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ABSTRACT
Providing quality of servicein randomaccessmulti-hop wireless
networks requiressupportfrom both mediumaccessand packet
schedulingalgorithms.However, dueto thedistributednatureof ad
hocnetworks,nodesmaynot beableto determinethenext packet
thatwould be transmittedin 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 node's head-of-linepacket onto
handshake and data packets; e.g., RTS/DATA packets in
IEEE 802.11.By monitoringtransmittedpackets,eachnodemain-
tainsa schedulingtablewhich is usedto assessthenode's priority
level relative to othernodes.We thenincorporatethis scheduling
table into existing IEEE 802.11priority back-off schemesto ap-
proximatetheidealizedschedule.Second,weobserve thatconges-
tion, link errors,andtherandomnatureof mediumaccessprohibit
anexactrealizationof theidealschedule.Consequently, we devise
a schedulingschemetermedmulti-hopcoordinationsothatdown-
streamnodescanincreasea packet's relative priority to make up
for excessive delaysincurredupstream.We next developa simple
analyticalmodelto quantitatively explore thesetwo mechanisms.
In theformercase,we studytheimpactof theprobabilityof over-
hearinganotherpacket's priority index on the scheme's ability to
achieve the ideal schedule.In the latter case,we explore the role
of multi-hopcoordinationin increasingtheprobabilitythatapacket
satis�esits end-to-endQoStarget.Finally, weperformasetof ns-2
simulationsto studythescheme'sperformanceundermorerealistic
conditions.

1. INTRODUCTION
Supportingreal-time�o wswith delayandthroughputconstraintsis
an importantchallengefor futurewirelessnetworks. Indeed,pro-
viding differentiatedquality-of-servicelevels increasesa system's
total utility whenapplicationshave diverseperformancerequire-
ments,e.g.,somepreferringlow delay, othershighthroughput,and
othersmerelybesteffort service[17]. Consequently, bothmedium
accesscontrolandnetwork-layerschedulingalgorithmsmustselect

andtransmitpacketsin accordancewith their QoSrequirements.

In wirelessnetworks with basestations,the basestationactsas
a centralizationpoint for arbitrationof suchQoS demands.For
example,supposethe goal is to supportdelay-sensitive traf�c us-
ing the EarliestDeadlineFirst (EDF) servicediscipline. In this
case,eachpacket hasa priority index givenby its arrival time plus
its delaybound. Consequently, the basestationcansimply select
thepacket with thesmallestpriority index for transmissionon the
down-link, subjectto its channelbeingsuf�ciently error-free. In
this way, an “ideal” EDF schedulecould be approximatedto the
largestextentpossibleallowedby theerror-pronewirelesslink.

However, in networks without basestations,there is no central-
ized controller which canassessthe relative priorities of packets
contendingfor themedium. Consequently, thenodeactuallypos-
sessingthehighestpriority packet is unawarethat this is thecase;
nor are other nodeswith lower priority packets aware that they
shoulddeferaccess.Moreover, in multi-hop(or adhoc)networks
in which packetsareforwardedacrossmultiple broadcastregions,
it becomesincreasinglychallengingto satisfya �o w's end-to-end
QoStarget.

In this paper, we introducea new framework for dynamicpriority
packet transmissionin multi-hop wirelessnetworks. Our key in-
sight is that the broadcastnatureof thewirelessmediumtogether
with the store-and-forward natureof multi-hop networks provide
opportunitiesto communicateandcoordinatepriority information
amongnodes. Our goal is to exploit thesesystemattributesand
develop integratedmediumaccessandschedulingalgorithmsthat
satisfya high fractionof QoStargetsusingfully distributedmech-
anisms.

Our contribution is two fold. First, within a broadcastregion, we
deviseamechanismtermeddistributedpriority schedulingin which
eachnodelocally constructsaschedulingtablebasedonoverheard
information,andincorporatesitsestimateof its relativepriority into
mediumaccesscontrol. In particular, eachpacket hasan associ-
atedpriority index whichcanbecomputedwith purelylocal infor-
mation(e.g.,a deadline).Whena nodeissuesa RequestTo Send
(RTS) in IEEE 802.11[7, 15], it piggybacksthe priority index of
its currentpacket. NodesthatoverhearthisRTSwill insertanentry
into a local schedulingtable. If the nodeis granteda CTS, it in-
cludesthepriority index of its head-of-line(higherpriority) packet
in the DATA packet, which is also insertedin the local table by
overhearingnodes. Eachnodecan thenassessthe priority of its
own head-of-linepacket in relation to its (necessarilypartial) list
of otherhead-of-linepackets. We show that this informationcan



beexploitedvia aminormodi�cation of existing802.11prioritized
back-off schemesto closelyapproximatea“global” dynamicprior-
ity schedulein a distributedway.

In practice,all nodesarenotassuredto hearall RTSsdueto anum-
ber of factorsincluding nodemobility, locationdependenterrors,
partially overlappingbroadcastregions,andcollisions.Thus,each
node's schedulingtablewill be incomplete.To addressthis issue,
we deviseasimpleanalyticalmodelto exploretherelationshipbe-
tweenthe probability, � , that a head-of-linepacket is in a node's
schedulingtable and the system's ability to satisfy its QoS tar-
gets. The model indicatesandsimulationscorroboratethat even
with moderatevaluesof � , theschemecanachieve signi�cant im-
provementsover 802.11andcloselyapproximatethe idealcaseof

� = 1 (correspondingto all RTSsoverheardandperfectscheduling
tables).For example,in ns-2simulationswith 38 nodestransmit-
ting and74%load,wefoundthatwith � = 0.60,theschemereduces
themeandelayfrom 2.86secs(for 802.11)to 0.6secs.

Our secondcontribution is coordinated multi-hop scheduling, a
mechanismfor modifying downstream priorities based on a
packet's upstreamservicein orderto bettersatisfyend-to-endQoS
targetsacrossmultiplenodesof adhocnetworks. In particular, with
a distributedrandomaccessprotocolandburstytraf�c arrivals,not
everypacketwill satisfyits localQoStarget,evenif � = 1. Weshow
that by recursively computinga packet's priority index basedon
its previous(upstream)index, downstreamnodescanhelppackets
catchup if they areexcessively delayedupstream,whereaspackets
arriving earlycanhave their priority reducedto allow moreurgent
packetsto passthroughquickly.

