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ABSTRACT

Providing quality of servicein randomaccessmulti-hop wireless
networks requiressupportfrom both mediumaccessand paclet
schedulingalgorithms.However, dueto thedistributednatureof ad
hoc networks, nodesmay not be ableto determinethe next paclet
thatwould be transmittedn a (hypothetical)centralizedandideal
dynamicpriority scheduler In this paper we develop two mech-
anismsfor QoS communicationin multi-hop wirelessnetworks.
First, we devise distributed priority scheduling a techniquethat
piggybacksthe priority tag of a nodes head-of-linepaclet onto
handsha& and data paclets; eg., RTS/DATA paclets in
IEEE 802.11.By monitoringtransmittechbaclets,eachnodemain-
tainsa schedulingablewhich is usedto assesshe nodes priority
level relative to othernodes. We thenincorporatethis scheduling
tableinto existing IEEE 802.11priority back-of schemego ap-
proximatetheidealizedschedule Secondwe obsene thatconges-
tion, link errors,andthe randomnatureof mediumaccesgprohibit
anexactrealizationof theideal schedule Consequentlywe devise
a schedulingschemeermedmulti-hopcoordination sothatdown-
streamnodescanincreasea paclet's relative priority to make up
for excessie delaysincurredupstream We next develop a simple

analyticalmodelto quantitatvely explore thesetwo mechanisms.

In the former case we studythe impactof the probability of over-
hearinganotherpaclet's priority index on the schemes ability to
achieve the ideal schedule.In the latter case,we exploretherole
of multi-hopcoordinatiorin increasingheprobabilitythatapaclet
satis esits end-to-endQoStarget. Finally, we performasetof ns-2
simulationgto studytheschemes performancaindermorerealistic
conditions.

1. INTRODUCTION

Supportingeal-time o wswith delayandthroughputonstraintss
animportantchallengefor future wirelessnetworks. Indeed,pro-
viding differentiatedquality-of-servicdevelsincreases systems
total utility whenapplicationshave diverseperformancerequire-
mentse.g.,somepreferringlow delay othershigh throughputand
othersmerelybesteffort service[17]. Consequentlybothmedium
accesgontrolandnetwork-layerschedulingalgorithmsmustselect

andtransmitpacletsin accordancevith their QoSrequirements.

In wirelessnetworks with basestations,the basestationactsas
a centralizationpoint for arbitrationof suchQoS demands. For
example,supposehe goalis to supportdelay-sensitie traf c us-
ing the EarliestDeadlineFirst (EDF) servicediscipline. In this
case eachpaclet hasa priority index givenby its arrival time plus
its delaybound. Consequentlythe basestationcansimply select
the paclet with the smallestpriority index for transmissioron the
down-link, subjectto its channelbeing sufciently errorfree. In

this way, an “ideal” EDF schedulecould be approximatedo the
largestextentpossibleallowed by the errorpronewirelesslink.

However, in networks without basestations,thereis no central-
ized controllerwhich can assesshe relative priorities of paclets
contendingfor the medium. Consequentlythe nodeactually pos-
sessinghe highestpriority paclet is unavarethatthis is the case;
nor are other nodeswith lower priority paclets aware that they

shoulddeferaccessMoreover, in multi-hop (or ad hoc) networks

in which pacletsareforwardedacrosanultiple broadcastegions,
it becomesncreasinglychallengingto satisfya o w's end-to-end
QoStamet.

In this paper we introducea new framework for dynamicpriority

paclet transmissiorin multi-hop wirelessnetworks. Our key in-

sightis thatthe broadcashatureof the wirelessmediumtogether
with the store-and-fonard natureof multi-hop networks provide

opportunitiesto communicateand coordinatepriority information
amongnodes. Our goal is to exploit thesesystemattributesand
develop integratedmediumaccessand schedulingalgorithmsthat
satisfya high fraction of QoStametsusingfully distributedmech-
anisms.

Our contritution is two fold. First, within a broadcastegion, we
deviseamechanisntermeddistributedpriority schedulingin which
eachnodelocally constructsa schedulingablebasedn overheard
information,andincorporatedts estimateof its relative priority into
mediumaccessontrol. In particular eachpaclet hasan associ-
atedpriority index which canbe computedwith purelylocalinfor-
mation (e.g.,a deadline). Whena nodeissuesa Requesflo Send
(RTS)in IEEE 802.11[7, 15], it piggybackshe priority index of
its currentpaclet. Nodesthatoverhearthis RTSwill insertanentry
into a local schedulingtable. If the nodeis granteda CTS, it in-
cludesthe priority index of its head-of-ling(higherpriority) paclet
in the DATA paclet, which is alsoinsertedin the local table by
overhearingnodes. Eachnode canthenassesshe priority of its
own head-of-linepaclet in relationto its (necessarilypartial) list
of otherhead-of-linepaclets. We shaw that this informationcan



beexploitedvia aminormodi cation of existing802.11prioritized
back-of schemeso closelyapproximatea “global” dynamicprior-
ity schedulén adistributedway.

In practice all nodesarenot assuredo hearall RTSsdueto anum-
ber of factorsincluding nodemobility, locationdependenerrors,
partially overlappingbroadcastegions,andcollisions. Thus,each
nodes schedulingablewill be incomplete.To addresghis issue,
we devise asimpleanalyticalmodelto exploretherelationshipbe-
tweenthe probability , that a head-of-linepaclet is in a nodes
schedulingtable and the systems ability to satisfy its QoS tar-
gets. The modelindicatesand simulationscorroboratethat even
with moderatevaluesof , the schemecanachieve signi cant im-
provementsover 802.11andcloselyapproximateheideal caseof
= 1 (correspondingdo all RTSsoverheardandperfectscheduling
tables). For example,in ns-2simulationswith 38 nodestransmit-
ting and74%load,we foundthatwith =0.60,theschemeeduces
themeandelayfrom 2.86secs(for 802.11)to 0.6 secs.

Our secondcontrikution is coodinated multi-hop scheduling a
mechanismfor modifying downstream priorities based on a
paclet's upstreanservicein orderto bettersatisfyend-to-endQoS
targetsacrosanultiple nodesof adhocnetworks. In particulay with
adistributedrandomaccesgprotocolandburstytraf ¢ arrivals,not
everypacletwill satisfyits localQoStarget,evenif =1.Weshaw
that by recursvely computinga paclet's priority index basedon
its previous (upstreamjndex, donvnstrearmodescanhelp paclets
catchupif they areexcessiely delayedupstreamywhereagpaclets
arriving early canhave their priority reducedo allow moreurgent
pacletsto passthroughquickly.

