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Abstract

Unpredictablewirelesschannelerrors maycauseappli-
cationswith real-timetraffic to receivedegradedquality of
serviceglueto padketlossesin thepresencef sud errors,
achallengingproblemis howto schedulepadcetsto achieve
fairnessamongreal-timeflows and to maximizethe over-
all systenthroughputsimultaneouslyWe capture fairness
by minimizingthe maximundegradationin serviceover all
flows. In this paper we showthat no online algorithm can
guaranteea boundedperformanceratio with respecto the
optimal algorithm. We then compae four different online
algorithmsand evaluatethemusing simulations. The first
two are EDF (Earliest Deadline First) and GDF (Great-
estDegradationFir st) that consideronly oneaspectof our
schedulinggoal respectively EDF is naturally suitedfor
maximizingthroughputwhile GDF seeksto minimizethe
maximundegradation. Thenext two are algorithms,called
EOG (EDF or GDF) and LFF (Lagging Flows First), that
considerthetwo aspectf our schedulinggoal. EOG sim-
ply combinesEDF and GDF, whereasLFF tries to favor
lagging flowsin a non-trivial manner Our simulationre-
sultsshowthat LFF is almostasgoodas EDF in maximiz-
ing thethroughputandalsois betterthan GDF in minimiz-
ing the maximumdegradation. Finally, we also showthat
thereis anoptimalpolynomialtimealgorithmfor the offline
versionof the problem.

1 Intr oduction

Wirelesscommunicationtechnologyhas gainedwide-
spreadacceptancén recentyears. The IEEE 802.11stan-
dard[12] hasled wirelesslocal areanetworks (LANS) into
greateruse. To provide bandwidthbeyond the original 2
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Mbps,thelEEE802.11413] and802.1114] supplements
increasethe bandwidthto 45 Mbps and 11 Mbps, respec-
tively. With suchhigh bandwidth the demandor support-

ing multiple time-sensitie high-bandwidthtraffic applica-

tions,suchasvideo-ondemandandinteractive multimedia,

in wirelessLANs hasbeenincreasing.Thus,it is important

to provide fair bandwidthallocationto multiple real-time

trafficsin awirelessLAN.

Many real-time packet scheduling and fair paclet
schedulingalgorithmshave beendevelopedfor wired net-
works. However, it is not clearhow well thesealgorithms
work for wirelessnetworks,sincewirelesschannelsresub-
ject to unpredictabldocation-dependerandbursty errors.
In the presencef suchunpredictablesrrors,real-timetraf-
fic applicationscannot fully utilize channebandwidthas-
signedto them. A real-time traffic applicationmay fail
to sendor receive someof its real-time pacletsin time
due to channelerrors. When experiencingpaclet losses
above somespecifiedthresholdsthe applicationundegoes
degradedquality of service(QoS). In this paper we in-
vestigatethe problemof fair schedulingof real-timepack-
etswith deadlineconstraintover wirelessLAN, aimingat
bothachieving fair degradationrandmaximizingthe system
throughput.

Therehasbeenpreviouswork on providing QoSguaran-
teesover wirelesslinks using call admissionand schedul-
ing [5, 6, 8]. While this previouswork focusedon provid-
ing serviceguaranteest did not considerthe issueof fair-
nessor degradation. Several approachesave beenintro-
ducedto dealwith real-timetask schedulingproblemcon-
sideringdegradedQoSin an overloadsituation,wherethe
systemcannotmeetthe deadlinesof all tasks. The notion
of (m, k)-firm deadlineswas introducedin [11] to repre-
sentlessstringentguaranteegor temporalconstraints.In
the (m, k)-firm deadlinesmodel,it is adequateo meetthe
deadlineconstraint®f m outof ary k£ consecutieinstances
of a taskin the overloadcondition. The imprecisecompu-
tation [7, 18] and IRIS (IncreasedRewvard with Increased
Service)[9, 2] modelswere proposedo provide minimal



quality of servicein the overloadcondition. In thesemod-
els, eachtask consistsof a mandatorysubtaskand an op-

tional subtask Themandatorysubtaskshouldbe completed
beforeits deadlinein orderto provide minimal quality of

service. The optional subtaskcan be executedbeforeits

deadlinein orderto enhancehe quality of serviceafterthe
completionof its correspondingnandatorysubtaskif there
areenoughresourcesn the systemthatarenot committed
to executemandatorysubtasksf othertasks. The execu-
tion of an optional subtaskis associatedvith errorin the
imprecisecomputatiormodelor rewardin the RIS model.
The longer the optional subtaskexecutes the smallerthe

error, or the higherthe reward. A typical schedulingob-

jectiveis to ensurethatthe mandatorypartsof all tasksare
completedby their deadlineswhile the total errors/revards
in the systemareminimized/maximizedThesemodelsad-

dressedeal-timeschedulingproblemwith QoSdegradation
issueswhile optimizing a system-wideperformancemea-
sure(erroror reward). However, the issueof fairnesswas
notaddresseth thesemodels.

