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Abstract

This paper describes how Dynamic Wndow-
Constained Steduling(DWCS)can guaranteereal-time
service to padcets from multiple streamswith different
performanceobjectives. We showthat: (1) DWCScan
guaranteethat no more thanz padetsmisstheir deadlines
for every y consecutivgpadetsrequiring service aslong
as the minimum aggregate bandwidthrequirementof all
real-time padket streamsdoes not exceedthe available
bandwidth,(2) using DWCS,the delay of serviceto real-
time padket streamsis boundedeven whenthe scheduler
is overloaded,(3) DWCScan ensue that the delaybound
of any given streamis independentf other streams,and
(4) a fast responsetime for best-effort padet streams,
in the presenceof real-time padet streams,is possible
Furthermoe, if a feasiblescheduleexists, eact streamis
guaranteeda minimum fraction of available bandwidth
over a finite windowof time

1. Intr oduction

Many real-time, distributed applications,such as tele-
medicine, virtual ervironments, video-on-demandand
streamingaudio, cantoleratethe loss of a certainfraction
of all information transferredacrossa network to one or
moreclients.Informationis lostif it is eitherrecevedlater
than desiredor not receved at all by a client. For mary
such’loss-tolerantapplicationsthereis usually a restric-
tion on the numberof consecutivgpackets of information
that canbe lost. For example,losing too mary consecu-
tive pacletsfrom an audio streammight resultin the loss
of a completesectionof audio,ratherthanmerelya reduc-
tion in thesignal-to-noiseatio. More preciselyanapplica-
tion mighttolerater pacletlossedor everyy arrivalsatthe
variousservicepointsacrossa network. A suitableservice

discipline,for schedulinghetransmissiorof pacletsfrom
‘loss-tolerant’applicationsmustattemptto guaranteehat
nomorethanz packetsareservicedatefor everyy paclets
requiringservice.

This paperanalyzeghereal-timepropertief Dynamic
Window-Constrainedscheduling(DWCS)[18, 19|, anal-
gorithmthatis suitablefor paclet schedulingin real-time
communications.DWCS is designedo explicitly service
pacletstreamsn accordanceavith theirlossanddelaycon-
straints,usingjust two attributesper paclet stream. Fur-
thermore, DWCS has the desirableproperty of support-
ing ‘fair’ allocation of bandwidthto paclet streams,in
proportionto their loss-constraintsand perpaclet dead-
lines[18]. In fact, DWCS canbehae as a static-priority
(SP), earliest-deadline-firsEDF), and fair schedulingal-
gorithm[6, 20, 7, 2, 8, 15, 16]. Moreover, DWCSis in-
tendedto supportmultimediatraffic streamsin the same
manneras the SMART schedulef14], but DWCS s less
complex andrequiresmaintenancef lessstateinformation
thanSMART.

AlthoughDWCShasalot in commonwith fair schedul-
ing algorithms, it is more closely relatedto algorithms
which attemptto guaranteeservice to paclet streams,
wherebyat leastm out of k¥ paclet deadlinesare met for
eachandeverystream HamdaouandRamanathaf9] were
the first to introducethe notion of (m, k)-firm deadlines,
whichis similarto theconcepbf ‘Skip-Over’ by Korenand
Shashd12]. However, in somecasesskip over algorithms
unnecessarilgkip serviceto oneor moreactvities (suchas
periodictasksor paclet streams)gvenif it is possibleto
meetthedeadlinef thoseactivities.

The (m, k)-firm deadlinealgorithm of Hamdaouiand
Ramanathamuaranteeshat a statisticalnumberof dead-
lines will be met, by using a ‘distance-basedpriority
schemeto increasethe priority of an actwvity in dangerof
missing more than m deadlinesover a window of k re-
guestdor service.By contrastBernatandBurns[3] sched-



uleactvitieswith (m, k)-hard deadlinesbut theirapproach
requiressuch hard temporalconstraintsto be guaranteed
by off-line feasibility tests. Moreover, Bernatand Burns
work focuseslesson the issueof providing a solutionto
on-lineschedulingof actvities with (m, k)-harddeadlines,
but moreonthe supportfor fastresponsd¢ime to best-efort
actuities, in the presenceof actiities with hard deadline
constraints.

Pinwheelschedulind10, 4, 1] is alsosimilarto DWCS.
In essencethe generalizedpinwheel schedulingproblem
is equivalentto determininga schedulefor a setof n ac-
tivities {a; | 1<i<n}, eachrequiringatleastm; deadlines
aremetin anywindow of k; deadlinesgiventhatthetime
betweerconsecutre deadliness a multiple of somefixed-
sizetime slot, andresourcesare allocatedat the granular
ity of onetime slot. DWCS canbe thoughtof asa special
caseof pinwheelscheduling,wherebyDWCS guarantees
aminimum of m; deadlinesaremetevery fixed(i.e., non-
overlapping)vindow of k; deadlinesfor agivenactuity a;.
In fact, DWCSis capableof producingafeasibleschedule,
independenbf an activity’s window size k;, when 100%
of availableresourcegsuchasbandwidth)areutilized. By
comparisonBaruahandLin [1] have developeda pinwheel
schedulingalgorithm thatis capableof producingafeasible
schedulevhenall resourcesareutilized, giventhatk — oc.

Othernotablework includesJefay andGoddards Rate-
BasedExecution(RBE) model[11]. Aswill beseenin this
paper DWCS usessimilar serviceparameterso thosede-
scribedin theRBE model.However, in theRBE model,ac-
tivitiesareexpectedo beservicedwith anaveragerateof =
timesevery y time units, andthereis no notion of missing,
or discardingservicerequests.

