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Traffic Shapingfor End-to-EndDelayGuarantees
with EDFScheduling

Vijay Sivaraman, FabioM. Chiussi andMario Gerla

Abstract— The provision of Quality of Service (QoS) in
terms of end-to-enddelay guaranteesto real-time applica-
tions is an important issuein emerging broadband packet
networks. Of the various packet schedulingschemesthat
havebeenproposedin the literatur e,Earliest DeadlineFirst
(EDF) schedulingin conjunction with per-hop traffic shap-
ing (jointly referredto asRate-ControlledEDF or RC-EDF)
hasbeenrecognizedasan effective meansof end-to-endde-
terministic delayprovisioning. An important aspectthat has
not beenaddressedsatisfactorily in the literatur e, however,
concerns the choiceof RC-EDF shapingparametersthat re-
alizemaximal network utilizations.

In this paper, wefirst establishthat exceptin tri vial cases,
it is infeasibleto 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 heuristicchoiceof shaper derived fr om
the number of hops traversed by the flow. The resulting
shaper is easy to 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 shaperallowsRC-EDF to outperform the
GPS(GeneralizedProcessorSharing) schedulingdiscipline
aswell asRC-EDF disciplinesthat useshaperschoseninde-
pendentof the flow hop-length.

I . INTRODUCTION

Theprovision of Quality of Service(QoS)to real-time
communicationstreamsis a key requirementin emerging
broadbandpacket-switchednetworks. Applicationssuch
as voice and video typically demandQoS guaranteesin
termsof end-to-endtransferdelays. Supportingthe het-
erogeneousdelay constraintsof theseapplicationswith
widely varying characteristicsrequirespacket scheduling
schemesmoresophisticatedthanFirst-In-First-Out(FIFO)
ateachswitchin thenetwork (for asurvey of suchschedul-
ing schemessee[13], [28]). Of these,GeneralizedProces-
sorSharing(GPS)[17], [18] (alsoknown asWeightedFair
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Queueing(WFQ) [6]) andEarliestDeadlineFirst (EDF)
[8], [26] areamongthemostpopular.

GPSguaranteesa maximumqueueingdelayby reserv-
ing acertainamountof thelink bandwidthat eachhopfor
thegivenflow. Its mainattractionis its simplicity, bothin
theassociatedCall AdmissionControl (CAC) framework
[18] aswell asin theimplementationof thescheduler(re-
cent techniques[22], [3], [1], [2] have madethe costof
GPS-relatedschedulersvery affordable). The simplicity,
however, comesat a price - GPSis suboptimalin its per-
formance,andyieldsreducednetwork admissibleregions.

EDFassociatesaper-hopdeadlinewith eachpacketand
schedulespackets in orderof deadlines.In the caseof a
singlenode,EDF is known to be the optimal scheduling
policy [10], [15] in termsof the schedulableregion for a
setof flows with giventraffic envelopesanddeterministic
delayrequirements(detailsin sectionII-A). In themulti-
nodesetting,however, traffic interactionscould severely
distort the traffic, and the absenceof knowledge of the
traffic envelopesat nodesinternal to the network makes
theuseof EDF for end-to-endguaranteesproblematic.To
overcomethisproblem,theauthorsin [29] proposethere-
shapingof traffic at eachnodein thenetwork. Theuseof
per-nodetraffic shapingin conjunctionwith EDFschedul-
ing (we referto this combinationasRate-Controlled EDF
or RC-EDF) hasbeenstudiedin detailin [11]. Theauthors
derive expressionsfor theend-to-enddelayin termsof the
traffic shaperparameters,and show that the schedulable
region underRC-EDFdependscritically uponthe choice
of shapingparameters.

A crucial issueregardingRC-EDF that has not been
addressedsatisfactorily in the literatureconcernsthe se-
lection of appropriateshaperparametersthat realizethe
largestschedulableregions underRC-EDF. Ad-hoc pro-
posals[11] and resultsfor restrictedsettings[19], [27]
have beenpresented,but the underlyingfundamentalis-
sueof identifying the“optimal” shaper, if onesuchexists,
hasnot beentackled. In this paper, we first establishthat
exceptin trivial cases,identifyingan“optimal” shaperfor
a flow underthe RC-EDFschedulingdisciplinerequires
thestateof theentirenetwork to beconsidered,makingit
computationallyinfeasiblein practice.We thenshow how
our resultis consistentwith someseeminglycontradictory
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resultsin the literature(for exampletheorem4.3 in [19],
which, for the restrictedsettingof single-leaky-buckets,
allows the optimal shaperto be identified undercertain
conditions).Finally, we proposea heuristicshaperchoice
that hasvery desirableproperties– it is very simple to
compute,andby beingdependenton theflow hop-length,
variesgracefullybetweenthe known optimal shapersfor
thelimiting valuesof thehop-length.Usingsimulationsof
a realistictraffic mix consistingof numerousvideoflows,
weshow thatour “hop-lengthdependent”heuristicshaper
choiceallows RC-EDFto realizesignificantly larger ad-
missibleregions thanboth GPSaswell asRC-EDFdis-
ciplinesthat employ shapersderived independentof flow
hop-lengths.

The restof this paperis organizedasfollows: section
II provides the requisitebackgroundon EDF scheduling
andtraffic shaping.SectionIII establishestheinfeasibility
of optimalshaping,andpresentsa heuristicchoicehaving
desirableproperties.Performanceresultsfrom simulation
arepresentedin IV, andconcludingremarksareofferedin
sectionV.