We then describeseveral multi-node policies within this frame-
work. For example,we describedelayandrate-basedpolicies in
which �o ws cantargeta maximumdelayor minimumservicerate
respectively. To quantify theperformanceimpactof multi-hopco-
ordination,we extendthe aforementionedanalyticalmodel to in-
cludemultiple broadcastregionsand�o ws forwardedover multi-
plehops.Moreover, westudyits performancegainsvia simulations
and�nd for example,thatunderasimplepolicy of asingleper-hop
localdelaytargetand90%load,coordinationdecreasestheaverage
delayby 60%ascomparedto 802.11andby 25%ascomparedto
distributedpriority schedulingwithout coordination.

Thus,together, distributedpriority schedulingandmulti-hopcoor-
dinationprovide a framework for distributedmediumaccesscon-
trol andschedulingdesignedto satisfyend-to-endQoStargets.Our
contribution is to introducethesemechanisms,developananalyti-
cal modelto characterizetheir effect, devise simplepoliciesto il-
lustratetheir application,and perform simulationexperimentsto
quantifytheir performancein morerealisticenvironments.

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

2. DISTRIB UTED PRIORITY SCHEDULING
2.1 Preliminaries
In this section,we devise a schemefor approximatinga dynamic
priority schedulerwithin a broadcastregion (a region in which all
nodesare within radio rangeof all other nodes)controlledby a
CSMA/CA scheme.Our techniqueappliesto the classof sched-
ulersin whichpacketsareservicedin increasingorderof a priority

index, wheretheindex canbecomputedusingonly �o w andnode
information,i.e.,stateavailableat thenodeor carriedin thepacket,
andnot stateof other�o ws. This classincludesEarliestDeadline
FirstandVirtual Clock(VC) [21], thetwo schedulersthatwefocus
on throughoutthis paper. In EDF, a packet arriving at time � and
having (class)delaybound� hasdeadline(priority index) ����� . In
virtual clock,a packet with size � of a �o w with servicerate � has
apriority index of �	�
� plusthemaximumof thecurrenttime � and
thepriority index of the�o w's previouspacket.

Observethatthisclassof schedulersdoesnotincludeWeightedFair
Queueing[16], ascomputationof apacket'spriority index in WFQ
requiresknowledgeof whetheror not other�o ws arebacklogged,
informationthatwewill seeis problematicto obtainin adistributed
environment.

For a givensetof packetsin a broadcastregion anda givenpacket
servicedisciplinesuchasEDF or VC, an ideal systemwould ser-
vice packets exactly in order of their priority indexes. We refer
to sucha hypotheticalscheduleas the ideal or correct schedule
andseekto designdistributedalgorithmsto closely approximate
this serviceorder. Finally, we referto a node's head-of-line(HOL)
packet asthepacket with thehighestpriority (lowestindex) that is
queuedlocally. Thus,eachnodehasauniqueHOL packet (if any).

2.2 A Mechanism for Distrib uted
Approximation of Priority Schedules

As describedin the Introduction, a centralizedschedulerwith
knowledgeof all packet priority indexes can in principle sched-
ule packets in exact orderof the ideal schedule.However, dueto
the distributed natureof ad hoc wirelessnetworks, eachnodeis
equippedwith its own buffer state(local information),andat best
partial informationaboutothernodes. Thus, it is immediatethat
if thescheduleris distributed,with incompletesysteminformation,
theidealschedulecannotbemetexactly.

To betterapproximatetheidealschedule,weproposeto exploit the
broadcastnatureof themediumandpiggybackpriority indexesof
thecurrentandHOL packets.Theproposedpiggybackmechanism
allows for ef�cient exchangeof informationwhile imposingmin-
imal overhead.Eachnodethenmaintainsa local schedulingtable
andon hearingnewly announcedpriority indices,addsthemto the
local table. This local tableis thenadaptively usedto control the
channelaccesspolicy usedby thenode.Weemphasizethatall poli-
ciesarecompletelydistributedwith informationexchangerelying
solely on existing broadcastsby eachnode. Using analyticaland
simulationbasedstudies,we show that the piggybacked informa-
tion can yield signi�cant gainsin the probability of transmitting
packets in order of the ideal schedule,andcorrespondingreduc-
tions in packet delay. Moreover, we show that thesegainscanbe
achievedwhile maintaininghigh levelsof throughput.

Working in the framework of IEEE 802.11,servicedifferentiation
in theMAC protocolcanbeobtainedby varyingthebackoff timer
distribution, thedefertime (DIFS),andthesizeof thepackets[1].
Assumingthat packet lengthscannotbe controlledby the MAC
layerfor real-timetraf�c, wefocusourattentiononthe�rst two pa-
rametersandnext presentour proposedmechanismfor distributed
priority schedulingandadaptive backoff for IEEE802.11.



2.3 ProposedAlgorithm
In this section,we �rst brie�y review the IEEE 802.11distributed
coordinatedfunction; for moredetails,readersarereferredto [7].
Next, theproposedinformationexchangemechanismusingpiggy-
backed priority tagsis presented.Finally, we introduceadaptive
backoff policiesfor IEEE802.11thatexploits thisadditionalinfor-
mation.

2.3.1 IEEE 802.11 Distributed Cooordination
Function

In IEEE 802.11,therearetwo commonmodesof packet transmis-
sion: a basicaccessmechanismwith a two-way handshake anda
four-way handshake mechanismwith shortrequestpacketsbefore
the actualtransmission.In this paper, we focuson the four-way
handshake depictedin Figure1. A nodewhich intendsto trans-
mit apacket waitsuntil thechannelis sensedidle for a time period
equalto DistributedInterFrameSpacing(DIFS). If the channelis
sensedidle for a durationof DIFS, the nodegeneratesa random
backoff interval beforetransmitting(this is thecollision avoidance
featureof the protocol). In addition, to avoid channelcapture,a
nodemustwait a randombackoff time betweentwo consecutive
new packet transmissions,evenif themediumis sensedidle in the
DIFS time.
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Figure1: IEEE 802.11four-way handshake.

