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Abstract—While PacketFair Queueing(PFQ) algorithms provide both
bounded delay and fairnessin wir ed networks, they cannot be applied di-
rectly to wirelessnetworks. The key difficulty is that in wirelessnetworks
sessiongcan experiencelocation-dependnt channelerrors. This may lead
to situations in which a sessiorreceivessignificantly lessservicethan it is
supposedto, while another receiveamore. This resultsin large discrepan-
ciesbetweenthe sessionsvirtual times, making it difficult to provide both
delay-guaranteesand fairnesssimultaneously

Our contribution is twofold. First, we identify a setof properties, called
Channel-conditiorindependenEair (CIF), that a PacketFair Queueingal-
gorithm should have in a wirelessenvironment: (1) delay and throughput
guaranteesfor error-freesessions(2) long term fairnessfor error sessions,
(3) short term fairnessfor error-freesessionsand (4) graceful degradation
for sessionshat havereceivedexcesservice.Secondwe presenta method-
ologyfor adapting PFQ algorithms for wir elessnetworks and we apply this
methodologyto derive a novel algorithm basedon Start-time Fair Queue-
ing, called Channel-conditiotndependenpadetFair Queueind CIF-Q), that
achievesll the aboveproperties. To evaluatethe algorithm we provide both
theoretical analysisand simulation results.

|. INTRODUCTION

As the Internetbecomesa global communicatiorinfrastruc-
ture, new Quality of Service(QoS) servicemodelsand algo-
rithmsaredevelopedto evolve theInternetinto atrueintegrated
servicemnetwork. At the sametime, wirelessdatanetworksare
becominganintegral partof theInternet,especiallyasanaccess
networkingtechnology An importantresearchssueis thento
extend the QoS servicemodelsand algorithmsdevelopedfor
wired networksto wirelessnetworks. In this paper we study
how to implementPacketFair Queueing(PFQ) algorithmsin
wirelessnetworks.

PFQalgorithmsarefirst proposedn the context of wired net-
worksto approximateheidealizedGeneralizedrocessoBhar
ing (GPS)policy [2], [8]. GPShasbeenproven to have two
importantpropertiesia) it canprovide anend-to-encdbounded-
delay serviceto a leaky-bucketconstrainedsession;(b) it can
ensurefair allocationof bandwidthamongall backloggedses-
sionsregardlessof whetheror not their traffic is constrained.
The formerpropertyis the basisfor supportingguaranteeder
viceswhile the later propertyis importantfor supportingbest-
effort and link-sharingservices. While GPSis a fluid model
thatcannotbeimplementedyariouspacketapproximatioralgo-
rithmsaredesignedo provide serviceghatarealmostidentical
to thatof GPS.

Unfortunately the GPSmodeland existing PFQalgorithms
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are not directly applicableto a wirelessnetwork ervironment.
The key difficulty is thattherearelocation-dependerthannel
errors in a wirelesservironment. In GPS,at ary giventime,
all backloggedsessionsenddataat their fair rates. However,
in a wirelessenvironment,somemobile hostsmay not be able
to transmitdatadue to channelerrors,while other hostsmay
have errorfree channelsand can transmitdata. To be work-
conserving,it is impossibleto achieve the instantaneousair-
nesspropertydefinedby the GPSmodelbecausenly a subset
of backloggedsessionare eligible for scheduling. Thatis, a
sessiorwith anerrorfreechannelmayreceve morenormalized
amountof servicethanthatby a sessiorwith anerrorchannel.
However, it is concevableto achieve long termfairnessoy giv-
ing moreserviceto a previously error sessiorso thatit canbe
compensateddf coursehiscompensationanonly beachieved
by degradingthe servicesof other sessionsywhich may affect
the QoS guaranteeandfairnesspropertyfor thesesessionsit
is uncleawhatis theright modelandalgorithmto provide QoS
guarante@ndensurdairnessn awirelessnetwork.

In this paper we identify a setof propertiescalledChannel-
conditionIndependenkair (CIF), desirablefor any PFQalgo-
rithm in a wirelessnetwork: (1) delay and throughputguar
anteedor errorfree sessions(2) long term fairnessguarantee
amongerror sessions(3) shorttermfairnessguaranteeamong
errorfree sessionsand (4) gracefuldegradationin quality of
servicefor sessionshat have receved excessservice.We then
presenta methodologyfor adaptingPFQ algorithmsfor wire-
lessnetworksand we apply this methodologyto derive a new
schedulingalgorithmcalledthe Channel-conditiodndependent
padket Fair Queueing(CIF-Q) algorithmthat achievesthe CIF
properties. New algorithmictechniquesare introducedin the
CIF-Q algorithm. We prove that CIF-Q achieves all the prop-
ertiesof the CIF andshaw thatit haslow implementatiorcom-
plexity. Finally, we usesimulationto evaluatethe performance
of ouralgorithm.

The restof this paperis organizedasfollows. In Sectionll
wedescribehenetworkmodelthatwe areassumingndin Sec-
tion 111, we discussn detail the problemsinvolvedin applying
existing PFQ algorithmsin wirelessnetworks. We presentthe
CIF propertiesin SectionlV andthe CIF-Q algorithmin Sec-
tion V. We thenshawv thatthe CIF-Q algorithmachiezesall the
propertieof CIF in SectionVI. Finally, we presensimulation
resultsin SectionVIl andconcludethe paperin SectionVIIl.

Il. NETWORK MODEL

In this paper we considera simplified shared-channetire-
lesscellularnetwork(e.g. WaveLAN [10]) modelin whicheach



cellis senedby abasestation.Centralizedschedulingf packet
transmissionfor a cell is performedatthebasestation,andme-
diaaceeszontrolis integratedwith packetscheduling.Mobile
hostsmay experienceocation-dependerthannelerrorsin the
sensdhatthey cannotreceve or transmitdataerrorfree. Error
periodsareassumedo be shortandsporadiaelative to thelife-
timesof thesessionsolongtermfairnesss possible.Instanta-
neousknowledgeof channekonditions(erroror errorfree)and
packetqueuestatusof all sessiongs assumedit the basesta-
tion. Undertheseassumptionsthe differencebetweena PFQ
algorithmin awired andwirelesservironmentis thatin thelat-
ter a backloggedsessiommay not be ableto receve servicedue
to locationindependenerrors. Lu et al have given this broad
problema goodinitial formulationin [6], and have effectively
addressednary practicalissues. Therefore,in this paper we
focusonthealgorithmicaspect®f the problem.