I I . BACKGROUND

A. EDF

Wereview somebasicconceptsrelatedto EDFschedul-
ing, andbriefly describethe framework for deterministic
end-to-enddelayguaranteesdevelopedin [11]. TheEDF
schedulingdiscipline[8], [26] worksasfollows: eachflow�

at switch � is associatedwith a local delaybound ���� ;
then,anincomingpacketof flow

�
arriving to thescheduler

at time � is stampedwith adeadline���	� �� , andpacketsin
theschedulerareservedby increasingorderof theirdead-
line.

In thedeterministicsetting,EDF is known to betheop-
timal schedulingpolicy atasingleswitch[10]. Optimality
is definedin termsof the schedulableregion associated
with theschedulingpolicy. Given 
 flowswith traffic en-
velopes� �
� �
� 1 (

������������������� 
 ) sharingan output link,
andgiven a vectorof delaybounds �� � � ��� � ��� ������� �� !� ,
where � � is anupperboundon the local schedulingdelay
thatpacketsof flow

�
cantolerate,theschedulableregion

of aschedulingdiscipline " is definedasthesetof all vec-
tors �� that areschedulableunder " . The authorsin [10],
[15] show that EDF hasthe largestschedulableregion of
all schedulingdisciplines,givenby thevectorsthatsatisfy#

Flow $ hasenvelope %'&)(+*-, if the amountof flow $ traffic entering
thenetwork in any interval of length * is boundedby % & (+*-, [5]. A typ-
ical exampleis themultiple-leaky-bucket descriptor(/.10�2)340�,)065 #)7 8 8 8 7 9�:
denotingtheenvelope % & (+*),�;=<?>A@ #)B 0 B19�:DC .�0FEG3406*IH .

thefollowing constraint: J �LK � � �6� �NMO� � �QPSRT� � U �WVYX (1)

where R denotesthe link rate, � �6� �Z� � X for �\[]X , and
it is assumedthat either the packet transmissiontime is
negligible (as in ATM networks) or the scheduleris pre-
emptive. In the caseof non-preemptive schedulingwith
non-negligible packet sizes,the above constraintguaran-
teesdelaybound � � �_^a`1R to every flow

�
, where ^ de-

notesthe maximumpacket sizeat the switch. Given the
traffic envelopesandthedelayrequirementsof eachflow,
inequality(1) canbeuseddirectly to devisea single-node
CAC mechanism.In themulti-nodesetting,however, the
traffic envelopesareno longerknown at the inputsof the
nodesinside the network, and the interactionsthat dis-
tort thetraffic arenot easilycharacterizable.To overcome
this problem,ZhangandFerrariin [29] proposea classof
schemescalledRate-Controlled Service(RCS)disciplines
which reshapethe traffic at eachhop within the network
(EDF with per-hop reshapingis referredto asRateCon-
trolled EDF or RC-EDF).Georgiadiset al. in [11] build
uponthismodelandderive expressionsfor theend-to-end
delay boundsin termsof the shaperenvelope b �
� �
� and
the schedulingdelayat eachnode;they show that no ad-
vantagesare gainedby having non-identicalshapersfor
a flow at eachswitch it traverses. The end-to-enddelay
bound� � for flow

�
is givenby

� � � ��cId� � eJ� K � � �� (2)

where� cId� �gf � � ��h b � � denotesthemaximumshaperde-
lay and ���� is thelocal schedulerdelayboundat the � -th
switchfor flow

�
. Themaximumshaperdelayis incurred

only once, andis independentof thenumberof nodeson
thepath.Equation(2), in conjunctionwith thesingle-node
CAC derivedfrom inequality(1) above readilyleadsto an
end-to-endCAC framework [11], [4]: oncean appropri-
ateshaperb � hasbeenchosen,the delay incurredin the
shaperis computed;the remainingdelay is split among
theschedulerson thepathof theflow, andtheflow is ad-
mitted only if the single-nodeCAC at eachswitch along
thepathadmitstheflow. Theschedulableregion achieved
with RC-EDFdependscritically on the choiceof shaperb � ; theauthorsin [11] show thattheuseof shaperparam-
etersinducedby GPSallowsRC-EDFto outperformGPS.
Thedesignof shaperswhichachieveevenlarger(if not the
largest)schedulableregionsunderRC-EDF, however, has
notbeenaddressedin theliterature.
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B. Traffic Shaping/ Smoothing

Smoothingtraffic at theingressto thenetwork to make
it less bursty has in many contexts beenrecognizedas
a meansof increasingthe schedulableregion of the net-
work. For example,numerousauthorshave proposedoff-
linework-ahead[16], [7], [30], [24] aswell ason-line[20],
[21], [12] smoothingtechniquesfor the transmissionof
storedand interactive real-timevideo traffic. The focus
in many of theseframeworkshasbeenthereductionof the
traffic stream’s peakrate, rate variance,or somerelated
costmetric, typically underbuffering constraints.More-
over, the delayboundsin many of theseframeworks are
notstrictandtheresultingQoSis oftenstatistical.By con-
trast,the focusin this work is on frameworkswhich pro-
videdeterministicdelayguaranteesto flowswith prespeci-
fiedtraffic envelopesin thecontext of RC-EDFscheduling.

