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Abstract

This paper describes how Dynamic Window-
ConstrainedScheduling(DWCS)can guaranteereal-time
service to packets from multiple streams with different
performanceobjectives. We show that: (1) DWCScan
guaranteethatnomore than � packetsmisstheir deadlines
for every � consecutivepacketsrequiring service, as long
as the minimum aggregate bandwidthrequirementof all
real-time packet streamsdoes not exceedthe available
bandwidth,(2) usingDWCS,the delayof serviceto real-
time packet streamsis boundedeven whenthe scheduler
is overloaded,(3) DWCScan ensure that the delaybound
of any givenstreamis independentof other streams,and
(4) a fast responsetime for best-effort packet streams,
in the presenceof real-time packet streams,is possible.
Furthermore, if a feasiblescheduleexists, each streamis
guaranteeda minimum fraction of available bandwidth
overa finitewindowof time.

1. Intr oduction

Many real-time,distributed applications,suchas tele-
medicine, virtual environments, video-on-demandand
streamingaudio,cantoleratethe lossof a certainfraction
of all information transferredacrossa network to one or
moreclients.Informationis lost if it is eitherreceivedlater
than desiredor not received at all by a client. For many
such’ loss-tolerant’applications,thereis usuallya restric-
tion on the numberof consecutivepacketsof information
that can be lost. For example,losing too many consecu-
tive packetsfrom an audiostreammight result in the loss
of a completesectionof audio,ratherthanmerelya reduc-
tion in thesignal-to-noiseratio. Moreprecisely, anapplica-
tion mighttolerate� packet lossesfor every � arrivalsat the
variousservicepointsacrossa network. A suitableservice

discipline,for schedulingthetransmissionof packetsfrom
‘loss-tolerant’applications,mustattemptto guaranteethat
nomorethan � packetsareservicedlatefor every � packets
requiringservice.

Thispaperanalyzesthereal-timepropertiesof Dynamic
Window-ConstrainedScheduling(DWCS) [18, 19], an al-
gorithm that is suitablefor packet schedulingin real-time
communications.DWCS is designedto explicitly service
packetstreamsin accordancewith their lossanddelaycon-
straints,using just two attributesper packet stream. Fur-
thermore,DWCS has the desirableproperty of support-
ing ‘f air’ allocation of bandwidth to packet streams,in
proportion to their loss-constraintsand per-packet dead-
lines [18]. In fact, DWCS canbehave as a static-priority
(SP),earliest-deadline-first(EDF), and fair schedulingal-
gorithm [6, 20, 7, 2, 8, 15, 16]. Moreover, DWCS is in-
tendedto supportmultimediatraffic streamsin the same
manneras the SMART scheduler[14], but DWCS is less
complex andrequiresmaintenanceof lessstateinformation
thanSMART.

AlthoughDWCShasa lot in commonwith fair schedul-
ing algorithms, it is more closely related to algorithms
which attempt to guaranteeservice to packet streams,
wherebyat least � out of � packet deadlinesaremet for
eachandeverystream.HamdaouiandRamanathan[9] were
the first to introducethe notion of ���	�
��� -firm deadlines,
whichis similarto theconceptof ‘Skip-Over’ by Korenand
Shasha[12]. However, in somecases,skip overalgorithms
unnecessarilyskipserviceto oneor moreactivities(suchas
periodic tasksor packet streams),even if it is possibleto
meetthedeadlinesof thoseactivities.

The ���	�
�
� -firm deadlinealgorithm of Hamdaouiand
Ramanathanguaranteesthat a statisticalnumberof dead-
lines will be met, by using a ‘distance-based’priority
schemeto increasethe priority of an activity in dangerof
missingmore than � deadlinesover a window of � re-
questsfor service.By contrast,BernatandBurns[3] sched-



uleactivitieswith ���	�
�
� -hard deadlines,but theirapproach
requiressuchhard temporalconstraintsto be guaranteed
by off-line feasibility tests. Moreover, Bernatand Burns
work focuseslesson the issueof providing a solution to
on-lineschedulingof activitieswith ���	�
��� -harddeadlines,
but moreon thesupportfor fastresponsetimeto best-effort
activities, in the presenceof activities with harddeadline
constraints.

Pinwheelscheduling[10, 4, 1] is alsosimilar to DWCS.
In essence,the generalizedpinwheelschedulingproblem
is equivalent to determininga schedulefor a set of � ac-
tivities �������
����������� , eachrequiringat least ��� deadlines
aremet in anywindow of ��� deadlines,giventhat the time
betweenconsecutive deadlinesis a multiple of somefixed-
sizetime slot, andresourcesareallocatedat the granular-
ity of onetime slot. DWCScanbethoughtof asa special
caseof pinwheelscheduling,wherebyDWCS guarantees
a minimumof � � deadlinesaremet every fixed(i.e., non-
overlapping)window of � � deadlines,for agivenactivity � � .
In fact,DWCSis capableof producinga feasibleschedule,
independentof an activity’s window size � � , when 100%
of availableresources(suchasbandwidth)areutilized. By
comparison,BaruahandLin [1] havedevelopedapinwheel
schedulingalgorithm,thatis capableof producingafeasible
schedulewhenall resourcesareutilized,giventhat �! #" .

Othernotablework includesJeffayandGoddard’sRate-
BasedExecution(RBE)model[11]. As will beseenin this
paper, DWCSusessimilar serviceparametersto thosede-
scribedin theRBEmodel.However, in theRBEmodel,ac-
tivitiesareexpectedto beservicedwith anaveragerateof �
timesevery � time units,andthereis no notionof missing,
or discarding,servicerequests.

In contrastto therelatedwork describedabove, thesig-
nificant contributionsof this work are: (1) the description
andanalysisof anon-lineversionof DWCSthatcanguar-
antee���	�
�
� -harddeadlines(or, equivalently, no morethan
� missedpacketdeadlinesfor everyfixedwindow of � con-
secutive packetsin a givenstream),(2) anapproachto en-
surefastresponsetime to best-effort packet streamsin the
presenceof real-timepacket streams,and(3) a proof that
DWCSensuresthedelayof serviceto packetsin any given
streamis bounded,even in overloadsituations. In fact,
DWCScanensurethe delayboundof any givenstreamis
independentof otherstreams.

