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Abstract

Unpredictablewirelesschannelerrors maycauseappli-
cationswith real-timetraffic to receivedegradedquality of
servicesdueto packetlosses.In thepresenceof such errors,
a challengingproblemis howto schedulepacketsto achieve
fairnessamongreal-timeflowsand to maximizethe over-
all systemthroughputsimultaneously. We capture fairness
byminimizingthemaximumdegradationin serviceoverall
flows. In this paper, weshowthat no onlinealgorithmcan
guaranteea boundedperformanceratio with respectto the
optimal algorithm. We thencompare four different online
algorithmsand evaluatethemusingsimulations.Thefirst
two are EDF (Earliest DeadlineFirst) and GDF (Great-
estDegradationFirst) that consideronly oneaspectof our
schedulinggoal respectively. EDF is naturally suitedfor
maximizingthroughputwhile GDF seeksto minimizethe
maximumdegradation.Thenext twoare algorithms,called
EOG(EDF or GDF) andLFF (Lagging FlowsFirst), that
considerthetwo aspectsof our schedulinggoal. EOGsim-
ply combinesEDF and GDF, whereasLFF tries to favor
lagging flows in a non-trivial manner. Our simulationre-
sultsshowthat LFF is almostasgoodasEDF in maximiz-
ing thethroughputandalsois betterthanGDF in minimiz-
ing the maximumdegradation. Finally, we also showthat
thereis anoptimalpolynomialtimealgorithmfor theoffline
versionof theproblem.

1 Intr oduction

Wirelesscommunicationtechnologyhas gainedwide-
spreadacceptancein recentyears. The IEEE 802.11stan-
dard[12] hasled wirelesslocal areanetworks(LANs) into
greateruse. To provide bandwidthbeyond the original 2�

This researchwas supportedin part by NSF CCR-9988409,NSF
CISE-9703220,ARO DAAG55-98-1-0393,ARO DAAG55-98-1-0466,
andONR N00014-97-1-0505(MURI).

Mbps,theIEEE802.11a[13] and802.11b[14] supplements
increasethe bandwidthto 45 Mbps and11 Mbps, respec-
tively. With suchhigh bandwidth,thedemandfor support-
ing multiple time-sensitive high-bandwidthtraffic applica-
tions,suchasvideo-ondemandandinteractivemultimedia,
in wirelessLANs hasbeenincreasing.Thus,it is important
to provide fair bandwidthallocationto multiple real-time
traffics in a wirelessLAN.

Many real-time packet scheduling and fair packet
schedulingalgorithmshave beendevelopedfor wired net-
works. However, it is not clearhow well thesealgorithms
work for wirelessnetworks,sincewirelesschannelsaresub-
ject to unpredictablelocation-dependentandburstyerrors.
In thepresenceof suchunpredictableerrors,real-timetraf-
fic applicationscannot fully utilize channelbandwidthas-
signedto them. A real-time traffic applicationmay fail
to sendor receive someof its real-time packets in time
due to channelerrors. When experiencingpacket losses
abovesomespecifiedthresholds,theapplicationundergoes
degradedquality of service(QoS). In this paper, we in-
vestigatethe problemof fair schedulingof real-timepack-
etswith deadlineconstraintsover wirelessLAN, aimingat
bothachieving fair degradationandmaximizingthesystem
throughput.

Therehasbeenpreviouswork onproviding QoSguaran-
teesover wirelesslinks usingcall admissionandschedul-
ing [5, 6, 8]. While this previouswork focusedon provid-
ing serviceguarantees,it did not considerthe issueof fair-
nessor degradation. Several approacheshave beenintro-
ducedto dealwith real-timetaskschedulingproblemcon-
sideringdegradedQoSin an overloadsituation,wherethe
systemcannotmeetthe deadlinesof all tasks. The notion
of �����
	�� -firm deadlineswas introducedin [11] to repre-
sentlessstringentguaranteesfor temporalconstraints.In
the �����
	�� -firm deadlinesmodel,it is adequateto meetthe
deadlineconstraintsof � outof any 	 consecutiveinstances
of a taskin the overloadcondition. The imprecisecompu-
tation [7, 18] and IRIS (IncreasedReward with Increased
Service)[9, 2] modelswereproposedto provide minimal



quality of servicein theoverloadcondition. In thesemod-
els, eachtaskconsistsof a mandatorysubtaskandan op-
tionalsubtask.Themandatorysubtaskshouldbecompleted
beforeits deadlinein order to provide minimal quality of
service. The optional subtaskcan be executedbeforeits
deadlinein orderto enhancethequality of serviceafterthe
completionof its correspondingmandatorysubtaskif there
areenoughresourcesin thesystemthatarenot committed
to executemandatorysubtasksof other tasks. The execu-
tion of an optional subtaskis associatedwith error in the
imprecisecomputationmodelor rewardin theIRIS model.
The longer the optional subtaskexecutes,the smaller the
error, or the higher the reward. A typical schedulingob-
jective is to ensurethat themandatorypartsof all tasksare
completedby their deadlineswhile thetotal errors/rewards
in thesystemareminimized/maximized.Thesemodelsad-
dressedreal-timeschedulingproblemwith QoSdegradation
issueswhile optimizing a system-wideperformancemea-
sure(error or reward). However, the issueof fairnesswas
notaddressedin thesemodels.