1. GPS AND PFQ

In wired networks,PacketFair Queueing(PFQ)is basedon
the GPSmodel[8]. In aGPSeachsession is characterizety
its allocatedrate, »;. During ary time interval whenthereare
exactly M non-emptyqueuesthe sener senesthe M packets
atthe headof the queuessimultaneouslyin proportionto their
rates.

Each PFQ algorithm maintainsa systemvirtual time V().
In addition, it associateso eachsession: a virtual starttime
Si(+), andavirtual finishtime F;(-). Intuitively, V' (¢) represents
the normalizedfair amountof servicethateachsessiorshould
haverecevedbytimet, S;(t) representthenormalizedamount
of servicethat sessiori hasreceved by time ¢, and F;(t) rep-
resentshe sumbetweens;(t) andthe normalizedservicethat
sessioni shouldreceve for servingthe packetat the headof
its queue.SinceS; (t) keepsrackof the normalizedservicere-
ceivedby session by timet, S;(t) is alsocalledthevirtual time
of session, andalternatvely denoted/; (¢). Thegoalof all PFQ
algorithmsis thento minimizethe discrepancieamongV; (¢)’'s
andV(¢). Thisis usuallyachieed by selectingfor servicethe
packetwith the smallestS;(¢) or F;(t). Noticethatthe role of
the systemvirtual time is to resetS; () (or V;(-)) wheneer an
unbackloggedession becomesackloggedagain. More pre-
cisely

.1 max(V(t), Si(t—)) © becomesctive
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wherep? representshe k-th packetof session, and(¥ repre-
sentdts length.

While GPSandPFQalgorithmsprovide bothguarantee@nd
fairnessservicesn a wired network,they cannotachieze both
propertiesin a wirelessnetwork. The key differenceis that
thereare location-dependenthannelerrors in a wirelessen-
vironment.Thatis, somemobilehostsmaynotbeableto trans-
mit datadueto channelerrorseven whentherearebacklogged
session®n thosehostswhile othersmay have errorfree chan-
nels and can transmitdatain thattime. Since GPSis work-
conservingduringsucha periodwith location-dependerthan-

nel errors, errorfree sessionswill receve more servicethan
their fair share while a sessiorwith errorswill receve no ser

vice. Sincethevirtual time of a sessiorincrease®nly whenit

receves service,this may resultin a large differencebetween
the virtual time of an error sessioni andthat of an errorfree
sessionTherearetwo problemswith this large discrepang be-
tweensessiorvirtual times:

1. If session: exits from errors, and is allowed to retain
its virtual time, thenit will have the smallestvirtual time
amongall sessionsThe sener will selectsession exclu-
sivelyfor serviceuntil its virtual time catchesip with those
of othersessionsln the meantimeall othersessionswill
receve no service. Sincea sessiorcanbein errorindefi-
nitely, the lengthof suchzero-servicgeriodfor the error
freesessionganbearbitrarily long.

2. If session exits from errors,andits virtual timeis updated
to thesystemnvirtual time V(-), thentheerrorfreesessions
will notbe penalized.However, session’s history of lost
serviceis now completelyerasedandsessiory will never
be ableto regainthe service. This resultsin unfair beha-
iors.

To addressheseproblemsin [6], Lu etalaugmentetheGPS
modelandproposedhe WirelessFluid Fair Queueing WFFQ)
servicemodelandtheldealizedWirelessFair QueueindIWFQ)
algorithmfor packetsystems.Their obsenationis that, to en-
surefairness,it is desirableto let sessionghat fall behindto
“catch-up” with the othersessions.However, allowing an un-
boundedamountof “catch-up”canresultin denialof serviceto
errorfreesessionsThereforejn WFFQ, only boundedamount
of “catch-up” B is allowed. As a result,delayandthroughput
guaranteet errorfreesessiondecomepossible.

The WFFQ model and the IWFQ algorithm, while provide
limited fairnessand boundedthroughputand delay guarantees
for errorfree sessionshasseveral limitations. First, thereis a
couplingbetweenthe delayandfairnessproperties.To achieve
longtermfairnessalaggingsessiorshouldbeallowedto catch-
up asmuchaspossible which requiresa large B. However, a
large B also meansthat an errorfree sessioncanfacea large
“denial of service”periodandexperiencea large delay Thus,
onecannothave perfectfairnesswhile atthe sametime achieve
a low delay boundfor an errorfree sessionusing the WFFQ
model. In this paperwe will shav thatthesetwo propertiesare
in factorthogonakndboth canbeachieved.

In addition, the serviceselectionpolicy usedin WFFQ and
IWFQ givesabsolutepriority to the sessiorwith the minimum
virtual time. Consequentlyaslong asthereexistsalaggingses-
sionin the systemall otherleadingor non-leadingsessionsn
the systemcannotreceve service. Underthis selectionpolicy,
compensatioffor all laggingsessionsvill takethesameamount
of time regardlesf theirguaranteedate,contradictingthe se-
manticsthat a larger guaranteedate implies betterquality of
service.

We believe the root of the problemslies in the fact that the
virtual time parametein GPSis not adequatdor performing
both schedulingfunctionsand fairnessenforcementn a wire-
lesservironment. In the next sectionwe presenthe desirable
propertieof a PFQalgorithmfor wirelessnetworks.



IV. THE CIF PROPERTIES

To implement PFQ algorithm in an ervironment with
location-dependergrrors,we needto addresgwo main ques-
tions: (1) How is the serviceof an error sessiondistributed
amongthe errorfree sessions?2) How doesa sessiorthatwas
in errorandbecome®rrorfreereceve backthe“lost” service?
Althoughtheanswergo theabore questionsnaydependnthe
specificsof a particularalgorithm,in this sectionwe give four
genericpropertiescollectively call Channel-conditioindepen-
dentFair (CIF), thatwe believe ary suchalgorithmshouldhave.
Thefirsttwo are:

1 Delayboundandthroughputguarantees Delayboundand
throughputfor errorfree sessionsare guaranteedandare
not affectedby othersession$eingin error.

2 Longtermfairness.During a large enoughbusy period,if
asessiorbecomeerrorfree,then,aslongasit hasenough
servicedemand,it shouldget backall the service“lost”
while it wasin error.

Thus,a sessiorwhich becomesrrorfreewill eventuallyget
backits entire“lost” service. However, asimplied by the first
property this compensatioshouldnot affect the serviceguar
anteedor errorfreesessions.