A discretebackoff timer is usedfor reasonsof 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 exponentialbackoff scheme.At eachpacket transmission,
the backoff timer is chosenuniformly from the range

� �������	��


,
where

�

is calledthecontentionwindow. At the�rst transmission
attempt,

�

is setto ��
���� � which is labeledminimumcontention
window. After eachunsuccessfultransmission,the valueof

�

is
doubled,uptothemaximumvalue ��
���������������
���� � .

Thebackoff timer is decrementedaslong asthechannelis sensed
idle, andstoppedwhena transmissionis detectedon the channel.
The backoff timer is reactivatedwhen the channelis sensedidle
againfor morethana DIFS amountof time. The nodetransmits
when the backoff timer reacheszero. The �rst transmissionis a
short requestto send(RTS) message.When the receiving node
detectsan RTS, it respondsafter a time periodequalto the Short
InterFrameSpacing(SIFS)with a clearto send(CTS)packet. The
transmittingnodeis allowedto transmitits actualdatapacket only
if theCTSpacket is correctlyreceived.

The RTS andCTS packets have information regardingthe desti-
nation nodeand the length of the datapacket to be transmitted.
Any othernodewhich hearseithertheRTS or CTSpacket canuse
thedatapacket lengthinformationto updateits network allocation
vector (NAV) containingthe informationof the period for which
thechannelwill remainbusy. Thus,any hiddennodecandeferits
transmissionsuitablyto avoid collision.

2.3.2 Priority Broadcast
To distribute information about the currentand HOL packets at
othernodes,we proposeto piggybackcurrentpacket information
in the RTS/CTS frames and the HOL packet information in
DATA/ACK frames(seeFigure2). Thepiggybacked information
includesthe packet priority tag andsourcenodeID for CTS,and
only thepacket priority tagfor RTS frame.Source/destinationIDs
requirefour bytesin IPv4 andsixteenbytesin IPv6 andpriority
tagscanberepresentedusingonebyte. If theRTSsuffersno colli-
sions,thenall nodesin thebroadcastregion heartheRTS (node9
in Figure2) andaddanentryin their local schedulingtable.When
thereceiving nodegrantsa CTS,it alsoappendsthepriority in the
CTS frame. This allows the hiddennodes(node7 in Figure 2),
which areunableto heartheRTS, to addanentryin their schedul-
ing tablesuponhearingtheCTS.Uponthesuccessfulcompletion
of the packet transmission,which is marked by the ACK frame,
eachnoderemovesthecurrentpacket from their schedulingtable.
If eithertheCTSis not grantedby thereceiving nodeor theACK
frameis notreceived,thecurrentpacket informationis notremoved
from theschedulingtables.
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Figure 2: Piggybacking on IEEE 802.11four-way handshake,
and the updating of schedulingtables.

WhentransmittingtheDATA packet,eachnodealsopiggybacksits



HOL packet information,whichincludesthedestinationandsource
ID alongwith its priority tag, a total of nine bytesfor IPv4 and
thirty threebytesfor IPv6; this information is alsocopiedin the
ACK frameto allow hiddenterminalsto heartheHOL packet in-
formation. Eachnode,afterhearingthedatapacket, addsanother
entry in its schedulingtable. Thus,if the ACK is not heard,each
waiting node's schedulingtablewould grow by two entries;oth-
erwiseit would have oneadditionalentry. Thus,in theevent of a
successfultransmission,eachoverhearingnodehasthe samead-
ditional entry in its table. On the otherhand,if the transmission
wasnot successful,eachoverhearingnodehaseitheroneor two
additionalentriesin its tables.

In any case,ourdesignphilosophyconsidersthatthecommoncase
will be for nodesto have incompleteschedulingtables,and our
goal is to closelyapproximatetheidealscheduleevenundermore
adverseandrealisticconditions.

2.3.3 Modi�ed Backoff Policies
Here, we describehow the overheardinformation in eachlocal
schedulingtablecanbemappedto abackoff scheme,therebyusing
partialknowledgeof othernodes'HOL packetsto closelyapprox-
imatetheidealtransmissionschedule.

Let � denotethe numberof nodesin the broadcastregion. The
schedulingtableof node

�

, ��� is a list of threetuples, ���	�

�

�
�

���

��
 ,
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�
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�
is thedestinationnodeID and
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where �(� is thesizeof theschedulingtable ��� . If node

�

is back-
logged,thenits schedulingtableconsistsof anentrywith �

�
�

�

.
Without lossof generality, we assumethattheschedulingtableen-
triesaresortedsuchthat

�&�*)

�

"+�&�-,

�

"/.�.�.0"1���32�4

�

.

In thecontext of IEEE802.11,acollisionresolutionpolicy involves
selectinga backoff timer distribution. In other words, given the
schedulingtable ��� , the channelaccesspolicy computes56�7���8
 ,
which is the backoff timer distribution. We limit our attentionto
thefollowing classof distributions,
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where <?>�@BA*C�D�E
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representsthe discreteuniform distribution
on therangefrom

G

to
H

. Thefunction
F

9 mapsa schedulingtable,
� to a real numbergreaterthan1. The index
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representsthe numberof retransmissionattempts. The constants
:O9P�

.


 denotestheadditionalwaitingtimebeyondDIFS,andallows
for the possibility of contentionreduction(explainedbelow). In
IEEE 802.11,:;9P�

.


 Q

�

and
F

9P�

.


RQ ��
���� � . Note thatonly the
backoff distributionshave beenchangedandthe remainingcom-
ponentsof collision resolution/avoidanceareidenticalto thoseof
in IEEE 802.11.

Let ��� betherankof node
�

'spacket in its own schedulingtable ��� .
Then the proposedbackoff policy, characterizedby distributions
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Here
F
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 is a two-part function
F
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 � CW��� � if rank of the
node ��� �

�

else
F

97�

.