Note that, for the above serviceguaranteesto be made
with DWCS, resourcesare allocatedat the granularityof
one time slot (seeFigure1), wherethe sizeof a time slot
is typically determinedby the (worst-case)servicetime of
the largestpacket in any streamrequiringservice. There-
fore, it is assumedthat when schedulingpackets from a
givenstream,at leastonepacket in a streamis servicedin
a timeslot,andnootherpacket (or packets)from any other
streamcanbeserviceduntil thestartof thenext time slot.

Unlessstatedotherwise,we assumethroughoutthis paper
that at mostonepacket from any given streamis serviced
in a singletime slot but, in general,it is possiblefor multi-
plepacketsfrom thesamestreamto beaggregatedtogether
andservicedin a singletime slot, asif they wereonelarge
packet.

Theremainderof thispaperis organizedasfollows: Sec-
tion 2 describesa versionof DWCS that provides ���	�
��� -
hard serviceguarantees. Section3 analyzesthe perfor-
manceof DWCS,while Section4 describesanapproachto
effectively servicingbest-effort packet streamswithout vi-
olating theserviceconstraintsof real-timepacket streams.
Finally, conclusionsaredescribedin Section5.
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Figure 1. Example of two packets from diff er-
ent streams, $&% and $(' being serviced in their
respective time slots. Each time slot is of
constant size ) . Obser ve that the packet in
$&% requires )+*-,�% service time , thereb y wast-
ing ,�% time units before the packet in $(' is
serviced.

2. Dynamic Window-Constrained
Scheduling

We begin this sectionby definingthe problemof guar-
anteeinga feasibleschedulefor real-timepacket streams,
which cantolerateat most � misseddeadlinesevery fixed
window of � requests.We thendescribehow the DWCS
algorithmworks,sothat it canproducea feasibleschedule
on-line.

2.1. ProblemDefinition

In orderto definethe real-timeschedulingproblemad-
dressedas part of this paper, we introducethe following
definitions:
Bandwidth Utilization. This is a measureof the frac-
tion (or percentage)of availablebandwidthusedby packet
streamsto meettheir serviceconstraints.A seriesof packet
streamsis saidto fully utilize[13] availablebandwidth,. , if



all packet streamsusing . satisfytheir serviceconstraints,
andany increasein the useof . violatesthe servicecon-
straintsof oneor morepacketstreams.
Dynamic Window-Constrained Scheduling (DWCS).
DWCSis analgorithmfor schedulingpacket streams,each
having the following pair of serviceattributes,which are
usedto defineeachstream’sdelayandlossconstraints:/ RequestPeriod – A requestperiod, 0(� , for a packet

stream,$(� , is theintervalbetweenthedeadlinesof con-
secutivepairsof packetsin $(� . Observethattheendof
a requestperiod,0(� , determinesa deadlineby whicha
packet in stream$1� mustbeserviced.In thispaper, all
requestperiodsareassumedto bemultiplesof a time
slot,asshown in Figure1./ Window-Constraint – this is specifiedasavalue � �32 � � ,
where the window-numerator, � � , is the numberof
packets that can be lost or transmittedlate for every
fixed window, � � (the window-denominator),of con-
secutivepacketarrivalsin thesamestream,$ � . Hence,
for every ��� packetarrivalsin stream$(� , aminimumof
���(*	�4� packetsmustbescheduledfor serviceby their
deadlines.At any time,all packetsin thesamestream,
$(� , have thesamewindow-constraint,56� , while each
successive packet in a stream,$(� , hasa deadlinethat
is offset by a fixed amount, 0(� , from its predecessor.
After servicinga packet from $(� , the schedulerad-
juststhewindow-constraintof $(� andall otherstreams
whoseheadpacketshave just missedtheir deadlines
dueto servicing $ � . Consequently, a stream$ � ’s orig-
inal window-constraint,5 � , can differ from its cur-
rent window-constraint,587� . Observe that a stream’s
window-constraintcan also be thoughtof as a loss-
tolerance.

Feasibility. A schedule,comprisinga sequenceof packet
streams,is feasibleif no original window-constraintof any
packetstreamis everviolated.DWCSattemptsto schedule
all packet streamsto meetasmany window-constraintsas
possible.
Problem Statement. The problemis to producea feasi-
ble scheduleusing an on-line algorithm. The algorithm
shouldattemptto maximizenetwork bandwidth.In fact,we
show in Section3 that,undercertainconditions,Dynamic
Window-ConstrainedSchedulingcanguaranteea feasible
scheduleaslong astheminimumaggregatebandwidthuti-
lization of a set of packet streamsdoesnot exceed100%
of availablebandwidth.BeforeweanalyzeDWCS,wefirst
describethealgorithmin moredetail.

2.2. The DWCS Algorithm

This section describesa revised version of Dynamic
Window-ConstrainedScheduling(DWCS) from that de-
scribedin [18, 19], so that deterministicreal-timeguaran-

teescan be madefor packet streamstolerating � missed
deadlinesevery � requests.Theoriginalalgorithmis work-
conservingandonly guaranteesastatisticalnumberof real-
time serviceconstraints. Moreover, the work-conserving
natureof the original algorithm can sometimescausea
streamto beservicedearlierthannecessary. Thishastheef-
fectof reducingthelikelihoodof servicingthesamestream
at sometime in thefuture,whenit is actuallymoreimpor-
tantto beserviced.However, therevisedalgorithmcanop-
eratein a non-work-conservingmode,to guaranteethatno
streamwill begrantedmorethanits minimumrequiredser-
vice, whenit is otherwiseimpossibleto producea feasible
schedule(seeSection3.2).

The revisedDWCS algorithmworks as follows: pack-
etsareorderedfor servicebasedon thevaluesof their cur-
rent window-constraintsand deadlines(whereeachdead-
line is derivedfrom thecurrenttimeandtherequestperiod).
Precedenceis given to packetsin streamsaccordingto the
rulesshown in Table1. Whenever a packet in $ � misses
its deadline,the window-constraintfor $ � is modified in
a way that reflectsthe increasedimportanceof servicing$(� in the future. Conversely, any packet in a streamser-
vicedbeforeits deadlinecausesthecorrespondingstream’s
window-constraintto be modified in a mannerthat effec-
tively reducesthe priority of servicingsubsequentpackets
in thesamestream.