Significant researchefforts have been made to adapt
packet fair schedulingalgorithms to a wireless domain
taking care of the wireless channelerror characteristics
[15, 16, 17]. Thesepackets,however, areassumedto have
nodeadlineconstraints.In addition,therehasbeenprevious
studyon theissueof temporalfairnessin periodicreal-time
scheduling.The notion of pfairnesswasintroducedin [3]
to minimizethelengthof timeduringwhichataskis denied
service.This fairnessnotionenforcesschedulingeachperi-
odic taskproportionalto its temporalproperty, which is the
ratioof its executiontimerequirementto its period.A more
recentstudy [20] addressedreal-timeschedulingproblem
takingfair degradationinto account.Thisstudyusedafinite
range(window) to keeptrackof packet lossesof multime-
dia streamsandemployeda schedulingpolicy that mainly
workedon thegreatestdegradation(loss)first basis.While
a fairnessissuewith deadlineconstraintswasaddressedin
thesetwo studies,an optimizationissueof a system-wide
performancemeasuresuchas the systemthroughputwas
notconsideredtogether.

In this paper, we addressthe schedulingproblem of
achievingfairnessamongreal-timeflowswith deadlinecon-
straintsaswell asmaximizingthethroughputof all thereal-
time flows over a wirelessLAN. To achieve fairness,we
choosethe schedulingobjective of minimizing the maxi-
mum degreeof the degradedQoSamongall applications.
Simultaneously, we try to maximize the overall system
throughput. We show that for the problemof throughput
maximizationalone,thereexistsa simpleonlinealgorithm
thatachievesa performanceratioof two with respectto the
optimal.However, for theproblemof achievingfairness,we
show thatnoonlinealgorithmcanguaranteeaboundedper-
formanceratio with respectto theoptimal. Thus,no online

algorithmcanensurea boundedperformanceratio for the
combinedobjectives. In contrastto the online scheduling
problemwith unpredictablechannelerrors,if all theerrors
areassumedto beknown in advance,weshow thatthereis a
polynomialtimeoffline schedulingalgorithmthatoptimally
achievesour schedulingobjectives.

We thenstudyfour naturalonlinealgorithmsandevalu-
atetheir performanceusingsimulations.The first two are
EDF (EarliestDeadlineFirst) and GDF (GreatestDegra-
dationFirst) that consideronly oneaspectof our schedul-
ing goal respectively. EDF is naturally suited for maxi-
mizing throughputwhile GDF seeksto minimizethemaxi-
mumdegradation.Thenext two arealgorithms,calledEOG
(EDF or GDF) and LFF (Lagging Flows First), that con-
siderthe two aspectsof our schedulinggoal. EOGsimply
combinesEDF andGDF, whereasLFF tries to favor lag-
ging flows in a moresophisticatedmanner. Our simulation
resultsshow that theLFF is almostasgoodastheEDF for
maximizingthe throughputandthat it is thebestfor mini-
mizing themaximumdegradation.

This paperis organizedasfollows. Section2 describes
ourschedulingmodel,includingparametersandobjectives.
Section 3 provides theoretical results mentionedabove.
Section4 presentsthe four online schedulingalgorithms
andtheerrorhandlingmechanismthatis usedby ouronline
algorithms. Section5 presentsthe comparative evaluation
of the four online algorithmsbasedon simulationresults.
Section6 summarizesthepaperandidentifiesfuturework.

2 SchedulingModel

2.1 Real-Time Traffic Scheduling

We considerreal-time traffic as isochronous (or syn-
chronous)traffic that consistsof messagestreamsthat are
generatedby their sourceson a continuingbasisanddeliv-
eredto their respective destinationson a continuingbasis.
Suchtraffic includesperiodic and sporadicmessagesthat
arecharacterizedby stringenttiming constraints.Periodic
packetsaregeneratedatregulartimeintervals,andsporadic
packetsaregeneratedat irregularintervals.Thetiming con-
straintof sucha messageis representedby a deadlinethat
is theinstantof time by which its delivery is requiredto be
completed.Thedeadlineis saidto behard if failureto meet
it is consideredasa fatal fault. The deadlineis saidto be
soft if it is undesirableto miss it but a few missesof the
deadlinesaretolerable.We refer to a messagestreamasa
flow andamessageinstanceasa packet.

In this paper, we will only considerthe schedulingof
periodic packets with soft deadlines. Examplesof such
packetsincludeconstantbit-rate(CBR) digitizedvoiceand
videodatapackets.Wemodelaperiodicsoftreal-timeflow,
��

, as the tuple ( � � �
� � ��� � ), ��������� . This meansthat
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eachpacketof flow

��

is generatedwith aperiodof � � , each
packet mustbedeliveredto thedestinationwithin � � units
of time from its generationor arrival at the source;other-
wise,thepacket is lost, anda packet lossrateof up to � � is
acceptable.For simplicity, we assumethat all the packets
of

 �

areof thesamesize � .