��

[

CW��� � if ��� \

�

. The policy usesa
combinationof contentionreductionandcollision resolution.The
contentionreductionis achievedby deterministicallydeferringthe
transmissionbeyondDIFSfor someof thenodes,therebyreducing
the contentionin �rst Z CW��� � time slots. The constantZ con-
trols the extent of contentionreduction. If Z

�

�

, thenall nodes
which arenot ranked onein their schedulingtabledo not contend
for the �rst CW��� � slots, therebyreducingthe contentionin the
�rst attemptfor top ranked nodes(recall rank is determinedfrom
the local schedulingtable). For � closeto one, Z

�

�

would im-
ply thatthehighestranknodewill capturethechannelsuccessfully
with high probability in the �rst attempt.Theconstant

[

controls
the total contentionin the secondattemptfor highestrank nodes.
For small

[

, the contentionafter CW��� � increasessigni�cantly,
sinceall waiting nodescontend.This alsomeansincreasedcolli-
sionsandpotentialthroughputloss. A larger

[

allows for reduced
probabilityof collision andprovidesa betterchanceof successful
channelcapture;we use

[

� � to allow equalcontentionfor all
nodesafterthe�rst CW��� � slots.

Finally note that the policy is independentof the sizeof the net-
work andthenumberof overheardHOL indexesin thescheduling
tables.Regardless,theperformanceof theabove policy improves
whenthe schedulingtablecontainsa higherfraction of the back-
loggednodes'HOL indexes: however, below we show that even
with tablesthat are quite incomplete,the performancegain of a
perfecttablecanbecloselyapproximated.

2.4 Analytical Model
In practice,a numberof factorsprecludenodesfrom having com-
pleteschedulingtableswith anentry for every HOL packet in the
broadcastregion. Thesefactorsincludenodemobility, locationde-
pendenterrors,partially overlappingbroadcastregions,andcolli-
sions.In this section,we developa simpleanalyticalmodelto ex-
plore the relationshipbetweenthecompletenessof thescheduling
tableandability to approximatethe ideal schedule.Using results
from [5], we computethe probability of correctschedulingas a
functionof availableinformationin local schedulingtables.With
theaidof simplifying assumptions,ourresultsprovideinsightsinto
the basicrole of informationsharing(communicatingpriority in-
dexes)in distributedscheduling.

In [5], ananalyticalmodelis developedto computethe802.11DCF
throughputunderidealchannelconditionswith anassumptionthat
eachnodealways hasa packet available to transmit. A Markov
modelfor eachnodeis obtainedin [5], by assumingthatprobability
of collision, _ , in any slot is independentof transmissionhistory
of nodes. Note that the assumptionof time-invariant _ is a good
approximationfor large � andCW��� � . TheMarkov modelis then
usedto computè , which is the probability that a nodetransmits
in a randomlychosentime slot. The probability ` with � mobile
stations,is givenas[5]
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where M is the maximumback-off stageand _ is the conditional
collisionprobabilitygivenby

_ �

� �

�

� �

`j
Ik
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(5)

Equations(4) and(5) representa nonlinearsystemin the two un-
knowns ` and_ , which is shown to have auniquesolution[5].



Here, we generalizeEquations(4) and(5) to dynamic priority
schedulingin whichthesizeof thecontentionwindow is afunction
of thepriority of thepacket. However for simplicity noexponential
backoff is considered,i.e. M �

�

. Let
�

� denotethepriority index
of the HOL packet of node

�

,
�

�

� �

�

�	� ��� �

� . Furtherconsider
discretepriority indexes,uniformly distributedbetween

�

��� � and
�

����� . Basedon theproposedpolicy in Section2.3,thecontention
window of eachnodedependson therankof its HOL packet in its
local schedulingtable. Let
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�

to
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Thesameprobabilitywill bezerofor all othernodesin theafore-
mentionedslots; however the probability of transmissionfor all
nodesfor slotsgreaterthan : is givenby
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Assumingthat �

� nodescontendin the �rst window, the condi-
tional collisionprobabilitywill be
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for slotsgreaterthan : .

With perfectinformation the numberof nodescontendingin the
�rst window is limited to thosehaving packetswith thehighestpri-
ority in their queues. And if thereis only one sucha node, the
probabilityof capturingthechannelby thehighestpriority packet
will beequalto one.Sincethetiesarebrokenat random,thenum-
ber of contendingnodesin the �rst window can be greaterthan
one,therebyimproving the approximationfor `�� even for perfect
informationcase.

However, as describedabove, perfect information on all nodes'
HOL packetswill not beavailablein practice.Thus,we modelthe
imperfectinformationby assumingthateachnodehasascheduling
tableentryof theHOL packet of any othernode(in thebroadcast)
region with probability � .

With �

X �

, nodescanmistakenly infer that the highestpriority
packet in theentirebroadcastregion (i.e., thepacket thatwould be
selectedby theidealscheduler)is queuedlocally, whenin factit is
queuedatanalternatenode.Theprobabilitythatnode

$

'sown HOL
packet is thehighestpriority packet in its table(i.e.,node

$
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that it possessesthe region's highestpriority packet), denotedby
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Noticing that theprioritiesof differentpacketsarestatisticallyin-

dependent,Equation(10)canbefurthersimpli�ed as
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Hence,during the primary contentionwindow
� ���

:




, approxi-
mately �

�

.

� nodescontendfor the channel,whereasafter that
all � nodesmaytake partin contention.