Next, we classifysessionasleading lagging, andsatisfied
A sessionis leadingwhenit hasreceved more servicethanit
would have receved in anideal errorfree system Jaggingif it
hasrecevedless,andsatisfiedf it hasrecevedexactlythesame
amountof service.Then,thelasttwo propertiesare:

3 Shorttermfairness. The differencebetweenthe normal-
ized servicesreceved by ary two errorfree sessionghat
arecontinuoushbackloggedindarein the samestate(i.e.,
leading,lagging,or satisfiedduringatime interval should
bebounded.

4 Gracefuldggradation. During ary time interval while it is
errorfree,aleadingbackloggedsessiorshouldbe guaran-
teedto receve atleasta minimumfraction of its servicein
anerrorfreesystem.

Thethird propertyis a generalizatiorof the well-known fair-
nesspropertyin classicaPFQalgorithms.Therequirementhat
sessionsn the samestatereceve the sameamountof normal-
ized serviceimpliesthat (1) leadingsessionshouldbe penal-
ized by the samenormalizedamountduring compensation(2)
compensatioserviceshouldbedistributedin proportionto the
lagging sessionsrates,and (3) when servicesfrom error ses-
sionsareavailable laggingsessionseceve theseservicesatthe
samenormalizedrate,so do leadingsessionandsatisfiedses-
sions. Finally, the last property saysthatin the worst casea
leadingsessiorgivesup only a percentagef its service. This
way, anadaptve applicationmay continueto run.

V. THE CIF-Q ALGORITHM

In this sectionwe presentour Channel-conditbn Indepen-
dentPadket Fair Queueing CIF-Q) algorithmfor systemswith
location-dependerghannekrrors.

In orderto accountfor the servicelost or gainedby a ses-
sion dueto errors,we associatdo eachsystemsS a reference
errorfree systemS”. Then,a sessions classifiedas leading
lagging, or satisfiedwith respecto S”, i.e., asessioris leading
if it hasreceved moreservicein S thanit would have receved

Definition

A session thathasanegatvelag;

A session thathasapositvelag;

A session thathasazerolag;
Theabsolutevalueof anegatvelag;
Thevalueof lag;

A sessiorthathasa queudength> 0
A sessiorthatis eitherbacklogged
or unbackloggdwith anegatvelag

[ Term

Leadingsession
Laggingsession
Satisfiedsession
Lead

Lag
Backloggedsession
Active session

Cansend A sessiorcansendif it is backlogged
andexperienceso erroratthemoment
Excessservice Servicemadeavailabledueto errors

Servicemadeavailabledueto a
leadingsessiorgiving upits lead
Excesor compensatioservice

Compensatioservice

Additional service

Lostservice Servicelost dueto errorsthatis
recevedby anothersession
Forgoneservice Servicelostdueto errorsthatis

notrecevvedby anothersession

TABLE |
Definitionsof termsusedin the descriptionof the CIF-Q algorithm.

in S”, laggingif it hasreceved less,and satisfiedif it hasre-
ceivedthe sameamount. The precisedefinitionof S” depends
on the corresponding®FQ algorithmwe chooseto extend for
the error system.Althoughtheoreticallywe canchooseary of
the well-known algorithms,suchas WFQ [2], [8], SCFQ[4],
WF?Q+ [1], EEVDF [9], for simplicity, in this paperwe use
Start-timeFair Queueing SFQ)[5]. Thereasorfor this choice
is thatin a systemwith location-dependertghannelerrors,it is
harderto do schedulinghasednthefinishingtimesthanonthe
startingtimes[7].

Thus,to every errorsystemS we associatan errorfreeref-
erencesystemsg ., With thefollowing properties:

1. S5 employsan SFQalgorithm,i.e., packetsaresened

in theincreasingorderof their virtual startingtimes,

2. Thesamesessioris selectedat the sametime in both sys-
tems.

3. Wheneer asessioris selectedn Sg ., the packetat the
headof its queueis transmitted. In contrast,wheneer a
sessionis selectedin S, it is possiblethat the packetof
anothersessioris transmitted.This happensvhenthe se-
lectedsessionis in error, or whenit is leadingand hasto
give backits lead.

4. A sessions active during the sametime intervalsin both
systems.In S a sessionis saidto be actie if it is back-
logged,or aslong asit is leading. In S§ ., asessions
active only aslong asit is backlogged.

Therearetwo thingsworth noting. First, the schedulingde-
cisionsaremadein SGpg, andnotin S. More precisely the
sessiorthat hasthe smallestvirtual time in S%p, is selected
to be senedin S. Secondno matterwhat sessioris actually
sened in S, in S%p, thetransmittedpacketis assumedo be
belongingto the selectedsessionandthereforeits virtual time
is updatedaccordingly

Below we give someof thekey techniquesntroducedby our
CIF-Qalgorithm.

+ Unlike otherPFQalgorithms,in CIF-Q, asessiors virtual

1 Asimplied by 3, theselectedsessiormaynot beservedf it is in erroror has
to give up someof its lead.



time doesnotkeeptrackof thenormalizedservicereceved
by that sessionin the real systemsS, but in the refeence
errorfreesystemsg g, -

« To provide fairnesswe useanadditionalparametefcalled
lag) thatkeepstrack of the differencebetweerthe service
thatthe sessiorshouldreceve in S5 andtheserviceit
hasrecevedin S. Then,to achieve perfectfairnessthelag
of every sessiorshouldbe zero.

« A leadingsessioris notallowedto leave until it hasgiven
upits lead.Otherwise aswe will shaw later, thistranslates
into anaggr@atelossfor theotheractive sessions.

+ To dealwith the casewhenall active sessiongrein error,
weintroducetheconcepbf forcedcompensationWeforce
asessionoreceve serviceandwe chageit for thisservice,
evenif it cannotsendary packet.This makest possibleto
ensuredelayandthroughputguaranteefor errorfree ses-
sions.

Finally, we notethatour algorithmis self-clockingin the sense
that thereis no needfor emulatinga fluid flow systemfor
schedulingor keepingtrack of lead andlag. As a result, our
algorithmhaslowerimplementatiorcompleity thanlWFQ [6]
which requireghe emulationof afluid system.

For clarity, we first describea simpleversionof CIF-Q that
achieves the two mostimportantpropertiesof CIF: (1) delay
andthroughputguarantee$or errorfree sessionsand(2) long
termfairnessfor error sessionsDefinitionsof somekey terms
appearingn this sectionareshovn in Tablel.