2.2 Cellular Wir elessNetwork Model

We considerschedulingsuch real-time flows over a
packet-switchedwirelessnetwork that consistsof multiple
cells.Eachcell is assumedto consistof a basestation(BS)
andmultiplemobilehosts(MHs). Eachflow is eitheranup-
link (from aMH to theBS) or adownlink (BSto MH). The
BS performsthe schedulingof real-timepacket deliveries
usinga polling scheme.Thesourceof eachflow


��
should

notify theBSof a tuple( � � ��� � �
� � ) informationprior to be-
ing scheduled.Eachflow


��
is associatedwith a channel,��� � , which is in one of two states,namely, error stateor

error-freestate, at any time instant. At the momentwhen
channel��� � is in errorstate,flow


��
experiencesa channel

error. A packetdeliveryof flow

 �

fails if theflow perceives
the channelerror at any time instantduring the packet de-
livery.

2.3 SchedulingPerformanceMeasure

We want to measurethe performanceof schedulingal-
gorithmsalongtwo dimensions:from thepointsof view of
thesystemandtheuser.

Fromtheviewpoint of thesystem,it would bedesirable
to deliver asmany packetsaspossibleover all flows. We
definethe systemthroughput,  "!$#�! , to be the fraction of
deliveredpacketsasfollows:

 !%#�!'&)(
*�,+.-"/10�

(
*�,+.-2/ � � (1)

wherelet / � be the numberof packets that flow

3�

was
supposedto deliver and let /10� be the numberof packets
thatflow


��
actuallysuccessfullydelivered.

From the viewpoint of the user, eachuserwantsall pe-
riodic packets to be deliveredon time. However, unpre-
dictablewirelesschannelerrorsmay causethe userwith
real-timetraffic to receive degradedquality of servicesdue
to packet losses.We definea variablecalled,the degrada-
tion value, 4 � , to representthedegreeof thedegradationin
quality of service. In other words, the degradationvalue
is the distancebetweenthe desiredquality of serviceand
the quality of servicebeing served. Each usernaturally
wantsto minimize 4 � for its


 �
. In order to be fair to all

flows, we would like to minimize the maximumdegrada-
tion valueamongall theflows. When 465 087 is themaximum

degradationvalueamongall theflows, thesmaller 465 087 an
schedulingalgorithmgenerates,the fairer we considerthe
algorithmis. We considera packet lossrateasa QoSpa-
rameteranddefinethedegradationvalue 4 � for eachflow


 �
to bethedistancebetweenits acceptablepacket lossrate � �
andtheactualpacket lossrateasfollows:

4 � & �:9 /10�/ � 9�� �<; (2)

2.4 SchedulingObjective

In thepresenceof unpredictableerrors,theproblemis to
determinewhichpacketsneedto bescheduled,andin what
order, so as to (a) minimize the maximumdegreeof de-
gradedserviceamongall flows,and(b) maximizetheover-
all systemthroughputsubjectto (a). In other words, our
schedulingobjective is to determinethe smallest4 5 087 for
which wecanensurethat /10�>=@? / � �%�A9B� � 9�4 5 087 �DC and
maximize (

*�E+.-F/10� .

3 Theoretical Results

We now establishsometheoreticalresultsthat give an
insightinto thedifficulty of findinggoodschedulesin pres-
enceof errors.Westartwith somesimpleresultsconcerning
theworst-casebehaviour of onlinealgorithmsfor ourprob-
lem. We measuretheperformanceof any onlinealgorithm
in the competitive analysisframework of SleatorandTar-
jan [19]. We saythat an onlinealgorithmis � -competitive
if onany inputsequence,it is guaranteedto produceasolu-
tion thatis at least �HG � timesasgoodasanoptimalsolution.
Thusa � -competitivealgorithmgivesessentiallyanoptimal
solutionitself.

Proposition1 For any IKJML , theredoesnotexista �ON29PI3� -
competitiveonline algorithm for throughputmaximization
evenwhenthesystemcontainsonly twohosts.

