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Abstiact—

With the advent of the IEEE 802.11wir elessnetworks that provide high
speedconnectvity, demandfor supporting multiple real-time traffic appli-
cationsover wirelessLANs hasbeenincreasing A natural questionis how
to provide fair resource allocation to real-time traffic in wirelessLANSs.
Wirelessnetworks are subject to unpredictable location-dependenterror
bursts, which is different from wir ed networks. We proposea fair real-time
schedulingmodel whosegoalis to minimize the maximum lossrate among
all the flows and additionally to maximize the overall throughput. We de-
velop algorithms for this schedulingmodel that takesthe wir elesschannel
error characteristicsinto consideration.

|. INTRODUCTION

Wirelesscommunicatiortechnologyhas gainedwidespread
acceptancén recentyears. The IEEE 802.11standard7] has
gearedwirelesslocal areanetworks (LANS) into greateruse.
With the adwent of the IEEE 802.11a[8]and 802.11b[9]sup-
plementsthat provide high speedconnectity, the demandfor
supportingmultiple time-critical high-bandwidthtraffic appli-
cations suchasvideo-ondemandandinteractve multimedia,in
wirelessLANs hasbeenincreasingThisraisesheissueof how
to provide fair resourcellocationto real-timetraffic in wireless
LANSs.

Many real-timepaclet schedulingandfair paclet scheduling
algorithmshave beendevelopedfor wired networks. However,
it it not obvious how well thesealgorithmswork for wireless
networks, sincewirelesschannelsare subjectto unpredictable
location-dependenand bursty errors, which is differentfrom
wired networks. In this paper we considerthe problemof fair
schedulingof real-timepacketswith deadlineconstraintsover
wirelessLANS, taking the characteristicof wirelesschannel
errorsinto consideration.

Therehashbeenprevious work on providing QoS guarantee
over wirelesslinks [3], [4], [5], and on adaptingpaclet fair
schedulingalgorithmsto a wirelessdomaintaking care of lo-
cationdependenerror bursts[10], [11], [13]. To our knowl-
edge,however, thereis no previouswork thataddressetheis-
sueof deadline-basekal-timeschedulingonsideringairness
andwirelesschannekrrors.

This paperis organizedasfollows: Sectionll describesur
schedulingmodeland algorithms,and Sectionlll presentghe
simulationresultsof the algorithms. SectionlV providessome
theoreticaresultsthatgive aninsightinto thedifficulty of find-
ing goodschedulesn the presencef unpredictablesrrors,and
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SectionV concludes.

Il. FAIR REAL-TIME SCHEDULING OVER WIRELESS LANS
A. SdedulingModel

We considera paclet-switchedvirelessnetwork thatconsists
of multiple cells. Eachcell is assumedo consistof a basesta-
tion (BS) andmultiple mobile hosts(MHs) that have real-time
datapacletsto transmit. The BS performsthe schedulingof the
paclet transmission®y polling the MHs. Eachtranmissions
eitheruplink (from a MH to the BS) or downlink (BS to MH)
andis modeledasaflow f;,1 < i < N. Eachflow is associ-
atedwith a channelwhich, atary giventime ¢, canbein oneof
two statesnamely error stateor error-freestate A flow being
in error statemeanghat eitherthe sourceor the destinatiorfor
theassociated¢hannekxperienceanerrorburst. For simplicity,
we assumehatthepacletsareof fixedsize . andaregenerated
with a specificrate.Eachflow, f;, is alsocharacterizety three
parametergv;, d;, e;), whicharemadeknown to the BS:

o v; IS theinterval betweenthe arrival time of two successie
paclets,

« eachpaclket mustbe scheduledwithin d; time unitsfrom its
generatioratthe sourceand

« ¢; isthemaximumacceptablgacletlossrate.

Let M; bethetotalnumberof pacletsthatflow f; is supposed
to transmitand M be the numberof pacletsthatactuallyget
transmittedsuccessfullyThenthethroughpufor flow f;, sayt;,
is definedto betheratio of AL? to M;, andthe overall through-
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putis &i=t—. Wecall¢; = 1 — t; — e; the lossrate for

flow f;. Iié}c €maz DEthe maximume; for1 < 4 < N. Thus
eachflow transmitsatleast[ M;(1 — e; — emqz)] packets. The
objective of our schedulingalgorithmis to maximizethe over-

all throughputsubjectto minimizing €,,4.. In otherwords,our

goalis to determinghe smallest,, ., for whichwe canensure
that M > [M;(1 — e; — €maz)] andmaximizezé\;1 Mg, We

measureéhethroughpubf our schedulingalgorithmastheover-

all throughputandits fairnessase, ;45 .