References[11] and [19] establishthe framework for
shapingin the context of deterministicdelay guarantees
underRC-EDF, and help identify the family of “good”
shapersthat are most effective in providing thesedelay
guarantees.We recall threelemmasfrom thesereferences
which shallbeusefulfor our work in this paper. Let flow�

becharacterizedby themultiple-leaky-bucketarrival en-
velope � �
� �
� �ji�kLl �
mon4mqp &srut �wv n �Yx �wv n ��y andend-to-end
deterministicdelayrequirement� � . Further, let bz�� � �Z� de-
notetheshaperenvelopefor flow

�
at the � -th nodeon its

path,andthesymbol { representconcatenation(i.e.,series
placement)of shapers.(Throughoutthis work all traffic
andshaperenvelopesareassumedto beconcave, increas-
ing, piecewise-linear functions with a finite numberof
slopes;thusthey canbe describedby the multiple-leaky-
bucket form � t n � x n � n K � v}|}|}| v p wheret �T[ t �~[�������[ t p
and x���V�x���V������TV�x�p .) The first resultshows that
it sufficesto considerRC-EDFdisciplinesthat,for a flow�
, employ an identicalshaperb � at eachof thenodestra-

versedby theflow.

Lemma1: [11, Proposition2] Considerflow
�

that tra-
versesnodes

���������u�Z�
. GiventheRC-EDFdisciplinethat

usesshaperb �� for theflow at node � ( � �����������u�Z�
),

the RC-EDFdisciplinethat usesshaperb~�� ��� e� K � b~��
for theflow at eachnode � ( � �����������u�Z�

) canprovide
thesameend-to-enddelayguarantees.

The secondlemmashows that a “good” shaperfor a
givenflow

�
is characterizedby asingleparameter, namely

the worst-caseshapingdelay. Sucha shaperis moreover
easyto constructgiventheshapingdelay.

Lemma2: [11, Proposition3] For flow
�

with multiple-
leaky-bucket arrival envelope � �6� �Z� �_i�kLl �
mon4mqp &srut �wv n �x �wv n ��y , theenvelopeof thesmallestshaperb �
� ��� � �
� which
guaranteesthat

f � � � h b �Z� ���
��P � , where X�P ��P

t �wv p & `4x ��v p & , is uniqueandgivenby

b � � ��� � �Z� ����� &���� & 7 0
���/���� & 7 0
������� � if XGPY�W[Y� �wv n � ���� �6� �NMO��� � if �a�Y� �wv n � � �
where � �wv � � X , � �wv n � � t �wv n M t �wv nu¡¢� �
` � x �wv n4¡¢� M£x �wv n � for� P¥¤¦P�§ � , and ¤�¨ �©i�kªl �
monumqp &sr ¤ «]� �
� � �wv n �¬Mx �wv n � � ��v n �����a�YX�y .

The third lemma shows that the family of “good”
shaperscan be further restrictedto oneswith peakrate
no larger thanthe link rateat any of the switcheson the
pathof the flow. (The peakrate ­ of the multiple-leaky-
bucket envelope b � �
� �®i�kLl �
mon4mqp rut n �¯x n ��y , wheret �°[������±[ t p and xo�²V������±V�x�p , is given by x�� ift � � X and ³ otherwise.)

Lemma3: [11, Proposition4] Considerflow
�

traffic
with arrival envelope � �
� �Z� that traversesnodes

���������4�Z�
with correspondingoutput link speedsR � . Then given
anRC-EDFdisciplinethatusesshaperenvelopeb �Z� ��� � �Z� ,
there is an RC-EDF discipline using shaperenvelopeb �
� ���ª� � �Z� , ���´� � , which guaranteesthe same end-
to-end delays to all flows and whose peak rate ­ � Pi�kLl �
m � m e r R � y .

The above threelemmasidentify the family of “good”
shapersto which we canrestrictour attentionin orderto
designefficient RC-EDFdisciplines. However, the fam-
ily of “good” shapersfor a flow

�
comprisesof the setr b �Z� ��� � �
�µ«¶X P·�YP t �wv p & `4x �wv p & y , andcould be very

large. The generalproblemof identifying an “optimal”
shaperamongthemhasnot beenaddressed.Resultsfor
somerestrictedsettings,however, have beenpresented.
For example,a result in [27] establishesthat in the re-
strictedcaseof homogeneoustraffic flows, smoothingis
beneficialif andonly if the hop lengthsarelarger thana
critical value.Anotherresult[19, Theorem4.3] which we
recall in the following theorem,shows that in the special
casewhereshaperenvelopesare restrictedto the single-
leaky-bucket form b � �Z� � t � x¸� , thelargestschedulable
regionsunderRC-EDFcanbe realizedby smoothingen-
tirely thetraffic from flowswith a“sufficiently” largehop-
length. (A confirmationof this resultwill emerge in the
courseof ourdiscussionin sectionIII-A.)

Theorem1: [19, Theorem4.3] Consideran RC-EDF
discipline using traffic shapersrestrictedto the single-
leaky-bucket form, andcarryinga flow

�
with arrival en-

velope� �
� �
� � t � ��x � � traversing
�

hopswith link ratesR � �������4� R e . Then,if ¹ e� K � x � `1R � � �
, the schedula-

ble region of theRC-EDFdisciplineis not reducedif the
shaperwith envelopeb �Z� �
� � t �� �ºx � � , whereX�P t �� P t ,
is usedfor flow

�
ateveryswitch.