Significant researchefforts have been madeto adapt
paclet fair schedulingalgorithmsto a wireless domain
taking care of the wireless channelerror characteristics
[15, 16, 17]. Thesepaclets,however, areassumedo have
nodeadlineconstraintsin addition,therehasbeenprevious
studyontheissueof temporalfairnessn periodicreal-time
scheduling. The notion of pfairnesswasintroducedin [3]
to minimizethelengthof time duringwhich ataskis denied
service.Thisfairnessotionenforceschedulingeachperi-
odictaskproportionalto its temporalproperty whichis the
ratio of its executiontime requiremento its period. A more
recentstudy [20] addressedeal-time schedulingproblem
takingfair degradatiorinto account.This studyusedafinite
range(window) to keeptrack of paclet lossesof multime-
dia streamsandemployed a schedulingpolicy that mainly
workedon the greatestiegradation(loss)first basis.While
afairnessssuewith deadlineconstraintasvasaddressedh
thesetwo studies,an optimizationissueof a system-wide
performancemeasuresuch as the systemthroughputwas
notconsideredogether

In this paper we addressthe schedulingproblem of
achieving fairnessamongreal-timeflowswith deadlinecon-
straintsaswell asmaximizingthethroughpubf all thereal-
time flows over a wirelessLAN. To achieve fairness,we
choosethe schedulingobjective of minimizing the maxi-
mum degreeof the degradedQoS amongall applications.
Simultaneously we try to maximize the overall system
throughput. We shaw that for the problemof throughput
maximizationalone,thereexists a simple online algorithm
thatachievesa performanceatio of two with respecto the
optimal. However, for the problemof achieving fairnesswe
shaw thatnoonlinealgorithmcanguarante@aboundedper
formanceratio with respecto the optimal. Thus,no online

algorithmcanensurea boundedperformanceatio for the
combinedobjectives. In contrastto the online scheduling
problemwith unpredictablechannelerrors,if all the errors
areassumedo beknown in advancewe show thatthereis a
polynomialtime offline schedulingalgorithmthatoptimally
achievesour schedulingpbjectives.

We thenstudyfour naturalonline algorithmsandevalu-
atetheir performanceusing simulations. The first two are
EDF (EarliestDeadlineFirst) and GDF (GreatestDegra-
dation First) that consideronly oneaspectf our schedul-
ing goal respectiely. EDF is naturally suited for maxi-
mizing throughputwhile GDF seekgo minimize the maxi-
mumdegradation.Thenext two arealgorithms calledEOG
(EDF or GDF) and LFF (Lagging Flows First), that con-
siderthe two aspectof our schedulinggoal. EOG simply
combinesEDF and GDF, wheread.FF tries to favor lag-
ging flows in a moresophisticatednanner Our simulation
resultsshav thatthe LFF is almostasgoodasthe EDF for
maximizingthe throughputandthatit is the bestfor mini-
mizing the maximumdegradation.

This paperis organizedasfollows. Section2 describes
our schedulingmodel,includingparameterandobjecties.
Section 3 provides theoretical results mentionedabove.
Section4 presentsthe four online schedulingalgorithms
andtheerrorhandlingmechanisnthatis usedby ouronline
algorithms. Section5 presentgthe comparatie evaluation
of the four online algorithmsbasedon simulationresults.
Section6 summarizeshe paperandidentifiesfuturework.

2 SchedulingModel
2.1 Real-Time Traffic Scheduling

We considerreal-time traffic as isochronous (or syn-
chronousitraffic that consistsof messagestreamshat are
generatedy their sourceson a continuingbasisanddeliv-
eredto their respectie destinationson a continuingbasis.
Suchtraffic includesperiodic and sporadicmessageshat
are characterizedby stringenttiming constraints.Periodic
pacletsaregenerate@tregulartime intervals,andsporadic
pacletsaregenerateatirregularintervals. Thetiming con-
straintof sucha messagés representedthy a deadlinethat
is theinstantof time by which its delivery is requiredto be
completed Thedeadlings saidto be hard if failureto meet
it is consideredhsa fatal fault. The deadlineis saidto be
softif it is undesirablego missit but a few missesof the
deadlinesaretolerable. We referto a messagetreamasa
flow andamessagénstanceasa paclet.