Denotetheprobabilityof successfultransmissionof thetruehigh-
estpriority packet beforeany otherpacket in thebroadcastregion
by

�

����� 
 . Thisprobabilityfor theprimarycontentionwindow can
bewritten as
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which is the probability of having
$

idle slot times, followed by
transmissionof highestpriority packet only. After : slotsthesuc-
cessfultransmissionof thehighestpriority packet will bepossible
if all other �

� �

nodesdefer. Theprobabilityof correctscheduling
for this caseis
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Finally thegeneralform for
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 is givenby
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We now presentnumerical investigationsapplying the analysis
above. Figure3 depictsthe probability of correctschedulingvs.
numberof nodesfor differentvaluesof � . Resultsareshown for
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��� � �

�

,
�

����� � �

�

, :
�

� : �10

�

, :
9

�32�0 , and M �

�

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

Observe that asthe numberof nodesincreases,the probabilityof
correctscheduling(transmissionof the region-widehighestprior-
ity packet �rst) decreases,re�ecting the fundamentalchallengeof
distributedscheduling.Moreover thisprobabilityis afunctionof � ,



andindeed,a largevalueof � mitigatestheeffect of a largenum-
berof nodes.Thecurve labeled�

�

�

shows theperformanceof
thesystemwhennodesindependentlysettheircontentionwindows
withoutany knowledgeof otherpackets' priority indexes.Thisbe-
havior is identical to IEEE 802.11,andthe probability of correct
schedulingin this caseis inverselyproportionalto the numberof
nodesin thebroadcastregion.

On theotherhand,with �

�

�

all nodeshave completeknowledge
of theprioritiesof HOL packetsin thebroadcastregion,andhence
can adjust their contentionwindow respectively. In this case,a
gain of over

�

���

in probabilityof correctschedulingis observed
for �

� �

�

comparedto �

�

�

. Note that even with �

�

�

the
probabilityof correctschedulingis lessthan

�

. Thereasonfor this
is thatsincetheprioritiesarechosento bediscrete,theprobability
of two packetshaving thesamepriority is nonzero. It is clearthat
asthedifferencebetween

�

����� and
�

��� � increasesthisprobability
decreases,andhencethis line will approach

�

��� � 
 �

�

.

Thus, the modelandexampleillustratethe signi�cant bene�ts of
having �

\

�

, i.e., of communicatingpriority indexesvia piggy-
backing.Moreover, theresultsindicatethatperfectcommunication
of HOL indexesis not requiredandthatmoderatevaluesof � have
asigni�cant impact.Indeed,in thesimulationstudybelow, we �nd
theeffect of non-zero� to beevenmorepronounced.

2.5 Simulation Experiments
Here,wepresentasetof simulationsto exploretheperformanceof
distributedpriority schedulingandtheIEEE802.11protocolunder
realisticscenarios.Thesimulatorwasimplementedwithin thens-2
(version2.1b7a).

We considera single broadcastregion with an available link ca-
pacityof 2 Mb/secwith aneffective datarateof approximately1.6
Mb/sec(resultswith multiple broadcastregionsand�o ws travers-
ing multiple hopsarepresentedin Section3.5). Eachnodegener-
atesvariable-ratetraf�c accordingto theexponentialon-off traf�c
model with an on-rateof 78 kb/sec,and equalmeanon and off
timesof 500mseceach.Thedatapacket sizeis setto 1000bytes.
All otherparameters(including802.11physicallayerparameters)
weresetto thedefault valuesasrecommendedin [7] (alsothede-
fault valuessetin ns-2).

In practice,the valueof � is affectedby a numberof factorsde-
scribedpreviously. In oursimulations,nodesupdatetheir schedul-
ing tablesasfollows. Uponreceiving a piggybacked RTS, a node
entersthepriority index into its local schedulingtablewith proba-
bility � , otherwiseit ignoresthepriority information,aswould be
thecaseif therewerelink errors,nodestemporarilymoving out of
range,etc. In this way, we incorporatea numberof effects in a
singlewayandisolatetheperformanceimpactof � .

Sinceour goal with distributedpriority schedulingis to approxi-
mateanidealdynamicpriority schedule,wechosetheperformance
metric for our simulationsto beend-to-enddelay. Figure4(a)de-
picts the meandelayversusthe fraction of available information
aboutothernodes,� . Thenumberof �o wsis 38resultingin amean
offered load of 74% (ignoring the overheadof RTS/CTSmecha-
nism for calculationof the load). Figure4(a) depictsthe average
valuesand95% con�denceintervals of end-to-enddelay for 100
independentsimulationruns.Notethepoint correspondingto zero
availableinformationis thedelayunderthestandardIEEE 802.11
scheme,asour priority schemedegeneratesto this standardwhen

theschedulingtableis empty.

We observe thatas � increases,distributedpriority schedulingre-
sults in a signi�cantly lower delaythanIEEE 802.11. Also, note
thatevenfor amoderatefractionof availableinformation(between
0.6and0.8),distributedpriority schedulingis ableto reducedelay
from about2.9secto about0.4sec,closelyapproximatingthecase
of perfectHOL informationdistribution and �

�

�

. The reduc-
tion in delayis dueto the fact thatdistributedpriority scheduling
achievesacloserapproximationtoanidealdeadlinebasedschedule
than802.11sothatcontentionis dramaticallyreduced.This is fur-
therillustratedby Figure4(b)whichshows thatdistributedpriority
schedulingleadsto a decreasein thetotalnumberof collisions.As
thenumberof collisionsin thesystemarereduced,nodesbackoff
lessoftenresultingin lower delays.
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Figure 4: Performanceof distrib uted priority schedulingfor a
singlebroadcastregion.

3. MULTI­HOP COORDINATION
3.1 A Mechanism for Multi­hop Priority

Scheduling
In theprevioussectionweshowedhow distributedpriority schedul-
ing canbeusedwithin abroadcastregionto approximatethetrans-
missionorder of an ideal dynamicpriority scheduler. However,
this transmissionorderis necessarilyimperfectdueto factorssuch



as link errors,the random-accessnatureof the medium,and the
burstinessof the traf�c demands. As packets traversemultiple
hops,theseeffectscanbecompounded,andseverelylimit a �o w's
ability to satisfyits end-to-endQoStargets.

Ourkey observationis thatdownstreamnodescanadjusttheprior-
ity level of packetsbasedon their performanceupstream.In par-
ticular, we develop multi-hopcoordinationasa techniquethaten-
ablespackets to “catch up” downstreamif they endureexcessive
delaysupstream,due to eventssuchas collisions, queuingfrom
otherburstsof traf�c, or mobility of intermediatehops.In thisway,
weincreasetheopportunityfor apacket to meetits end-to-endQoS
target.