Proof. Considera systemwith only two hosts,eachone
having onepacket to transmitat sometime Q , with dead-
line Q'R1N . If the online algorithm choosesthe first time
slot to schedule/TS - , an adversarygeneratesan error in
time slot 2 for /TSVU , causingtheonlinealgorithmto loose
its packet. On the otherhand,if the online algorithmfirst
schedulesthe packet from /TS U , the adversarygenerates
anerror for /TS - at time QWRX� . In eithercase,anoptimal
algorithmcouldhavescheduledN packets.Thisprocesscan
berepeatedindefinitelyandthusthepropositionfollows. Y

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

Proposition2 There exists a N -competitiveonline algo-
rithm for throughputmaximization.
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Proof. Considerthefollowingonlinealgorithm:atany timeQ , scheduleany availablepacket from an error-freemobile
host.Let ZW[2\2] and Z.[ * denotethesetof packetsthatare
scheduledby the optimal offline algorithmandthe online
algorithmrespectively. Moreover, let ZW^W_<`ba = Z.[.\"]dcdZ.[ *
and ZWe � !%! & ZW[2\2]gf'Z.[ * . Considerapacket �ihjZWe � !%!
scheduledby the optimalat sometime Q . Sincethe online
algorithmdid not schedulethis packet, it mustbe thecase
that it scheduledsomeother packet at time Q . Therefore,k Z e � !%! k � k Z [ * k . Puttingtogether,

k Z [2\"] k & k Z ^l_<`ba k Rk Z e � !%! k �mN � k Z [ * k . Y
It fact, it is easyto seethatany greedyonlinealgorithm

is 2-competitive for throughputmaximization. However,
oncewe take fairnessinto account,the situationbecomes
intractable.

Proposition3 For any � = 1, there doesnot exists a � -
competitivealgorithm for minimizing 4 5 087 evenwhenthe
systemcontainsonly twohosts.

Proof. Considerthesamescenarioasdescribedin theproof
of Proposition1. Assumethat 4 - & 4 U & 0. Clearly, on
the input sequencedescribedthere,an optimal algorithm
achieves 465 087 & 0. On the other hand,sincethe online
algorithmcanbeforcedto misshalf thepackets,at leastone
of theflows hasa degradationof �HG3N . Thusfor any online
algorithm, 4
5 087 canbeforcedto be �HGnN . Theratioof these
two quantitiesis unboundedandthepropositionfollows. Y

Giventhedifficulty of theonlinecaseevenfor thesim-
pler goalof throughputmaximization,a naturalquestionto
askis if theproblemremainsintractablewhentheerrorsare
all known in advance(i.e.,anoffline setting).Wenext show
thatthiscaseis essentiallyequivalentto themaximumflow
problem,well-known to be solvableefficiently in polyno-
mial time (see[1], for instance).

Theorem1 There is a polynomial time offline algorithm
that determinesan optimal fair schedulewith maximum
throughput.

Proof. We will reduceour problemto the maximumflow
problem.For any 4AJML , let /1o� & ? / � �<�d9p� � 9p48�DC where�q�i�j�r� . Roughly speakinga scheduleis said to be
an �O4s��tl� -scheduleif (i) it schedulesat least / o� packetsfor
eachflow � , and(ii) it sendsat least � (

*�,+W-F/1o� ��Rut packets
overall. Our goal is to determinea pair �O48v3��twvx� suchthat
(i) for any 4>Jy4 v theredoesnot exist an �O4x�
Lz� -schedule,
and (ii) for any t{Jit v , theredoesnot exist an �O4 v �
tW� -
schedule.We will constructan instanceof the maximum
flow problemfor every candidatepair �b4s��tl� andoutputthe
solutioncorrespondingto thebestsuchpair found.

Let  denote(
*�E+.-"/ � , thetotalnumberof packets.It is

easyto verify that thereareonly |���}E~n�� �� candidatepairs

needto be considered.We first usebinary searchover the
set ���HG� A�
N�GH A� ;�;�; ���n� to identify thesmallest4 for whichan�b4s��L�� -scheduleexists.Thenanotherbinarysearchontheset�z�z�
N�� ;,;E; �< �� determinesthe largest t for which this sched-
ule staysfeasible. Thusfrom hereon, we assumewithout
lossof generalitythatwe know theoptimalvaluesof 4 andt .

We constructa directedgraph � & �O�����P� as follows.
The vertex setof � containstwo specialvertices,namely
a source� anda sink Q , vertices � - � ;E;,; �
� * for eachof the� flows, a vertex � , vertices � - � ;,;E; ����� correspondingto
the packets generatedby the various flows, and vertices� - � ;,;E;,;E; �<� ] correspondingto thevarioustime slotsthatare
availablefor schedulingpackets. Thereis a directededge
from a vertex � � to a vertex �s� if thepacket corresponding
to � � couldbescheduledat the � th time slot (i.e., thecorre-
spondingflow is in goodstateandthedeadlineof thepacket
hasnot yetexpired).Thereis anedgefrom any vertex � � to
avertex ��� if ��� correspondsto thepacketgeneratedby the� th flow. Thereareedgesfrom eachvertex �s� to the ver-
tex Q . All edgesdescribedthusfar have a capacityof � on
eachedge.Finally, thereareedgesfrom the sourcevertex� to eachof the � � ’s aswell asto thevertex � . Thevertex� is connectedto each� � ’s by an edgeof capacity � . The
directededge�O�z�
� � � hascapacityequalto /1o� andtheedge�O�z�<��� hascapacityequalto t .