In contrastto the relatedwork describedabove, the sig-
nificant contributions of this work are: (1) the description
andanalysisof anon-lineversionof DWCSthatcanguar
antee(m, k)-harddeadlinegor, equialently, no morethan
x missedpacletdeadlinegor everyfixedwindow of y con-
secutve pacletsin a givenstream),(2) anapproacho en-
surefastresponsdime to best-efort paclet streamsn the
presenceof real-timepaclet streamsand (3) a proof that
DWCSensureghedelayof serviceto pacletsin ary given
streamis bounded,even in overloadsituations. In fact,
DWCS canensurethe delayboundof ary given streamis
independentf otherstreams.

Note that, for the above serviceguaranteeso be made
with DWCS, resourcesare allocatedat the granularity of
onetime slot (seeFigure 1), wherethe size of a time slot
is typically determinedoy the (worst-case}pervicetime of
the largestpaclet in ary streamrequiringservice. There-
fore, it is assumedhat when schedulingpaclets from a
givenstream at leastonepacletin a streamis servicedin
atime slot,andno otherpaclet (or packets)from ary other
streamcanbe serviceduntil the startof the next time slot.

Unlessstatedotherwise we assumehroughoutthis paper
that at mostone paclet from ary given streamis serviced
in asingletime slot but, in generaljt is possiblefor multi-
ple pacletsfrom the samestreanto be aggreatedtogether
andservicedn asingletime slot, asif they wereonelarge
paclet.

Theremaindenf thispapelis organizedasfollows: Sec-
tion 2 describesa versionof DWCS that provides (m, k)-
hard service guarantees. Section3 analyzesthe perfor
manceof DWCS,while Sectiond describesanapproacho
effectively servicingbest-efort paclket streamswithout vi-
olating the serviceconstraintof real-timepaclket streams.
Finally, conclusionsaredescribedn Section5.
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Figure 1. Example of two packets from diff er-
ent streams, S; and S» being serviced in their
respective time slots. Each time slot is of
constant size K. Observe that the packet in
S; requires K — 7y service time, thereby wast-
ing 7 time units before the packet in S, is
serviced.

2. Dynamic Window-Constrained
Scheduling

We begin this sectionby definingthe problemof guar
anteeinga feasibleschedulefor real-timepaclet streams,
which cantolerateat mostz misseddeadlinesevery fixed
window of y requests.We thendescribehow the DWCS
algorithmworks, sothatit canproducea feasibleschedule
on-line.

2.1 Problem Definition

In orderto definethe real-timeschedulingproblemad-
dressedas part of this paper we introducethe following
definitions:

Bandwidth Utilization. This is a measureof the frac-
tion (or percentagedf availablebandwidthusedby paclet
streamgo meettheir serviceconstraintsA seriesof paclet
streamss saidto fully utilize[13] availablebandwidth,B, if



all paclet streamausing B satisfytheir serviceconstraints,
andary increasein the useof B violatesthe servicecon-

straintsof oneor morepaclet streams.

Dynamic Window-Constrained Scheduling (DWCS).

DW(CSis analgorithmfor schedulingpaclet streamseach
having the following pair of serviceattributes,which are
usedto defineeachstreams delayandlossconstraints:

e RequestPeriod — A requestperiod, T;, for a paclet
stream,S;, istheinterval betweerthedeadline®f con-
secutve pairsof pacletsin S;. Obsenrethattheendof
arequesperiod,T;, determines deadlineby whicha
pacletin streamS; mustbeserviced.In this paperall
requesiperiodsareassumedo be multiplesof atime
slot,asshovnin Figurel.

¢ Window-Constaint—thisis specifiecasavaluez; /y;,
where the window-numeratoy z;, is the number of
pacletsthat can be lost or transmittedlate for every
fixed window; y; (the window-denominator)pf con-
secutve pacletarrivalsin thesamestream,S;. Hence,
for everyy; pacletarrivalsin streamsS;, aminimumof
y; — x; packetsmustbescheduledor serviceby their
deadlinesAt ary time, all pacletsin thesamestream,
S;, have the samewindow-constraint,J¥;, while each
successie paclet in a stream,S;, hasa deadlinethat
is offsetby a fixed amount,T;, from its predecessor
After servicinga paclet from S;, the schedulerad-
juststhewindow-constrainbf S; andall otherstreams
whoseheadpaclets have just missedtheir deadlines
dueto servicingsS;. Consequentlya stream$;’s orig-
inal window-constraint,IW;, can differ from its cur-
rentwindow-constraint,/¥;. Obsere thata streams
window-constraintcan also be thoughtof as a loss-
tolerance

Feasibility. A schedulecomprisinga sequencef paclet
streamsis feasibleif no original window-constrainof any
paclet streamis everviolated. DWCS attemptgo schedule
all paclet streamdo meetas mary window-constraintaas
possible.

Problem Statement. The problemis to producea feasi-
ble scheduleusing an on-line algorithm. The algorithm
shouldattemptto maximizenetwork bandwidth.In fact,we
shav in Section3 that, undercertainconditions,Dynamic
Window-ConstrainedSchedulingcan guaranteea feasible
scheduleaslong asthe minimumaggregatebandwidthuti-
lization of a setof paclet streamsdoesnot exceed100%
of availablebandwidth.Beforewe analyzeDWCS,we first
describehealgorithmin moredetail.

2.2 The DWCS Algorithm

This sectiondescribesa revised version of Dynamic
Window-ConstrainedScheduling(DWCS) from that de-
scribedin [18, 19|, sothatdeterministicreal-timeguaran-

teescan be madefor paclket streamstoleratingz missed
deadlinesveryy requestsTheoriginal algorithmis work-

conservingandonly guaranteea statisticalhumberof real-

time serviceconstraints. Moreover, the work-conserving
nature of the original algorithm can sometimescausea

streanto beservicedearlierthannecessaryT hishastheef-

fectof reducingthelik elihoodof servicingthe samestream
at sometime in thefuture,whenit is actuallymoreimpor-

tantto be serviced.However, therevisedalgorithmcanop-

eratein a non-work-conservingnode,to guarante¢hatno

streamwill begrantedmorethanits minimumrequiredser

vice, whenit is otherwiseimpossibleto producea feasible
schedulgseeSection3.2).