B. SdedulingAlgorithms

Eachpaclet p? of flow f; is associateavith anarrival time
A(pk), at which it arrives or is readyto be transmittedand
a deadlineD(p¥), beyond which p¥ cannotbe scheduled. A
paclet is consideredost (dropped)if its deadlineexpiresand



was not trasmittedsuccessfully We considerthe following
schedulingalgorithms:

« EarliestDeadlineFirst (EDF)

The pacletwith the earliestdeadlineis scheduledirst. At time
t, apacletp? is scheduleguchthat A(p¥) < t andD(p¥) isthe

minimum amongthe deadlinef the pacletsto be scheduled.

This policy is known to give the maximumoverall throughput
whenthereis no channekrror.

o Greatest.ossFirst(GLF)

Theflow thathasthegreatestossrateis scheduledirst. At time

t, apacletp! is schedulecsuchthat A(p}) < t ande; = €maa-

Intuitively, this is expectedo resultin minimizing €,,,4 -

o Hybrid

To achieve simultaneoushpoth the above goals,we considera

hybrid algorithm. At timet, it considersamongall theunsched-
uled pacletsp? with arrival time A(p¥) < ¢, thosethat have

deadlineD(p¥) = t + 1. If suchpacletsexist, it scheduleshe

flow f; with thegreatestossrateamongthepaclets.Otherwise,
it choosesccordingo GLF.

C. WirelessError Handling

The presencef errorsraisesthe issueof how to handlethe
situationwherea flow is scheduledbut failed its paclet trans-
missiondueto channelerror. It is desirableto re-schedulehe
pacletsometimdatersothatit will notmissits deadline.Since
errorsare unpredictablehowever, it is not clearhow long the
re-schedulingf the paclet shouldbe delayed.We call this re-
schedulingdelaybadkoff time

We definethe re-schedulingpolicy accordingto the bacloff
time, b;, for eachflow f;, suchthatit is long enoughto escapea
potentialburstyerror.

bi = d; /2™, 1)
wheren; is is the numberof failedtransmissionssincethe last
succesfutransmissionfor flow f;.

Initially b; = 0, thatassumehatall flows have initially an
errorfree channel. Using the polling mechanismthe channel
conditionis probed.If it is bad,adifferentflow is scheduledIf a
paclettransmissiorails, or is deferredthe bacloff mechanism
is usedto re-scheduléhe paclet beforeits deadline.A flow f;
is polledattimet onlyif b; < t, whichmeanghatits channels
predictedo be errorfreeatthattime.

I1l. SIMULATION RESULTS
A. SimulationEnvironment

All the simulationswere donein ns, which is a discrete
event simulatordevelopedby the VINT projectat the Univer-
sity of California at Berkeley [6]. The CMU Monarchexten-
sions[2] addedwirelessandmobility supportgo ns, including
a CSMA/CA mediumaccesanechanisndefinedin the IEEE
802.11.We addedthe 802.11point coordinationfuction (PCF)
protocolto simulateour algorithmover the PCFprotocol.

The capacityof the wirelessmediumis 11 Mbps following
IEEE 802.11b Eachsimulationtime is 60 seconds.

We usedthefollowing errormodel. For eachflow f;, we cre-
atedblackout periodd? wherel < k < M. Any paclettrans-
missionfor flow f; thatis overlappedvith a blackout periodb?

is consideredhsa failed transmission The durationof eachb?
is uniformly choserin [2.5, 15] msec.Theerrordurationrateis
theratio of Ei”:l b¥ to thetotal simulationtime.

A real-timetraffic flow is modeledto have a deadlineof 10
msec.a pacletinterval of 15 or 20 msec,anda paclketlengthof
1460bytes. Simulationshave beenperformedwith 12 flows to
compareEDF, GLF, andHybrid algorithmswith varying error
durationrates.
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B. SimulationResults

Figure 1 plots the overall throughputsof the variousalgo-
rithms. ThefirgureshavsthatEDF providesabetterthroughput
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thanGLF. It is interestingo seethatHybrid generatea compa-
rablethroughputith EDFE

Figure2 plotsthemaximumlossrateamongall flows, €4 -
While it is expectedthat GLF would provide a smallermaxi-
mumlossratethanEDF, it is surprisingthatHybrid providesa
smallere,, ., thanGLF. Our possibleexplanationfor this phe-
nomenoris the higherthroughpubof the Hybrid algorithm.