3.2 De�nition
In [6], the FIFO+ schedulingalgorithmis de�ned (for wired net-
works) as follows. At the �rst network node,a packet's priority
index is simply its arrival time. Hence,packetsareservedin FIFO
order. However, at downstreamnode

�

, anoffset of
�

� �

�

�

�

�

�

f

)

is
accumulatedinto the packet's original priority index, where

�

��� is
the meanqueueingdelayat node

�

and
�

�

�

�

f

)

is the actualdelay
of packet

�

at the immediatelyupstreamnode.Consequently, if a
packet is laterelativeto othersits priority is increaseddownstream.

Here,we utilize this conceptof coordination,andbuilding on the
de�nition in [9], generalizethetechniqueto multi-hopwirelessnet-
works asfollows. Whena nodereceivesa packet, it alsoreceives
its priority index in theRTS piggyback.If thenodeis an interme-
diatehop andthepacket is to be forwardedfurther, the nodewill
computethe new priority index recursivelybasedon the received
index. Indeed,wewill show thatsimplecoordinationfunctionscan
have signi�cant impactonend-to-endperformance.

More precisely, let �

�

��� �

denotethe priority index assignedto the
�

2

� packet of �o w-
$

with size
K

�

�

at its
�

2

� hop. Moreover, let �

�

�

denotethetimewhenthe
�

2

� packetof �o w
$

arrivesat its �r sthop.
Finally, let

�
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��� �

denotetheincrementof thepriority index of the
�

2

�

packetof �o w
$

at its
�

2

� hop.Weconsidertheclassof coordinated
multi-hopschedulerssuchthat thepriority index canbeexpressed
as
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where
�

�

��� �

is a non-negative functionof
$ �

�

��K

�

�

�

�

�

���

)

�

.

With priority recursively expressedin this form, the index of each
packet at a downstreamnodedependson its priority index at up-
streamnodes,sothatall nodesin thead hocnetwork cooperateto
provide the end-to-endservice. For example,if a packet violates
a local deadlineat an upstreamnode,downstreamnodeswill in-
creasethe packet's priority therebyincreasingthe likelihood that
the packet will meet its end-to-enddelay bound. Similarly, if a
packet arrives“early” dueto a lack of contentionupstream,down-
streamnodeswill reducethepriority of thepacket.

3.3 Index AssignmentSchemes
Priority indexescanbeassignedaccordingto whetherthe �o w or
classtargetsanend-to-enddelayor rate.In theformercase,differ-
ent per-nodeallocationschemescansimplify coordinationasde-
scribedbelow.

3.3.1 DeadlineTargets
If

�

�

��� �

representsadelayparameterof the
�

2

� packet of �o w
$

at its
�

2

� hop, thenthe nodescoordinateto attemptto meetthe end-to-
enddelaytarget d

�

�

$ �

�

to themaximalextentpossibleunderthe
network loadandchannelconditions.For suchdeadlinetargets,we
considerthreeindex assignmentschemes.

TimeTo Live (TTL) Allocation: In this scheme,a packet insertsits
desiredend-to-enddelay boundas its priority index. Eachnode
decrementsthe TTL by the time taken to accessthe channeland
transmitthepacket. In particular, thepriority indexesaregivenby

�

�

���

)

� � � � �
and

�

�

��� �

�

�

for
�

\

�

. We refer to this schemeas
theTTLschemesince� � ��� canbeinterpretedasthetimeduration
for eachpacket of �o w

$

to be allowed to stay in network. We
make thefollowing observations.First, �o ws canbedifferentiated
by assigningdifferent � � � 's as �o ws with smaller � � � 's will
obtainbetterservicethan�o ws with larger � � � 's. Second,this
schemegivespreferenceto packetsthathave traveledseveralhops
andimplicitly assumesthat thepriority of a packet increaseswith
thetime it hasspentin thenetwork.

Fixed Per-NodeAllocation: In this scheme,eachnode M is as-
signeda constant�

�

, and
�

�

��� �

���

�

if node M is the
�

2

� hop
of the packet. Since the �

�

's are independentof packets, dif-
ferentnodesmay have differentconstants,but all packetsthatare
transmittedby the samenodehave the sameincrementof prior-
ity indexesat that node. While the schemecould be generalized
to supportdifferentclasses,we observe thatwhile thetechniqueis
quitesimpleto implement,a �x edper-nodeallocationschemedoes
discriminateagainstpacketswith longpaths.

Uniform Delay Budget (UDB) Allocation: In this scheme,for a
�o w

$

with an end-to-enddelay target 	 , the incrementsof the
priority index of the �o w's packetsareassignedas

�
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��� �
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� for
�
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��.�. . ��


, where



is the length of the �o w's path and
canbe obtainedfrom routing tableundersourcerouting (e.g.,as
in DynamicSourceRouting[8]). Thus,whereastheTTL scheme
allocatesthe entire delay budget to the �rst node(but then uses
coordinationto ensurethat packetshave suf�cient priority down-
stream),the UDB schemeallocatesthe delay budget uniformly
amongnodes.

3.3.2 RateTargets
In addition to targetingmaximumdelays,�o ws can target mini-
mumservicerates. In particular, if

�

�

��� �

is a functionof
K

�

�

and �S� ,
where

K

�

�

is thesizeof the
�

2

� packetof �o w
$

and �
� is thetargeted

bandwidthfor �o w
$

, thenacoordinatedvirtual clockschedulercan
beattainedby assigningindexesas:1
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We observe thatcoordinatedvirtual clock attemptsto allocatedif-
ferent ratesto �o ws on an end-to-endbasis,just asvirtual clock
[21] allocatesrateson a per-hopbasis.Notehowever, thatdespite
the targetsof minimumrates,this schedulingalgorithmis not tar-
getingmax-minfairnessfor reasonsdescribedin Section4.