We then describeseveral multi-node policies within this frame-
work. For example,we describedelay andrate-basegboliciesin

which o ws cantargeta maximumdelayor minimumservicerate
respectiely. To quantify the performancempactof multi-hop co-

ordination,we extendthe aforementione@nalyticalmodelto in-

cludemultiple broadcastegionsand o ws forwardedover multi-

plehops.Moreover, we studyits performancegainsvia simulations
and nd for example thatundera simplepolicy of asingleperhop
localdelaytargetand90%load,coordinatiordecreasetheaverage
delayby 60% ascomparedo 802.11andby 25% ascomparedo

distributedpriority schedulingvithout coordination.

Thus,togetherdistributedpriority schedulingandmulti-hop coor
dinationprovide a framework for distributed mediumaccesson-
trol andschedulinglesignedo satisfyend-to-end)oStargets.Our
contrikution is to introducethesemechanismsjevelop ananalyti-
cal modelto characterizeheir effect, devise simplepoliciesto il-
lustratetheir application,and perform simulation experimentsto
quantifytheir performanceén morerealisticervironments.

The remainderof this paperis organizedasfollows. In Section2
we presentlistributedpriority schedulingln Section3 we describe
multi-hop coordination. Finally, in Section4 we review related
work andin Section5 we conclude.

2. DISTRIBUTED PRIORITY SCHEDULING

2.1 Preliminaries

In this section,we devise a schemeor approximatinga dynamic
priority schedulemithin a broadcastegion (a region in which all

nodesare within radio rangeof all other nodes)controlledby a
CSMAJ/CA scheme.Our techniqueappliesto the classof sched-
ulersin which pacletsareservicedn increasingrderof a priority

index, wheretheindex canbe computedusingonly o w andnode
information,i.e., stateavailableatthenodeor carriedin the paclet,

andnot stateof other o ws. This classincludesEarliestDeadline
FirstandVirtual Clock (VC) [21], thetwo schedulershatwe focus
on throughoutthis paper In EDF, a paclet arriving attime and
having (class)delaybound hasdeadling(priority index) .In

virtual clock, a pacletwith size of a o w with servicerate has
apriority index of plusthe maximumof thecurrenttime and
thepriority index of the o w's previouspaclet.

Obserethatthis classof schedulersloesnotincludeWeightedrair

Queueind16], ascomputatiorof a paclet's priority index in WFQ

requiresknowledgeof whetheror not other o ws arebacklogged,
informationthatwe will seeis problematicdo obtainin adistributed

ervironment.

For agivensetof pacletsin a broadcastegion anda given paclet
servicedisciplinesuchasEDF or VC, anideal systemwould ser
vice paclets exactly in order of their priority indexes. We refer
to sucha hypotheticalscheduleas the ideal or correct schedule
and seekto designdistributed algorithmsto closely approximate
this serviceorder Finally, we referto a nodes head-of-line(HOL)
paclet asthe paclet with the highestpriority (lowestindex) thatis
queuedocally. Thus,eachnodehasa uniqueHOL paclet (if ary).

22 A Mechanism for Distrib uted

Approximation of Priority Schedules

As describedin the Introduction, a centralizedschedulerwith

knowledge of all paclet priority indexes canin principle sched-
ule pacletsin exactorderof the ideal schedule.However, dueto

the distributed natureof ad hoc wirelessnetworks, eachnodeis

equippedwith its own buffer state(local information),andat best
partial information aboutothernodes. Thus, it is immediatethat
if theschedulers distributed,with incompletesysteminformation,
theideal schedulecannotbe metexactly.

To betterapproximateheidealschedulewe proposeo exploit the
broadcashatureof the mediumandpiggybackpriority indexes of
thecurrentandHOL paclets. The proposedgiggybackmechanism
allows for ef cient exchangeof informationwhile imposingmin-
imal overhead.Eachnodethenmaintainsa local schedulingable
andon hearingnenly announcegpriority indices,addsthemto the
local table. This local tableis thenadaptvely usedto control the
channehkccespolicy usedoy thenode.We emphasizéhatall poli-
ciesarecompletelydistributedwith informationexchangerelying
solely on existing broadcastdy eachnode. Using analyticaland
simulationbasedstudies,we shav that the piggybacled informa-
tion canyield signi cant gainsin the probability of transmitting
pacletsin orderof the ideal schedule and correspondingeduc-
tionsin paclet delay Moreover, we shav thatthesegainscanbe
achieved while maintaininghigh levels of throughput.

Working in the framework of IEEE 802.11 servicedifferentiation
in the MAC protocolcanbe obtainedby varyingthe bacloff timer
distribution, the defertime (DIFS), andthe size of the paclets[1].

Assumingthat paclet lengthscannotbe controlledby the MAC
layerfor real-timetraf ¢, wefocusourattentiononthe rst two pa-
rametersaandnext presenour proposednechanisnfor distributed
priority schedulingandadaptve bacloff for IEEE 802.11.



2.3 ProposedAlgorithm

In this section,we rst brie y review the IEEE 802.11distributed
coordinatedunction; for more details,readersarereferredto [7].
Next, the proposednformationexchangemechanisnusingpiggy-
bacled priority tagsis presented.Finally, we introduceadaptve
bacloff policiesfor IEEE 802.11thatexploitsthis additionalinfor-
mation.

2.3.1 |IEEE802.11 Distributed Cooodination

Function

In IEEE 802.11 therearetwo commonmodesof paclet transmis-
sion: a basicaccessnechanisnwith a two-way handshai& anda

four-way handsha& mechanisnmwith shortrequestpacletsbefore
the actualtransmission.In this paper we focuson the four-way

handsha& depictedin Figure1l. A nodewhich intendsto trans-
mit a paclet waitsuntil thechannels senseddle for atime period
equalto Distributed InterFrameSpacing(DIFS). If the channelis

senseddle for a durationof DIFS, the nodegenerates random
bacloff intenal beforetransmitting(this is the collision avoidance
featureof the protocol). In addition,to avoid channelcapture,a
nodemustwait a randombacloff time betweentwo consecutie

new paclettransmissionsgvenif the mediumis senseddle in the
DIFStime.

SIFS SIFS SIFS DIFS
RTS DATA
Source .
CTS ACK
Destination -
NAV (RTS)
Others Ll le
T
NAV (CTS)

Delayed Medium Access Channel Access

with Backoff
Figure l: IEEE 802.11four-way handshake.