In the generalsetting, however, where (a) multiple
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(ratherthanjust single) leaky-bucket shapersarepermit-
ted,and(b) flows canhave arbitraryhop-lengths,it is not
known if “optimal” shaperscanbe identified. A few ad-
hoc shapingstrategies have beensuggestedin the litera-
ture, for example[11], which proposesthe useof shap-
ing parametersinducedby the rate-basedGPSschedul-
ing discipline. Sucha choiceis shown to give reasonably
goodperformance,i.e., at leastasgoodasGPS,andstill
allow the RC-EDF discipline to acceptsomeadditional
calls. Nevertheless,this choicecorrespondsto a signifi-
cantsmoothingof the traffic at the ingress.This may be
reasonablefor flows with largehop-lengths(assuggested
by theorem1 above), sinceit avoids the fragmentationof
the end-to-enddelaybudgetamongthe hopsandinstead
employs it towardstraffic smoothing.However, for short
hop-lengthflows,it yieldspoorperformance.For instance,
whenthehoplengthis 1, smoothingis known to bedetri-
mentalto network performance[14]. The GPS-induced
shapingparameters,therefore,do not yield goodperfor-
manceunderall conditions.

I I I . CHOOSING THE RC-EDF SHAPER

In this section,we addressthe issueof identifying “op-
timal” shapersfor usewith RC-EDFdisciplinesthatguar-
anteeend-to-enddeterministicdelayboundsto flows. We
definethe“optimal” shaperasfollows:

Definition1: An optimal shaperb � for flow
�

is such
that the RC-EDF discipline that usesshaperenvelopeb �
� �Z� for flow

�
guaranteesend-to-enddelaysto all flows

nosmallerthantheRC-EDFdisciplinethatusesany enve-
lope b~�� � �Z� for flow

�
.

Theshaperenvelopefor theflow is typicallychosenatcall-
setup,and not modified during the lifetime of the flow.
Moreover, the choice is madeindependentof the other
flows in the network, since1) the numberof flows in the
network is typically too large, and2) the setof flows in
the network variesdynamicallyasflows enterand leave
the network. Therefore,it is reasonableto restrict our
focus to network-state-independent shapers, i.e., shapers
thatareconstructedindependentof theothertraffic in the
network. The questionof interestthat needsto be ad-
dressedis whetherthereexist shapersthatarebothoptimal
andnetwork-state-independent.

In thefirstpartof thissection,weshow thatexceptin the
trivial casewherea flow is eitherconstantbit rateor has
hop-lengthone,shapersthatarebothoptimalandnetwork-
state-independentcannotexist. We then show how this
result reconcileswith theorem1 above, which suggests
thatin therestrictedsettingof single-leaky-bucketshapers,
it is optimal to smoothflows with sufficiently large hop-
lengths. We show that the resultof theorem1 is due to

the“bad” shaperdescriptionby virtue of thesingle-leaky-
bucket restriction, rather than an inherentadvantageof
shaping. In fact even a naive network-state-independent
multiple-leaky-bucket shaperis shown to be capableof
outperformingthebestnetwork-state-independent single-
leaky-bucket shaper. Having establishedthat the design
of anoptimalshaperis infeasible,we proposea heuristic
choicethat hasdesirablepropertiesandyields very good
performancefor reasonablyrealistictraffic mixes.

We assumeherethat either the EDF schedulingdisci-
pline is preemptive or packet transmissiontimesarenegli-
gible. Fornon-preemptiveEDFwith non-negligible packet
sizes,the end-to-enddelayboundfor a flow

�
traversing�

nodescanbeadjustedby thequantity ¹ e� K � ^ � `1R � ,
where R»� denotesthe link rate and ^¼� the maximum
packet sizeat node � , in orderto accountfor the effects
of packetization.

A. Infeasibilityof OptimalShaping

Considera link of rate R employing EDF scheduling,
andlet theworkload ½ consistof 
 flows, whereflow

�
is characterizedby theconcave piecewise linearenvelope� �6� �Z� andhasa maximumdelayrequirement� � . Thenwe
definethefollowing:

Definition2: Theservicedemand
f¿¾ � �
� , the residual

capacityÀ ¾ � �Z� andtheeffectiveresidualcapacityÁ ¾ � �
�
correspondingto theworkload ½ aredefinedbyf¿¾ � �Z� �  J �LK � � �6� �ÂMO� � � � �W�YX (3)À ¾ � �Z� � R»�ÃM f¿¾ � �Z� � �Q�ÄX (4)Á ¾ � �Z� � i�kªl�/Å�Æ�� À ¾ � � � � � �W�YX (5)

Furtherdefine r Á±Ç�È�Á±ÉFy�Ê r U �=��X¶«ËÁ±Ç � �Z�Ì�Á±É � �Z��y , and r Á±Ç®ÍÎÁ±ÉFy¯Ê r Á!ÇÎÈÏÁ!É aÐF�OÑ��Y�XG«TÁ Ç � �
�WV¶Á É � �
��y .
Usingtheabove definitions,we establishthe following

two lemmas(provedin appendixA andB respectively):
Lemma4: Let ½ denote the workload at the EDF

scheduler. Now considera disjoint workload Ò with ser-
vice demand

f~Ó � �
� . Thentheadmissibilityconditionfor
workloadÒ is givenby

U �W�ÄXG« f Ó � �Z�aPYÁ ¾ � �
� .
Lemma5: Let workloadsÔ and Õ yield effective resid-

ual capacities Á±Ç � �Z� and Á±É � �
� respectively, and letÖ kLi �ª×~Ø Á±Ç � �Z�
`4��VµX and
Ö kLi �ª×~Ø Á±É � �
�
`4��VµX . ThenÁ±ÇÙÈ�Á±É if andonly if, for every workload Ò , Õ£ÚÛÒ is

feasibleimpliesthat ÔÜÚ¿Ò is alsofeasible.
We arenow readyto prove our resultthatgivena flow

that is neitherconstantbit-ratenor hashop-lengthof one,
a shaperthat is optimal for the flow and network-state-
independentat the sametime cannotexist. Recall that it
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sufficesto focuson shaperswhich, for any flow, areiden-
tical at eachnode(lemma1) traversedby the flow, have
thesmallestenvelopefor agivenshapingdelay(asperthe
constructionin lemma2),andhavepeakratenolargerthan
the link rate(lemma3) at eachof the nodestraversedby
theflow.