)

We notethatsuchallocationis similar to core-statelessjitter vir-
tual clock [18] which usesa relatedindex assignmentschemeto
achieve scalability.



3.4 Analytical Model
In this section,we devise a simpleanalyticalmodelof multi-hop
coordinationandcomparetheprobabilityof meetinganend-to-end
delayboundover amulti-hoppathwith andwithout coordination.

Ouraim is to characterizetransmissionandmediumaccessdelays,
andhencewe neglect queuingdelayby assumingthat thereis al-
ways one and only one packet in eachnode's queue. With this
assumption,thedelaythateachpacket suffersat any nodeis com-
pletelydeterminedby thetime requiredto successfullyreserve the
channelin thepresenceof competingnodes.The total delaycon-
sistsof time slotswhich wereidle, slotswith collisionsandslots
with successfulpacket transmissionby othernodes.Let

�

denote
a slot time, andassumethat a successfultransmissionanda col-
lision needrespectively �

� and ��� slots; thenthe delay 	 canbe
expressedas

	 � �
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� � �
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.
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where �

� , �

� , and �

� representthenumberof idle slots,slotsused
for successfultransmissionsandslotswith collisions,respectively.
Assumingthat the probability of transmissionis high, and that

�

�

�

��� and �

�

�

�

, then the delaycan be approximatedby
	 ( �

�

.

�

�

.

�

. In other words, in a single broadcastregion
the delay that a packet suffers beforeits successfultransmission
is approximatelyequalto the numberof successfultransmissions
of otherpacketsduring its defer interval. Hence,to computethe
probabilitythata givenpacket meetsits single-hopdelaybound,it
suf�ces to �nd the distribution of the numberof successfultrans-
missionsprior to theaforementionedpacket.

To simplify the analysis,we consideronly the casewith high � .
Thisassumptionimpliesthatwith highprobability, thehighestpri-
ority nodewill capturethechannelin the �rst contentionwindow.
Furthermore,sincetheprioritiesaretimebased,weassumethatthe
probability that two packetshave exactly the samepriority tag is
negligible. Combinedwith theabove two assumptions,it immedi-
atelyfollows that if a packet hasthehighestpriority in a broadcast
region, it will capturethechannelin the�rst transmissionattempt.
Then the probability of capturingthe channelin any given con-
tentionwindow is equalto theprobabilitythatanodeis rankedone
for agivenpriority tag.For delaypriority indexes,thepriority tags
canbesetbasedon � � � . If we assumethat � � � saredistributed
uniformly from

�

to ��� (theend-to-enddelay),thentheprobability
thata nodehasrank � among� nodesin a broadcastregion is
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Sinceanodecantransmitif andonly if it is ranked1 (basedon the
assumptionsabove), it followsthattheprobabilityof delayequalto

�

�

�

�

slotsfor node1 with arrival � � � as � � �
h is

�

�

�

�

�

�

� � � �
h


 �

�

�

f

,

�

�




gih

�

� �J�

� �

)

�

�

� �

)


�


�

� �

)

�

�

� �

,




(18)
where

�

)

� � � ��h

���

�

�

� and �

,

� � � ��h

�

�

�

� �




�

�

�

�

Usingtheabovedelaydistribution,theprobabilityof meetingdead-
linescanbecomputedfor multi-hop networks with arbitrarycon-
�guration. For illustration, we presentthe resultsfor a two-hop
�o w with anend-to-enddelaytargetof �
� ; Coordinatedmulti-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 sake of simplicity, we assumethat the number
of competingnodesper hop is �x ed to be � . Thenthe probabil-
ity of meetingthe end-to-enddeadlinefor coordinatedmulti-hop
scheduling,� coord is givenby
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where
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. For UDB with no coordination(underthe as-
sumptionthatapacket is droppedif it failsto meetits localdeadline
of ��� � � ), theprobabilityof meetingthedeadline� uncoord is given
by
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It follows immediatelyfrom (19) and(20) that � coord

^

� uncoord.
Finally, for IEEE 802.11(which hasno coordination),the proba-
bility of meetingthedeadlinesis givenby
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In Figure5, samplenumericalresultsareshown for �
� ���

�

msec
and ��� �

�

2 msec,with �

�

� � msec.FromFigure5, it is clear
thatcoordinationcansigni�cantly improvetheprobabilityof meet-
ing end-to-enddeadlines.However, we alsonotethatunderheav-
ier loads,depictedby an increasednumberof nodesper hop, all
schemesare degradedsigni�cantly. For examplefor the smaller
deadlineof �
� �

�

2 msec,IEEE 802.11is superiorto coordina-
tion with a heavy load correspondingto morethan11 nodes. In
this case,the delaytarget of 16 msecis unrealisticin the current
load,andmany packetsaredropped.A higherdelaytargetwould
berequiredto ef�ciently coordinateprioritiesin this regime.

3.5 Simulation Experiments
Here, we experimentallystudy the performanceimpact of inter-
nodecoordinationbycomparingthecoordinatedmulti-hopschedul-
ing with uncoordinatedschedulingas well as unmodi�ed IEEE
802.11.Weconsiderascenarioextendingthatof Section2.5to the
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topologydepictedin Figure6. We consider� exponentialon-off
traf�c �o ws thattraverseat least2 hopsfrom source

�

� to destina-
tion 	

� ,
�

�

� �

�

� .�.�. �

� . WeusetheUDB (uniformdelaybudget)
schemewith anend-to-enddelaytargetof 240msecfor each�o w.
Weusetheaverageend-to-enddelayasourperformancemetricand
explore thevariationin meandelaywith varying offeredload. To
computethe offeredload with multiple overlappingbroadcastre-
gions,we calculatethenormalizedaverageratesof all contending
traf�c �o ws in a singlebroadcastdomain.