A. CIF-Q: Simple\ersion

Besidesvirtualtime v;, eachsession in CIF-Qis associated
with anadditionalparametetag; thatrepresentshe difference
betweerthe servicethatsession: shouldreceve in areference
errorfree packetsystemandthe serviceit hasreceved in the
realsystem.An active session is saidto belaggingif its lag;
is positive, leadingif its lag; is negative, and satisfiedother
wise. In the absenceof errors,lag; of all actve sessionsare
zero. Sincethe systemis work-conservingthe algorithmmain-
tainsatall time thefollowing invariant:

Zlagi =0,

i€A

3)

where A is the setof active sessions. The simple versionof
CIF-Qis shawvn in Figurel.

Whena session becomedackloggedand active, its lag is
initialized to zero. Its virtual time is initialized to the maxi-
mum of its virtual time and the minimum virtual time among
otheractive sessionso ensurehevirtual timesof all active ses-
sionsare bounded. The algorithm selectsthe active session
with theminimumvirtual time for service.lf thatsessioris not
leadingand cansend,thenthe packetat the headof its queue
is transmitted;this ensureserrorfree non-leadingsessionget
their fair share.Its virtual time is advancedasfollowsto record
theamountof normalizedwork:

i

Vi = v + —
ri

(4)

wherel? is thelengthof the k' packetof session andr; is the
rate of sessioni. However, if the sessionis leadingor cannot

on session receivingpacketp:
enqueuéqueue; , p)
if (2 ¢ A)
v; = max(v;, minge 4{vg});
lag; = 0;
A = AU {i}; /* marksessioractivex/

on sendingcurrentpacket:/* getnext padetto sendx/
¢ = min,, {7 € A}; /* selectsessiorwith min. virtual timex* /
if (lagi > 0 and (¢ cansend))/* session non-leadingcansendsx/
p =dequeudqueue;);
vi = vi + p.length/r;;

J = maxyg, /,, {k € A| kcansend;
if (7 existy
p =dequeudqueuc; ),
vi = v; + p.length/r;; /= chargesession =/
lag; = lag; + p.length,;
lag; = lag; — p.length,
if 2 # 7 and empty(queue;) andlag; > 0)
leave(s);
else/x thereis noactivesessiomeadyto sendx/
v = v + 8/ri;
if (lag; < 0and empty(queue;)) /= i is leading,unbadkloggedx/
J= maXiag, /ry {k € ‘A}'
lag; = lag; + 6,
lag; = lag; — §; /* forcedcompensatior /
settime_out(on sending §/R);
if (empty(queue;)andlag; > 0)
leave(s);

leave(z) /* session leaves«/
A=A\ {i};
for (j € A) /+ updatelagsof all activesessions:/

lag; = lag; + lag; x TJ/(ZkeA rg);
if (37 € A s.t. empty(queue;) Alag; > 0)
leave(s);

Fig. 1. Simpleversionofthe CIF-Q algorithm.

sendwe searcHor thesessiory with thelargestnormalizedag
that cansenda packet. If thereis sucha sessiony, the packet
atthe headof its queudis transmitted.Thatis, whenadditional
serviceis available,we first try to compensatthe sessiorthatis

normalizedaggingthe most. Note that session’s virtual time
(not sessiong;’s virtual time) is advancedandlag; andlag;

areadjusted.Thekey is thatby doing sowe chage the packet
transmissiorto session (not j), andwe keeptrack of this by

adjustingthelagsof thetwo sessionsccordingly Thelagsad-
justmentdndicatethatsession hasnow given upl;? amountof

service,while sessionj hasnow receved lf amountof addi-
tional service.This selectionpolicy reducego SFQin anerror

freesystem.

To achieve long term fairness,in additionto compensating
lagging sessionswe needto addresshe following question:
Whatshouldhapperif a session with a non-zerdag becomes
unbacklogge@dndwantsto leave the active set?Clearly; if ses-
sioni is allowedto leave, we needto modify the lag of atleast
one other active sessionin orderto maintainthe invariant(3)
of the algorithm. Our solutionis that whena lagging session
¢ wantsto leave, its positive lag; is proportionallydistributed
amongall theremainingactive sessiong suchthateachiag; is
updatedaccordingo thefollowing equation:

lag; = lag; + lag; (5)

rj
ZkeA T



where.A representshe setof the remainingactive sessionsin
contrastaleadingsessioris notallowedto leave the active set
until it hasgivenup all its lead.

Intuitively, when a lagging sessionbecomesunbacklogged
and wantsto leave, its positive lag is “unjustified” becauset
doesnot have enoughservicedemandto attain suchlag. In
addition, the leaving of a lagging sessiontranslatesnto gains
in servicedor the remainingactive sessionsBy updatingtheir
lagsaccordingo equatiorn( 5), we practicallydistributethisgain
in proportionto theirrates.Therefore suchlag canbe safelyre-
distributedbackinto the system.In contrastjf aleadingsession
is allowed to leave, andits lead (negative lag) is redistrituted
backinto the systemthentheremainingactive sessionsrepe-
nalized. If the leadingsessiors leadis not redistritutedback
into the systemandits leadhistoryis erasedresetto zero),the
remainingsessionsnay never regain their lost services;if the
leadhistoryis retainedthentheleadingsessiormaybe unnec-
essarilypenalizedn thefuturewhenit becomesctive again[7].
Thereforealeadingsessions not allowedto leave.

With the mechanismsliscussedso far, aslong asthereex-
istsanactive sessiorthatcansend Jostservicedy asessiorare
alwaysreflectedasleadsn otheractive sendingsessionsThere-
fore,if all theerrorsessionsxit from errorandremainerrorfree
for alongenoughperiodof time,thenormalizedag of all active
sessiongpproachegeroandthelong termfairnesspropertyof
CIF is achiered. Thereis however a specialcasewhereno ac-
tive sendingsessionsireleft in the systemto receve the excess
servicefrom an error session. Suchserviceis saidto be for-
goneand active error sessionare not allowedto reclaimsuch
forgoneservicesln this casethe algorithmadwancegheactive
error sessiors virtual time usinga dummy packetof length §
so that all active sessiongan be chosenby the sener® in the
correctorderevenwhennoneof themcansend.