A discretebacloff timer is usedfor reason®f ef ciency, andthe
time following anidle DIFS is slotted. A nodeis allowedto trans-
mit only at the beginning of eachslot time. Further DCF usesa

binary exponentialbacloff scheme.At eachpaclet transmission,
the bacloff timer is chosenuniformly from the range ,

where is calledthe contentiorwindow. At the rst transmission
attempt, is setto which is labeledminimumcontention
window After eachunsuccessfulransmissionthe valueof is

doubleduptothe maximumvalue

The bacloff timer is decrementedslong asthe channelis sensed
idle, andstoppedwhena transmissioris detectecbn the channel.
The bacloff timer is reactvatedwhenthe channelis senseddle

againfor morethana DIFS amountof time. The nodetransmits
whenthe bacloff timer reachesero. The rst transmissions a

shortrequestto send(RTS) message.When the receving node
detectsan RTS, it respondsfter a time period equalto the Short
InterFrameSpacing(SIFS)with a clearto send(CTS) paclet. The

transmittingnodeis allowedto transmitits actualdatapaclet only

if the CTSpacletis correctlyreceved.

The RTS and CTS paclets have information regardingthe desti-
nation node and the length of the datapaclet to be transmitted.
Any othernodewhich hearseitherthe RTS or CTS paclet canuse
the datapaclet lengthinformationto updateits network allocation
vector (NAV) containingthe information of the period for which

the channebill remainbusy Thus,ary hiddennodecandeferits

transmissiorsuitablyto avoid collision.

2.3.2 Priority Broadcast

To distribute information aboutthe currentand HOL paclets at
othernodes,we proposeto piggybackcurrentpaclet information
inthe RTS/CTS frames and the HOL paclet information in

DATA/ACK frames(seeFigure?2). The piggybacled information
includesthe paclet priority tag andsourcenodelD for CTS, and
only the paclet priority tagfor RTS frame. Source/destinatiotDs

requirefour bytesin IPv4 and sixteenbytesin IPv6 and priority

tagscanberepresentedsingonebyte. If the RTS suffersno colli-

sions,thenall nodesin the broadcastegion hearthe RTS (node9

in Figure2) andaddanentryin theirlocal schedulingable. When
thereceving nodegrantsa CTS, it alsoappendshe priority in the
CTS frame. This allows the hiddennodes(node7 in Figure 2),

which areunableto hearthe RTS, to addanentryin their schedul-
ing tablesuponhearingthe CTS. Uponthe successfutompletion
of the paclet transmissionwhich is marked by the ACK frame,
eachnoderemovesthe currentpaclet from their schedulingable.
If eitherthe CTSis not grantedby the receving nodeor the ACK

frameis notreceved,thecurrentpacletinformationis notremoved
from theschedulingables.

CURRENT HOL
PACKET INFO PACKET INFO
SIFS SIFS SIFS DIFS
Source RTS DATA
(nodel) o
Destination CTs ACK
(node 3) -
NAV (RTS)
Others [ .
T T T
NAV (CTS)
(node 9)
2[4 |p, 2 |4lp, 2| 4P, 2| 4|pP,
3|5 [P, 3|5 P, 3(5 (P, 3|5 |P,
1[3 [Py 1[3 [Py, 1(4]|pP,
1]4|P,
NODE 9 SCHEDULING TABLE UPDATES
(node 7)
7|8 [Py 718 [Py 7|8 |P,
89 [P, 819 Py 8|9 |P,
1(3 [Py 1[4 |P,

NODE 7 SCHEDULING TABLE UPDATES

Figure 2: Piggybacking on IEEE 802.11four-way handshake,
and the updating of schedulingtables.

Whentransmittingthe DATA paclet, eachnodealsopiggybacksts



HOL pacletinformation,whichincludesthedestinatiorandsource
ID alongwith its priority tag, a total of nine bytesfor IPv4 and
thirty threebytesfor IPv6; this informationis also copiedin the
ACK frameto allow hiddenterminalsto hearthe HOL paclet in-
formation. Eachnode,after hearingthe datapaclet, addsanother
entryin its schedulingtable. Thus,if the ACK is not heard,each
waiting nodes schedulingtable would grow by two entries;oth-
erwiseit would have oneadditionalentry Thus,in the eventof a
successfutransmissiongachoverhearingnodehasthe samead-
ditional entry in its table. On the otherhand,if the transmission
was not successfulgachoverhearingnode haseitherone or two
additionalentriesin its tables.

In ary casepurdesignphilosophyconsiderghatthecommoncase
will be for nodesto have incompleteschedulingtables,and our
goalis to closelyapproximatetheideal scheduleevenundermore
adwerseandrealisticconditions.

2.3.3 Modi ed Badoff Policies

Here, we describehow the overheardinformation in eachlocal
schedulingablecanbemappedo a bacloff schemetherebyusing
partialknowledgeof othernodes'HOL pacletsto closelyapprox-
imatetheidealtransmissiorschedule.

Let denotethe numberof nodesin the broadcastegion. The
schedulingableof node is alist of threetuples, ,

where is the sourcenodelD, is the destinatiomnodelD and
is the priority index of the

paclet. Thus,
1)
where is thesizeof the schedulingable . If node is back-

logged,thenits schedulingable consistsof an entry with
Without lossof generalitywe assumehatthe schedulingableen-
triesaresortedsuchthat

In thecontext of IEEE802.11 acollisionresolutionpolicy involves
selectinga bacloff timer distribution. In otherwords, given the
schedulingtable , the channelaccesgolicy computes ,
which is the bacloff timer distribution. We limit our attentionto
thefollowing classof distributions,

@)

where representshe discreteuniform distribution
ontherangefrom to . Thefunction mapsaschedulingable,
to arealnumbergreaterthan1. Theindex
representshe numberof retransmissiorattempts. The constants
denotesheadditionalwaitingtime beyondDIFS, andallows
for the possibility of contentionreduction(explainedbelow). In
|IEEE 802.11, and . Notethatonly the
bacloff distributions have beenchangedand the remainingcom-
ponentsof collision resolution/aoidanceareidenticalto thoseof
in IEEE802.11.