In this paper we will only considerthe schedulingof
periodic paclkets with soft deadlines. Examplesof such
pacletsincludeconstanbit-rate(CBR) digitized voiceand
videodatapaclets.We modelaperiodicsoftreal-timeflow,
fi, asthetuple (v;, D;,e;), 1 < ¢ < N. This meansthat



eachpacletof flow f; is generateavith a periodof v;, each
paclet mustbe deliveredto the destinatiorwithin D; units
of time from its generatioror arrival at the source;other
wise, the pacletis lost, anda pacletlossrateof upto e; is
acceptable.For simplicity, we assumehat all the paclets
of f; areof thesamesizeL.

2.2 Cellular WirelessNetwork Model

We consider schedulingsuch real-time flows over a
paclet-switchedwirelessnetwork that consistsof multiple
cells. Eachcell is assumedo consistof a basestation(BS)
andmultiple mobilehosts(MHSs). Eachflow is eitheranup-
link (from aMH to theBS) or adownlink (BSto MH). The
BS performsthe schedulingof real-timepaclet deliveries
usinga polling scheme . The sourceof eachflow f; should
notify the BS of atuple (v;, D;, e;) informationprior to be-
ing scheduled.Eachflow f; is associatedvith a channel,
ch;, which is in one of two states,namely error stateor
error-free statg at arny time instant. At the momentwhen
channekh; is in error state flow f; experiences channel
error. A pacletdeliveryof flow f; failsif theflow perceves
the channelerror at ary time instantduring the paclet de-
livery.

2.3 SchedulingPerformance Measure

We want to measureghe performanceof schedulingal-
gorithmsalongtwo dimensionsfrom the pointsof view of
thesystemandtheuser

Fromtheviewpoint of the systemjt would be desirable
to deliver as mary pacletsaspossibleover all flows. We
definethe systemthroughput, T, to be the fraction of
deliveredpacletsasfollows:

N
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Tsys — X:Z; (1)

N ’
Zi:1 M;

wherelet M; be the numberof pacletsthat flow f; was
supposedo deliver andlet M¢ be the numberof paclets
thatflow f; actuallysuccessfullydelivered.

From the viewpoint of the user eachuserwantsall pe-
riodic pacletsto be deliveredon time. However, unpre-
dictable wirelesschannelerrors may causethe userwith
real-timetraffic to receive degradedquality of servicedue
to pacletlosses.We definea variablecalled, the degrada-
tion value,e;, to representhe degreeof the degradationin
quality of service. In otherwords, the degradationvalue
is the distancebetweenthe desiredquality of serviceand
the quality of servicebeing sened. Each usernaturally
wantsto minimize ¢; for its f;. In orderto be fair to all
flows, we would like to minimize the maximumdegrada-
tion valueamongall theflows. Whene,,, .., is themaximum

degradationvalueamongall theflows, the smallere,, ., an
schedulingalgorithm generatesthe fairer we considerthe
algorithmis. We considera paclet lossrateasa QoS pa-
rameteranddefinethe degradationvaluee; for eachflow f;
to bethedistancebetweerits acceptablgacletlossratee;
andthe actualpacletlossrateasfollows:

a
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2.4 SchedulingObjective

In the presencef unpredictablerrors,the problemis to
determinewhich pacletsneedto be scheduledandin what
order so asto (a) minimize the maximumdegree of de-
gradedserviceamongall flows, and(b) maximizethe over-
all systemthroughputsubjectto (a). In otherwords, our
schedulingobjective is to determinethe smalleste,,, ., for
whichwe canensurghat M2 > [M;(1 — e; — €maz)] @and
maximize}" | Mg.

3 Theoretical Results

We now establishsometheoreticalresultsthat give an
insightinto thedifficulty of finding goodschedulegn pres-
enceof errors.We startwith somesimpleresultsconcerning
theworst-casédehaiour of onlinealgorithmsfor our prob-
lem. We measurahe performanceof ary online algorithm
in the competitve analysisframawork of Sleatorand Tar
jan[19]. We saythatan online algorithmis c-competitive
if onary inputsequencst is guaranteedb produceasolu-
tion thatis atleastl /c timesasgoodasanoptimalsolution.
Thusa1-competitive algorithmgivesessentiallyanoptimal
solutionitself.

Proposition1 For anyd > 0, theredoesnotexista (2 —4)-
competitiveonline algorithm for throughputmaximization
evenwhenthe systenrcontainsonly two hosts.

Proof. Considera systemwith only two hosts,eachone
having one paclet to transmitat sometime ¢, with dead-
line t + 2. If the online algorithm chooseghe first time
slot to scheduleM H,, an adwersarygenerategn errorin
time slot 2 for M H-, causingthe online algorithmto loose
its packet. On the otherhand,if the online algorithmfirst
scheduleghe paclet from M H,, the adwersarygenerates
anerrorfor M H, attimet + 1. In eithercaseanoptimal
algorithmcouldhave schedule@ paclets. This processan
berepeatedndefinitelyandthusthe propositionfollows. O

In fact, the lower boundabove is tight for throughput
maximization.