A similar specialcaseexists for distributing compensation
service.Recallthata leadingunbackloggedession is not al-
lowedto leave until it hasgivenup all its lead. However, if all
otheractive sessiongrein errorandcannotreceve compensa-
tion servicefrom this leadingsessionthis leadingsessiormay
be stuckin the active setindefinitely. Usingthe dummypacket,
we allow aleadingunbackloggedession to graduallygive up
its leadby forcing anactive errorlaggingsessiory to “receve” §
amountof compensatioservice.In effect, weforcesessiory to
forgo § amountof service.If theleadingunbackloggedession
is not allowedto give up its leadby forcing the compensation,
the allocatedshareof this leadingsessiorcan be violatedat a
latertime. Thus,the algorithmensureghat, given enoughser
vice demandfrom an errorfree sessionjt alwaysrecevesno
lessthanits guaranteedhareof service. As a result,the algo-
rithm is capableof providing a delayboundto anerrorfreeses-
sion whosesourceis constrainedy a leaky-bucketregardless
of thebehaior of othersession the system.

In summary in this simple versionof the CIF-Q algorithm,
we have achievedtwo propertief CIF. First,longtermfairness
is ensured.Second an errorfree sessionis alwaysguaranteed
its fair sharethusthereis adelayboundfor anerrorfreesession
whosesourceis constrainedy a leaky-bucketthatis indepen-

2Recallthe serveralwayschooseshe sessiorwith theminimumvirtual time.

Parameter| Definition

e Minimal fractionof serviceretainedby
anyleadingsession

Normalizedamountof serviceactuallyrecevedby
aleadingsession throughvirtual time (v;) selection
sinceit becaméeading

ci Normalizedamountof additionalservicerecevedby
alaggingsession

Normalizedamountof additionalservicerecevedby
anon-laggingsession

TABLE Il
Definitionsof newparametersisedin thefull versionof CIF-Q.

Si

fi

dentof the behaior of ary othersessionsn the system.As a
result,real-timeguarante@andlongtermfairnessaredecoupled.
Thesepropertiesareshavn in SectionVI.

B. CIF-Q: Full version

The simple versionof the CIF-Q algorithm hastwo major
drawvbacks.First, theservicereceved by aleadingsessiordoes
not degradegracefullywhenit is necessaryor it to give up its
lead. In fact, aleadingsessiorrecevesno serviceat all until it
hasgivenup all its lead. The seconddravbackis thatonly the
sessiorwith the largestnormalizedag recevesadditionalser
vices. Thatis, shorttermfairnesss notensured Consequently
during certainperiodsof time, a sessiorwith a smallerguaran-
teedrate canactuallyreceve betternormalizedservicethana
sessionwith a larger guaranteedate. This contradictsthe se-
manticsthat a larger guaranteedate implies betterquality of
service.

Thefull versionof the CIF-Qalgorithmwhichaddresseloth
of theseproblemsis shovn in Figure2 and3. Several new pa-
rametersare introducedand their definitions can be found in
Tablell. For clarity, we have separate@dut somegroupsof op-
erationsinto new functions. Functionsend pkt(j,i) now con-
tainsthe operationgperformedwhenthe sener senesa packet
fromsessiory butchagetheserviceto session. Becausef the
changesn lagsresultingfrom the chaging techniquesessions’
statesmay change.Therefore several casesarelistedto check
for statechangedo updateeachparameternccordingly Opera-
tionsrelatedto sendinga dummypacketwhich areidenticalto
thosein thesimpleversion,arenow in thesend dummy_pkt (z)
function. In addition, parametergrealsoupdatedvhena ses-
sion exits from error stateasshavn in the processingf the on
exiting from errormodeevent, andwhena sessiorleaves the
active setasshown in theleave(s) function.

To achieve gracefuldegradationin servicefor leading ses-
sions,we usea systemparameterr (0 < « < 1) to controlthe
minimal fraction of serviceretainedby a leadingsession.That
is, aleadingsessiorhasto give up atmost(1 — o) amountof its
servicesharegto compensatéor laggingsessionsTo implement
this policy, we associat¢o eacheadingsession aparametes;,
whichkeepdrackof thenormalizedserviceactuallyrecevedby
suchleadingsessiorthroughvirtual time (v;) selection Whena
session becomedeading,s; is initializedto av; (seecases in
send pkt andon exiting from errormode).Thereafters; is up-
datedwheneer aleadingsessions senedthroughvirtual time



on session receivingpacketp:
enqueuéqueue; , p)
if ¢ ¢ A)
v; = max(v;, minge g{v});
lag; = 0;
fi = max(f;, minge o{fx | lagr < 0A kcansend);
A = AU {¢}; /= marksessioractivex/

on sendingcurrentpacket:/* getnext padetto sendx/
¢ = miny, {t € A};
if ((z cansend)and (lag; > 0 or (lag; < 0 ands; < av;)))
sendpkt(z, ¢); /+ session servedhroughwv; selection/
else/x i cannotsendor i is leadingand notallowedto sendx/
/= selectlaggingsessiory to compensate /
J =ming, {k € A|lagy > 0A kcansend;
if ( cansend)
if (5 existy
sendpkt(j, ¢); /= servesessior) but chargeto i */
else/x thereis nolaggingsessiorthatcansends/
sendpkt(s, ¢); /* servicegivenbad to session =/
else/x i cannotsends/
if (Vk € A k cannotsend
send dummy_packet();
else/x thereis at leastonesessiorthat cansendsx/
if (7 existy
sendpkt(j, 7); /= servesessior) but chargetoi =/
else/x noactivelaggingsessionandi cannotsends/
/* selectsessiorj to receiveexcessservicex/
J = minyg, {k € A | sessiork canseng;
sendpkt(y, 7); /= servesessior) but chargetoi =/
if (z # 7 and empty(queue;) and lag; > 0)
leave(s); /* j becomednactivex/
if (empty(queue;)andlag; > 0)
leave(z); /= i becomesnactivex/

sendpkt(j, 7) /* servesession but chargetoi =/
p =dequeudqueue; ),
v; = v; + p.length/r;; [* chargesession */
if ¢ == jandlag; < 0ands; < av;)
/= session is leadingandservedhroughv; selectionx/
s; = s; + p.length/r;;
it (o # 7)

lag; = lag; — p.length; [+ session) hasgain extra servicex/

if (lag; > 0)
/* casel: j continuedo belagging=/
cj = cj + p.length/r;;
if (lag; 4+ p.length < 0andlag; < 0)
/* case2: j continuego benon-laggingx/
fi=F5+ p'length/r];
if (lag; 4+ p.length > 0andlag; < 0)
/* case3: j justbecomesion-lagging«/
f; = max(f;, minge 4{fx | lagr < 0 A kcanseng);
if (lag; + p.length > 0andlag; < 0)
s; = avy; [+ cased: j justbecomeseadingx/
lag; = lag; + p.length; /= session haslostservicex/
if (lagi — p.length < 0andlag; > 0)
/* caseb: i justbecomesaggingx/
¢; = max(c;,minge 4{ck | lagr > O A k cansend);

senddummy_pkt(z) /= i wasselectedbut nosessiorcansends/

v; = v; + &/ri; [+ sendaninfinitesimallysmalldummypadketx/

if (lag; < 0 and empty(queue;))
Jj= maxlagk/rk{k € ‘A}'
lag; = lag; + 9,
lag; = lag; — &, /* forcedcompensatior /
settime_out(on sendingpacket$/ R);

on session exiting from errormode:
if (lag; > 0)
c; = max(c;, minge Ao {ck | lagg > 0 A k cansengd);
else
fi = max(f;, minge 4{fx | lagr < 0A kcansend);
if (lag; < 0)

si = avi;