Theorem2: Considerflow
�
with multiple-leaky-bucket

input traffic arrival envelope � �6� �Z� ��i�kLl �
mon4mqp rut �wv n �x �wv n ��y ( §Ý� � ) that traversesnodes
���������u�Z�

(
� P � [³ ) with correspondingoutput link speedsRT� . Further,

let the peakrateof flow
�

be no morethanthe minimum
link speedalongthe pathof the flow (i.e., t ��v � � X andx �wv ��P iÞkLl �
m � m e r R � y ). Then, theredoesnot exist a
network-state-independent shaperb � � � csd� � thatis optimal,
in the senseof guaranteeingthat the RC-EDFdiscipline
employing shaperenvelope b �6� � cId� � � �Z� provides end-to-
end delaysto all flows no worsethan the RC-EDF dis-
cipline thatusesshaperenvelope b �6� � Å csd� � � �Z� for arbitraryXGPY� Å csd� P¶ß �wv p `4x �wv p .

Proof: A directproof couldbederived by computingthe
effective residualbandwidthsfor two arbitrary but dis-
tinct choicesof the shapingdelay and showing that theÈ relationcannothold betweenthem; however, herewe
presenta proof by explicitly constructingtraffic examples
thatcontradicttheoptimality property. Let � � VgX denote
the end-to-enddelay requirementof flow

�
, and assume

that thereexists a value of � csd� suchthat the shaperen-
velope b �Z� � cId� � � �Z� is network-state-independent andopti-
mal. Thus, irrespective of the cross-traffic at the various
switches,the RC-EDF discipline that usesshaperenve-
lope b �
� � csd� � � �
� guaranteesend-to-enddelaysto all flows
noworsethantheRC-EDFdisciplinethatusesany shaperb �
� � Å csd��� � �
� where XYP�� Å cId� P�ß �wv p»`4x �wv p . Considerthe
two cases:

CaseI – � csd� VàX : Choosethe cross-traffic at each
switch � to bea singleflow with dual-leaky-bucket enve-
lope � � � �Z� �Ùi�kLl r R � � � � &ªá�& 7 #e � � R � MOx �wv � �s��y andhop
length1. It is easilyverified using(1) that the envelopeb �
� � Å csd � � �
� where � Å csd � X canguaranteean end-to-end
delayboundof � � to flow

�
(by guaranteeingdelaybound� � ` � at eachnode)while simultaneouslyproviding a de-

lay boundof X to eachof theotherflows. Theshaperen-
velope b �6� � cId � � �Z� , however, cannotguaranteethesedelay
bounds,since � csd V�X implies that at leastonenode �
on the flow’s pathhasto guaranteea delayboundlower
than � � ` � to theflow

�
envelope b �
� � csd � � �Z� , but simulta-

neouslyproviding adelayboundof X to thecross-traffic at
node� is not feasible.

CaseII – � csd� � X : Select the cross-traffic at each
switch � to bea singleflow with dual-leaky-bucket enve-

lope � � � �
� �_i�kLl r R � � � � & ¡oâe á�& 7 #� � â ��á�& 7 # ¡ á�& 7 ã �ªä6å & 7 ã � � R � Má�& 7 #� � â ��á�& 7 # ¡ á�& 7 ã �ªä6å & 7 ã �s��y (where Xæ[�çº[ iÞkLl r � � � å & 7 ãá�& 7 ã y ) and
hop length of 1. It can be verified that the envelopeb �
� � Å csd � where � Å csd � ç canguaranteeanend-to-endde-
lay boundof � � to flow

�
(by guaranteeingadelayboundof� & ¡oâe ateachhop)asalsodelayboundX to thecross-traffic.

However, b �6� � cId � � �Z� where � csd � X cannotsimultane-
ouslyprovide a delayboundof X to thecross-traffic while
providing an end-to-enddelay boundof � � to flow

�
, as

thatwould requireat leastoneof thenodes� on thepath
to provide a delayboundno larger than � � ` � , andthis is
not feasiblefor

� V � . è
The above theoremestablishesthat the resultsfor re-

strictedsettingsconsideredin [27] and[19] do not extend
to the generalsetting. Reference[27] shows that in the
presenceof homogeneoustraffic flows, smoothingis ben-
eficial if andonly if thehop-lengthsarelarger thana crit-
ical value. In thepresenceof heterogeneoustraffic, how-
ever, suchan argumentdoesnot hold. The single-leaky-
bucket restrictionin theorem1 allows optimal shapersto
be identifiedfor flows with sufficiently largehop-lengths;
for generalmultiple-leaky-bucket envelopes,however, op-
timal shaperscannotbeidentified.In fact,theapparentad-
vantageof shapingin the single-leaky-bucket caseis due
to poor shaperdescription(by virtue of the single-leaky-
bucket restriction) rather than an inherentadvantageof
shaping.To demonstratethis, we show thata naive dual-
leaky-bucket shaperthatperformspeak-rate regulationat
the link rate outperformsany network-state-independent
single-leaky-bucket shaper. We first establishthe follow-
ing two lemmas(proofsin appendixC andD respectively):

Lemma6: Consideran arbitrary workload at an EDF
scheduleroperatingat rate R . A flow é with envelope� � �
� � t �²x¸� anddelaybound� is admissibleif andonly
if flow é�� with envelope�ê� � �Z� �Ëi�kLl r R»� � t � � M áë ���	x¸��y
anddelaybound� � � �ìM t `1R is admissible.