Thewindow-constraintof a packet streamchangesover
time, dependingon whetheror not another(earlier)packet
from thesamestreamhasbeenservicedby its deadline.If a
packet cannotbeservicedby its deadline,it is eithertrans-
mittedlateor it is droppedandthenext packet in thestream
is assigneda deadlinecorrespondingto the latest time it
mustcompleteservice.

Pairwise Packet Ordering
Earliestdeadlinefirst (EDF)
Equaldeadlines,orderlowest

window-constraintfirst
Equaldeadlinesandzerowindow-constraints,

orderhighestwindow-denominatorfirst
Equaldeadlinesandequal

non-zerowindow-constraints,
orderlowestwindow-numeratorfirst
All othercases:first-come-first-serve

Table 1. Precedence amongst pair s of packets
in diff erent streams.

Table1 shows therulesfor orderingpairsof packets. It
differsslightly from theprecedencerulesusedin theorigi-
naldesignof DWCS[18]. It shouldbenotedthatDWCSis
morethanmerelyan earliestdeadlinefirst (or earliestdue
date)algorithm.Observethatearliestdeadlinefirst schedul-
ing (EDF) considersthateachpacket’s importance(or pri-



ority) increasesastheurgency of completingthatpacket’s
serviceincreases.By contrast,staticpriority algorithmsall
considerthat onepacket is moreimportantto servicethan
anotherpacket,basedsolelyoneachpacket’stime-invariant
priority. DWCScombinesboth thepropertiesof staticpri-
ority andearliestdeadlinefirst schedulingby considering
eachpacket’s individual importancewhen the urgency of
servicingtwo or morepacketsis thesame.That is, if two
packetshave thesamedeadline,DWCSservicesthepacket
which is moreimportant. In practiceit makessenseto set
packet deadlinesin differentstreamsto be somemultiple
of a, possibly worst-case,packet servicetime. This in-
creasesthe likelihood of multiple headpackets of differ-
ent streamshaving the samedeadlines. In fact, using a
slottedtime system,asdescribedearlier, deadlinescanbe
alignedon time slot boundaries.Observe that packetsare
ordinarilyservicedin earliestdeadlinefirst order. However,
if at leasttwo packet streamshave headpacketswith equal
deadlines,thepacketfromstream$ � with thelowestcurrent
window-constraint587� is servicedfirst. If 587�:9 587;-<>= ,
and ? � 9 ? ; for $ � and $ ; , respectively, $ � and $ ; are
orderedsuchthat a packet from the streamwith the low-
estwindow-numeratoris servicedfirst. By orderingbased
on the lowest window-numerator, precedenceis given to
thepacketfrom thestreamwith tighterwindow-constraints,
sincefewerconsecutivelateor lostpacketsfrom thatstream
canbetolerated.Likewise,if two packet streamshavezero
window-constraintsandequaldeadlines,the packet in the
streamwith the highestwindow-denominatoris serviced
first. All othersituationsareservicedin a first-come-first-
servemanner.

Wenow describehow astream’swindow-constraintsare
adjusted.As partof this approach,a tag is associatedwith
eachstream$(� , to denotewhetheror not $(� hasviolatedits
window-constraint5@� at thecurrentpoint in time. In what
follows,let $A7�3B original window-constraintbe 56� 9 �C� 2 ��� ,
where �4� is the original window-numeratorand ��� is the
originaldenominator. Likewise,let 587� 9 �C7� 2 ��7� denotethe
current window-constraint. Before a packet in $ � is ser-
viced, 587�:9 5 � . Uponservicinga packet in $ � beforeits
deadline,5 7� is adjustedfor subsequentpackets in $ � , as
follows:
(A) Window-constraint adjustment when a packet in $ �
is servicedbefore its deadline:

if ��� 7� < � 7� � then � 7� 9 � 7� *D��E
elseif ���F7� 9 �47� � and ���47� <D= � then

�47� 9 �47� *D��EG�F7� 9 ��7� *D��E
if ��� 7� 9 � 7� 9 = � or ( $1� is tagged)then�47� 9 �4�GEH�F7� 9 ���HE
if ( $(� is tagged)thenresettag;

At this point in time, thewindow-constraint,5 ; , of any
otherpacket stream,$ ; �JI1K9 � , comprisingoneor morelate

packets,is adjustedasfollows:
(B) Window-constraint adjustment when a packet in$ ; ��ILK9 � missesits deadline:

if �M�47; <N= � then
�47; 9 �C7; *D��EG�F7; 9 �F7; *D��E
if ���C7; 9 �F7; 9 = � then �47; 9 � ; EH�F7; 9 � ; E

elseif �M�47; 9 = � and ��� ; <O= � then
��7; 9 �F7;QPSR E
Tag $ ; with aviolation;

Observe that with DWCS, window-constraintsdo not
changefor streamswhosepacketsdo not have deadlines.
Streamscomprising packets without deadlinesare non-
time-constrained, andtheirwindow-constraintsactasstatic
priorities. Consequently, the pseudo-codefor DWCS is
shown in Figure2.

Let Si = Stream i
di = deadline of the next packet in Si
Ti = request period of Si
Wi’= current window-constraint of Si

while (TRUE) {
for (each packet in all streams eligible

for service at the current time)
find the next packet in stream, Si,
with the highest priority,
according to the rules in Table 1;

service next packet in Si;
adjust Wi’ according to rules in (A);
/* Adjust deadline of next

packet in Si. */
di = di + Ti;
for (each packet in Sj, other than Si,

missing its deadline) {
while (deadline missed) {

adjust Wj’ according to rules in (B);
if (current packet can be dropped)
drop current packet in Sj;

/* Adjust deadline of head packet
in Sj. */

dj = dj + Tj;
}

}
}

Figure 2. The DWCS algorithm.