Fig. 2. Thefull versionof the CIF-Q algorithm(Partl).

leave(z) /* session leaves«/
A=A\ {i};
for (j € A) /x updatelagsof all activesessions:/
lag; = lagy,
lag; = lag; + lag; x TJ/(ZkeA rg);
if (lag; < 0Oandlag; > 0andj cansend)
/* ] justbecomes$aggingx*/
¢; = max(c;, minge a{ck | lagry > O A k cansend);
if (37 € A s.t. empty(queue;) Alag; > 0)
leave(s);

Fig.3. Thefull versionof the CIF-Q algorithm(Partll).

selection(seesend pkt). Whenselectedasedon v;, aleading
sessions assuredserviceonly if the normalizedserviceit has
receved throughvirtual time selectionsinceit becamdeading
is no largerthana of the normalizedserviceit shouldhave re-
ceived basedon its share. Thatis, a leadingsessioris assured
serviceonly if s; < aw;. Intuitively, thelargerthe valueof «,
the more gracefulthe degradationexperiencedby leadingses-
sions. At the limit, whena is setto one,no compensatioris
givento laggingsessions.

To provide shorttermfairnesswe distinguishthe two types
of additionalservicein the algorithm: excessserviceand com-
pensatiorservice Excesserviceis madeavailabledueto ases-
sion’s error, while compensatiorserviceis madeavailable due
to aleadingsessiorgiving upits lead.

First of all, lagging sessionshave higher priority to receve
additionalservicego expeditetheir compensationBut we now
distribute theseadditionalservicesamonglagging sessionsn
proportionto thelaggingsessionstatesjnsteadof giving all of
it to the sessiorwith thelargestnormalizedag. Thiswayalag-
ging sessioris guaranteedo catchup, no matterwhatthe lags
of theothersessionsire,andthe shorttermfairnesspropertyis
ensure@mongdaggingsessionsluringcompensationT his pol-
icy is implementeddy keepinga new virtual time ¢; thatkeeps
track of the normalizedamountof additionalservicesreceved
by session while it is lagging. Whena session becomedoth
laggingandcansendy; is initializedaccordingo (seecases in
sendpkt, on exiting from errormodeandleave):

¢; = max(c¢;, imjtl{ck | lagr > 0 A k cansend). (6)
€

When additionalserviceis available, the lagging sessionj
with theminimume¢; thatcansendis choserto receve it. Ses-
sionj’sc; is thenupdatedaccordingly(seecasel in sendpkt).
However, if suchsessiory doesnotexist, thentherearetwo sce-
narios.First,if theadditionalserviceis acompensatioservice,
thenthis serviceis givenbackto the original chosensessiory.
Otherwise,it mustbe an excessservice. If noneof the active
sessiongansendat the momentthensenddummy_packet()
is calledto adwancethe virtual time v; and performary ap-
plicable forced compensation But if thereare active sessions
thatcansendleft in the system thenthis excessserviceis dis-
tributedamongall non-laggingsendingsessionsn proportion
to their rates. This way, shortterm fairnessis ensuredamong
non-laggingsessionsvhen excessservicesare available. This
policy is implementedby keepinga virtual time f; thatkeeps
track of the normalizedamountof excessservicesreceved by
session: while it is non-lagging. When a session; becomes



non-laggingand sending,f; is initialized accordingto (seeon
receivingpacketcase3 in send pkt andon exiting from error
mode):

(7)

fi= max(fi,?iﬂ{fk | lagr < 0 Ak cansend).
€

To distributethe excessservice the non-laggingsessiory with
the minimum f; thatcansendis chosento receve it. Session
J's f; is thenupdatedaccordingly(seecase2 in sendpkt).

In summaryusingthefour new parameterga, s;, ¢;, and f;)
andtheassociatethechanismpresente@bove, thefull version
of the CIF-Q algorithmnow achieves (a) gracefuldegradation
in servicefor leadingsessiongnd(b) shorttermfairnessguar
antee(thesepropertiesare shovn in SectionVl) in additionto
(c) long term fairnessguaranteend (d) error-free sessiongle-
lay bound/throughpuguarante¢hatareachiezed by the simple
versionof the algorithm. Thus, all the propertiesof CIF are
satisfied.

C. AlgorithmCompleity

In this sectionwe discussthe algorithmcompleity. We are
interestedn the compleity of eachof the following five op-
erations: (1) a sessiorbecomingactive, (2) a sessiorbecom-
ing inactive, (3) a sessiorbeingselectedo receve service,(4)
an active sessionenteringerror mode, and (5) an active ses-
sionbecomingerrorfree. It canbe deducedrom Figure?2 that
theseoperationailtimatelyreduceto thefollowing basicsetop-
erations: adding, deleting,and queryingthe elementwith the
minimum key from the set. Sincetheseoperationscanbe effi-
cientlyimplementedn O(log n) by usingaheapdatastructure,
a straightforwardmplementatiorof our algorithmwould be to
maintainthreeheapsasedn v;, f;, ande;, respectrely. More
precisely the first heapwill maintainall active sessiondased
on v;, the secondonewill maintainall non-laggingerror-free
sessiondasedon f;, andthelastonewill maintainall lagging
error-freesessiondasedn ¢;. Sincewith the exceptionof the
leaving operation,all the otherfour operationsnvolve only a
constanhumberof heapoperationsit follows thatthey canbe
implementedn O(log n), wheren representthe numberof ac-
tive sessions.

Regardingthe leaving operation,whenthe lag is non-zero,
this operationrequiresupdatingof the lags of all otheractive
sessions.However, whena sessiors lag changesthat session
mightchangéts statefrom leadingto lagging,which eventually
requiresmoving it from oneheapto another Thus,in theworst
casetheleaving operatiortakesO (n log n).