Lemma7: For anarbitraryworkloadat anEDF sched-
uleroperatingatrate R , if theflow é with envelope� � �
� �t �Äx¸� canbeguaranteeddelaybound � , thentheflow é �
with envelope �ê� � �
� � t ���gx�� , where t �GP t , can be
guaranteeddelaybound� � � �zM å ¡ å Åë .

In general,it is not always possibleto provide a de-
lay boundtighter than ��� to flow é�� in lemma7 above.
For example,considercrosstraffic with envelope b � �Z� �R»�QM t M â åë ��ç
� whereç is verysmall.Flow é with delay
bound � is admissible,while flow é � is not admissiblefor
any delayboundlower than �TM å ¡ å Åë ¡oâ , which,by choosingç smallenough,canbemadeascloseto �¸� asdesired.

These lemmas help us establishthe following the-
orem that the naive dual-leaky-bucket shapercan out-
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performthe bestnetwork-state-independent single-leaky-
bucket shaper.

Theorem3: Considera flow
�

with singleleaky bucket
input traffic envelope � � �
� � t � �´x � � that traverses
nodes

���������u�Z�
with correspondingoutput link speedsR � . Then the RC-EDF discipline that employs for

flow
�

the network-state-independent shaper b~�� � �Z� �i�kLl r R � � � t �Z� � M á�&ë�ñ ���=x � ��y ateachnode� �j���������u�Z�
guaranteesend-to-enddelay boundsno worse than any
RC-EDF discipline that employs for flow

�
only single-

leaky-bucket network-state-independent shapers.
Proof: Let � �� denotethedelayboundatnode� provided
to flow

�
whenthe arrival envelope � � �Z� is used,andlet� � � � ��!�Ü� ��!� ����� �Ë� e� denotethe associatedtightest

end-to-enddelayguarantee.
Considerfirst theRC-EDFdisciplinethatis restrictedto

single-leaky-bucket shaping.Denoteby b � � �Z� � t �� ��x � �
theshaperenvelope(where t �� ��X is picked independent
of the cross-traffic in the network), andby ß �� the delay

boundat node � . Thenthe shapingdelay ß csd� � å & ¡ å Å&á�& ,

andthe end-to-enddelayboundfor flow
�

is ß � � ß cId���ß �� � ����� �Ëß e� . Fromlemma7, ß �� � � �� M å & ¡ å Å&ë (note
that by virtue of the network-state-independent property
tighter delay boundscannotbe guaranteed).Thus ß � �å & ¡ å Å&á�& � ¹ e� K � � � �� M å & ¡ å Å&ë ñ � , i.e.,

ß � � � � � t � M t ��x � ò � M eJ� K � x �R �¿ó (6)

Theabove equationincidentallyprovidesa proof for the-
orem1 by showing that when ¹ e� K � á�&ë ñ V �

, ß � [ô� �
holds and hencesmoothingis beneficialirrespective of
othertraffic in thenetwork.

Now consider the RC-EDF discipline that enforces
the peak rate at eachnode, i.e. usesshaperenvelopeb~�� � �
� �¦i�kLl r R»�¬� � t �Z� � M á�&ë ñ �N�Äx � ��y at node � . The

total shapingdelay is õ cId� � t � `1R»öø÷}ù where R»öø÷}ù �i�kLl �
m � m e r RT�»y . From lemma6, the delay boundat
node � is õ �� � � �� M t � `1R � . The end-to-enddelay
boundis thus õ � � t � `1RTöø÷}ù?�Ä¹ e� K � � � �� M t � `1R � � , i.e.,

õ � � � � � t �R öø÷}ù M eJ� K � t �R � (7)

Usingthefact that XÌP t �� P t � and x � P�RTöø÷}ù , it canbe
shown that õ � P¶ß � for arbitrarychoiceof t �� . è

Thuseven if input traffic is describedby single leaky
buckets,RC-EDFdisciplinesthatusetheabovenaivedual-
leaky-bucket shaperswithin thenetwork canrealizebetter
end-to-enddelaysthanany RC-EDFdiscipline that uses
only single-leaky-bucket shapers.This shows that thead-
vantagesof smoothingin theorem1 arisedueto thepoor
shaperdescriptionrather than an inherentadvantageof
smoothing.

B. HeuristicShaperChoice

We have established(in theorem2) that we cannotre-
alize network-state-independent shapersthat areoptimal.
Yet,wecanidentify heuristicchoicesthatcanbeexpected
to performwell for reasonablyrealistictraffic mixes.

Recall from (2) that for a given end-to-enddelaybud-
get, the worst-caseshapingdelay is incurredonly once,
while the remainingdelayis subdividedamongthe hops.
Therefore,onecanexpectin generalthatsmoothingis ad-
vantageousfor flowswith largehop-lengths,anddetrimen-
tal whenthehop-lengthsaresmall. To illustratethis with
an example,considera flow é with � ­ � t � x�� dual-leaky-
bucket ingresstraffic. Theenvelope � � �Z� ��i�kLl r ­o� � t �x¸��y is depictedby OPQin figure1. Let � (where�ÞP t `4x )
denotethe end-to-enddelay requirementand ú the hop-
lengthof the flow. Further, assumethat oncea shaping
delay � csd hasbeenselectedfor the flow, the remaining
schedulingdelay �ìMO� csd is split equallyamongthehops.
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TABLE I
FOUR-SEGMENT CHARACTERIZATION FOR SIX MPEG-CODED MOVIE TRACES