Let betherankofnode 'spacletin its own schedulingable
Then the proposedbacloff policy, characterizedy distributions
N

cw
cw
cw
®3)

Here is a two-part function CW  if rank of the
node else Cw if . The policy usesa
combinationof contentionreductionandcollision resolution. The
contentionreductionis achiezed by deterministicallydeferringthe
transmissiobeyond DIFS for someof thenodestherebyreducing
the contentionin rst CW  time slots. The constant con-
trols the extent of contentionreduction. If , thenall nodes
which arenot ranked onein their schedulingabledo not contend
for the rst CW  slots, therebyreducingthe contentionin the
rst attemptfor top ranked nodes(recallrankis determinedrom
the local schedulingtable). For closeto one, would im-
ply thatthe highestranknodewill capturethe channekuccessfully
with high probabilityin the rst attempt. The constant controls
the total contentionin the secondattemptfor highestrank nodes.
For small , the contentionafter CW increasessigni cantly,
sinceall waiting nodescontend. This alsomeansincreasecolli-
sionsandpotentialthroughputoss. A larger allows for reduced
probability of collision andprovidesa betterchanceof successful
channelcapture;we use to allow equalcontentionfor all
nodesafterthe rst CW  slots.

Finally notethatthe policy is independenbf the size of the net-
work andthe numberof overheardHOL indexesin the scheduling
tables. Regardlessthe performanceof the abore policy improves
whenthe schedulingtable containsa higherfraction of the back-
loggednodes'HOL indexes: however, belov we shawv that even
with tablesthat are quite incomplete,the performancegain of a
perfecttablecanbecloselyapproximated.

2.4 Analytical Model

In practice,a numberof factorsprecludenodesfrom having com-
plete schedulingableswith an entryfor every HOL pacletin the
broadcastegion. Thesefactorsincludenodemobility, locationde-
pendenterrors,partially overlappingbroadcastegions, and colli-
sions. In this section,we develop a simpleanalyticalmodelto ex-
plore the relationshipbetweerthe completenessf the scheduling
tableandability to approximatethe ideal schedule.Using results
from [5], we computethe probability of correctschedulingas a
function of availableinformationin local schedulingtables. With
theaid of simplifying assumptionspur resultsprovide insightsinto
the basicrole of information sharing(communicatingpriority in-
dexes)in distributedscheduling.

In[5], ananalyticalmodelis developedto computethe802.11DCF

throughputunderidealchannekonditionswith anassumptiorthat
eachnodealways hasa paclet available to transmit. A Markov

modelfor eachnodeis obtainedn [5], by assuminghatprobability
of collision, , in ary slotis independenbf transmissiorhistory
of nodes. Note that the assumptiorof time-invariant is a good
approximatiorfor large andCW . TheMarkov modelis then
usedto compute , which is the probability that a nodetransmits
in arandomlychosentime slot. The probability with  mobile
stationsjs givenas[5]

4)

where is the maximumback-of stageand is the conditional

collision probability given by
®)

Equationg4) and (5) represent nonlinearsystemin the two un-
knowvns and , whichis shavn to have auniquesolution[5].



Here, we generalize Equationg4) and(5) to dynamic priority
schedulingn whichthesizeof thecontentionwvindow is afunction
of the priority of thepaclet. However for simplicity no exponential
bacloff is consideredi.e. .Let  denotethepriority index
of the HOL paclet of node , . Furtherconsider
discretepriority indexes, uniformly distributedbetween and
. Basedonthe proposedolicy in Section2.3,the contention
window of eachnodedepend®n therankof its HOL pacletin its
local schedulingtable. Let and be the
contentionwindow for the nodewith the highestrank andall oth-

ers,respectiely, where CW isthe x edwaiting period

and CW and CW . Theprobability of trans-

missionfor the node(s)with highestpriority paclet(s)in slots to
, is thengivenby

— (6)

The sameprobability will be zerofor all othernodesin the afore-
mentionedslots; however the probability of transmissionfor all
nodesfor slotsgreatetthan is givenby

— @)

Assumingthat nodescontendin the rst window, the condi-
tional collision probabilitywill be

®)

forslots to ,and
9)
for slotsgreatetthan .

With perfectinformation the numberof nodescontendingin the
rst window is limited to thosehaving pacletswith thehighestpri-
ority in their queues. And if thereis only one sucha node,the
probability of capturingthe channelby the highestpriority paclet
will beequalto one.Sincethetiesarebrokenat randomthe num-
ber of contendingnodesin the rst window can be greaterthan
one,therebyimproving the approximationfor  even for perfect
informationcase.

However, as describedabove, perfectinformation on all nodes'
HOL pacletswill notbeavailablein practice.Thus,we modelthe
imperfectinformationby assuminghateachnodehasascheduling
tableentry of the HOL paclet of ary othernode(in the broadcast)
region with probability .

With , nodescan mistalenly infer that the highestpriority

pacletin theentirebroadcastegion (i.e., the paclet thatwould be

selectedy theidealscheduler)s queuedocally, whenin factit is

gueuedatanalternatenode.Theprobabilitythatnode 'sown HOL

pacletis thehighestpriority pacletin its table(i.e.,node believes

thatit possessethe region's highestpriority paclet), denotedby
, is givenby

(10)

Noticing thatthe priorities of differentpacletsare statisticallyin-

dependentizquation(10) canbefurthersimpli ed as

(11

Hence, during the primary contentionwindow ~~, approxi-
mately nodescontendfor the channel,whereasafter that
all nodesmaytake partin contention.

Denotethe probability of successfutransmissiorof the true high-
estpriority paclet beforeary otherpacletin the broadcastegion
by . This probabilityfor the primary contentionwindow can
bewrittenas

(12

which is the probability of having idle slot times, followed by
transmissiorf highestpriority pacletonly. After  slotsthesuc-
cessfultransmissiorof the highestpriority paclet will be possible
if all other nodesdefer Theprobabilityof correctscheduling
for this caseis

(13)

Finally the generaform for is givenby

— — (14)
We now presentnumericalinvestigationsapplying the analysis

abore. Figure3 depictsthe probability of correctschedulingvs.
numberof nodesfor differentvaluesof . Resultsareshavn for

, , , , and
(maximumback-of stageequalto zero).
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Figure3: Probability of correctschedulingvs. number of nodes
for differ ent valuesof .

Obsere that asthe numberof nodesincreasesthe probability of
correctscheduling(transmissiorof the region-wide highestprior-
ity paclet rst) decreasesg ecting the fundamentathallengeof
distributedscheduling Moreover this probabilityis afunctionof ,



andindeed,a largevalueof mitigatesthe effect of a large num-
ber of nodes.The cune labeled shaws the performanceof
thesystemwhennodesndependentlgettheir contentionvindows
without ary knowledgeof otherpaclets' priority indexes. This be-
havior is identicalto IEEE 802.11,andthe probability of correct
schedulingin this caseis inverselyproportionalto the numberof
nodesin thebroadcastegion.