Proposition2 Thee exists a 2-competitiveonline algo-
rithm for throughputmaximization.



Proof. Considetthefollowing onlinealgorithm:atary time
t, scheduleary available packet from an errorfree mobile
host.Let Popr and Ppy denotethe setof pacletsthatare
scheduledby the optimal offline algorithmandthe online
algorithmrespectiely. Moreover, let P, = PoprNPon
andPyiss = Popr \ Pon. Considerapacletm € Pyy;ss
scheduledy the optimal at sometime ¢. Sincethe online
algorithmdid not schedulehis paclet, it mustbe the case
thatit scheduledsomeother paclet at time ¢. Therefore,
|Priss| < |Pon|. Puttingtogether |Popr| = |Pgotn| +
|Pariss| < 2% [Ponl. o

It fact,it is easyto seethatarny greedyonline algorithm
is 2-competitve for throughputmaximization. However,
oncewe take fairnessinto account,the situationbecomes
intractable.

Proposition3 For any ¢ > 1, there doesnot exists a c-
competitivealgorithm for minimizinge,,,, evenwhenthe
systentontainsonly two hosts.

Proof. Consideithesamescenaricasdescribedn the proof
of Propositionl. Assumethate; = e; = 0. Clearly, on

the input sequencealescribedthere, an optimal algorithm
achiavese,, .. = 0. On the other hand, sincethe online
algorithmcanbeforcedto misshalf thepaclets,atleastone
of the flows hasa degradationof 1/2. Thusfor ary online
algorithm, e, canbeforcedto be1/2. Theratio of these
two quantitiess unboundedindthe propositionfollows. O

Giventhedifficulty of the online caseevenfor the sim-
pler goal of throughputmaximization,a naturalquestiornto
askis if theproblemremainsntractablevhentheerrorsare
all known in advance(i.e.,anoffline setting).We next shav
thatthis caseis essentiallyequivalentto the maximumflow
problem,well-known to be solvable efficiently in polyno-
mial time (se€[1], for instance).

Theorem1 Thee is a polynomialtime offline algorithm
that determinesan optimal fair schedulewith maximum
throughput.

Proof. We will reduceour problemto the maximumflow
problem.Forary e > 0, let M = [M;(1 — e; — €)] where
1 < i < N. Roughlyspeakinga scheduleis saidto be
an (e, a)-scheduleif (i) it schedulesitleastMy pacletsfor
eachflow 4, and(ii) it sendsatleast(z:?;1 Mg¢)+a paclets
overall. Our goalis to determinea pair (¢*, a*) suchthat
(i) for any ¢ > €* theredoesnot exist an (¢, 0)-schedule,
and (i) for any @ > «*, theredoesnot exist an (e*, a)-
schedule.We will constructan instanceof the maximum
flow problemfor every candidatepair (e, @) andoutputthe
solutioncorrespondingo the bestsuchpair found.

LetT denotezf\;1 M;, thetotalnumberof paclets. It is
easyto verify thatthereareonly O(log T') candidatepairs

needto be considered.We first usebinary searchover the
set{1/T,2/T,...,1} toidentify thesmallesk for whichan
(e,0)-schedulexists. Thenanothetbinarysearctontheset
{1,2,..., T} determineghe largesta for which this sched-
ule staysfeasible. Thusfrom hereon, we assumewithout
lossof generalitythatwe know the optimal valuesof € and
.

We constructa directedgraphG = (V, E) asfollows.
The vertex setof G' containstwo specialvertices,namely
a sources andasink ¢, verticesss, ..., sy for eachof the
N flows, a vertex w, verticesuy, ..., u, correspondingo
the paclets generatedby the various flows, and vertices
v1, ....., v correspondingo the varioustime slotsthatare
availablefor schedulingpaclets. Thereis a directededge
from a vertex u; to avertex v; if the packet corresponding
to u; couldbescheduledatthe jth time slot (i.e., thecorre-
spondinglow is in goodstateandthedeadlineof the paclet
hasnotyet expired). Thereis anedgefrom ary vertex s; to
avertex u; if u; correspondso the pacletgeneratedby the
ith flow. Thereare edgesfrom eachvertex v; to the ver
tex t. All edgesdescribedhusfar have a capacityof 1 on
eachedge. Finally, thereare edgesfrom the sourcevertex
s to eachof the s;’s aswell asto thevertex w. The vertex
w IS connectedo eachu;’s by anedgeof capacityl. The
directededge(s, s;) hascapacityequalto M andtheedge
(s, w) hascapacityequalto a.