The revised DWCS algorithmworks as follows: pack-
etsareorderedfor servicebasedn the valuesof their cur-
rent window-constraintsand deadlinegwhereeachdead-
line is derivedfrom thecurrenttime andtherequesperiod).
Precedences givento pacletsin streamsaccordingto the
rulesshowvn in Table1l. Wheneer a pacletin S; misses
its deadline,the window-constraintfor .S; is modifiedin
a way that reflectsthe increasedmportanceof servicing
S; in the future. Corversely ary pacletin a streamser
vicedbeforeits deadlinecauseshe correspondingtreams
window-constraintto be modified in a mannerthat effec-
tively reduceghe priority of servicingsubsequenpaclets
in the samestream.

The window-constraintof a paclet streamchangesver
time, dependingon whetheror not another(earlier) paclet
from thesamestreamrhasbeenservicedy its deadline If a
paclet cannotbe servicedby its deadlineijt is eithertrans-
mittedlateor it is droppedandthe next pacletin thestream
is assigneda deadlinecorrespondingo the latesttime it
mustcompleteservice.

Pairwise Packet Ordering
Earliestdeadlin€first (EDF)
Equaldeadlinesprderlowest
window-constrainfirst
Equaldeadlinesandzerowindow-constraints,
orderhighestwindow-denominatofirst
Equaldeadlinesandequal
non-zerovindow-constraints,
orderlowestwindow-numeratoffirst
All othercasesfirst-come-first-sery

Table 1. Precedence amongst pairs of packets
in diff erent streams.

Table1 shavs therulesfor orderingpairsof paclets. It
differsslightly from the precedenceulesusedin the origi-
nal designof DWCSJ18]. It shouldbenotedthatDWCSis
morethanmerelyan earliestdeadlinefirst (or earliestdue
date)algorithm.Obsenethatearliestdeadlingfirst schedul-
ing (EDF) considerghat eachpaclet's importance(or pri-



ority) increasessthe urgeng of completingthat paclet’s
serviceincreasesBy contraststaticpriority algorithmsall
considerthat one paclet is moreimportantto servicethan
anothempaclet,basedsolelyoneachpaclet'stime-irvariant
priority. DWCS combineshoththe propertiesof staticpri-
ority and earliestdeadlinefirst schedulingby considering
eachpaclet’s individual importancewhen the urgengy of
servicingtwo or more pacletsis the same. Thatis, if two
pacletshave the samedeadline DWCS serviceghe paclet
which is moreimportant. In practiceit makessenseo set
paclet deadlinesn differentstreamsto be somemultiple
of a, possibly worst-case paclet servicetime. This in-
creaseghe likelihood of multiple headpaclets of differ-
ent streamshaving the samedeadlines. In fact, using a
slottedtime system,asdescribedearlier deadlinescanbe
alignedon time slot boundaries.Obsene that pacletsare
ordinarily servicedn earliestdeadlin€first order However,
if atleasttwo paclet streamshave headpacletswith equal
deadlinesthepaclketfrom streamS; with thelowestcurrent
window-constraint; is servicedfirst. If W; = W} > 0,
andd; = d; for S; andS;, respectely, S; and S; are
orderedsuchthat a paclet from the streamwith the low-
estwindow-numeratotis servicedfirst. By orderingbased
on the lowest window-numeratoy precedences given to
thepaclketfrom thestreamwith tighterwindow-constraints,
sincefewerconsecutielateor lostpacketsfrom thatstream
canbetolerated.Likewise,if two paclet streamshave zero
window-constraintsand equaldeadlinesthe paclet in the
streamwith the highestwindow-denominatoris serviced
first. All othersituationsareservicedin a first-come-first-
senemanner

We now describehow a streamswindow-constraintare
adjusted.As partof this approachatag is associatedvith
eachstreams;, to denotewhetheror not S; hasviolatedits
window-constraini¥; atthe currentpointin time. In what
follows, let S!s original window-constrainbe W; = z; /y;,
wherez; is the original window-numeratorand y; is the
originaldenominatarLikewise,let W} = z}/y. denotethe
current window-constraint. Before a paclet in .S; is ser
viced, W/ = W;. Uponservicinga pacletin .S; beforeits
deadline,W; is adjustedfor subsequenpacletsin S;, as
follows:
(A) Window-constraint adjustment when a packetin S;
is sewviced beforeits deadline:

if (y; > z7) theny; = y; — 1;

elseif (y; = z}) and(z} > 0) then
zp =z — Ly =y; — 1;

if (z} =y; = 0) or (S; istagged)hen
Tp = T3 Yp = Yis

if (S; istagged}thenresettag;

At this pointin time, thewindow-constraint}¥;, of ary
otherpacletstream,S; | j#i, comprisingoneor morelate

paclets,is adjustedasfollows:
(B) Window-constraint adjustment when a packet in
S; | j # ¢ missesits deadline:

if (2 > 0) then

oy =x; - Ly;=y; - 1;

if (z; = y; = 0) thenz; = x5y} = yj;
elseif (z; = 0) and(y; > 0) then

Yj =5+ &

Tag S; with aviolation,

Obsene that with DWCS, window-constraintsdo not
changefor streamswhosepaclkets do not have deadlines.
Streamscomprising paclets without deadlinesare non-
time-constained andtheir window-constraint@actasstatic
priorities. Consequentlythe pseudo-coddor DWCS is
shavnin Figure2.