It is now an easyconsequenceof our constructionthat
thereexistsan � - Q flow of value (

*�,+.-"/1o� R�t if andonly
if thereexistsan �b4s�
tW� -schedule. Y

4 Online SchedulingAlgorithms

This sectionpresentsonline schedulingalgorithmsand
considersthe issueof handlingwirelesschannelerrorsin
thecontext of real-timepacketscheduling.

4.1 Online SchedulingAlgorithms

We will denoteby ���� the 	 th packet of a flow

��

. Each
packet ���� is associatedwith an arrival (generation)time� ������ � , at which it is readyto be transmitted. Sinceeach
flow


 �
is periodic,

� ������ � & � ��� �s� -� ��R�� � . Eachpacket���� is alsoassociatedwith a deadline�������� � , beyondwhich���� cannotbe scheduledfor transmission. �������� � is simply
updatedsuchthat ����� �� � & � ��� �� �lR�� � . A packet is auto-
maticallydropped(lost) whenits deadlineexpires(i.e., ����
is droppedat �������� � ).

Theschedulinggoalof our schedulingmodelis to min-
imize 4 5 0�7 andto maximize  "!$#x! subjectto the minimum465 0�7 . Underonlinescheduling,however, it is not feasible
to maximize  !$#�! afterfinding theminimum 465 087 . Hence,
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we slightly modify our schedulinggoal for onlineschedul-
ing algorithmssuchthat our goal is (1) to minimize 465 087
and(2) to maximize  "!$#�! simultaneously. We considerthe
following onlineschedulingalgorithmsin orderto achieve
ourschedulinggoal.

4.1.1 Earliest DeadlineFirst (EDF)

At any schedulingdecisiontime,thepacketwith theearliest
deadlineis scheduled.In otherwords,at time Q , apacket ����
is scheduledif

� ������ � �¡QP¢£�������� � and �������� � is themini-
mumamongall thepackets.Tiesarebrokenrandomly. This
algorithmis known to providethemaximumoverallsystem
throughputwhenthereis no channelerror. However, since
this algorithmmaystarve someflows, it is not expectedto
performwell in minimizing 4
5 087 .
4.1.2 GreatestDegradation First (GDF)

At any schedulingdecisiontime, a packet belongingto the
flow with the greatestdegradationvalue is scheduled.At
time Q , a packet ���� is scheduledif

� ������ ���XQ¤¢¥�������� � and4 � & 465 087 . Tiesarebrokenrandomly. Intuitively, thisalgo-
rithm is expectedto resultin minimizing 465 087 . However, it
is not suitablefor maximizingthe overall systemthrough-
put. For instance,we have two packets,���� and ���8¦� , at timeQ suchthat �������� � & Q�R§� and ��������¦� � & Q�RTN . We can

schedulethe two packetsif ���� is scheduledat Q and ����¦� is

scheduledat Q.R¨� . If 4 � J¨4 � , this algorithmschedules���8¦�
at Q . Then,it hasno packet to scheduleat Q.RX� since���� is
droppedat Q2R�� .
4.1.3 EDF or GDF (EOG)

TheEDF andtheGDF areexpectedto performwell in one
aspectof our schedulinggoal respectively. However, they
arenot suitableto achieve simultaneouslythe two aspects
of our schedulinggoal. Thus,we considera hybrid algo-
rithm thatattemptsto combinepositive aspectsof theEDF
andtheGDF in expectationof performingwell in theboth
aspectsof our schedulinggoal. At any schedulingdecision
time,if thereis apacketwhosedeadlineexpiressoon,pack-
ets are scheduledon the EDF basis. Otherwise,packets
are scheduledon the GDF basis. At time Q , if thereis a
packet ���� satisfyingboth

� ������ �:��Q and �������� � & Q"R�� , ����
is scheduled.Otherwise,it choosesa packet ���� satisfying� ������ ���©Q�¢©�������� � andand 4 � & 465 0�7 . Sincethis algo-
rithm is a hybrid of theEDF andtheGDF, it is expectedto
provideanaverageperformanceof theboth.

4.1.4 Lagging FlowsFirst (LFF)

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

pectsof ourschedulinggoal.Thisalgorithmusesamorere-
finedapproachthantheEOG,andweshow thatit dominates
EOGin bothmeasures.Thebasicideaof thealgorithmis to
reservetimeslotsfor packetsto thelatestpossibletimesub-
ject to meetingtheir deadlinesin adecreasingorderof flow
degradationvalues. Whena flow


 �
is said to be lagging

if its packet loss rate is above its acceptableloss rate � � ,
this algorithmsmakesreservationsfrom the most lagging
flow to the leastlaggingflow. This ideaof schedulingin
thelatest-ready-time-firstorderusingin somepriority order
other thandeadlineis known to have a goodperformance
undermultipleschedulingconstraints.

This schedulingalgorithm consistsof two parts: (1)
whena new packet is generatedor becomesavailableto be
scheduled,thisalgorithmreservesa timeslot for thepacket
if possibleandmaintainsa reservation list, and(2) at any
schedulingdecisiontime, this algorithmschedulesa packet
accordingto thereservationlist.