It is now an easyconsequencef our constructionthat
thereexists an s-t flow of valuer;1 M¢ + « if andonly
if thereexistsan (e, a)-schedule. m|

4 Online SchedulingAlgorithms

This sectionpresentnline schedulingalgorithmsand
considerghe issueof handlingwirelesschannelerrorsin
the context of real-timepaclet scheduling.

4.1 Online SchedulingAlgorithms

We will denoteby p¥ the kth paclet of a flow f;. Each
paclet p¥ is associatedwith an arrival (generation)time
A(pF), atwhich it is readyto be transmitted. Sinceeach
flow f; is periodic, A(pf) = A(p*™) + v;. Eachpaclet
p¥ is alsoassociateavith a deadlined(p¥), beyond which
p¥ cannotbe scheduledor transmission.d(p?) is simply
updatedsuchthatd(p¥) = A(p¥) + D;. A pacletis auto-
matically dropped(lost) whenits deadlineexpires(i.e., p¥
is droppedatd(p})).

The schedulinggoal of our schedulingmodelis to min-
iIMizZe €50, andto maximizeTs,s subjectto the minimum
e€maz- Underonline scheduling however, it is not feasible
to maximizeT,y, afterfinding the minimume,,,,. Hence,



we slightly modify our schedulinggoalfor online schedul-
ing algorithmssuchthat our goal is (1) to minimize €45

and(2) to maximizeT,, simultaneouslyWe considerthe
following online schedulingalgorithmsin orderto achiese
our schedulinggoal.

4.1.1 Earliest DeadlineFirst (EDF)

At ary schedulinglecisiontime, thepacketwith theearliest
deadlineis scheduledin otherwords,attime ¢, apacletp?

is scheduledf A(p¥) < t < d(p¥) andd(p¥) is the mini-

mumamongall thepaclets. Tiesarebrokenrandomly This
algorithmis known to provide themaximumoverall system
throughputwhenthereis no channelerror. However, since
this algorithmmay stane someflows, it is not expectedto

performwell in minimizing €, 4 -

4.1.2 GreatestDegradation First (GDF)

At ary schedulingdecisiontime, a paclet belongingto the
flow with the greatestdegradationvalueis scheduled. At
time t, apacletp} is scheduledf A(pf) <t < d(pf) and
€; = €maz- Ti€sarebrokenrandomly Intuitively, this algo-
rithm is expectedo resultin minimizing €,,,4,.. However, it
is not suitablefor maximizingthe overall systemthrough-
put. For instancewe have two paclets,p¥ andp®’, attime

t suchthatd(pf) = ¢t + 1 andd(pt') = ¢ + 2. We can
schedulethe two pacletsif p! is scheduledat ¢ andp;?' is
scheduleditt + 1. If €; > ¢;, this aIgorithmscheduIe$§'

att. Then,it hasno pacletto scheduleatt + 1 sincep? is
droppedatt + 1.

4.1.3 EDF or GDF (EOG)

The EDF andthe GDF areexpectedo performwell in one
aspectof our schedulinggoal respectiely. However, they
are not suitableto achieve simultaneouslythe two aspects
of our schedulinggoal. Thus, we considera hybrid algo-
rithm that attemptgo combinepositive aspectof the EDF
andthe GDF in expectationof performingwell in the both
aspectof our schedulinggoal. At ary schedulingdecision
time, if thereis apacletwhosedeadlinesxpiressoon,pack-
ets are scheduledon the EDF basis. Otherwise,paclets
are scheduledon the GDF basis. At time ¢, if thereis a
pacletp! satisfyingboth A(pF) < t andd(pf) =t + 1, p¥
is scheduled.Otherwise,it choosesa paclet p! satisfying
A(pF) <t < d(pF) andande; = epmqz. Sincethis algo-
rithm is a hybrid of the EDF andthe GDF, it is expectedo
provide anaverageperformancef the both.

4.1.4 Lagging Flows First (LFF)

In additionto the EOG algorithm,we consideranotheral-
gorithmthat simultaneouslytakesinto accountthe two as-

pectsof ourschedulinggoal. Thisalgorithmusesamorere-
finedapproachhantheEOG,andwe shaw thatit dominates
EOGin bothmeasuresThebasicideaof thealgorithmisto
resenetime slotsfor pacletsto thelatestpossiblegime sub-
jectto meetingtheir deadlinesn a decreasingrderof flow
degradationvalues. Whena flow f; is saidto be lagging
if its paclet lossrateis above its acceptabldossratee;,
this algorithmsmalkes resenationsfrom the mostlagging
flow to the leastlagging flow. This ideaof schedulingin
thelatest-ready-time-firgtrderusingin somepriority order
otherthan deadlineis known to have a good performance
undermultiple schedulingconstraints.

This schedulingalgorithm consistsof two parts: (1)
whenanew pacletis generatedr becomeswvailableto be
scheduledthis algorithmresenesatime slot for the paclet
if possibleand maintainsa resenation list, and (2) at ary
schedulingdecisiontime, this algorithmschedules paclet
accordingto theresenationlist.