Ontheotherhand,with all nodeshave completeknowledge
of theprioritiesof HOL pacletsin thebroadcastegion,andhence
can adjusttheir contentionwindow respectiely. In this case,a
gain of over in probability of correctschedulings obsered
for comparedo . Note that even with the
probability of correctschedulings lessthan . Thereasorfor this
is thatsincethe prioritiesarechoserto be discrete the probability
of two pacletshaving the samepriority is nonzero. It is clearthat
asthedifferencebetween and increaseshis probability
decreasesndhencethisline will approach

Thus, the modeland exampleillustrate the signi cant bene ts of
having , i.e., of communicatingpriority indexesvia piggy-
backing.Moreover, theresultsindicatethatperfectcommunication
of HOL indexesis notrequiredandthatmoderatevaluesof have
asigni cantimpact.Indeed,n the simulationstudybelowr, we nd
theeffectof non-zero to beevenmorepronounced.

2.5 Simulation Experiments

Here,we presenta setof simulationsto explorethe performancef
distributedpriority schedulingandthe IEEE 802.11protocolunder
realisticscenariosThesimulatorwasimplementedvithin thens-2
(version2.1b7a).

We considera single broadcastegion with an available link ca-
pacity of 2 Mb/secwith aneffective datarateof approximatelyl.6
Mb/sec(resultswith multiple broadcastegionsand o ws travers-
ing multiple hopsarepresentedn Section3.5). Eachnodegener
atesvariable-ratdraf ¢ accordingto the exponentialon-off trafc
model with an on-rateof 78 kb/sec,and equalmeanon and off
timesof 500 mseceach.The datapaclet sizeis setto 1000bytes.
All otherparametergincluding 802.11physicallayer parameters)
weresetto the default valuesasrecommendeih [7] (alsothede-
faultvaluessetin ns-2).

In practice,the valueof is affectedby a numberof factorsde-
scribedpreviously. In our simulations nodesupdatetheir schedul-
ing tablesasfollows. Uponreceving a piggybacled RTS, a node
entersthe priority index into its local schedulingablewith proba-
bility , otherwiseit ignoresthe priority information,aswould be
thecasef therewerelink errors,nodestemporarilymaoving out of
range,etc. In this way, we incorporatea numberof effectsin a
singleway andisolatethe performancémpactof .

Sinceour goal with distributed priority schedulingis to approxi-
mateanidealdynamicpriority schedulewe chosetheperformance
metric for our simulationsto be end-to-endielay Figure4(a)de-
picts the meandelay versusthe fraction of available information
aboutothernodes, . Thenumberof o wsis 38resultingin amean
offeredload of 74% (ignoring the overheadof RTS/CTSmecha-
nism for calculationof the load). Figure 4(a) depictsthe average
valuesand 95% con denceintenals of end-to-enddelay for 100
independensimulationruns. Note the point correspondingo zero
availableinformationis the delayunderthe standardEEE 802.11
schemeasour priority schemedegenerateso this standardvhen

theschedulingableis empty

We obsere thatas increasesdistributedpriority schedulingre-
sultsin a signi cantly lower delaythan|EEE 802.11. Also, note
thatevenfor amoderatdractionof availableinformation(between
0.6and0.8), distributedpriority schedulings ableto reducedelay
from about2.9 secto about0.4 sec,closelyapproximatinghe case
of perfectHOL information distribution and . Thereduc-
tion in delayis dueto the factthatdistributed priority scheduling
achievesacloserapproximatiorto anidealdeadlinebasedschedule
than802.11sothatcontentionis dramaticallyreduced This is fur-
therillustratedby Figure4(b) which shavs thatdistributedpriority
schedulindeadsto adecreasén thetotal numberof collisions.As
the numberof collisionsin the systemarereducednodesbacloff
lessoftenresultingin lower delays.
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Figure 4: Performance of distrib uted priority schedulingfor a
singlebroadcastregion.

3. MULTI-HOP COORDINATION

3.1 A Mechanism for Multi-hop Priority
Scheduling

In theprevioussectionwe shavedhow distributedpriority schedul-

ing canbeusedwithin abroadcastegionto approximatehetrans-

mission order of an ideal dynamic priority scheduler However,
this transmissiororderis necessarilymperfectdueto factorssuch



aslink errors,the random-accessatureof the medium,and the
burstinessof the trafc demands. As paclets traverse multiple
hops,theseeffectscanbe compoundedandseverelylimit a ow's
ability to satisfyits end-to-endQoStamets.

Our key obserationis thatdownstrearmodescanadijustthe prior-
ity level of pacletsbasedon their performanceupstream.In par
ticular, we develop multi-hop coordinationasa techniquethaten-
ablespacletsto “catch up” downstreamif they endureexcessie
delaysupstreamdue to eventssuchas collisions, queuingfrom
otherburstsof traf c, or mobility of intermediatéops.In thisway,
we increaseheopportunityfor apacletto meetits end-to-endQoS
target.

3.2 De nition

In [6], the FIFO+ schedulingalgorithmis de ned (for wired net-
works) asfollows. At the rst network node,a paclet's priority

index is simply its arrival time. Hence pacletsaresenedin FIFO

order However, atdownstreamnode , an offset of is

accumulatednto the paclet's original priority index, where is

the meanqueueingdelay at node and is the actualdelay
of paclet attheimmediatelyupstrearmode. Consequentlyif a
pacletis laterelative to othersits priority is increasediovnstream.

Here,we utilize this conceptof coordination,andbuilding on the
de nition in [9], generalizehetechniqueo multi-hopwirelessnet-
works asfollows. Whena noderecevesa paclet, it alsoreceves
its priority index in the RTS piggyback.If the nodeis aninterme-
diate hop andthe paclet is to be forwardedfurther, the nodewill
computethe new priority index recussively basedon the receved
index. Indeedwewill shav thatsimplecoordinatiorfunctionscan
have signi cant impacton end-to-encgerformance.

More precisely let denotethe priority index assignedo the
paclet of ow- with size atits hop. Moreover, let
denotethetimewhenthe  pacletof ow arrivesatits r sthop.