Wealsonotethatwhile nodesremainin a�x edpositionthroughout
thesimulation,we useanad-hocroutingprotocolsincetheroutes
arenotsetupatstarttime. For oursimulationsweusetheDynamic
SourceRouting(DSR)protocol[8].
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Thesimulationresultspresentedin Figure7 depicttheend-to-end
delayperformancefor the threeschemes.We make two observa-
tions regardingthis �gure. First, when the traf�c load is above
80

�

, thecoordinatedservicedisciplineandtheuncoordinatedser-
vicedisciplinealwaysoutperformtheIEEE802.11DCFMAC pro-
tocol. Thisis aconsequenceof usingdistributedpriority scheduling
within eachbroadcastregion. Thustheprioritizedmediumaccess
reducesthepacket collisionandavoidsrepeatedback-off intervals.

Second,notice that for very high traf�c load (90
�

), the coordi-
natedschemeoutperformsuncoordinatedby morethan50

�

. This
is dueto thefactthatthecoordinatedmulti-hopschedulingexplic-
itly targetssatisfactionof a �o w'send-to-enddelaytarget,yielding
opportunitiesto mitigate the effects of poor servicereceived up-
stream.

4. RELATED WORK
In wirelessnetworks with basestations,recentresultsin schedul-
ing have shown how to bestachieve fairnessandweightedfairness
in thepresenceof link errors,e.g.,[4, 10,14]. As describedin the
Introduction,new issuesarisein thecaseof adhocnetworkswith-
outbasestations.For example,how to achieve fairnessaccounting
for the distributed natureof the nodesthat contendfor the same
medium, the limits of information exchangebetweenthe nodes,
thefactthatpacketsof amulti-hop�o w contendwith eachotherin
successivehops,andtheneedfor spatialre-usearetopicsof intense
recentstudyandprogress[3, 11,12,13,19,20].

In contrast,our goal of achieving delay or rate QoS targetscan
yield signi�cantly differentschedulesthanthoseto achievefairness
or even weightedfairness.For example,for satisfyingdelaycon-
straints,EDF is easily shown to outperformWFQ. Furthermore,
in our problemformulation, if a �o w endureslocationdependent
errors,no attemptis madeto increaseservicelater for the sake
of achieving fairness. Indeedincreasingserviceto sucha “lag-
ging �o w” couldbewastefulif thepackets' deadlineshave passed.
Regardless,our use of multi-hop coordinationwould increasea
packet'spriority downstreamif it is delayedupstream(for whatever
reason),yet thegoal is to satisfythedelayor rateconstraintrather
thanto achieve systemwide fairness.2 Regardless,techniquesde-
velopedfor fairnesscould also be incorporatedinto our scheme.
For example,the ideal schedulecould bemodi�ed to satisfyQoS
targetssubjectto limits onunfairnessor aminimumlevel of spatial
reuse.

The coordinationmechanismhasbeenstudiedpreviously to im-
prove multi-nodeperformanceproperties[2, 6, 9]. For example
coordinatedEDFwasstudiedin [2, 9] asamechanismfor minimiz-
ing end-to-enddelaysin networksof work-conservingschedulers.
Likewise,FIFO+wasproposedin [6] asanalternativeto bothFIFO
andfair queueingfor delay-sensitive traf�c: in FIFO+,downstream
nodesadjusta packet's priority index basedin its upstreamqueue-
ing delay. In ourwork, we generalizethetechniquefor application
to adhocnetworks,considerbothdelay-andrate-basedcoordina-
tion, andintegratecoordinationwith MAC-layermechanisms.

In [3], a distributedschedulingalgorithmwasproposedto approx-
imate�rst come�rst serve in ad hoc networks, alsousingpiggy-
backed information regardingthe HOL packets. Our resultsare
moregeneralasweconsidernon-perfectinformationexchange(the
delayandthroughputanalysisin [3] implicitly assumesperfectin-
formation about the other nodes'packets, equivalent to the case
of �

�

�

), a generalclassof dynamic priority schedulers,the
mediumaccessalgorithm,andmulti-hopscenarios.

In [1], theauthorsproposemodi�cations to the IEEE 802.11pro-
tocol to achieve performancedifferentiation.In particular, theau-
thorsexploreanumberof differentiationmechanismsandconclude
that themostsuperiorschemeis to usea DIFS-basedapproachin
which eachclasshasa differentvalueof DIFS: sincestationsmust
wait at leastDIFS beforeattemptingto accessthe medium,�o ws
in classeswith thesmallestvalueof DIFS receive thebestperfor-
mance.Meanwhile,back-off schemesareleft unmodi�ed to retain
thedesirablestabilitypropertiesof 802.11.In ourwork, ourgoalis
to satisfya dynamicpriority schedulerratherthana staticpriority

,

Observe thatvirtual clock(aschedulerthatwealsouseasanideal
baseline)possessesthe isolationpropertywhich, similar to WFQ,
can be usedto provide minimum servicerates. However, unlike
WFQ,virtual clock doesnot assuremax-minfairness.



schedule.Consequently, nodesusedistributedpriority scheduling
to assesstheir relativepriority beforeadjustingtheirvalueof DIFS.
Regardless,techniquesandlessonslearnedin [1] arealsoapplica-
ble in our schemeof distributedpriority schedulingandmulti-hop
coordination.

5. CONCLUSIONS
Thispaperaddressesthreeissuesfundamentalto quality-of-service
schedulingin adhoc networks: distributed priority scheduling,
priority-basedmediumaccessandmulti-hoppriority management.
We introduceda distributedschedulingschemein which the pri-
ority index of a head-of-linepacket is piggy backed onto existing
messagesso that othernodescanbetterassessthe relative prior-
ity of their own head-of-linepacket. We deviseda simplemecha-
nismto incorporatethis priority informationinto the IEEE 802.11
protocolandachieve mostof the gainsof an ideal schedulewith
only a moderatefractionof piggybacked messagesoverheard.We
deviseda multi-nodeschedulingalgorithmsuchthat downstream
nodescanmake up for excessive latenciesincurredupstreamvia
multi-hopcoordination:given therandomnatureof many aspects
of wirelessadhocnetworks,weshowedhow coordinationis anim-
portantingredientfor targetingend-to-endQoSobjectives.Finally,
we usedanalyticalmodelsandsimulationexperimentsto quantify
theperformanceimpactof thescheme.
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