The priority in the resenation is a flow degradation
value, favoring paclets belongingto more lagging flows.
A time slot is resened for a new paclket suchthat no time
slot betweenthe time slot and the deadlineof the new
pacletis resenedfor anothemaclet thatbelongsto a less
lagging flow than the new paclet's flow. To find sucha
time slot, this algorithm performsa searchprocessfrom
the new paclet’s deadlineto the currenttime looking for
anemptytime slot or anoccupiedtime slot thatis resened
for a paclet belongingto a lesslaggingflow thanthe nen
paclet’s flow. Whenthis searchprocessreacheshe cur
renttime withoutfinding suchatime slot,notime slotis re-
senedfor thenew pacletandthenew pacletis notincluded
in theresenationlist. It if findsany emptyslot, theslotis
resenedfor thenew paclet. If it findsatime slotassociated
with alesslaggingflow duringthe searcharesenationas-
sociatedwith the time slot is canceledandthe time slotis
newly resenedfor thenew packet. Whenanexisting reser
vationcanceledo yield atime slot for the new resenation,
thesearctprocessontinuesintil it reacheshecurrenttime
looking for a new room for the paclet associatedvith the
canceledesenation. Whenthe searchprocesss done,the
paclet associatedvith the last canceledresenation is ex-
cludedfrom theresenationlist. At ary schedulingdecision
time, apacletthatis giventhe earliestresenationtime slot
is scheduled.

Figure 1 presentghe outline of the algorithm. Pr o-
cedure ReserveTi neSl ot For Packet istoresene
a time slot for a new paclet, and Functi on Sched-
ul ePacket is to schedulea packet whose resenation
time slot is the earliestin the resenation list. The sched-
uler maintainsanone-dimensionarray R representinghe
resenationlist. R[z] containsthe paclet p} for which the
zth time slotis resernedor NULL if the zth time slotis not
resenedfor ary paclet. We alsoconsidera queue@ con-



Procedure ResereTimeSlotForPacket(pacletp) {

[* Thisprocedureaesenesatime slotfor pacletp if possibler/
I* Let R bethearrayrepresentingheresenationlist */
[* Let @ bethe queueof pacletsfor whichtime slotsarenot resened*/

d = GetDeadlineg);

while (d > 0) {
if (R[d] = NULL) {
R[d] = p; return;

else if (p.e > R[d).€) {
Swep(p, R[d));

[* if time slotd is notresenedfor any paclet*/
[* timeslotd is resenedfor pacletp */

* p.e - degradatiorvalueof p*/
[* p takestime slotd, and*/

* theold paclet R[d] needdo look for anotheravailabletime slot*/

d=d-1,
}
InsertQueudd, p);

}

Function ScheduleBcket() {

/* This functionreturnsa paclketthatis scheduled/

/* notime slotis resenedfor p, andp is insertednto queue@ */

inti =1,

while(R[i] = NULL) i++;

p=R[i];  /* R[i]ischoserto bescheduledn thenext time slot*/

R = AdjustArrayPointel R); I* Ris adjustedsuchthat R[i] = R[i + 1] */
return p;

Figure 1. The LFF algorithm

taining pacletsfor whichtime slotsarenotresened. When
apacletp¥ is generatedthe algorithmdecideswvhetheror
notthe paclket canbe insertedinto R. The scheduletooks
for atime slot thatis not resenedyet or is resenedto an-
otherpacl»etp;?' suchthate; < ¢; from its deadlineto cur-
renttime. If the schedulefinds an emptytime slot u, the
slot u is assignedo the paclet p¥. If the scheduleffinds
atime slot v resenedfor the pacletpg?' suchthate; < e;,
thetime slot v is newly resenedfor the paclet p} andthe
schedulestartsanothersearchirom thetime slotv down to
thecurrenttime slotin orderto reserne anothettime slotfor
thepacletpf'. If theschedulefindsnotime slotduringthe

searchthepacletp? orp;?' is insertednto thequeueR. At
eachtime t, the pacletthatis resenedthe earliesttime slot
in R is scheduled.

Sincethis algorithmtakesinto consideratiorthe dead-
lines and the degradationvaluesof the flows simultane-
ously it is expectedto performwell in the two aspectof
our schedulinggoal.

4.1.5 Exampleof Online Scheduling

We presenfa schedulingexampleof the algorithmsthatwe
consider Assumetherearefour pacletsto be scheduledat
timet asshavn in Tablel. Theschedulegeneratedby the
algorithmsareshawn in Table2. For example,EDF would
schedulep; ,p» or p3 attime ¢ + 1. While EDF, EOG, and
LFF schedulghreepacletsin thisexample, GDF schedules
only two paclets. Paclket p» associatedvith ¢,,,, maynot
be scheduledy EDF, while it is scheduledy the otheral-
gorithms.While GDF scheduleshemosttwo laggingpack-
ets,LFF scheduleshe mostthreelaggingpaclets.