Figure3 shavsthe maximumdifferenceamongthelossrates
of all flows, maz(le; — €;|). Accordingto thefigure, GLF pro-
videsthe smallestvalue of max(|e; — €;|), EDF providesthe
largestvalue,andHybrid providesmediumvalues.

IV. THEORETICAL RESULTS

We now establistsometheoreticatesultsthatgive aninsight
into thedificulty of findinggoodschedule# presencef errors.
We startwith somesimpleresultsconcerningheworst-casde-
haviour of online algorithmsfor our problem. We measurdghe
performancef ary onlinealgorithmusingthecompetitve anal-
ysisframawork of SleatorandTarjan[12]. We saythatanonline
algorithmis c-competitve if on arny input sequenceit is guar
anteedo producea solutionthatis atleastl /c timesasgoodas
anoptimalsolution. Thusa 1-competve algorithmgivesessen-
tially anoptimal solutionitself. The following propositioncan
be easilyproven.

Propositionl. For ary € > 0, theredoesnotexista (2 — ¢)-
competitive onlinealgorithmfor throughputmaximizationeven
whenthe systemcontainsonly two hosts.

In fact, the lower boundabove is tight for throughputmaxi-
mization.

Proposition2. Thereexistsa 2-competitive online algorithm
for throughputmaximization.

Giventhedificulty of theonlinecaseavenfor thesimplergoal
of throughputmaximization,a naturalquestionto askis if the
problemremainsintractablewhenthe errorsareall known in
adwance(i.e., an offline setting). We next shav that this case

is essentiallyequivalentto the maximumflow problem,well-
known to be solvableefficiently in polynomialtime (see[1], for
instance).

Theoem1l: Thereis apolynomialtime offline algorithmthat
determinesnoptimalfair schedulevith maximumthroughput.

Proof. We will reduceour problemto the maximum flow
problem. Forary € > 0, let Mf = [M;(1 — e; — €)] where
1 < i < N. Roughlyspeakinga scheduleis saidto be an
(€, a)-scheduleif (i) it schedulesat leastM; pacletsfor each
flow 4, and (ii) it sendsat Ieastzfil Mf + a paclets over-
all. Our goalis to determinea pair (e*, a*) suchthat (i) for
any e > ¢* theredoesnot exist an (¢, 0)-scheduleand ii) for
ary a > a*, theredoesnot exist an (e*, a)-schedule We will
constructan instanceof the maximumflow problemfor every
candidatepair (¢, @) andoutputthe solutioncorrespondindo
the bestsuchpairfound. Let p denotezéil M;, thetotal num-
ber of paclets. It is easyto verify thatthereareonly O(log p)
candidatgairsneedo beconsideredWefirstusebinarysearch
overtheset{1/p,2/p, ..., 1} toidentify thesmallest for which
an (e, 0)-scheduleexists. Then anotherbinary searchon the
set{1,2,...,p} determineghe largesta for which this sched-
ule staysfeasible. Thusfrom hereon, we assumewithout loss
of generalitythatwe know the optimalvaluesof € anda.

We constructa directedgraphG = (V, E) asfollows. The
vertex setof G' containswo specialverticesnamelya sources
andasink t, verticessy, ..., sy for eachof the N flows, a ver
tex w, verticesu, ..., u, correspondingo the pacletsgenerated
by the variousflows, andverticesuv;, ....., vr correspondindgo
the varioustime slotsthat are availablefor schedulingpaclets.
Thereis a directededgefrom a vertex u; to a vertex v; if the
paclet correspondindo u; could be scheduledat the jth time
slot (i.e., the corrspondingflow is in good stateand the dead-
line of the paclet hasnot yet expired). Thereis an edgefrom
ary vertex s; to avertex u; if u; correspondso the pacletgen-
eratedby thesth flow. Thereareedgesirom eachvertex v; to
thevertex t. All edgesdescribedhusfar have a capacityof 1
on eachedge.Finally, thereare edgesrom the sourcevertex s
to eachof the s;'s aswell asto thevertex w. Thevertex w is
connectedo eachu;’s by an edgeof capacityl. Thedirected
edge(s, s;) hascapacityequalto M{ andthe edge(s,w) has
capacityequalto a.

It is now aneasyconsequencef our constructiorthatthere
exists an s-t flow of value YV, M + a if andonly if there
existsan (e, a)-schedule. m|

V. CONCLUSION

In this paper we proposea fair real-timeschedulingmodel
whosegoalis to maximizetheoverallthroughpusubjecto min-
imizing themaximumlossrateamongall theflows anddevelop
algorithmsfor the schedulingnodelthattake wirelesschannel
error characteristics We are currently refining and evaluating
thesealgorithms.
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