Usually, apacketstreamis eligiblefor serviceif apacket
in that streamhas not yet been servicedin the current
request-period,which is the time betweenthe deadlineof
the previouspacket andthe deadlineof the currentpacket
in the samestream.That is, no morethanonepacket in a
givenstreamcanbeservicedin a givenrequestperiod,and
exactlyonepacketmustbeservicedby theendof its request
periodto preventa deadlinebeingmissed.



To support work-conservation, DWCS also allows
packetstreamsto bemarkedaseligible for schedulingmul-
tiple times in the samerequestperiod. That is, the jth
packet, T �MU ; in astream,$ � , canbeservicedbeforethedead-
line of a prior packet, T �MU ;WV % in the samestream,if T ��U ;WV %
hasbeenservicedbeforetheendof its requestperiod.This
implies T �MU ;WV % is alsoservicedbeforeits deadline.For the
purposesof real-time, as opposedto best-effort streams,
thispaperassumesDWCSworksasanon-work-conserving
scheduler. However, all best-effort streamscanbeserviced
wheneverthereis availabletime to servicesuchstreams.

In the absenceof a feasibility test, it is possiblethat
window-constraintviolationscanoccur. A violation actu-
ally occurswhen 587� 9 �C7� 2 ��7� �X�C7� 9 = andanotherpacket
in $(� thenmissesits deadline.Before $1� is serviced,�C7� re-
mainszero,while �F7� is increasedby aconstant,R , everytime
a packet in $(� missesa deadline.Theexceptionto this rule
is when � � 9 = (and,morespecifically, 5 � 9 = 2 = ). This
specialcaseallowsDWCSto alwaysservicepacketstreams
in EDForder, if sucha servicepolicy is desired.

If $ � violatesits originalwindow-constraint,it is tagged
for whenit is next serviced.Taggingensuresthatastreamis
neverstarvedof serviceevenin overload.Theorem2 shows
thedelayboundfor astreamwhich is taggedwith window-
constraintviolations. Consequently, $1� is assuredof ser-
vice,sinceit will eventuallytakeprecedenceoverall packet
streamswith zero-valuedcurrentwindow-constraints.Con-
siderthe casewhen $(� and $ ; both have currentwindow-
constraints,587� and 587; , respectively, suchthat 587� 9 = 2 �F7�
and 587; 9 = 2 �F7; . Even if both deadlines,?�� and ? ; , are
equal,precedenceis given to the packet streamwith the
highestwindow-denominator. Supposethat $ ; is serviced
before $ � , because�F7;Y< �F7� . At somelater point in time,
$ � will have thehighestwindow-denominator, sinceits de-
nominatoris increasedby R every requestperiod, 0 � , that
a packet in $ � is delayed,while $ ; ’s window-constraint
is resetonce it is serviced. For simplicity, we assume
every streamhasthe samevalue of R but, in practice,it
may be beneficialfor eachstreamto have its own value,R � , to increaseits needfor serviceat a rateindependentof
otherstreams,evenwhenwindow-constraintviolationsoc-
cur. Unlessstatedotherwise,R 9 � is usedthroughoutthe
restof thispaper.

To completethis section,Figure 3 shows an example
scheduleusing both DWCS and EDF, for three streams,
$&% , $(' , and $(Z . For simplicity, assumethat every time a
packet in onestreamis serviced,anotherpacket in thesame
streamrequiresservice.It is left to thereaderto verify the
schedulingorderfor DWCS.Observethat,usingDWCS,all
window-constraintsaremetovernon-overlappingwindows
of � � deadlines(for eachstream,$ � ), andno time slotsare
unusedin this example. Moreover, the threestreamsare
servicedin proportionto their original window-constraints

andrequestperiods.Consequently, $&% is servicedtwice as
muchas $(' and $(Z overtheinterval [ 9>\ = �J�^]`_ . By contrast,
EDF arbitrarily schedulespacketswith equaldeadlines,ir-
respective of which packet is from themorecritical stream
in termsof its window-constraint.In thisexample,EDFse-
lectspacketswith equaldeadlinesin strict alternationbut
thewindow-constraintsof thestreamsarenotguaranteed.

Note thatEDF schedulingis optimal in thesensethat if
it is possibleto producea schedulein which all deadlines
aremet,sucha schedulecanbeproducedusingEDF. Con-
sequently, if aQ� is the servicetime for a packet in stream
$(� , then if bdc�feg%�hCij i �#��k = all deadlineswill be met us-

ing EDF [13]. However, in this example, bdc�feg%�hCij i 9ml k =
sonot all deadlinescanbemet. Since, bnc�feg%po % V1q i�r h ij i 9��k = , it is possibleto strategically missdeadlinesfor certain
packets and therebyguaranteethe window-constraintsof
eachstream[17]. By consideringwindow-constraintswhen
deadlinesaretied, DWCS is ableto make guaranteesthat
EDFcannot.
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Figure 3. Example sho wing the schedul-
ing of l streams, $ % , $ ' , and $ Z , using
EDF and DWCS. All packets in each stream
have unit service times and request periods.
The windo w-constraints for each stream are
sho wn as fractions, � 2 � , while packet dead-
lines are sho wn in brackets.

2.3. DWCS Complexity

DWCS’s time complexity is divided into two parts: (1)
thecostof selectingthenext packetaccordingto theprece-
dencerulesin Table1, and(2) thecostof adjustingstream
window-constraintsandpacket deadlinesafter servicinga
packet. Using heapdatastructuresfor prioritizing pack-
ets, the cost of selectingthe next packet for service iss �Mtvu�wx�M�&�H� , where� is thenumberof streamsawaiting ser-
vice. However, afterservicingapacket,it maybenecessary
to adjustthe deadlinesof the headpackets, and window-
constraints,of all � queuedstreams.This is thecasewhen
all �S*>� streams(other than the one just serviced)have
packetsthatmisstheir deadlines.This canleadto a worst-
casecomplexity for DWCSof

s ���&� . However, whenonly



aconstantnumberof packetsin differentstreamsmisstheir
deadlinesafter servicingsomeother packet, a heapdata
structurecanbe usedto determinethosepacket deadlines
andstreamwindow-constraintsthatneedto beadjusted.It
follows that a constantnumberof updatesto servicecon-
straintsusingheaps,asdescribedin an earlierpaper[19],
requires

s �Mtvu�wx�M�&�H� operations. Observe that there is ans �y��� costper streamto updatethe correspondingservice
constraints,afterservicinga packet.