Packetp; | d(p:) | e
i | t+2 004
D t+210.10
D3 t+2 [ 0.01
pa | £+3]007

Table 1. Packets in Example



Algorithm t+1 t+2 t+3
EDF p1lpalps | pilpalps Da
GDF p2 P4
EOG D2 p1/p3 D4
LFF Y4l P2 Pa

Table 2. Schedules in Example

4.2 WirelessErr or Handling

The presencef errorsraisesthe issueof how to handle
the situationwherea paclet was scheduledput its deliv-
ery failed dueto a channelerror. This sectionpresentsa
wirelesserrorhandlingmechanisnthatcanbe usedby ary
onlineschedulingalgorithm.

In handlingsucha pacletthatexperiencedan error, one
way is to dropthe paclketandtheotherway s to reschedule
the paclet at sometime later The paclet drop would not
be goodif the paclet canbe rescheduledor a successful
transmissiomater Consideringheburstynatureof wireless
channekerrors,reschedulinghe packetimmediatelywould
not be goodeither It is desirableto delayingrescheduling
thepacletto sometimdatersuchthatit canescapenerror
burstandcanbe deliveredontime. Sinceerrorsareunpre-
dictable,however, it is not clearhow long reschedulinghe
paclet shouldbe delayed. We call this reschedulinglelay
badoff time

Thebacloff time, b;, of eachflow f; needgo bedefined
long enoughto escapea potential bursty error and short
enoughfor the paclet to be scheduledorior to the expira-
tion of its deadline Whena pacletp? experiencedanerror,
we defineb; asfollows:

bi = (t + d(p}))/2, 3)

wheret is the currenttime, andd(p¥) is the deadlineof a
pacletthatexperienced failed delivery.

Initially b; = 0, we assumehatall flows have initially
errorfreechannelsThen,b; is usedasanestimationof the
statusof channeleh;. A pacletof flow f; is consideredo
beschedulemnly if b; < ¢, whichmeanghatits channels
predictedo beerrorfreeatthattime.

5 Simulation Results

This sectionevaluatesthe performanceof the four al-
gorithmsbasedon simulationsover the IEEE 802.11PCF
(PointCoordinator~unction)protocol. Underthe PCFpro-
tocol[12], thepointcoordinato(PC)thatresidesn thebase
stationcontrolspaclettransferaisingapolling schemealur-
ing contentionfree periods(CFPs).The IEEE 802.11stan-
dard describeda round-robinalgorithm as a basicpolling

schedulingechnique We simulatedthe four algorithmsas
a polling schedulingalgorithm insteadof the round-robin
algorithmrespectrely. Thestandardiescribedeachmobile
hostsenda basestationan associatiorrequesimessageo
get associatedvith the basestation. This associatiorre-
guestmessageontainsa capabilityfield including PCFre-
lated information suchas whetherthe mobile hostis able
to responseo polling and whetherthe mobile hostwants
to be polledduring CFPs.Underthe standardprotocol,the
capabilityfield doesnot containthe real-timeflow charac-
teristicsof the mobile host. However, we assumehat the
mobile hostcanpassts real-timeflow characteristic$o the
PC throughthe capability field of the associatiorrequest
messageand then the PC can use the characteristicgor
schedulingHence real-timeschedulingalgorithmssuchas
the four algorithmscanbe usedin the PCF protocol with
oneminor changeto the standargrotocol.

5.1 Simulation Environment

All the simulationsweredonein ns, whichis adiscrete
eventsimulatordevelopedby the VINT projectat the Uni-
versity of Californiaat Berkeley [10]. The CMU Monarch
extensiong4] addedwirelessandmobility supportsto ns,
includinga CSMA/CA mediumaccessnechanisndefined
in IEEE 802.11. We addedthe 802.11point coordination
function(PCF)protocolto ns, in orderto simulateschedul-
ing algorithmsoverthe PCFprotocol. We alsoaddeda fea-
tureto aMAC layersothatit dropsa periodicpacketwhen
the deadlineof the paclet expires, which is not definedin
the|[EEE 802.11.

The capacityof thewirelessmediumis 11 Mbpsfollow-
ing theIEEE 802.11b ThemaximumCFP(contention-free
period) durationis 49 msec,and the minimum CP (con-
tentionperiod)durationis 2 msec.Eachsimulationtime is
60 seconds.