Let Si = Streami
di = deadline of the next packet in Si
Ti = request period of Si
W' = current wi ndow constraint of Si

while (TRUE) {
for (each packet in all streams eligible
for service at the current tine)
find the next packet in stream Si,
with the highest priority,
according to the rules in Table 1;
servi ce next packet in Si;
adjust W' according to rules in (A);
/* Adjust deadline of next
packet in Si. */
di =di + Ti;
for (each packet in §j, other than Si,
m ssing its deadline) {
whil e (deadline mssed) {
adjust W' according to rules in (B);
if (current packet can be dropped)
drop current packet in §;
/* Adjust deadline of head packet
inS. */
dj =dj +Tj;
}
}
}

Figure 2. The DWCS algorithm.

Usually, a pacletstreanis eligible for serviceif apaclet
in that streamhas not yet beenservicedin the current
request-periodwhich is the time betweenthe deadlineof
the previous paclet andthe deadlineof the currentpaclet
in the samestream. Thatis, no morethanonepacletin a
givenstreamcanbe servicedn agivenrequesperiod,and
exactlyonepacletmustbeservicedoy theendof its request
periodto preventa deadlinebeingmissed.



To support work-conseration, DWCS also allows
pacletstreamdo bemarkedaseligible for schedulingmul-
tiple times in the samerequestperiod. That is, the jth
paclet,p; ; in astream,S;, canbeservicedoeforethedead-
line of a prior paclet, p; ;_1 in the samestream,if p; ;_1
hasbeenservicedbeforethe endof its requesperiod. This
implies p; ;1 is alsoservicedbeforeits deadline.For the
purposesof real-timeg as opposedto best-efort streams,
this paperassume®WCSworksasanon-work-conserving
schedulerHowever, all best-efort streamscanbe serviced
wheneerthereis availabletime to servicesuchstreams.

In the absenceof a feasibility test, it is possiblethat
window-constraintviolationscanoccur A violation actu-
ally occurswhenW; = z}/y; | z; = 0 andanothemaclet
in S; thenmissests deadline.BeforeS; is servicedz} re-
mainszero,while y; is increasedby aconstante, everytime
apacletin S; missesadeadline.The exceptionto thisrule
is wheny; = 0 (and,morespecifically W; = 0/0). This
speciakaseallows DWCSto alwaysservicepacketstreams
in EDF order if suchaservicepolicy is desired.

If S; violatesits original window-constraintjt is tagged
for whenit is next serviced.Taggingensureshatastreanis
neverstanedof serviceevenin overload.Theoren? shavs
thedelayboundfor a streamwhich is taggedwith window-
constraintviolations. ConsequentlyS; is assuredf ser
vice, sinceit will eventuallytake precedenceverall paclet
streamawith zero-\aluedcurrentwindow-constraintsCon-
siderthe casewhen.S; and S; both have currentwindow-
constraintsi¥; andW, respectiely, suchthat W = 0/y;
andW]! = O/y;-. Evenif both deadlinesd; andd;, are
equal, precedencés given to the paclet streamwith the
highestwindow-denominatar Supposeéhat S; is serviced
beforeS;, becausey; > y;. At somelater pointin time,
S; will have the highestwindow-denominatarsinceits de-
nominatoris increasedy e every requestperiod, T;, that
a paclet in S; is delayed,while S;’s window-constraint
is resetonceit is serviced. For simplicity, we assume
every streamhasthe samevalue of € but, in practice, it
may be beneficialfor eachstreamto have its own value,
€;, to increasdts needfor serviceat a rateindependenbf
otherstreamsevenwhenwindow-constraintviolationsoc-
cur. Unlessstatedotherwisee = 1 is usedthroughouthe
restof this paper

To completethis section, Figure 3 shavs an example
scheduleusing both DWCS and EDF, for three streams,
S1, S2, and Sz. For simplicity, assumehat every time a
pacletin onestreamis servicedanotheipacletin thesame
streamrequiresservice. It is left to the readerto verify the
schedulingprderfor DWCS.Obsenethat,usingDWCS,all
window-constraint@remetover non-overlappingvindows
of y; deadlineqfor eachstream,S;), andno time slotsare
unusedin this example. Moreover, the three streamsare
servicedin proportionto their original window-constraints

andrequesperiods.ConsequentlyS; is servicedtwice as
muchasS, andS; overtheintenalt = [0, 16]. By contrast,
EDF arbitrarily schedulepacletswith equaldeadlinesir-
respectie of which pacletis from the morecritical stream
in termsof its window-constraint.n this example EDF se-
lects pacletswith equaldeadlinesin strict alternationbut
thewindow-constraintof the streamsarenotguaranteed.
NotethatEDF schedulings optimalin the sensehatif
it is possibleto producea schedulen which all deadlines
aremet,suchaschedulecanbe producedisingeDF. Con-
sequentlyif C; is the servicetime for a paclet in stream
S;, thenif 7 :Cr— < 1.0 all deadlineswill be met us-
ing EDF [13]. However, in this example,>";_; % = 3.0

sonotall deadlinesanbe met. Since, Y | A=W)G: _

1.0, it is possibleto stratgyically missdeadlinesfo?certain
paclets and therebyguaranteeghe window-constraintsof
eachstrean{17]. By consideringvindow-constraintsvhen
deadlinesaretied, DWCS s ableto make guaranteesghat
EDF cannot.

[S1] 2] s3] 51] %2 S3] 1] %2 s3] 31 ] %2[ S3[ 31 2] S3[ 1] eF
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L 1/2(1),1/1(2),1/2(3),1/1(4), 1/2(5)...
s, 3/4(1),2/3(2),212(3),1/1(4),3/4(5),2/3(6),2/2(7), L/1(8),3/4(9)...
s3  6/8(1),5/7(2),416(3),3/5(4),3/4(5),2/3(6),1/2(7),0/1(8),6/8(9)...