Althoughtheleaving operatiortakessignificantlylongerthan
thatin an errorfree PacketFair Queueingalgorithm, we note
thatin wirelessnetworks,algorithmefficieng is not ascritical
asin wired networks. The main reasonfor this is that wire-
lessnetworksare mainly usedasaccesdechnology they have
significantlylower bandwidth andsupporta significantlylower
numberof hostscomparedo wired networks.As an example,
the currentWaveLAN technologyprovides2 Mbps theoretical
throughputandsupportson the orderof 100hosts[10]. These
figuresareseveralordersof magnitudesmallerthanthe onesfor
a high speedccommunicatiorswitch.

VI. FAIRNESS AND DELAY RESULTS

In this sectionwe show that our algorithm meetsthe prop-
ertiespresentedn SectionlV. Specifically Theorem1 says
thatthe differencebetweerthenormalizedserviceseceved by
two errorfree active sessionsluringary time interval in which
they arein the samestate(i.e., leading,satisfied,or lagging)is
bounded(Property3), Theorem2 saysthatthe time it takesa
laggingsessiorthatno longerexperienceserrorsto catchup is
bounded(Property?2), andfinally, Theorem3 givesthe delay
boundfor anerrorfree sessior(Propertyl). NotethatProperty
4 is explicitly enforcedby the algorithmvia the parametesx.
The completeproofscanbefoundin [7].

Theoem1: The differencebetweenthe normalizedservice
receved by ary two sessions and; duringaninterval [t;,2)
in which both sessionsrecontinuouslybackloggederrorfree,
andtheir statusdoesnot changds boundedasfollows:

VVi(tMtZ) i Wj(tl'atZ) < B (Lmax + Lmax) ’ (8)

i T] T T]'

where W;(t1,t2) representshe servicereceved by session:
during[t1,t2), Lmas isthemaximumpacketength,ands = 3
if bothsessionarenon-leading = 3 + « otherwise.

Theoem?2: Consideran active lagging session: that be-
comeserrorfreeaftertimet. If session is continuouslyback-
loggedafter time ¢, it is guaranteedo catchup after at most
A,

f%z
A = lag; 9
7iTmin(l — @) R agi + ©
E(E/T’Z +n—1+ a) ﬁi Lma:c
it ~mez,
( rmin(l - a) T'min R

wheren isthenumberof actve sessionsR isthechannetapac-
ity, Lmae iSthemaximumlengthof apacketf% is theaggreate
rateof all sessionsn the systemandr,,,;,, is theminimumrate
of ary session.

Theoem3: The delayexperiencedby a packetof an error
freesession with rater; in anerrorsystems is boundedoy

ottt

(n B 1) R T

(10)
wheren is thenumberof active sessionsl? is thelengthof the
k" packetof session, and R is thechannektapacity

VIIl. SIMULATION EXPERIMENTS

In this section,we presentresultsfrom simulation experi-
mentsto demonstratéhe delayboundguaranteeandthe fair-
nesspropertiesof CIF-Q. All the simulationslastfor 200 sec-
ondsandthereare seven sessions:a real-time audio session,
a real-timevideo sessionfour FTP sessionsanda crosstraf-
fic sessiorto modelthe restof the traffic in the system. The
propertiesof eachsessionare shavn in Table Ill. The au-
dio andvideosessionsireconstant-bit-ratéCBR) sourcesuch
that their packetsare evenly spacedat 50 ms apart andtheir
throughputare160Kbpsandl1.25Mbpsrespectiely. Thefour

3To bemorerealisticandto avoid theworstcasebehavior of SFQ,the packet
spacinghasa small probability of drifting slightly



Pktsize | Guaranteedate | Srcmodel | Error
Audio | 1KB 160Kbps CBR None
Video | 8KB 1.25Mbps CBR None
FTP-1 | 3KB 2 Mbps Greedy None
FTP-2 | 3KB 2 Mbps Greedy Patternl
FTP-3 | 8KB 2 Mbps Greedy Pattern2
FTP-4 | 8KB 2 Mbps Greedy Patternl
Cross | 4KB 10 Mbps Poisson None

TABLE I

Propertiesof the 7 sessionsisedin the simulations.

Max Min Mean StdDev

Audio | 46ms | 0.40ms | 4.1ms | 4.4ms

Video | 49ms | 3.2ms 6.9ms | 4.3ms
TABLE IV

Padketdelaystatisticsfor theaudioandvideosessionsvhenc is 0.9.

2 MbpsFTP sessionareall continuouslybacklogged Finally,
thecrosstraffic sessions aPoissorsourcewith anaveragerate
of 10 Mbps.

For clarity in shaving the effects of channelerrorsand for
easeof interpretationwe chooseto modelerrorsassimple pe-
riodic error burstsratherthanusinga morerealisticmodel[3].
During the 200 secondperiodsof our simulationexperiments,
channelerrorsoccuronly during the first 45 seconds)eaving
enougherrorfree time to demonstratehe long term fairness
propertyof our algorithm. Error patternl represents peri-
odic error burstof 1.6 secondwith 3.2 second®f intermediate
errorfreetime. Error pattern2, a lesssevereerror pattern,rep-
resentsa periodicerror burst of 0.5 secondswith 5.5 seconds
of intermediateerrorfreetime. Notice sessiorFTP-2andses-
sion FTP-4experienceidenticalerror patternbut have different
packetsizeswhile sessior-TP-1experienceso erroratall. In
the following, we presenttwo setsof simulationresultsusing
differentvaluesasthethe systemparametety.

A a=109

An « valueof 0.9intuitively meanghatleadingsessionsuill
give up up-to 10 percentf their serviceratesto compensate
for laggingsessionsTablelV shavsthepacketdelaysstatistics
for the two real-timesessionsinderthis compensatiomolicy.
For comparisorpurposejf the audioandvideo sessionsvere
sened by an errorfree fluid GPSsystem,their packetswvould
have a delayboundof 50 ms. Clearly, the delaysexperienced
by the audio and video packetsunderour algorithm compare
favorably againstthe GPSdelayboundandarewell below the
worstcasedelayboundof our algorithm. The worst casedelay
boundis muchlargerthan50ms dueto the SFQdisciplineused.
However, a packetexperienceghe worstcasedelayonly when
the startingvirtual time of all sessionsare perfectly synchro-
nized. This is avoidedin the simulationby introducingsmall
infrequentdrifts into the packetspacingto portraita morereal-
istic situation.

