat R’ = R. Fromlemma
5, it follows thatfor any workload,if flow f is feasible so

if flow f’. Thusf' is admissiblef f is. A