Figure 3. Example showing the schedul-
ing of 3 streams, S;, S;, and S3, using
EDF and DWCS. All packets in each stream
have unit service times and request periods.
The windo w-constraints for each stream are
shown as fractions, z/y, while packet dead-
lines are shown in brackets.

2.3 DWCS Complexity

DWCS's time complity is dividedinto two parts: (1)
thecostof selectinghe next pacletaccordingo the prece-
dencerulesin Tablel, and(2) the costof adjustingstream
window-constraintsand paclet deadlinesafter servicinga
paclet. Using heapdatastructuresfor prioritizing pack-
ets, the cost of selectingthe next paclet for serviceis
O(log(n)), wheren is the numberof streamswaiting ser
vice. However, afterservicingapaclet,it maybenecessary
to adjustthe deadlinesof the headpaclets, and window-
constraintspf all n queuedstreams.Thisis the casewhen
all n — 1 streamg(otherthanthe one just serviced)have
pacletsthatmisstheir deadlines.This canleadto a worst-
casecompleity for DWCS of O(n). However, whenonly



aconstanhumberof pacletsin differentstreamsnisstheir
deadlinesafter servicing someother paclet, a heapdata
structurecan be usedto determinethosepaclet deadlines
andstreamwindow-constraintghat needto be adjusted.It
follows that a constantnumberof updateso servicecon-
straintsusing heaps,asdescribedn an earlier paper[19],
requiresO(log(n)) operations. Obsere that thereis an
O(1) costper streamto updatethe correspondingservice
constraintsafter servicinga padet.

An earlierpapef19] shavshow DWCScanbeapproxi-
mated to furtherreduceits schedulindateng, therebyim-
proving servicescalabilityat the costof potentiallyviolat-
ing someserviceconstraints.Moreover, it may be appro-
priateto combinemultiple streamsnto one sessionwith
DWCS usedto servicethe aggrejatesession.Suchan ap-
proachwould reducethe schedulingstaterequirementsind
increasescalability

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

3. Analysis of DWCS

In this sectionwe shaw the following importantchar
acteristicsof the DWCS algorithm (as definedin this pa-
per):

o |f afeasiblescheduleis known to exist, DWCS en-
sureghatthe maximumdelayof serviceto areal-time
pacletstreams bounded Theexactvalueof thismax-
imumdelayis characterizetbelow.

e If window-constraintviolations occur (becausethe
scheduleiis overloaded)the maximumqueueingde-
lay of a paclet stream(and, hence, paclet) is still
bounded.Again, the exactvalueof this maximumde-
lay is characterizetbelow.

e If the minimumaggreyate bandwidthrequirementof
all real-timepaclet streamsdoesnot exceedthe total
availablebandwidth,thena feasibleschedules guar
anteedusingDWCS.Moreover, if it is possibleto im-
poseanupperboundon theworst-caseservicetime of
eachandevery paclet,thenDWCScanguarante¢hat
no morethanz paclet deadlinesare missedevery y
requests.

3.1 Delay Characteristics

Theorem1 If a feasiblescheduleexists,the maximunde-
lay of serviceto a stream,S; | 1 < ¢ < n, is at most
(z; +1)T; — C;, wheer C; is theservicetimefor onepadket
in Sil.

1For simplicity, we assumeall pacletsin the samestreamhave the
sameservicetime. However, unlessstatedotherwisethis constraints not
bindingandthe propertiesof DWCSshouldstill hold.

Proof Everytimeapacletin S; missests deadliney; is de-
creasedy 1 until z} reache®. A pacletmissests deadline
if it is delayedby T; time units without service. Obsene
that, at all times,z; < ;. Thereforeserviceto S; canbe
delayedby atmostz; T; until W/ = 0. If S; isdelayedmnore
thananotherT; — C; time units, a window-constraintvio-
lation will occut sinceserviceof the next paclketin .S; will
not completeby the end of its requestperiod, T;. Hence,
S; mustbe delayedat most(z; + 1)T; — C; if afeasible
scheduleists.O

We now characterizéhedelayboundfor apacletstream
whenwindow-constraintviolationsoccut assumingall re-
guestperiodsare greaterthan or equalto eachand every
paclet's servicetime. Thatis, T; > C;,z; > 0,y; >
0,Vi|1<i<n.

Theorem2 If window-constint violations occut the
maximumdelay of serviceto S; is no more than T;(z; +
Ymaz + N — ]-) + Craz, Whee Ymaz = maﬂ?[ilh, v 'ayn]
and C), .2 is the maximunpadket servicetimeamongsall
gueuedbadkets.

Proof The detailsof this proof areshovn in the Appendix.
If T; — oo, thenS; experiencesinboundedielayin the
worst-case. This is the sameproblemwith static-priority
scheduling,sincea higher priority paclet streamwill al-
waysbeservicedbeforealower priority packetstream.Ob-
sene thatin calculatingthe worst-casedelay experienced
by S;, it is assumedhatdy;/dt = €¢/T; | ¢ = 1 (seeFig-
ure 5). If e>1 or thereis a uniquevalue, ¢;>1 for each
streamS;, thenthe worst-caselelay experiencedby S; is
Tz(z‘ri-yv:—W +Cmaz- If €; = (.CL'Z + Ymaz + N — ]_)
thentheworst-casealelayof S; is T; + C e, Whichis inde-
pendenbf thenumberof streamsConsequentlytheworst-
casedelayof serviceto eachstreamcanbe madeto bein-
dependenof all otherstreamsevenin overloadsituations.