Finally,let  denotetheincremenbf thepriority index of the
pacletof ow atits  hop. We considertheclassof coordinated
multi-hop schedulersuchthatthe priority index canbe expressed
as

(15)

where isanon-ngative functionof

With priority recursvely expressedn this form, theindex of each
paclet at a downstreamnodedependson its priority index at up-
streamnodes sothatall nodesin the ad hoc network cooperateo
provide the end-to-endservice. For example,if a paclet violates
alocal deadlineat an upstrearmode, dowvnstreamnodeswill in-
creasethe paclet's priority therebyincreasingthe likelihood that
the paclet will meetits end-to-enddelay bound. Similarly, if a
paclet arrives“early” dueto alack of contentionupstreamgdown-
streamnodeswill reducethe priority of the paclet.

3.3 Index AssignmentSchemes

Priority indexescanbe assignedaccordingto whetherthe ow or
classtagetsanend-to-endlelayor rate.In theformercasediffer-
ent pernodeallocationschemesan simplify coordinationasde-
scribedbelow.

3.3.1 DeadlineTargets

If representadelayparametenofthe  pacletof ow atits
hop, thenthe nodescoordinateto attemptto meetthe end-to-

enddelaytarmget to the maximalextentpossibleunderthe

network loadandchannekonditions.For suchdeadlingamets,we

considerthreeindex assignmenschemes.

TimeTo Live (TTL) Allocation: In this schemea paclet insertsits
desiredend-to-enddelay boundasits priority index. Eachnode
decrementshe TTL by the time taken to accesghe channeland
transmitthe paclet. In particular the priority indexesaregiven by

and for . We referto this schemeas
theTTL schemesince canbeinterpretedasthetime duration
for eachpaclet of ow to be allowed to stayin network. We
male thefollowing obserations.First, o ws canbedifferentiated
by assigningdifferent 's as ows with smaller 's will
obtain betterservicethan o ws with larger 's. Secondthis
schemgyivespreferenceo pacletsthathave traveledsereralhops
andimplicitly assumeshatthe priority of a paclet increasesvith
thetime it hasspentin the network.

Fixed Per-Node Allocation: In this scheme,eachnode is as-
signeda constant  , and if node isthe hop
of the paclet. Sincethe 's are independenbdf paclets, dif-
ferentnodesmay have differentconstantshput all pacletsthatare
transmittedby the samenode have the sameincrementof prior-
ity indexes at that node. While the schemecould be generalized
to supportdifferentclassesye obsere thatwhile thetechniquds
quitesimpletoimplementa x edpernodeallocationschemealoes
discriminateagainstpacletswith long paths.

Uniform Delay Budget (UDB) Allocation: In this scheme for a
ow with an end-to-enddelaytarget , the incrementsof the
priority index of the o w's pacletsare assignechs — for

, where s the length of the o w's pathand
can be obtainedfrom routing table undersourcerouting (e.g., as
in DynamicSourceRouting[8]). Thus,whereaghe TTL scheme
allocatesthe entire delay budgetto the rst node (but then uses
coordinationto ensurethat paclets have sufcient priority down-
stream),the UDB schemeallocatesthe delay budget uniformly
amongnodes.

3.3.2 RateTargets

In additionto targeting maximumadelays, o ws can target mini-
mum servicerates. In particular if is afunctionof and ,
where isthesizeofthe  pacletof ow and isthetamgeted
bandwidthfor o w , thenacoordinatedirtual clockschedulecan
beattainedoy assigningndexesas?

(16)

We obsenre thatcoodinatedvirtual clock attemptso allocatedif-

ferentratesto o ws on an end-to-endbasis,just asvirtual clock
[21] allocatesrateson a perhop basis.Note however, thatdespite
the tamgetsof minimum rates,this schedulingalgorithmis not tar

getingmax-minfairnesgor reasonslescribedn Section4.

We notethat suchallocationis similar to core-statelesgtter vir-
tual clock [18] which usesa relatedindex assignmenschemeto
achieve scalability



3.4 Analytical Model

In this section,we devise a simple analyticalmodel of multi-hop
coordinatiorandcomparetheprobabilityof meetinganend-to-end
delayboundover amulti-hop pathwith andwithout coordination.

Ouraimis to characterizéransmissiorandmediumaccesslelays,
andhencewe neglectqueuingdelay by assuminghatthereis al-
ways one and only one paclet in eachnodes queue. With this
assumptionthe delaythateachpaclet suffers at any nodeis com-
pletely determinecdy thetime requiredto successfullyesere the
channelin the presencef competingnodes.The total delaycon-
sistsof time slotswhich wereidle, slotswith collisionsand slots
with successfupaclet transmissiorby othernodes.Let denote
a slot time, and assumethat a successfutransmissiorand a col-

lision needrespectiely and  slots;thenthedelay canbe
expresseds
where , ,and representhenumberof idle slots,slotsused

for successfutransmissionsindslotswith collisions,respectiely.
Assumingthat the probability of transmissionis high, and that
and , thenthe delay can be approximatecdby
. In otherwords, in a single broadcastegion
the delaythat a paclet suffers beforeits successfutransmission
is approximatelyequalto the numberof successfutransmissions
of otherpacletsduring its deferinterval. Hence,to computethe
probability thata given paclet meetsits single-hopdelaybound,it
sufces to nd the distribution of the numberof successfutrans-
missionsprior to theaforementionegaclet.

To simplify the analysis,we consideronly the casewith high
This assumptioimpliesthatwith high probability, the highestpri-
ority nodewill capturethe channelin the rst contentionwindow.
Furthermoresincetheprioritiesaretime basedye assumehatthe
probability that two paclets have exactly the samepriority tag is
negligible. Combinedwith the abore two assumptionst immedi-
atelyfollowsthatif a paclet hasthehighestpriority in abroadcast
region, it will capturethechannein the rst transmissiorattempt.
Then the probability of capturingthe channelin arny given con-
tentionwindow is equalto the probabilitythata nodeis rankedone
for agivenpriority tag. For delaypriority indexes,the priority tags
canbesetbasedn . If we assumehat saredistributed
uniformly from to  (theend-to-endielay),thenthe probability
thatanodehasrank among nodesin abroadcastegionis

rank

17)

Sinceanodecantransmitif andonly if it is ranked 1 (basednthe

assumptionabove), it followsthatthe probability of delayequalto
slotsfor nodel with arrival as is