An earlierpaper[19] showshow DWCScanbeapproxi-
mated,to furtherreduceits schedulinglatency, therebyim-
proving servicescalabilityat thecostof potentiallyviolat-
ing someserviceconstraints.Moreover, it may be appro-
priate to combinemultiple streamsinto onesession,with
DWCSusedto servicetheaggregatesession.Suchanap-
proachwould reducetheschedulingstaterequirementsand
increasescalability.

Having describedDWCS, we analyzethe algorithm’s
performancein thefollowing section.

3. Analysisof DWCS

In this sectionwe show the following importantchar-
acteristicsof the DWCS algorithm(asdefinedin this pa-
per):/ If a feasiblescheduleis known to exist, DWCS en-

suresthatthemaximumdelayof serviceto a real-time
packetstreamis bounded.Theexactvalueof thismax-
imumdelayis characterizedbelow./ If window-constraintviolations occur (becausethe
scheduleris overloaded),the maximumqueueingde-
lay of a packet stream(and, hence,packet) is still
bounded.Again, theexactvalueof this maximumde-
lay is characterizedbelow./ If the minimumaggregatebandwidthrequirementof
all real-timepacket streamsdoesnot exceedthe total
availablebandwidth,thena feasiblescheduleis guar-
anteedusingDWCS.Moreover, if it is possibleto im-
poseanupperboundon theworst-caseservicetimeof
eachandeverypacket, thenDWCScanguaranteethat
no more than � packet deadlinesaremissedevery �
requests.

3.1. DelayCharacteristics

Theorem1 If a feasiblescheduleexists,themaximumde-
lay of serviceto a stream, $(�!�A�8�z�S�#� , is at most
���4� P ���y0x��*La{� , where a{� is theservicetimefor onepacket
in $(� 1.

1For simplicity, we assumeall packets in the samestreamhave the
sameservicetime. However, unlessstatedotherwise,thisconstraintis not
bindingandthepropertiesof DWCSshouldstill hold.

ProofEverytimeapacketin $(� missesitsdeadline,�47� is de-
creasedby 1 until �47� reaches0. A packetmissesits deadline
if it is delayedby 0 � time units without service. Observe
that,at all times, �47� �|� � . Therefore,serviceto $ � canbe
delayedby atmost� � 0 � until 5 7� 9 = . If $ � is delayedmore
thananother0 � *Na � time units,a window-constraintvio-
lation will occur, sinceserviceof thenext packet in $ � will
not completeby the endof its requestperiod, 0(� . Hence,
$(� mustbe delayedat most �M�4� P �}�~0(�A*da{� if a feasible
scheduleexists. �

Wenow characterizethedelayboundfor apacketstream
whenwindow-constraintviolationsoccur, assumingall re-
questperiodsaregreaterthan or equalto eachand every
packet’s servicetime. That is, 0 �Y� a � �H� �S� = �H� � <= �y�C�A�����D���D� .

Theorem2 If window-constraint violations occur, the
maximumdelayof serviceto $(� is no more than 0(�G�M�4� P
������� P �@*8��� P a{����� , where ������� 9 ����� \ ��%X�J�J�^���G� c _and a{����� is themaximumpacket servicetimeamongstall
queuedpackets.

Proof Thedetailsof thisproofareshown in theAppendix.
If 0(�� #" , then $(� experiencesunboundeddelayin the

worst-case.This is the sameproblemwith static-priority
scheduling,sincea higher priority packet streamwill al-
waysbeservicedbeforealowerpriority packetstream.Ob-
serve that in calculatingthe worst-casedelayexperienced
by $ � , it is assumedthat ?��F7� 2 ?�[ 9 R 2 0 � � R 9 � (seeFig-
ure 5). If R < � or thereis a uniquevalue, R � < � for each
stream$(� , thenthe worst-casedelayexperiencedby $(� isj i o � i��1���&�H�J� c V % r� i P a ����� . If R � 9 ��� � P � ����� P �6*����
thentheworst-casedelayof $(� is 0x� P a{����� , whichis inde-
pendentof thenumberof streams.Consequently, theworst-
casedelayof serviceto eachstreamcanbemadeto be in-
dependentof all otherstreams,evenin overloadsituations.

3.2. Bandwidth Utilization

As statedearlier, 5@� 9 �C� 2 ��� for stream$(� . Therefore,
a minimum of ����*O�C� packetsin $(� mustbe serviced‘on
time’ everywindow of ��� consecutivepackets,for $(� to sat-
isfy its window-constraints.Sinceonepacket is required
to beservicedevery requestperiod, 0(� , to avoid any pack-
etsin $ � beinglate,a minimumof � � *Y� � packetsmustbe
servicedevery � � 0 � time units. Therefore,if eachpacket
takes a � time unitsto beserviced,then � � packetsin $ � re-
quire at least �M� � *O� � �Ha � units of servicetime every � � 0 �
time units. For a packet stream, $ � , with requestperiod,
0 � , theminimumutilizationfactoris � � 9 o ��i V � i r hCi��i j i , which
is the minimum requiredfraction of available serviceca-
pacityand,hence,bandwidthby consecutivepacketsin $(� .
Hence,theutilization factorfor � packet streamsis at least



� 9 bdc��eg%�o % V(q ivr h ij i . Furthermore,the leastupperbound
on the utilization factor is the minimum of the utilization
factorsfor all packet streamsthat fully utilize all avail-
ablebandwidth[13]. If � exceedsthe leastupperbound
on bandwidthutilization,a feasiblescheduleis not guaran-
teed.In fact,it is necessarythat �!����k = is truefor a feasible
schedule,usingany schedulingpolicy.