3.2 Bandwidth Utilization

As statedearlier W; = z;/y; for streams;. Therefore,
aminimumof y; — z; pacletsin S; mustbe serviced'on
time’ everywindow of y; consecutie paclets,for S; to sat-
isfy its window-constraints. Since one paclet is required
to be servicedevery requesiperiod,T;, to avoid ary pack-
etsin S; beinglate,aminimumof y; — x; packetsmustbe
servicedevery y;T; time units. Therefore,if eachpaclet
takesC; time unitsto be servicedtheny; pacletsin S; re-
quire at least(y; — z;)C; units of servicetime every y;T;
time units. For a paclet stream,S;, with requestperiod,
T;, theminimumutilizationfactoris U; = (?’;#T)C which
is the minimum requiredfraction of available serviceca-
pacityand,hence pandwidthby consecutie pacletsin S;.
Hence the utilizationfactorfor n paclet streamss atleast



v=>%r, w Furthermoretheleastupperbound
onthe utlllzat|on factoris the minimum of the utilization

factorsfor all paclet streamsthat fully utilize all avail-

able bandwidth[13]. If U exceedsthe leastupperbound
on bandwidthutilization, a feasibleschedulds not guaran-
teed.In fact,it is necessarthatU <1.0 is truefor afeasible
scheduleysingary schedulingpolicy.

We now characteriz¢heleastupperboundonbandwidth
utilization,assuminghatatmostonepacletfrom arny given
streamis servicedin a single,fixed-sizediime slot of size
K, andall requesperiodsaremultiplesof suchatime slot.
Thatis, C;<K,T; = ¢;K,x; > 0,y; > 0,Vi | 1< <n,

K is aconstantandg; is a positive integer.

Theorem 3 UsingDWCStheleastupperboundontheuti-
lization factor is 1.0, if all streamscomprisepadketswith
thesameservicetimes,andall requesperiodsare multiples
of the padketservicetimes.Thatis, DWCSis optimalin the
sensehata feasiblescheduleexistsif Y7 (1 W)C'<1 0,

givenC; = K andT; = ¢;K forq; € Z™, WhelezZJr isthe
setof positiveintegers.

Proof The detailsof this proof are given in a full-length
TechnicalReport[17]. Obsere that,in Theorem3, each
paclet is servicedfor exactly K time units, which is the
sizeof onetime slot. Thisis anecessargondition,because
pacletsare indivisible entitiesand, hence,cannotbe pre-
empted.

3.3 Supporting Packetswith Variable
Serwice Times

For variablerate seners, or in networks wherepaclets
have variablelengths the servicetimescanvary for differ-
entpaclets. In suchcircumstancesf it is possibleto im-
poseanupperboundontheworst-caseservicetime of each
and every paclet, then DWCS can still guaranteghat no
morethanz paclet deadlinesare missedevery y requests.
This implies that the schedulinggranularity K (i.e., one
time slot), shouldbe setto the worst-caseservicetime of
ary packetscheduledor transmissionFor situationsvhere
a paclet’s servicetime, C;, is lessthan K (seeFigure 1),
thena feasibleschedulds still possibleusingDWCS, but
the Ieastupperboundon the utilization factoris lessthan
1.0. Thatis, if , = K — C;, then,theleastupperboundon
theuuhzauonfactons L.o-Y7", w.

Alternatively, if it is possibleto fragmentvanable length
pacletsand later reassemblehem at the destination per
streamnservicerequirementsanbetranslatecndappliedto
fixed-lengthpaclet fragmentswith constantservicetimes.
Thisis similarto CPUschedulingin which variable-length
threads(or processesgan be preemptedt fixed intervals
(e.g., every 10mS timeslice). Moreover, ATM networks

have fixed-length(53 byte) cells andthe SAR component
of the ATM AdaptationLayer segmentsapplication-leel
paclets into cells, which are later reassembled.Conse-
guently the schedulinggranularity K, canbe setto atime
whichis lessthantheworst-caseservicetime of a paclet.

For fragmentedpaclets, the perstreamservice con-
straintsaretranslatedasfollows. Let C; be the worst-case
servicetime of a pacletin streamS; beforefragmentation,
andlet ¢; = K be the constantservicetime of eachand
every fragment. Likewise, let W; andT; be the window-
constraintand requestperiod, respectiely, for a stream
before fragmentation,while w; and ¢; are the translated
window-constraintand requestperiod, respectrely, after
fragmentationThen:

= K,t; = | &K andw; = a;/b;, wherea; andb;

arethesmalIeslvaluessatlsfylnga,/b w

Example. Considerthreestreams Sy, S andsg Wlth the

following constraints: (C; = 3,W; = 2/3,T1 = 5),

(C2 = 4,W2 = 23/35,T2 = 6) and (C3 = 5,W3 =

1/5,T5 = 7). Thetotal utilization factoris 1.0 in this ex-

ample but dueto thenon-preemptienatureof thevariable-
length paclets, a feasibleschedulecannotbe constructed.
However, if the pacletsarefragmentedandthe perstream
service constraintsare translatedto be (¢; = 1,w; =

4/5,t1 = ].), (02 = ].,’11)2 = 27/35,t2 = ].) and(c3 =

1,ws = 3/7,t3 = 1), then a feasiblescheduleexists.

In the latter case,all fragmentsare servicedso that their

correspondingtreams window-constraintaremet. These
translatedvindow-constraintareequivalentto the original

window-constraints therebyguaranteeingeachstreamits

exact shareof bandwidth. Obsere thatc; = t; = 1 is

the normalizedtime to serviceone fragmentof a paclet.

This fragmentcould be a single cell in an ATM network

but, morerealistically it makessenseor onefragmentto

mapto multiple ATM cells, therebyreducingthe schedul-
ing overheadyer fragment. Similarly, a fragmentmight

correspondo amaximumtransmissiomnitin anEthernet-
basedetwork.