(18)
where

and

Usingtheabove delaydistribution, the probabilityof meetingdead-
lines canbe computedfor multi-hop networks with arbitrary con-
guration. For illustration, we presentthe resultsfor a two-hop
o w with anend-to-endlelaytargetof ; Coordinatednulti-hop
scheduling,UDB without coordinationand IEEE 802.11are an-
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Figure 5: Probability of satisfying end-to-enddelay target un-
der differ ent priority schemes

alyzed. For the sale of simplicity, we assumethat the number
of competingnodesperhopis x edto be . Thenthe probabil-
ity of meetingthe end-to-enddeadlinefor coordinatedmulti-hop
scheduling, coorais givenby

coord (19)

where — . For UDB with no coordination(underthe as-
sumptionthatapacletis droppedf it failsto meetits localdeadline
of ), the probability of meetingthe deadline uncoordiS given

by

uncoord

(20)
It follows immediatelyfrom (19) and(20) that  coord uncoord
Finally, for IEEE 802.11(which hasno coordination),the proba-
bility of meetingthe deadliness givenby

802.11 -

(21)

In Figure5, samplenumericalresultsareshavn for msec
and msec,with msec.FromFigure5, it is clear
thatcoordinationcansigni cantly improve the probabilityof meet-
ing end-to-enddeadlines.However, we alsonotethatunderhears-

ier loads, depictedby an increasechumberof nodesper hop, all

schemesare degradedsigni cantly. For examplefor the smaller
deadlineof msec,|EEE 802.11is superiorto coordina-
tion with a heary load correspondingo morethan 11 nodes. In

this case the delaytarget of 16 msecis unrealisticin the current
load,andmary pacletsaredropped.A higherdelaytargetwould

berequiredto ef ciently coordinateprioritiesin thisregime.

3.5 Simulation Experiments

Here, we experimentallystudy the performancempact of inter-

nodecoordinatiorby comparinghecoordinatednulti-hopschedul-
ing with uncoordinatedschedulingas well as unmodi ed IEEE

802.11.We consideta scenaricextendingthatof Section2.5to the



Figure 6: Simulation topology

topology depictedin Figure6. We consider exponentialon-off

trafc o wsthattraverseatleast2 hopsfrom source to destina-
tion . WeusetheUDB (uniformdelaybudget)
schemewith anend-to-endielaytargetof 240 msecfor each o w.

We usetheaverageend-to-endielayasour performancenetricand
explore the variationin meandelaywith varying offeredload. To

computethe offered load with multiple overlappingbroadcaste-

gions,we calculatethe normalizedaverageratesof all contending
trafc owsin asinglebroadcastiomain.

We alsonotethatwhile nodesemainin a x edpositionthroughout
the simulation,we usean ad-hocrouting protocolsincethe routes
arenot setupat starttime. For our simulationswe usethe Dynamic
SourceRouting(DSR) protocol[8].
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Figure 7: Simulated delay performance of multi-hop coordina-
tion.

The simulationresultspresentedn Figure7 depictthe end-to-end
delay performancdor the threeschemesWe male two obsera-
tions regardingthis gure. First, whenthe trafc load is abose
80 , thecoordinatedservicedisciplineandthe uncoordinateder
vicedisciplinealwaysoutperformthelEEE 802.11DCFMAC pro-
tocol. Thisis aconsequencef usingdistributedpriority scheduling
within eachbroadcastegion. Thusthe prioritized mediumaccess
reduceghepaclet collision andavoidsrepeatedack-of intenals.

Second,notice that for very high trafc load (90 ), the coordi-
natedschemeoutperformauncoordinatedy morethan50 . This
is dueto thefactthatthe coordinatednulti-hop schedulingexplic-
itly targetssatisactionof a o w's end-to-endlelaytarget, yielding
opportunitiesto mitigate the effects of poor servicereceved up-
stream.

4. RELATED WORK

In wirelessnetworks with basestations,recentresultsin schedul-
ing have shawvn how to bestachieve fairnessaandweightedfairness
in the presencef link errors,e.g.,[4, 10, 14]. As describedn the
Introduction,new issuesarisein the caseof ad hoc networks with-
outbasestations.For example,how to achieve fairnessaccounting
for the distributed natureof the nodesthat contendfor the same
medium, the limits of information exchangebetweenthe nodes,
thefactthatpacletsof amulti-hop o w contendwith eachotherin
successie hops,andtheneedfor spatialre-usearetopicsof intense
recentstudyandprogresg3, 11,12,13,19, 20].

In contrast,our goal of achieving delay or rate QoS targetscan
yield signi cantly differentscheduleshanthoseto achieve fairness
or even weightedfairness.For example,for satisfyingdelay con-
straints,EDF is easily shavn to outperformWFQ. Furthermore,
in our problemformulation,if a o w enduredocationdependent
errors, no attemptis madeto increaseservicelater for the sale
of achieving fairness. Indeedincreasingserviceto sucha “lag-
ging o w” couldbewastefulif the paclets' deadlineshave passed.
Regardless,our use of multi-hop coordinationwould increasea
paclet's priority downstreanif it is delayedupstrean{for whatever
reason)yetthegoalis to satisfythe delayor rateconstraintrather
thanto achieve systemwide fairness® Regardlesstechniquesie-
velopedfor fairnesscould also be incorporatednto our scheme.
For example,theideal schedulecould be modi ed to satisfyQoS
targetssubjectto limits on unfairnessor aminimum/level of spatial
reuse.

The coordinationmechanismhasbeenstudiedpreviously to im-
prove multi-nodeperformanceproperties[2, 6, 9]. For example
coordinatedEDFwasstudiedin [2, 9] asamechanisnfor minimiz-
ing end-to-enddelaysin networks of work-conservingschedulers.
Likewise,FIFO+wasproposedn [6] asanalternatve to bothFIFO
andfair queueingdor delay-sensitietrafc: in FIFO+,downstream
nodesadjusta paclet's priority index basedn its upstreangueue-
ing delay In ourwork, we generalizehetechniquefor application
to ad hoc networks, consideroth delay-andrate-basedoordina-
tion, andintegratecoordinatiorwith MAC-layermechanisms.

In [3], adistributedschedulingalgorithmwasproposedo approx-
imate rst come rst sere in ad hoc networks, also using piggy-
bacled information regardingthe HOL paclets. Our resultsare
moregenerahswe considenon-perfectnformationexchanggthe
delayandthroughputanalysisin [3] implicitly assumegerfectin-
formation aboutthe other nodes'paclets, equivalent to the case
of ), a generalclassof dynamic priority schedulersthe
mediumaccesalgorithm,andmulti-hopscenarios.