Wenow characterizetheleastupperboundonbandwidth
utilization,assumingthatatmostonepacketfromany given
streamis servicedin a single,fixed-sizedtime slot of size
) , andall requestperiodsaremultiplesof sucha timeslot.
That is, a � ��)��G0 � 9>� � )��H� ��� = �G� � <�= �~�C���F��������� ,
) is a constant,and � � is a positive integer.

Theorem3 UsingDWCS,theleastupperboundontheuti-
lization factor is ��k = , if all streamscomprisepacketswith
thesameservicetimes,andall requestperiodsaremultiples
of thepacketservicetimes.Thatis, DWCSis optimalin the
sensethata feasiblescheduleexistsif b�c�feg%�o % V(q i r hCij i ����k = ,
given aQ� 9 ) and 0x� 9�� ��) for � �A�6  � , where   � is the
setof positiveintegers.

Proof The detailsof this proof are given in a full-length
TechnicalReport[17]. Observe that, in Theorem3, each
packet is servicedfor exactly ) time units, which is the
sizeof onetimeslot. This is anecessarycondition,because
packetsare indivisible entitiesand,hence,cannotbe pre-
empted.

3.3. Supporting Packetswith Variable
ServiceTimes

For variablerateservers,or in networks wherepackets
have variablelengths,theservicetimescanvary for differ-
entpackets. In suchcircumstances,if it is possibleto im-
poseanupperboundontheworst-caseservicetimeof each
andevery packet, then DWCS can still guaranteethat no
morethan � packet deadlinesaremissedevery � requests.
This implies that the schedulinggranularity, ) (i.e., one
time slot), shouldbe set to the worst-caseservicetime of
any packetscheduledfor transmission.For situationswhere
a packet’s servicetime, a � , is lessthan ) (seeFigure1),
thena feasiblescheduleis still possibleusingDWCS,but
the leastupperboundon the utilization factor is lessthan
��k = . Thatis, if ,J� 9 )¡*	a{� , then,theleastupperboundon
theutilizationfactoris ��k = *¢bnc�feg%�o % V1q i rM£ ij i .

Alternatively, if it is possibleto fragmentvariable-length
packetsand later reassemblethemat the destination,per-
streamservicerequirementscanbetranslatedandappliedto
fixed-lengthpacket fragmentswith constantservicetimes.
This is similar to CPUscheduling,in whichvariable-length
threads(or processes)canbe preemptedat fixed intervals
(e.g., every � = �¤$ timeslice). Moreover, ATM networks

have fixed-length(53 byte) cells andthe SAR component
of the ATM AdaptationLayer segmentsapplication-level
packets into cells, which are later reassembled.Conse-
quently, theschedulinggranularity, ) , canbesetto a time
which is lessthantheworst-caseservicetimeof a packet.

For fragmentedpackets, the per-streamservice con-
straintsaretranslatedasfollows. Let a � betheworst-case
servicetime of a packet in stream$ � beforefragmentation,
and let ¥ � 9 ) be the constantservicetime of eachand
every fragment. Likewise, let 5 � and 0 � be the window-
constraintand requestperiod, respectively, for a stream
before fragmentation,while ¦�� and [y� are the translated
window-constraintand requestperiod, respectively, after
fragmentation.Then:
¥ � 9 )��G[ � 9¨§ j ih i

© ) and ¦ � 9 � �~2`ª�� , where � � and ª��
arethesmallestvaluessatisfying��� 2�ª � 9 j i�«3i V hCi o % V(q i r­¬ ij i « i .
Example. Considerthreestreams,$ % , $ ' and $ Z with the
following constraints: ��a % 9®l ��5 % 9®¯ 2 l �H0 % 9±° � ,�va{' 9#² �
5@' 9³¯`l 2 l�° �H0(' 9 ]�� and �va{Z 9³° �
5@Z 9� 2 ° �H0(Z 9m´ � . The total utilization factoris ��k = in this ex-
ample,but dueto thenon-preemptivenatureof thevariable-
lengthpackets,a feasibleschedulecannotbe constructed.
However, if thepacketsarefragmentedandtheper-stream
serviceconstraintsare translatedto be �v¥^% 9 ���H¦µ% 9
² 2 ° �H[G% 9 ��� , �M¥W' 9 ���G¦�' 9¶¯�´ 2 l�° �G[y' 9 ��� and �M¥WZ 9���G¦�Z 9·l 2 ´ �G[yZ 9 �}� , then a feasiblescheduleexists.
In the latter case,all fragmentsare servicedso that their
correspondingstream’s window-constraintsaremet. These
translatedwindow-constraintsareequivalentto theoriginal
window-constraints,therebyguaranteeingeachstreamits
exact shareof bandwidth. Observe that ¥ � 9 [ � 9 � is
the normalizedtime to serviceone fragmentof a packet.
This fragmentcould be a single cell in an ATM network
but, morerealistically, it makessensefor onefragmentto
mapto multiple ATM cells, therebyreducingthe schedul-
ing overheadsper fragment. Similarly, a fragmentmight
correspondto amaximumtransmissionunit in anEthernet-
basednetwork.

3.4. SimulatedResults

To show that it is possibleto feasiblyschedulea setof
packet streamswhenthedemandfor bandwidthis no more
than100%of availablebandwidth,we simulatedthenum-
ber of misseddeadlinesandwindow-constraintviolations
for a numberof streams,comprisingfixed (unit) length
packets,with differentrequestperiodsandoriginalwindow-
constraints.The following scenariowasconsidered(other
scenariosaredescribedin adetailedTechnicalReport[17]):

There were 8 schedulingclasses,̧ % �J�J� ¸�¹ , for packet
streams. The original window-constraints for the
classes of packet streams, from ¸F% to ¸ ¹ , were
� 2 � = �^� 2 ¯ = �^� 2 l = �^� 2 ² = �J� 2 ° = �J� 2 ] = �^� 2 ´ = , and � 2Xº = , re-



spectively. Packetsin streamsbelongingto ¸
% and ¸�' had
requestperiodsof 400time units,while thosein ¸�Z and ¸�»
hadrequestperiodsof 480 time units. Remainingpackets
in streamsbelongingto ¸�¼ and ¸�½ hadrequestperiodsof
560 time units, while thosein ¸�¾ and ¸�¹ had requestpe-
riods of 640 time units. The numberof packet streamsin
eachcasewasuniformly distributedbetweeneachschedul-
ing class,anda total of a million packetsacrossall streams
wereserviced.