3.4 Simulated Results

To shaw thatit is possibleto feasibly schedulea setof
paclet streamavhenthe demandor bandwidthis no more
than100%of available bandwidth,we simulatedthe num-
ber of misseddeadlinesand window-constraintviolations
for a numberof streams,comprisingfixed (unit) length
paclets,with differentrequesperiodsandoriginalwindow-
constraints.The following scenariovas consideredother
scenariosredescribedn adetailedTechnicaReport17]):

There were 8 schedulingclasses,p; - - -pg, for paclket
streams.  The original window-constraints for the
classes of paclet streams, from p; to pg, were
1/10,1/20,1/30,1/40,1/50,1/60,1/70, and 1/80, re-



spectvely. Packetsin streamsbelongingto p; andp- had
requesperiodsof 400time units, while thosein p; andp,
hadrequestperiodsof 480time units. Remainingpaclets
in streamsbelongingto ps; and pg hadrequestperiodsof
560 time units, while thosein p; and pg had requestpe-
riods of 640 time units. The numberof paclet streamsn
eachcasewasuniformly distributedbetweereachschedul-
ing class,andatotal of amillion pacletsacrossll streams
wereserviced.

Table2 shavs theresultsof theabove scenarion is the
total numberof paclet streamsD is the numberof missed
deadlinesy is thenumberof window-constrainviolations,
U is theminimumtotal utilization factor(asdefinedin Sec-
tion3.2)and g ZZ 1 T‘ is the utilization factorfor all 8
classe:whenall window-constaintsare zeo. Obsene that
somepacletsmisstheir deadlinesvhenU is lessthan1.0,
but only when 3. Zle % is greaterthan1.0. However,
thereare no window-constraintviolationsfor ary streams
until U exceeddl.0.

n D Y u [23v S
480] O 0 |0.9156] 0.9518
496] 0 0 | 09461 0.9835
504] 0 0 | 0.9613] 0.9994
512 15152| 0 |0.9766] 10152
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. HeterogeneoudPacket Streams

In mary situationsiit is desirable por even necessaryto
servicea mixture of both real-timeand best-efort paclet
streams.Many researcherbave proposedhat best-efort,
or non-time-constrainedaclet streamsareonly scheduled
whenall real-timepacletstream$ave beenserviced Other
researcherfb, 3], have attemptedo reducethe meandelay
of non-time-constrainedctiities (suchasthreadsor pack-
ets)by giving themprecedencever real-timeactiities un-
til it is essentiato servicethereal-timeactuities.

One way to minimize the delay of best-efort paclet
streamds to calculatea pseudorequestperiod, Tg g, and
window-constraint, Wy, sothat1 — yr  0=WiC: _

i=1 T =
M, when there are n real-time, window-

constralneqaaclet streams.However, with this approach,
there can be caseswhere real-time paclet streamsmiss
deadlinesdueto best-efort paclet streamseingserviced.
In somecasesthis maybe acceptablesinceeachreal-time

streamonly violates a tolerablenumberof paclet dead-
lines, anddoesnot violate its window-constraint.In other
cases,we want to ensurereal-time paclet streamsnever
miss deadlineswhen best-efort paclet streamsare ser
viced. Hence,our alternatve approachs to servicebest-
effort paclet streamsnly whena pacletfrom eachandev-
erywindow-constraineghaclet streamhasbeenservicedn
eachreal-timestreams currentrequesperiod. Thisguaran-
teespacletsin real-timestreamsdo not missary deadlines
dueto servicingbest-efort paclet streams. Resultshave
shawvn that best-efort paclet streamgaypically experience
closeto their minimum possibledelay with this latter ap-
proach[17].
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Figure 4. The number of best-eff ort packets
serviced, as afunction of all packets serviced
from both best-eff ort and real-time streams.

Figure4 shavs the numberof best-efort paclet streams
serviced,as a function of all paclets servicedfrom both
best-efort and real-time streams. Each set of real-time
paclet streamshasa different minimumutilization factor
(hence,the six differentlines in the graph). In all cases,
the serviceconstraintof real-timepaclet streamsverethe
sameasin the simulatedscenarioin Section3.4. The uti-
lization factor of thesereal-time paclet streamswas in-
creasedby increasinghenumberof pacletstreamsn each
of the 8 differentschedulingclassesfrom 10 to 60 paclet
streamgerclass.Fromthefigure,it canbe seenthatthere
is a constantrateof serviceto best-efort paclet streamsat
eachof the differentloadsfrom real-timepaclet streams.
Thisis useful,in thatbest-efort paclet streamawill notex-
periencdarge variationsin delay(and,hencejitter) in the
presencef real-timepaclet streams.

5. Conclusions

This paperdescribesa modified version of Dynamic
Window-Constraine@&chedulingDWCS)[18, 19]. DWCS



was originally designedas a paclet schedulerto provide
(m, k)-firm deadlineguarantee$9] and fair queueing][6,
20,7, 2,8,15, 16] propertiesfor lossanddelayconstrained
traffic streamsuchasmultimediaaudioandvideostreams.
In this paper we have shavn: (1) a versionof DWCS that
canguarantegm, k)-hard deadlineg(or, equivalently, no
morethanz missedpaclet deadlinesfor every fixed win-
dow of y consecutie pacletsin a given stream),(2) using
DWCS, the delayof serviceto real-timepaclet streamds
boundedevenwhentheschedulers overloaded(3) DWCS
canensurehe delayboundof ary givenstreamis indepen-
dentof otherstreamsand(4) afastresponséeime for best-
effort paclet streams,n the presenceof real-timepaclet
streamsis possible.

A Appendix
A.1. Proof of Theorem2

The worst-casealelay experiencedby S; canbe broken
down into threeparts: (1) thetime for the next pacletin S;
to have theearliestdeadlineamongstll pacletsqueuedor
service,(2) thetime takenfor W, to becomethe minimum
amongsell currentwindow-constraints|v;, | 1 < k < n,
whenthe headpacletsin all n streamdave the same(ear
liest) deadline and(3) thetime for y} to belargerthanary
othercurrentdenominatary’ | j#i,1 < j < n, amongst
eachpacletstream,S;, with theminimumcurrentwindow-
constraintand earliestpaclet deadline. At this point, S;
may be delayeda further C),,, dueto anothermaclet cur-
rentlyin service.