In [1], the authorsproposemodi cations to the IEEE 802.11pro-
tocol to achieve performanceifferentiation.In particular the au-
thorsexploreanumberof differentiatiormechanismandconclude
thatthe mostsuperiorschemds to usea DIFS-basedpproachin
which eachclasshasa differentvalueof DIFS: sincestationsmust
wait at leastDIFS beforeattemptingto accesgshe medium, o ws
in classewith the smallestvalue of DIFS receve the bestperfor
mance.Meanwhile,back-of schemesreleft unmodi ed to retain
thedesirablestability propertieof 802.11.In ourwork, our goalis
to satisfya dynamicpriority scheduleratherthana staticpriority

Obserethatvirtual clock (aschedulethatwe alsouseasanideal
baseline)possessethe isolation propertywhich, similar to WFQ,
can be usedto provide minimum servicerates. However, unlike
WFQ, virtual clock doesnot assuranax-minfairness.



schedule.Consequentlynodesusedistributedpriority scheduling
to assestheirrelative priority beforeadjustingtheirvalueof DIFS.
Regardlesstechniquesandlessondearnedin [1] arealsoapplica-
ble in our schemeof distributedpriority schedulingandmulti-hop
coordination.

5. CONCLUSIONS

This paperaddressethreeissuesfundamentato quality-of-service
schedulingin adhoc networks: distributed priority scheduling,

priority-basedmediumaccesandmulti-hop priority management.

We introduceda distributed schedulingschemen which the pri-
ority index of a head-of-linepaclet is piggy bacled onto existing
messageso that other nodescan betterassesshe relative prior-
ity of their own head-of-linepaclet. We deviseda simplemecha-
nismto incorporatethis priority informationinto the IEEE 802.11
protocol and achieze mostof the gainsof anideal schedulewith
only a moderatdraction of piggybacled messagesverheard.We
devised a multi-nodeschedulingalgorithm suchthat downstream
nodescan malke up for excessie latenciesincurredupstreamvia
multi-hop coordination:given the randomnatureof mary aspects
of wirelessadhocnetworks,we shavedhow coordinationis anim-
portantingredientfor targetingend-to-endQoSobjectves. Finally,
we usedanalyticalmodelsandsimulationexperimentso quantify
the performancempactof thescheme.

6. ACKNOWLEDGEMENTS

The authorswish to thankthe anorymousreviewers for their in-
sightful commentsandfor pointingout referencq3].

Thisresearchis supportecby NSFCAREERAwardANI-9733610,
NSF GrantsANI-9730104and ANI-0085842,a SloanFellowship,
a Texas TechnologyDevelopmentand TransferGrant, and by a
grantfrom TexasInstruments.

7. REFERENCES
[1] 1. AadandC. CastellucciaDifferentiationmechanismsor
IEEE 802.11.In Proceeding®f IEEE INFOCOM'01,
AnchorageAlaska,April 2001.

[2] M. AndrewsandL. Zhang.Minimizing end-to-endlelayin
high-speedetworkswith a simplecoordinatedscheduleln
Proceeding®f IEEEINFOCOM'99, New York, NY, March
1999.

[3] C.BarrackandK-Y. Siu.A distributedschedulingalgorithm
for quality of servicesupportin multiaccessietworks.In
Proceeding®f IEEE ICNP '99, Toronto,CanadaQctober
1999.

[4] P.Bhagwat, P. BhattacharyaA. Krishna,andS. Tripathi.
Enhancinghroughputover wirelessLANs usingchannel
statedependenpaclet schedulingln Proceeding®f IEEE
INFOCOM'96, SanFranciscoCA, March1996.

[5] G.Bianchi.Performanceanalysisof thelEEE 802.11
distributedcoordinatiorfunction.|[EEE Journal on Selected
Areasin Communicationsl8(3):535-547March2000.

[6] D. Clark,S.Shenler, andL. Zhang.Supportingreal-time
applicationdn anintegratedservicegaclet network:
Architectureandmechanismin Proceeding®f ACM
SIGCOMM'92, pagesl4—26,Baltimore,Maryland,August
1992.

[7] IEEE.IEEE standard02.11:WirelessLAN mediumaccess
control(MAC) andphysicallayer (PHY) speci cations,
1997.

[8] D.JohnsorandD. Maltz. Mobile Computing chapter
Dynamicsourceroutingin Ad Hoc wirelessnetworks.
Kluwer Academic,1996.

[9] C.Li andE. Knightly. Coordinatechetwork scheduling’A
framework for end-to-endservicesln Proceeding®f IEEE
ICNP'00, OsakaJapanNovember2000.

[10] S.Lu, V. Bhaghavan,andR. Srikant.Fair schedulingn
wirelesspaclet networks. I[EEE/ACM Transactionn
Networking 7(4):473-489August1999.

[11] H. Luo andS.Lu. A topologyindependentair queueing
modelin Ad Hoc wirelessnetworks.In Proceeding®f IEEE
ICNP'00, OsakaJapanAugust2000.

[12] H. Luo, S.Lu, andV. Bhaghasan.A nev modelfor paclet
schedulingn multihopwirelessnetworks.In Proceeding®f
ACM MOBICOM'00, Boston,MA, August2000.

[13] T. NandagopalT. Kim, X. Gao,andV. Bhaghavan.
Achieving MAC layerfairnesdn wirelesspaclet networks.
In Proceeding®f ACM MOBICOM'00, Boston,MA, August
2000.

[14] T. Ng, I. Stoica,andH. Zhang.Paclket fair queueing
algorithmsfor wirelessnetworkswith locationdependent
errors.In Proceeding®f IEEE INFOCOM'98, San
FranciscoCA, May 1998.

[15] B. O'HaraandA. Petrick.|IEEE 802.11Handbook A
Designers CompanionlEEE Press1999.

[16] A. ParekhandR. Gallager A generalizegprocessosharing
approacho o w controlin integratedservicesmetworks: the
single-nodecase IEEE/ACM Transactionsn Networking
1(3):344-357Junel993.

[17] S.Shenler. Fundamentatdlesignissuedfor thefuture
Internet.IEEE Journal on Selectedireasin
Communicationsl3(7):1176-11885eptembel 995.

[18] I. StoicaandH. Zhang.Providing guaranteedervices
without per o w managementn Proceeding®f ACM
SIGCOMM'99, CambridgeMA, August1999.

[19] N. VaidyaandP. Bahl. Fair schedulingn broadcast
ervironments August1999.Microsoft ResearcfTech.Rep.
MSR-TR-99-61.

[20] N. Vaidya,P. Bahl,andS. Gupta.Distributedfair scheduling
in awirelessLAN. In Proceeding®f ACM MOBICOM'00Q,
Boston,MA, August2000.

[21] L. Zhang.A New Architectuse for Packet SwitthhedNetwork
Protocols Ph.D.dissertationMassachusettsistituteof
TechnologyJuly 1989.