Table2 shows theresultsof theabovescenario.� is the
total numberof packet streams,¿ is thenumberof missed
deadlines,À is thenumberof window-constraintviolations,
� is theminimumtotalutilization factor(asdefinedin Sec-
tion 3.2) and c ¹ k b ¹�feg%�h ij i is the utilization factorfor all 8
classeswhenall window-constraintsarezero. Observe that
somepacketsmisstheir deadlineswhen � is lessthan ��k = ,
but only when c ¹ k�b ¹��e�% h ij i is greaterthan ��k = . However,
thereareno window-constraintviolationsfor any streams
until � exceeds��k = .

n D V U c ¹ k b ¹�feg%�hCij i480 0 0 0.9156 0.9518
496 0 0 0.9461 0.9835
504 0 0 0.9613 0.9994
512 15152 0 0.9766 1.0152
520 30990 0 0.9919 1.0311
528 46828 7038 1.0071 1.0470
544 78528 31873 1.0376 1.0787
560 110240 53455 1.0681 1.1104
640 268800 148143 1.2207 1.2690

Table 2. Simulated results for 8 scheduling
classes.

4. HeterogeneousPacket Streams

In many situations,it is desirable,or evennecessary, to
servicea mixture of both real-timeandbest-effort packet
streams.Many researchershave proposedthat best-effort,
or non-time-constrainedpacket streamsareonly scheduled
whenall real-timepacketstreamshavebeenserviced.Other
researchers[5, 3], haveattemptedto reducethemeandelay
of non-time-constrainedactivities (suchasthreadsor pack-
ets)by giving themprecedenceoverreal-timeactivitiesun-
til it is essentialto servicethereal-timeactivities.

One way to minimize the delay of best-effort packet
streamsis to calculatea pseudorequestperiod, 0xÁ�Â , and
window-constraint,5@Á�Â , so that ��*�b c�feg%po % V1q i r hCij i 9
o % V1q�ÃFÄ r h ÃFÄj ÃFÄ , when there are � real-time, window-
constrainedpacket streams.However, with this approach,
there can be caseswhere real-time packet streamsmiss
deadlinesdueto best-effort packet streamsbeingserviced.
In somecases,thismaybeacceptable,sinceeachreal-time

streamonly violatesa tolerablenumberof packet dead-
lines,anddoesnot violate its window-constraint.In other
cases,we want to ensurereal-timepacket streamsnever
miss deadlineswhen best-effort packet streamsare ser-
viced. Hence,our alternative approachis to servicebest-
effort packetstreamsonly whenapacketfrom eachandev-
erywindow-constrainedpacketstreamhasbeenservicedin
eachreal-timestream’scurrentrequestperiod.Thisguaran-
teespacketsin real-timestreamsdo not missany deadlines
due to servicingbest-effort packet streams. Resultshave
shown that best-effort packet streamstypically experience
closeto their minimum possibledelaywith this latter ap-
proach[17].
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Figure 4. The number of best-eff or t packets
serviced, as a function of all packets serviced
from both best-eff or t and real-time streams.

Figure4 showsthenumberof best-effort packetstreams
serviced,as a function of all packets servicedfrom both
best-effort and real-time streams. Each set of real-time
packet streamshasa different minimumutilization factor
(hence,the six different lines in the graph). In all cases,
theserviceconstraintsof real-timepacketstreamswerethe
sameasin thesimulatedscenarioin Section3.4. Theuti-
lization factor of thesereal-time packet streamswas in-
creased,by increasingthenumberof packetstreamsin each
of the8 differentschedulingclasses,from 10 to 60 packet
streamsperclass.Fromthefigure,it canbeseenthatthere
is a constantrateof serviceto best-effort packet streamsat
eachof the different loadsfrom real-timepacket streams.
This is useful,in thatbest-effort packetstreamswill notex-
periencelargevariationsin delay(and,hence,jitter) in the
presenceof real-timepacketstreams.

5. Conclusions

This paperdescribesa modified version of Dynamic
Window-ConstrainedScheduling(DWCS)[18, 19]. DWCS



was originally designedas a packet schedulerto provide
���	�
�
� -firm deadlineguarantees[9] and fair queueing[6,
20, 7, 2,8,15, 16] properties,for lossanddelayconstrained
traffic streamssuchasmultimediaaudioandvideostreams.
In this paper, we have shown: (1) a versionof DWCSthat
can guarantee���	�
�
� -hard deadlines(or, equivalently, no
morethan � missedpacket deadlinesfor every fixed win-
dow of � consecutive packetsin a givenstream),(2) using
DWCS,the delayof serviceto real-timepacket streamsis
boundedevenwhenthescheduleris overloaded,(3) DWCS
canensurethedelayboundof any givenstreamis indepen-
dentof otherstreams,and(4) a fastresponsetime for best-
effort packet streams,in the presenceof real-timepacket
streams,is possible.

A Appendix

A.1. Proof of Theorem2

The worst-casedelayexperiencedby $(� canbe broken
down into threeparts:(1) thetime for thenext packet in $(�
to havetheearliestdeadlineamongstall packetsqueuedfor
service,(2) thetime takenfor 587� to becometheminimum
amongstall currentwindow-constraints,587Æ �F�Ç�È�	�|� ,
whentheheadpacketsin all � streamshave thesame(ear-
liest) deadline,and(3) thetime for ��7� to belargerthanany
othercurrentdenominator, �F7; �}I1K9 ���^���>IS�É� , amongst
eachpacketstream,$ ; , with theminimumcurrentwindow-
constraintand earliestpacket deadline. At this point, $(�
maybedelayeda further a{���W� dueto anotherpacket cur-
rently in service.

Part (1): The next packet in $ � is never more than 0 �
awayfrom its deadline.Consequently, $ � will haveapacket
with theearliestdeadlineafteradelayof atmost 0(� .

Part (2): 587�+9 = is the minimum possiblecurrent
window-constraint.FromTheorem1, 587� 9 = aftera delay
of atmost � � 0 � .