In additionto providing delayboundguaranteesan equally
importantaspecof ouralgorithmis onfairness.To demonstrate
the fairnessproperties,considerthe behaior of the four FTP

Max Min Mean StdDev

Audio | 43ms | 0.40ms | 4.1ms | 4.4ms

Video | 51ms | 3.2ms 7.0ms | 4.5ms
TABLE V

Padketdelaystatisticsfor theaudioandvideosessionsvhena is 0.0.

sessiongsshavn in Figure4. Figure4(a)shavs theamountof

servicerecevedby eachFTPsessiorover the periodof the sim-

ulation. Recallthatsession&TP-2,3,4experienceerrorsduring

thefirst45 second®f thesimulationasevidencedoy theflat pe-

riodsin theirserviceprogressionsSession§TP-2,4experience
identical errorsand sessionFTP-3 experiencesslightererrors.
SessiorFTP-1is errorfreeduringthe simulation.

Themostnotablefeaturein Figure4(a)is thefactthattheser
vicereceved by all four FTPsessionsiegardlesof theamount
of errorsthey have experiencedgcorvergesgraduallywhenthe
systembecomeserrorfree. This demonstratethe perfectiong
termfairnessguaranteever a busy periodprovided by our al-
gorithm. To seethe changesn leadsandlagsmoreeasily we
shav in Figure 4(b) the differencebetweenthe actualservice
receved by the FTP sessionsand the correspondingxpected
amountof service.Theexpectedamountof serviceis computed
astheproductof theoverallthroughputindtime. A leadingses-
siongivesup its leadto laggingsessionst a rateof 1 — « that
of its actualservicerate. Notice the give-upratesandcompen-
sationratesvariesslightly sincethe Poissortraffic of the cross
traffic sessioraffectsthe actualservicerates.

Finally, noticein both Figure4(a) and(b), the linesfor ses-
sionsFTP-2andFTP-4almostoverlapeachotherandthelines
for session$TP-1andFTP-3paralleleachotherwhile they are
bothleading. This shavs the shorttermfairnessguaranteg@ro-
vided by our algorithmwhich statesthat the differencein nor-
malized servicesreceved by two sessiongluring a periodin
which they arein the samestate(leadingor lagging, error or
errorfree) is bounded. This ensureghat all leadingsessions
in the sameerror stategive up their leadsat approximatelythe
samenormalizedspeedandthatall laggingsessionén thesame
errorstategetcompensatedtaboutthe samenormalizedspeed.
Onemight incorrectlyassumehatthe lines for sessiong=TP-
2 andFTP-4 shouldcompletelyoverlap eachother sincethey
experiencethe sameerrors. The reasorthey do notis thatthe
differencein the amountof normalizedservicesreceved may
drift apartwhen the sessiongshangestatesas can be seenin
Figure 4(b). Nonethelessit is importantto note that the two
lines are parallelduring periodswherethe two sessionglo not
changestate.

B.a=0.0

In this experiment,the value of « is zero. This meansthat
a leadingsession will receve no serviceaslong asthereex-
ists a lagging errorfree sessionin the system. This absolute
priority compensatiotvehaior is similar to the behaior of the
algorithmproposedn [6], exceptthatwe have not put an ar
tificial upperboundon this zero-serviceperiod and that real-
time requirementsare still guaranteed. Although we believe
suchaggressie compensatiotis not desirablejt is worthwhile



60000

50000 [

40000 [

30000 [

20000

Service Received (KB)

10000

100 120 140 160 180
Time (s)

(@)

200

4000

T T
FTP-1 (Delta) —
FTP-2 (Delta) ----
FTP-3 (Delta) -
FTP-4 (Delta)

3000

2000

1000 |

-1000 |

Actual Service - Expected Service (KB)

-2000 |

-3000 . . . . . . . . .
0 100 120 140 160 180
Time (s)

(b)

200
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astheleaddefinedn the CIF-Q algorithm
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Fig. 5. Behaviorof the FTP sessionsvhena is 0.0. (a) Servicereceivedby eachFTP session.(b) Differencebetweerthe actual servicereceivedby the FTP

sessionsndthecorrespondingxpectecamountof service.

to demonstrat¢he behaior of our algorithmunderthis policy.

Even thoughsuchan aggressie compensatiompolicy is used,
the delaysexperiencedvy real-timepacketsare unafectedun-
derour algorithm(SeeTableV). Thus,delayboundsfor real-
time sessionsre guaranteedndependenof the value of « or

whethercompensatioiis bounded.The valueof « only affects
the fairnesspropertiesof the system. Thatis, real-timedelay
boundguaranteeand fairnessguaranteesre decoupledunder
our algorithm.

In Figure5, we shav the behaior of the four FTP sessions
Clearly, theservicegecevedby thefour FTPsessionsorverge
very rapidly aftereacherror period. However, the price to pay
for suchabsolutepriority compensatiors theabruptchangesn
theavailablebandwidthexperiencedvenby errorfree sessions
(e.g. FTP-1). Despitethe abruptnessit is clearfrom Figure5
thatthe long term and shortterm fairnessguaranteeprovided
by our algorithmstill hold. Onething worth explaining is that
in Figure5(b), thelinescorvergeto avalueabove zeroandthen
slowly dropto zerotogether This is dueto the changingactual
serviceratescausedy thePoissorraffic of thecrossraffic ses-
sionin thesystem Neverthelesstheconemgenceof theservices
sufficiently showvs thefairnesspropertiesof our algorithm.

VIIl. CONCLUSION

In this paperwe maketwo maincontritutions. First,weiden-
tified four key propertieg CIF) thatary PFQalgorithmshould
have in orderto work well in a wirelessnetworkwherechan-
nel errorsare location-dependentSpecifically the properties
are (1) delay guaranteesind throughputguaranteegor error
freesessiong2) longtermfairnesgguarantedor errorsessions,
(3) shorttermfairnessguarantedor errorfreesessionsand(4)
gracefuldegradationin quality of servicefor sessionshathave
receved excessservice.As a secondcontribution, we presenta
methodologyor adapting?FQalgorithmdor wirelessnetworks
andwe applythismethodologyto derive anew schedulingalgo-
rithm called CIF-Q that provably achievesall the propertiesof
CIF. Four novel algorithmictechniquesreintroducedn CIF-Q
to makeachiezing the CIF propertiepossible We demonstrate
the performanceof CIF-Q in simulationand shav how com-
pensatiorrate canbe tunedto suit specificneeds.As possible
furtherwork, the CIF-Q algorithmmay be extendedto support
hierarchicalink-sharingservice.
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