The priority in the reservation is a flow degradation
value, favoring packets belongingto more lagging flows.
A time slot is reserved for a new packet suchthat no time
slot betweenthe time slot and the deadlineof the new
packet is reservedfor anotherpacket thatbelongsto a less
lagging flow than the new packet’s flow. To find sucha
time slot, this algorithm performsa searchprocessfrom
the new packet’s deadlineto the currenttime looking for
anemptytime slot or anoccupiedtime slot thatis reserved
for a packet belongingto a lesslaggingflow thanthe new
packet’s flow. When this searchprocessreachesthe cur-
renttimewithoutfindingsuchatimeslot,notimeslot is re-
servedfor thenew packetandthenew packetis notincluded
in the reservation list. It if findsany emptyslot, theslot is
reservedfor thenew packet. If it findsatimeslotassociated
with a lesslaggingflow duringthesearch,a reservationas-
sociatedwith the time slot is canceledandthe time slot is
newly reservedfor thenew packet. Whenanexisting reser-
vationcanceledto yield a time slot for thenew reservation,
thesearchprocesscontinuesuntil it reachesthecurrenttime
looking for a new room for the packet associatedwith the
canceledreservation. Whenthesearchprocessis done,the
packet associatedwith the last canceledreservation is ex-
cludedfrom thereservationlist. At any schedulingdecision
time,a packet thatis giventheearliestreservationtime slot
is scheduled.

Figure 1 presentsthe outline of the algorithm. Pro-
cedure ReserveTimeSlotForPacket is to reserve
a time slot for a new packet, and Function Sched-
ulePacket is to schedulea packet whose reservation
time slot is the earliestin the reservation list. The sched-
ulermaintainsanone-dimensionalarray ª representingthe
reservation list. ª�« ¬�­ containsthe packet ���� for which the¬ th time slot is reservedor NULL if the ¬ th time slot is not
reservedfor any packet. We alsoconsidera queue® con-
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Procedure ReserveTimeSlotForPacket(packetp) �
/* Thisprocedurereservesa time slot for packetp if possible*/
/* Let ª bethearrayrepresentingthereservationlist */
/* Let ® bethequeueof packetsfor which time slotsarenot reserved*/

� = GetDeadline(� );
while ( �KJ 0) �

if ( ª�« �3­ & NULL) � /* if timeslot � is not reservedfor any packet*/ª�« �3­ = � ; return; /* timeslot � is reservedfor packetp */�
else if (� ; 4¤J¯ª�« �3­ ; 4 ) � /* � ; 4 - degradationvalueof � */

Swap(� , ª�« �n­ ); /* � takestimeslot � , and*/
/* theold packet ª�« �3­ needsto look for anotheravailabletime slot */�� = � - 1;�

InsertQueue(® , � ); /* no time slot is reservedfor � , and� is insertedinto queue® */�
Function SchedulePacket() �

/* This functionreturnsa packet thatis scheduled*/
int � = 1;
while( ª�« �°­ & �p±²��� ) � ++;� = ªV« �°­ ; /* ª�« �°­ is chosento bescheduledin thenext timeslot */ª = AdjustArrayPointer( ª ); /* ª is adjustedsuchthat ª�« �°­ & ªV« ��R¨��­ */
return � ;�

Figure 1. The LFF algorithm

tainingpacketsfor which timeslotsarenot reserved.When
a packet ���� is generated,thealgorithmdecideswhetheror
not thepacket canbe insertedinto ª . Theschedulerlooks
for a time slot that is not reservedyet or is reservedto an-
otherpacket � �8¦� suchthat 4 � ¢X4 � from its deadlineto cur-
rent time. If the schedulerfinds an emptytime slot � , the
slot � is assignedto the packet ���� . If the schedulerfinds
a time slot � reservedfor thepacket ���8¦� suchthat 4<�³¢14 � ,
the time slot � is newly reservedfor the packet ���� andthe
schedulerstartsanothersearchfrom thetimeslot � down to
thecurrenttimeslot in orderto reserveanothertimeslot for
thepacket � �8¦� . If theschedulerfindsno timeslotduringthe

search,thepacket ���� or ���8¦� is insertedinto thequeue® . At
eachtime Q , thepacket thatis reservedtheearliesttimeslot
in ª is scheduled.

Sincethis algorithmtakes into considerationthe dead-
lines and the degradationvaluesof the flows simultane-
ously, it is expectedto performwell in the two aspectsof
ourschedulinggoal.

4.1.5 Exampleof Online Scheduling

We presenta schedulingexampleof thealgorithmsthatwe
consider. Assumetherearefour packetsto bescheduledat
time Q asshown in Table1. Theschedulesgeneratedby the
algorithmsareshown in Table2. For example,EDF would
schedule� - ,� U or ��´ at time QlR¥� . While EDF, EOG,and
LFF schedulethreepacketsin thisexample,GDFschedules
only two packets. Packet � U associatedwith 465 087 maynot
bescheduledby EDF, while it is scheduledby theotheral-
gorithms.While GDFschedulesthemosttwo laggingpack-
ets,LFF schedulesthemostthreelaggingpackets.