Parts(1) and(2) contributea maximumdelayof:

���4� P �}�~0(� (1)

Part (3): Assumingall packet streamshave the min-
imum current window-constraint and comprise a head
packet with the earliestdeadline,the next streamchosen
for service is the one with the highestcurrent window-
denominator. Moreover, the worst-casescenariois when
all other packet streamshave the same or higher cur-
rentwindow-denominatorsthan $ � andevery time another
stream,$ ; is serviced,deadline? ; ��? � . To show that ? ; ��? �
holds,all deadlinesmustbeat thesametime, [ , whensome
stream$ ; is servicedin preferenceto $ � . After servicinga
packet in $ ; for a ; time units,all packet deadlines? Æ that
areearlierthan [ P a ; areincrementedby amultipleof the

correspondingrequestperiods,0 Æ ���!������� , depending
on how many requestperiodshave elapsedwhile servicing$ ; . Theworst-caseis that 0 ; ��0 � �~�
I�K9 � . Furthermore,ev-
ery time a stream,$ ; , otherthan $ � is serviced,587; 9 = .
This is trueregardlessof whetheror not $ ; is taggedwith a
violation, if 5 ; 9 = , which is thecasewhen � ; 9 = .

Hence,theworst-casedelayincurredby $(� when 587� 9= is 0x� PLÊ � , whereÊ � is themaximumtimefor � 7� to become
larger than any other currentdenominator, ��7; ��I&K9 �
�^�N�I@��� , amongstall packet streamswith theminimumcur-
rentwindow-constraintandearliestpacket deadline.Now,
let stateË bewheneachstream,$ Æ , has587Æ 9 = for thefirst
time. Moreover, 587Æ 9 = 2 �F7Æ�Ì , and �F7Æ�Ì@<>= is thecurrent
window-denominatorfor $ Æ whenin stateË .

Suppose0 ; ��0 � �~�
I�K9 � and 0 ; is finite. For � packet
streams,theworst-caseÊ � is when 0 ; 9 ) and 0 � <�< ) ,
for someconstant,) , equalto the largestpacket service
time, a ���W� . Without lossof generality, it canbeassumed
in what follows that all packet servicetimesequal a ����� .
Now, it shouldbeclearthat,if 0(� tendsto infinity, thenthe
rateof increaseof �F7� approaches= . Moreover, if eachand
everypacket stream,$ ; ��I@K9 � , hasa requestperiod, 0 ; 9) , then $(� will experienceits worstdelaybefore �F7� � �F7; .
This is because�F7; risesata rateof � 2 ) for eachstream$ ;
experiencingadelayof ) timeunitswithoutservice,while
�F7� increasesat a rateof � 2 0x� , which is lessthanor equalto
� 2 ) .

Figure5 shows theworst-casesituationfor threepacket
streams,$1� , $xÍ , and $(� , which causes$(� the largestde-
lay, Ê � , before��7� is thelargestcurrentwindow-denominator.
From the figure, �F7Í Ì 9 �F7� Ì , and �F7� increasesat a rate
?��F7� 2 ?�[ 9 R 2 0(�x� R 9 � , until $1� is serviced.When $1� is ser-
viced, ��7� decreasesatarateof � 2 ) , while �F7Í increasesata
rateof � 2 ) . Conversely, when $xÍ is serviced,�F7Í decreases
ata rateof � 2 ) , while �F7� increasesata rateof � 2 ) . Only
when �F7� 9 = is 587� reset. Likewise,only when �F7Íp9 =
is 5 7Í reset. Consequently, � 7� � �L��� \ � 7Í �H� 7� _ is true when�F7�&9 ��7Í Ì P � 9 �F7� Ì P � .

Supposenow, anotherstream, $1Î (with �F7Î Ì 9 �F7Í Ì 9� 7� Ì and 0 Î 9 ) ), is servicedbeforeeither $ Í or $ � when
in state Ë . Then, �F7Í 9 �F7� 9 �F7Í Ì P � 9 �F7� Ì P � after )
time units. If $ Í is now serviced,then �F7� 9 �F7� Ì P ¯ after
a further ) time units. In this case, �F7� � �L��� \ �F7Í �H�F7� �H�F7Î _
is true when � 7� 9 � 7Í Ì P ¯#9 � 7� Ì P ¯#9 � 7Î Ì P
¯ . By induction, for eachof the �O*Ï� packet streams,
$ ; �AI&K9 ���J����I4��� , other than $1� , each with 0 ; 9 )
and �F7; Ì � �F7� Ì , �F7� � �L��� \ �F7% �H�F7� V % �J�^�J�^�H�F7� � % �G�F7c _ is truewhen
� 7� 9 � 7% Ì P ����* ¯ � 9 �J�^� 9 � 7c Ì P �M��* ¯ � . Therefore,since
?��F7� 2 ?�[ 9 � 2 0(� , it followsthat Ê �H��0x�G���F7; Ì *��F7� Ì P �M�Ç* ¯ �H� .

Now observe that �F7; Ì ��� ; for eachand every stream,
$ ; �HI1K9 � , sincestateË is thefirst time 587; is = . Furthermore,
we have theconstraintsthat � ; 9 �L��� \ ��%}�G��� V %X�G��� � %}�G� c _ ,
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���y��� ; , and � 7� Ì � � . Therefore,

Ê �H��0(�H��� ; P ���L* ¯ �H� (2)

If 0 ; < 0 � �y�FI�K9 � andboth 0 ; and 0 � arefinite, then ��7�
and ��7; convergemorequickly thanin thecaseabove,when
0 ; �d0 � . Therefore,if window-constraintviolationsoccur,
themaximumdelayof serviceto $ � (from Equations1 and
2) is nomorethan ��� � P ���~0 � P 0 � ��� ���W� P �p* ¯ � P a ����� 90 � ��� � P � ���W� P �!*@�}� P a ����� , where� ; 9 � ����� in Equa-
tion 2, and a{����� is theworst-caseadditionaldelaydueto
anotherpacket in servicewhena packet in $1� reachesthe
highestpriority. �
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