Movie t � x � t � x � toû x û toü x ü
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

Considerfirst thecasewhen ú is reasonablylarge. Fig-
ure1(a)shows,ataswitch,theservicedemandABC when� csd is verysmall(i.e.,verylittle smoothing)asalsotheser-
vice demandODE when � csd � � (completesmoothing).
ThoughABC ýÈ ODE,theservicedemandODEliesbelow
the servicedemandABC for the mostpart. Thereforeit
seemsreasonableto expectthatsmoothingwill yield con-
siderablebenefitswhen ú is high. Ontheotherhand,whenú is low, theservicedemandABC correspondingto small� csd asshown in figure 1(b) is preferablein generalover
thesmoothedcaseODE.Thusasmallvaluefor � csd canbe
expectedto yield betterperformancewhen ú is low.

The above observationsarevalid even in the presence
of multiple-leaky-bucket envelopes,andleadusto propose
thefollowing heuristicchoiceof theshapingdelay:��csd �Ëi�kLl\þ �Þÿ � M �ú�� � t px�p�� (8)

Theshaperenvelopecorrespondingto thischoiceof shap-
ing delay can be computedusing lemma2. The shaper
envelopethusobtainedhasvery desirableproperties.It is
optimal for the limiting valuesof thehop-length.Indeed,
when ú � �

, � csd computesto zero; this correspondsto
no smoothingat all, and is in conformancewith the re-
sult in [14] showing that smoothingis always detrimen-
tal for flows traversinga singlehop. When ú�� ³ , (8)
yields � cId �Üi�kLl r � � t p~`4x�pzy , in accordancewith theob-
servation that the traffic shouldbe smoothedentirely at
the ingressto the network. Our proposedshaperchoice
variesgracefullybetweentheseoptimal limiting casesof
thehop-length.Moreover, it is veryeasyto computesince
it is independentof exogenoustraffic in thenetwork, and
yieldsverygoodperformance,asdemonstratedin thenext
sectionfor a reasonablyrealistictraffic scenario.

IV. PERFORMANCE

To quantifytheperformanceof our “hop-lengthdepen-
dent” choiceof shaper, we comparevia simulationsthe
call blockingprobabilitiesyieldedby RC-EDFdisciplines

thatuseshaperchoicescorrespondingto 1) nosmoothing,
i.e., � csd � X , 2) completesmoothing,i.e., � csd � � (as
recommendedin [11]), and 3) partial smoothing,as per
our proposalin (8). For comparison,we alsosimulatethe
behavior of theGPSschedulingdiscipline.

For our simulations,we focuson oneswitchwithin the
network, and assumethat the chosenswitch is the bot-
tleneck for all the flows passingthrough it; the chosen
switch thereforedeterminesif an incoming flow can be
acceptedinto the network or not. Further, the chosen
switch operatesat 155 Mbps (correspondingto an OC-3
ATM link), andmultiplexesa traffic mix consistingof six
typesof video flows. The variousflow typeshave traf-
fic characteristicsas shown in table I. Eachrow repre-
sentsa four-segmentmultiple-leaky-bucket characteriza-
tion � t n � x n � n K � v������ v ü of a movie trace,wherethe t ’s arein
Kbits andthe x ’s in Mbits/s. Thesecharacterizationsare
borrowedfrom [9], andhavebeenderivedasfour-segment
covers of the empirical envelopesof tracesof MPEG-1
codedmoviesin [23].

Flow arrivalsaregeneratedaccordingto a Poissonpro-
cesswith parameter� and their durationsare exponen-
tially distributedwith mean

� `
	 . Theratio �N`
	 character-
izestheloadofferedto thelink, i.e.,theaveragenumberof
flows thatwouldexist at any time at a link with no capac-
ity limitation. Eachflow hastraffic characteristicschosen
randomlyfrom the characteristicsof the six typesshown
in tableI. Theend-to-enddelayrequirement� (excluding
propagationdelays)of the flow is uniformly distributed
in [100ms,1.5s],andits hop-lengthuniformly chosenin
[1,5]. After a flow is generatedwith the above parame-
ters,shaperenvelopesfor theflow areselectedasper the
threeshapingstrategies: 1) no smoothing( � cId � X ), 2)
completesmoothing( � csd ��i�kLl r � � t ü `4x ü y ), and3) hop-
lengthdependentsmoothingasgiven in (8). Theremain-
ing delay �ÞMY� csd undereachof the shapingstrategiesis
thensplit equallyamongthe hops,and the EDF call ac-
ceptancetest is performedat the switch to determineif
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the flow canbe acceptedinto the network (asstatedbe-
fore, the switch consideredis assumedto be the bottle-
neck, and hencedeterminesif the flow can be accepted
into the network or not). We employ the exact schedula-
bility test of (1); alternatively, the approximatebut sim-
pler call admissionmethodproposedin [9] couldbeused
([9] shows thatfor theverysametraffic mix asconsidered
here,the degradationsintroducedby the approximations
in thecall admissionmethodareverysmall).Wegenerate
a million flows in eachsimulationrun, andareinterested
in the link blockingprobability, i.e., theratio betweenthe
numberof rejectedflows andthe total numberof gener-
atedflows. We take the call blocking probability under
eachshapingstrategy asameasureof its performance.For
comparison,the call blocking probability underthe GPS
schedulingschemeis alsomeasured.