To model unpredictablelocation-dependenbursty er-
rors, we usedthe following error model. For eachchannel
ch;, we createdblackout period wf wherel < k < K.
Channekh; is in errorstateatary time instantduringeach
blackout periodwf. Any paclet delivery of flow f; con-
sideredto be failed if the durationof the delivery is over
lappedwith ary blackout periodw¥. Sinceeachflow f;
hasits own blackout periodw?, this captureghe location-
dependentharacteristicef theerrors.Thedurationof each
w¥ is uniformly choserin [2.5, 15] msecto represenbursty
errors.Theerrordurationrateis theratio of Zszl w¥ tothe
total simulationtime. In our simulationsthe errorduration
ratiorangesrrom 0.0to 0.4 increasingoy 0.05.

Simulationshave beenperformedto evaluatethe per
formancesof EDF, GDF, EOG, and LFF schedulingalgo-
rithms. The numberof flows usedin our simulationsand
its correspondingfferedloadareshovnin Table3. Forin-



stancetheofferedloadof 6 flows correspondo the45%of
the channelbandwidth. Eachworkload have four different
flow combinationsuchthateachcombinatiorhasthesame
correspondingfferedload. Assumingthat eachpaclet of
fi hasthe samelengthof 1460bytes,we fill out the tuple
(vi, Dj, e;) informationof eachflow f; in orderto roughly
modela multimediaapplicationrequiring512 kbpsasfol-
lows: if i < 6, v; is 20 msec;otherwisep; is 15 msec,if 4
is4,8,0r 12, D; is 15 msec;otherwise,D; is 10 msec,and
e;isix 0.01.

Numberof Flows 6 9 12 15
OfferedLoad 45% | 60% | 95% | 120%

Table 3. Workload in Simulation

5.2 Simulation Results

Figure2 shavsthe performancesf thefour onlinealgo-
rithmsin termsof maximizingthe systemthroughput T,
which is one aspectof our schedulinggoal. We can see
thatEDF is still thebestin maximizingthe systenthrough-
put evenwith errors,amongthe four algorithms. The fig-
ure alsoshaws that LFF providesalmostthe samesystem
throughputasEDF. As expected,GDF is the worstin this
performanceneasure.
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Figure 3 plots the performancesof the algorithms
in terms of minimizing the maximum degradationvalue
amongall flows, €,,.., Which is the other aspectof our
schedulinggoal. Even though GDF is focusedon mini-
mizing €42, LFF performsbetterthan GDFE We believe
thatthis phenomenoranbe explainedby thefactthatLFF
achieveshigherthroughputhanGDF As onemightexpect,
EDF performspoorly in comparisorto all otheralgorithms.
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Figure 4. Maximum of |e; — €]

In Figure 4, we measurethe performancesf the al-
gorithmsin termsof minimizing the maximumdifference
amongthe degradatiorvaluesof all flows, max; ; [e; — €;].
This measurandicateshow equally eachschedulingalgo-
rithm minimizese; for all flows. ThefigureshavsthatGDF
providesthe smallestvalue of max; ; |e; — €;| amongthe
four algorithms. This meansthat GDF tries to minimize
¢; the mostequallyamongthe four algorithms. While we
capturefairnessby minimizing €,,,.,,, Onemay capturefair-
nessn anotheway, for instancepy equallyminimizinge;.
From the latter viewpoint of fairness GDF canbe consid-
eredasa fairerschedulingalgorithmthanall the others. It
is alsoshovn thatEDF performspoorly in anotherfairness
measure.



6 Conclusion

We studiedthe problemof schedulingpacletswith dead-
linesin wirelessnetwork with unpredictablehannekrrors.
We consideredschedulingobjectivesof achieving fairness
and maximizing the overall throughput. Fairnessis to en-
sure that the maximum degree of degradedQoS among
all real-timeflows is minimized. We shaved that no on-
line algorithmcanbe guaranteedo achieve a boundedper
formanceratio for fairnessobjectve. We then described
and comparedour online algorithms,namely EDF, GDF,
EOG, and LFF, using simulations. For the fairnessob-
jective, the algorithmsin decreasingrderof performance
areLFF, GDF, EOG,andEDFE. Whereasfor the maximum
throughputobjectie, the algorithmsin decreasingrderof
performanceare EDF, LFF, EOG, and GDF. ThusLFF is
thebestof thefour algorithmsfor simultaneoushachieving
both objectives. We alsoshovedthatthereis a polynomial
time offline algorithmthatdeterminesnoptimalfair sched-
ule with maximumthroughput.

In this paper we consideredhe caseof schedulingthe
samelength paclets. Due to the non-preemptie nature
of paclet transmissionthe problemof achieving the two
aspectf our schedulinggoal effectively in the presence
of variable length paclets is quite difficult, and we are
presentlystudyingthe problem.We arealsostudyingother
measuresf fairnesssuchasmax-minfairness.
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