Packet � � ����� � � 4 �� - Q + 2 0.04� U Q + 2 0.10� ´ Q + 2 0.01��µ Q + 3 0.07

Table 1. Packets in Example
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Algorithm Q + 1 Q + 2 Q + 3
EDF � - /� U /� ´ � - /� U /� ´ � µ
GDF � U ��µ
EOG � U � - /� ´ � µ
LFF � - � U ��µ
Table 2. Schedules in Example

4.2 Wir elessErr or Handling

Thepresenceof errorsraisesthe issueof how to handle
the situationwherea packet was scheduled,but its deliv-
ery failed due to a channelerror. This sectionpresentsa
wirelesserrorhandlingmechanismthatcanbeusedby any
onlineschedulingalgorithm.

In handlingsucha packet thatexperiencedanerror, one
way is to dropthepacketandtheotherway is to reschedule
the packet at sometime later. The packet drop would not
be good if the packet canbe rescheduledfor a successful
transmissionlater. Consideringtheburstynatureof wireless
channelerrors,reschedulingthepacket immediatelywould
not begoodeither. It is desirableto delayingrescheduling
thepacket to sometimelatersuchthatit canescapeanerror
burstandcanbedeliveredon time. Sinceerrorsareunpre-
dictable,however, it is not clearhow long reschedulingthe
packet shouldbe delayed.We call this reschedulingdelay
backoff time.

Thebackoff time, ¶ � , of eachflow

��

needsto bedefined
long enoughto escapea potential bursty error and short
enoughfor the packet to be scheduledprior to the expira-
tion of its deadline.Whenapacket ���� experiencedanerror,
wedefine ¶ � asfollows:

¶ � & ��Q"R·����� �� �<�
G3N�� (3)

where Q is the currenttime, and �������� � is the deadlineof a
packet thatexperienceda faileddelivery.

Initially ¶ � & L , we assumethat all flows have initially
error-freechannels.Then, ¶ � is usedasanestimationof the
statusof channel��� � . A packet of flow


��
is consideredto

bescheduledonly if ¶ � ¢¯Q , whichmeansthatits channelis
predictedto beerror-freeat thattime.

5 Simulation Results

This sectionevaluatesthe performanceof the four al-
gorithmsbasedon simulationsover the IEEE 802.11PCF
(PointCoordinatorFunction)protocol.UnderthePCFpro-
tocol[12], thepointcoordinator(PC)thatresidesin thebase
stationcontrolspackettransfersusingapolling schemedur-
ing contentionfreeperiods(CFPs).TheIEEE 802.11stan-
darddescribeda round-robinalgorithmasa basicpolling

schedulingtechnique.We simulatedthefour algorithmsas
a polling schedulingalgorithm insteadof the round-robin
algorithmrespectively. Thestandarddescribedeachmobile
hostsenda basestationan associationrequestmessageto
get associatedwith the basestation. This associationre-
questmessagecontainsa capabilityfield includingPCFre-
lated informationsuchaswhetherthe mobile host is able
to responseto polling andwhetherthe mobile hostwants
to bepolledduringCFPs.Underthestandardprotocol,the
capabilityfield doesnot containthe real-timeflow charac-
teristicsof the mobile host. However, we assumethat the
mobilehostcanpassits real-timeflow characteristicsto the
PC throughthe capability field of the associationrequest
message,and then the PC can usethe characteristicsfor
scheduling.Hence,real-timeschedulingalgorithmssuchas
the four algorithmscanbe usedin the PCFprotocolwith
oneminor changeto thestandardprotocol.

5.1 Simulation Envir onment

All thesimulationsweredonein ¸2� , which is a discrete
eventsimulatordevelopedby theVINT projectat theUni-
versityof Californiaat Berkeley [10]. TheCMU Monarch
extensions[4] addedwirelessandmobility supportsto ¸2� ,
includinga CSMA/CA mediumaccessmechanismdefined
in IEEE 802.11. We addedthe 802.11point coordination
function(PCF)protocolto ¸2� , in orderto simulateschedul-
ing algorithmsover thePCFprotocol.We alsoaddeda fea-
tureto a MAC layersothatit dropsa periodicpacketwhen
the deadlineof the packet expires,which is not definedin
theIEEE 802.11.

Thecapacityof thewirelessmediumis 11Mbpsfollow-
ing theIEEE802.11b. ThemaximumCFP(contention-free
period) duration is 49 msec,and the minimum CP (con-
tentionperiod)durationis 2 msec.Eachsimulationtime is
60 seconds.