Figure2 plots the call blocking probabilitiesunder1)
GPS,2) RC-EDF with no smoothing,3) RC-EDF with
completesmoothing,and4) RC-EDFwith our hop-length
dependentsmoothingmethodof (8), as the offered load
is varied from 110 to 150 calls. The confidenceinter-
valsarequitesmall andnot shown in thefigure. We first
observe that the RC-EDFdisciplineemploying complete
smoothingoutperformsGPS.This is in accordancewith
the resultsof [11] showing that RC-EDFdisciplinesem-
ploying the GPS-inducedshapingparametersoutperform
GPS.Moreimportantly, weobservefromfigure2 thatboth
GPSaswell asRC-EDFthatusescompletesmoothingare
outperformedsignificantlyby theRC-EDFdisciplineem-
ploying the “hop-lengthdependent”shaperderived from

(8). For example, if the systemis designedto operate
at a call rejectionrate of 1%, our shaperchoiceallows
RC-EDF to achieve a utilization around4% larger than
the completesmoothingshaperchoiceand around6.5%
larger thanGPS.Thusour proposedshaperchoiceallows
RC-EDFto realizebetterperformancefor realistictraffic
scenariosthanbothGPSandRC-EDFdisciplinesthatem-
ploy shaperschosenindependentof flow hop-lengths.

V. CONCLUSIONS

RC-EDFhasbeenproposedasa moreefficient way of
end-to-enddelayprovisioningin networkssupportingde-
terministicQoSthanGPS[11], [4]. The performanceof
RC-EDF, however, dependscrucially uponthe choiceof
shapingparameters.In this paper, we have addressedthe
questionof identifyingtraffic shapersthatrealizemaximal
RC-EDFschedulableregions. We have shown that iden-
tifying the “optimal” shaperis in generalinfeasible,asit
requiresthe entire network stateto be known. We then
proposeda heuristicchoice that dependsupon the hop-
lengthof theflow. Suchachoiceis simpleto computeand
variesgracefullybetweenthe known optimal choicesfor
thelimiting valuesof thehop-length.For a realistictraffic
scenariowhereflows have varying hop-lengths,our pro-
posedshaperchoiceis shown via simulationto yield sig-
nificantly larger network utilizationsthanGPSaswell as
RC-EDFdisciplinesthat employ shaperparameterscho-
senindependentof theflow hop-length.

Deterministic frameworks are in generalexcessively
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conservative, and result in reducednetwork utilizations.
The performanceof RC-EDF in the statistical setting,
wherethe end-to-enddelay guaranteesare statisticalin-
steadof worst-case,is addressedin [25].
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APPENDICES

I . PROOF OF LEMMA 4

From (1), the admissibility criteria for workload Ò is
seento be

U �¬�_XÛ« f Ó � �Z�êPËÀ ¾ � �Z� . Sinceall traffic en-
velopes� �
� �Z� arenon-decreasingfunctionsof � , so is the
servicedemand

f~Ó
of workload Ò . Thustheabove con-

dition is equivalentto
U �a�ËX�« f~Ó � �
�¬P i�kªl � Å Æ�� À ¾ � �s�ª� .

Thequantityontheright is nothingbut Á ¾ � �
� ; thisproves
theresult. è
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I I . PROOF OF LEMMA 5

If part:Say Á±Ç ÈYÁ±É . Thenany workloadÒ satisfyingU �Ì�·XY« f Ó � �Z�ÌP�Á É � �Z� (i.e., the workload ÕÄÚ=Ò is
feasible)alsosatisfies

U �~�jX	« f~Ó � �Z�ìPjÁ±Ç � �
� , andso
theworkload Ô_ÚGÒ is alsofeasible.

Only if part: Say Á±Ç ýÈ�Á±É . Then Ñ��¦« Á±É � �o�!MÁ±Ç � �o� �©� ßËV�X . Considerworkload Ò consistingof
a singleflow with envelope � � �Z� � Á±É � �o�WMYßT�_ç
� and
delayrequirement� . Since Á É � �
� is monotonicallynon-
decreasingand

Ö kªi �ª×zØ Á!É � �
�
`4�¶V®X , ç can be chosen
small enoughsuchthat

U ��� Xæ« f~Ó � �Z��P Á±É � �
� , thus
making the workload ÕYÚ Ò feasible. But the workloadÔÙÚÞÒ is not feasible,since

f~Ó � �o� � Á±ÉÌMÄß°ýPÙÁ±Ç � �o� .
Theexistenceof a workload Ò , suchthat Õ�ÚGÒ is admis-
siblewhile Ô_ÚGÒ is not,completestheproof. è

I I I . PROOF OF LEMMA 6

The envelope � � �Z� , servicedemand
f � �
� andresidual

capacityÀ � �
� for the workloadconsistingof flow é with
delaybound� areshown in figure3,asarethecorrespond-
ing quantities� � � �
� , f � � �Z� and À � � �
� for theworkloadcon-
sistingof flow é�� with delaybound �¸� . It is easyto see
thattheresidualeffective capacitiesareequivalentin both
cases,andthereforeby lemma5 theresultfollows. è

IV. PROOF OF LEMMA 7

Considertheeffective residualcapacitiesÁ � �Z� whenthe
workloadconsistsof the flow é with delaybound � , andÁT� � �
� whentheworkloadconsistsof theflow é�� with delay
bound � � � �¿M å ¡ å Åë . Theenvelopes,residualcapacities
andeffectiveresidualcapacitiesaredepictedgraphicallyin
figure4, andit is easilyverifiedthat Á � È¶Á . Fromlemma
5, it follows thatfor any workload,if flow é is feasible,so
if flow é�� . Thus é�� is admissibleif é is. è