Part (1): The next packetin S; is never more thanT;
awayfromits deadline ConsequentlyS; will have apaclet
with the earliestdeadlineaftera delayof at mostT;.

Part (2): W/ = 0 is the minimum possiblecurrent
window-constraintFromTheoreml, W, = 0 afteradelay
of atmostz; T;.

Parts(1) and(2) contributea maximumdelayof:

(z; + 1)T; 1)

Part (3): Assumingall paclet streamshave the min-
imum current window-constraintand comprise a head
paclet with the earliestdeadline,the next streamchosen
for serviceis the one with the highestcurrent window-
denominatar Moreover, the worst-casescenariois when
all other paclet streamshave the sameor higher cur-
rentwindow-denominatorshan S; andevery time another
stream S; is serviceddeadlined; <d,. To shawv thatd; <d;
holds,all deadlinesnustbe atthe sametime, ¢, whensome
streams; is servicedn preferenceo S;. After servicinga
pacletin S; for C; time units, all pacletdeadlinesi; that
areearlierthant 4+ C; areincrementedy amultiple of the

correspondingequesperiodsT; | 1 < k < n, depending
on how mary requesperiodshave elapsedwhile servicing
S;. Theworst-cases thatT; <Tj;, Vj # 4. Furthermoregv-

ery time a stream,S;, otherthan S; is serviced,W; = 0.

Thisis trueregardlesof whetheror not.S; is taggedwith a

violation, if W; = 0, whichis thecasewhenz; = 0.

Hence theworst-caselelayincurredby S; whenW, =
01isT; + ;, whered; is themaximumtime for y; to become
larger thanary other currentdenominatory; | j#i,1 <
j < n, amongsall paclet streamswith the minimum cur-
rentwindow-constraintand earliestpaclket deadline.Now,
let statep bewheneachstream Sy, hasiW;, = 0 for thefirst
time. Moreover, Wy = 0/y;,,, andy, > 0 is thecurrent
window-denominatofor Sy whenin stateg.

Supposel;<T;,Vj # i and T} is finite. For n paclet
streamstheworst-casd); is whenT; = K andT; >> K,
for someconstant,K, equalto the largestpaclet service
time, Cyq.. Withoutlossof generality it canbe assumed
in what follows thatall paclet servicetimesequalC,,z-
Now, it shouldbe clearthat,if T; tendsto infinity, thenthe
rateof increaseof y; approache$. Moreover, if eachand
every pacletstream,S; | j # i, hasarequesperiod,T; =
K, thenS; will experienceits worstdelaybeforey; > .
Thisis because’ risesatarateof 1/K for eachstreams);
experiencingadelayof K time unitswithout service while
y; increasesitarateof 1/T;, whichis lessthanor equalto
1/K.

Figure5 shaws the worst-casesituationfor threepaclet
streams,S;, S;, and S,,,, which causesS; the largestde-
lay, d;, beforey; is thelargestcurrentwindow-denominatar
From the figure, yz'¢ = Ym,, andy; increasesat a rate
dy}/dt = €/T; | e = 1, until S; is serviced WhenS,, is ser
viced,y,, decreaseatarateof 1/ K, whiley; increasesita
rateof 1/K. Corverselywhens; is servicedy,; decreases
atarateof 1/K, while y;, increasesitarateof 1/K. Only
wheny,, = 0is W/, reset. Likewise, only wheny; = 0
is W} reset. Consequentlyy; >maz[y;,y,,] is true when
vi=y, t1=yn, +1

Supposenow, anotherstream, S, (with y; = y;¢ =
y;% andT, = K), is servicedbeforeeitherS; or S,,, when
in stateg. Then,y; = yp, =y, + 1 = y;,, + 1 afterk
time units. If S is now servicedtheny;, = y,, + 2 after
a further K time units. In this case,y;>maz|y;, y.,, y,]
is true wheny; =y +2 =y, +2 = y,, +
2. By induction, for eachof then — 1 paclet streams,
S; | j#i,1<j<n, other than S;, eachwith T; = K
andy;, >y;,, yi>maz[y, Yi 1, "Y1, Yn] is truewhen
Yi = Y1, +(n—2) = -+ =y +(n—2). Thereforesince
dy;/dt = 1/T;, it followsthatd; <T;(y}, — i, + (n — 2)).

Now obsere that y;¢ <y, for eachand every stream,
Sj | j#i, sincestateg is thefirsttime W is 0. Furthermore,
we have the constraintghaty; = maz[yi, yi—1, Yi+1, Yn],
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Figure 5. The change in current windo w-
denominator s, yi, y; and y/, for three packet
streams, S;, S; and S,,, respectivel y, when
all request periods, except possibly T;, are
finite . The initial state, ¢, is when all cur-
rent windo w-constraints fir st equal 0, and the
current windo w-denominator s are all greater
than 0.

yi<y;, andy;, >1. Therefore,
6i<Ti(y; + (n — 2)) @)

If T; > T;,Yj # i andbothT; andT; arefinite, theny;
andy’; corvergemorequickly thanin the caseabove, when
T; < T;. Thereforejf window-constraintviolationsoccur,
themaximumdelayof serviceto S; (from Equationsl and
2)isnomorethan(z; + 1)7T; + T; (Ymae + 7 —2) + Criaz =
Ti (xz + Ymaz + 1 — 1) + Cmazca Whereyj = Ymaz in Equa'
tion 2, andC', ., IS the worst-caseadditionaldelaydueto
anotherpaclet in servicewhena pacletin S; reacheshe
highestpriority. O
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