To model unpredictablelocation-dependentbursty er-
rors,we usedthe following errormodel. For eachchannel��� � , we createdblackout period ���� where �¯�¹	¡�rº .
Channel�x� � is in errorstateat any time instantduringeach
blackout period ���� . Any packet delivery of flow


3�
con-

sideredto be failed if the durationof the delivery is over-
lappedwith any blackout period ���� . Sinceeachflow


��
hasits own blackout period ���� , this capturesthe location-
dependentcharacteristicsof theerrors.Thedurationof each���� is uniformly chosenin [2.5,15] msecto representbursty
errors.Theerrordurationrateis theratioof (

»
� +.- � �� to the

total simulationtime. In our simulations,theerrorduration
ratio rangesfrom 0.0to 0.4 increasingby 0.05.

Simulationshave beenperformedto evaluatethe per-
formancesof EDF, GDF, EOG,andLFF schedulingalgo-
rithms. The numberof flows usedin our simulationsand
its correspondingofferedloadareshown in Table3. For in-
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stance,theofferedloadof 6 flowscorrespondsto the45%of
thechannelbandwidth.Eachworkloadhave four different
flow combinationssuchthateachcombinationhasthesame
correspondingofferedload. Assumingthateachpacket of
 �

hasthe samelengthof 1460bytes,we fill out the tuple
( � � ��� � �
� � ) informationof eachflow


 �
in orderto roughly

modela multimediaapplicationrequiring512kbpsasfol-
lows: if �¤� 6, � � is 20 msec;otherwise,� � is 15 msec,if �
is 4, 8, or 12, � � is 15 msec;otherwise,� � is 10 msec,and� � is �H¼ 0.01.

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

Table 3. Workload in Simulation

5.2 Simulation Results

Figure2 showstheperformancesof thefour onlinealgo-
rithmsin termsof maximizingthesystemthroughput, !$#�! ,
which is one aspectof our schedulinggoal. We can see
thatEDF is still thebestin maximizingthesystemthrough-
put even with errors,amongthe four algorithms. The fig-
ure alsoshows that LFF providesalmostthe samesystem
throughputasEDF. As expected,GDF is the worst in this
performancemeasure.
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Figure 2. System Throughput ( ( ¾¿EÀ�Á e�Â¿( ¾¿,ÀÃÁ e ¿ )
Figure 3 plots the performancesof the algorithms

in terms of minimizing the maximum degradationvalue
amongall flows, 4 5 087 , which is the other aspectof our
schedulinggoal. Even thoughGDF is focusedon mini-
mizing 4 5 0�7 , LFF performsbetterthan GDF. We believe
thatthisphenomenoncanbeexplainedby thefactthatLFF
achieveshigherthroughputthanGDF. As onemightexpect,
EDFperformspoorly in comparisonto all otheralgorithms.
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Figure 3. Maximum Degradation Value ( 465 0�7 )
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k 4 � 9B4 � k

In Figure 4, we measurethe performancesof the al-
gorithmsin termsof minimizing the maximumdifference
amongthedegradationvaluesof all flows, Æ�Ç3È �bÉ � k 4 � 9B4<� k .
This measureindicateshow equallyeachschedulingalgo-
rithm minimizes4 � for all flows. ThefigureshowsthatGDF
providesthe smallestvalueof ÆuÇ3È �bÉ � k 4 � 9m4<� k amongthe
four algorithms. This meansthat GDF tries to minimize4 � the mostequallyamongthe four algorithms. While we
capturefairnessby minimizing 4 5 087 , onemaycapturefair-
nessin anotherway, for instance,by equallyminimizing 4 � .
From the latter viewpoint of fairness,GDF canbe consid-
eredasa fairerschedulingalgorithmthanall theothers.It
is alsoshown thatEDF performspoorly in anotherfairness
measure.
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6 Conclusion

Westudiedtheproblemof schedulingpacketswith dead-
linesin wirelessnetwork with unpredictablechannelerrors.
We consideredschedulingobjectivesof achieving fairness
andmaximizingthe overall throughput.Fairnessis to en-
sure that the maximum degree of degradedQoS among
all real-timeflows is minimized. We showed that no on-
line algorithmcanbeguaranteedto achievea boundedper-
formanceratio for fairnessobjective. We then described
andcomparedfour online algorithms,namely, EDF, GDF,
EOG, and LFF, using simulations. For the fairnessob-
jective, the algorithmsin decreasingorderof performance
areLFF, GDF, EOG,andEDF. Whereas,for themaximum
throughputobjective, thealgorithmsin decreasingorderof
performanceareEDF, LFF, EOG, andGDF. ThusLFF is
thebestof thefour algorithmsfor simultaneouslyachieving
bothobjectives.We alsoshowedthat thereis a polynomial
timeofflinealgorithmthatdeterminesanoptimalfair sched-
ulewith maximumthroughput.

In this paper, we consideredthe caseof schedulingthe
samelength packets. Due to the non-preemptive nature
of packet transmission,the problemof achieving the two
aspectsof our schedulinggoal effectively in the presence
of variable length packets is quite difficult, and we are
presentlystudyingtheproblem.We arealsostudyingother
measuresof fairnesssuchasmax-minfairness.
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