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Providing and guaranteeing Quality of

Servicerequestedby auserisan important andchalleng-
ing task in telecommunicationnetworks. Within ATM
networks the negotiated service requirements have to
be fulfilled using several methodsof traffic management.
Wir elessATM intr oducesa newdimensionof complexity
into thesemethods.While ATM applications in wir eless
ATM terminals requestthesamefunctionality and Qual-
ity of Service as in wir ed ATM terminals, the network
characteristics lik e maximum transmissionrate and er-
ror ratio differ. The methodsfor handling the user de-
mands have to be adapted to this new envir onment. A
radio cell of a cellular wir elessor mobile ATM network
correspondsto a virtual ATM multiplexer with an inter-
nal radio channel. For an analytic approachthis multi-
plexer is modelled as a distributed queueingsystem. A
central schedulerlocated in the basestation determines
the order of cell transmission and a MAC protocol or-
ganizesthe realization of the transmissionorder on the
radio channel.This paper focuseson the schedulingpol-
icy required to guaranteethe requestedQuality of Ser-
vice especiallyfor real-timeVBR services.A scheduling
strategy with dynamic priorities is developedand anal-
ysedusingstochasticsimulations.

I . INTRODUCTION

The asynchronous transfer mode (ATM) has become
widely acceptedin the areaof high-speedandmultimedia
networks. During the last few yearsa demandfor provid-
ing transparentintegrationsolutionsof wirelessATM ter-
minalsinto thosenetworkshasarisen.Possibleapplications
includecellularmobileradio,wirelessATM-LANs andRa-
dio in the Local Loop [1]. Although the functionality and
theQualityof Servicerequestedby usersin a wirelessenvi-
ronmentis similar to the oneneededin a standard(wired)
ATM network themoredifficult andrestrictiveconditionsof
theair interfacerequiredifferentmethodsin orderto satisfy
theuserneeds.

Theair interfacecanbemodelledasa virtual ATM mul-
tiplexer with aninternalradiochannel[2]. Insidethis mul-�
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Fig. 1: Protocolstackof thevirtual ATM multiplexerat the
ATM air interface

tiplexer thephysicallayerandpartsof theATM layerhave
to bereplacedby awirelessphysicallayer, amediumaccess
control (MAC) layeranda logical link control (LLC) layer
(cf. Fig. 1).

Quality of servicein ATM networks can be described
with a set of parametersobservable at UNI interfacebe-
tweena terminal and the accessnode[3, 4]. The QoS is
negotiatedbetweentheuserandtheserviceproviderduring
theconnectionestablishmentphaseandfixedwith a traffic
contract.It hasto beguaranteedby thenetwork for thelife-
timeof aconnection.SinceATM traffic is experiencedwith
statisticalcharacteristicsandacell orientedtransmission,no
static long-termcapacityreservation is usedin ATM net-
works. Insteadshort-termdynamicallocationmethodsare
introduced.In orderto reflectthevariouscapacityrequire-
mentsof differentvirtual connections,ATM serviceclasses
havebeendefined[3].

The main goal of traffic management[3] in ATM net-
worksis to observe,controlandenforceQualityof Service.
Appropriatemethodshave to be implementedin terminals
aswell asin network nodes.Well known aspectsof traffic
managementpoliciesaretheconnectionadmissioncontrol
(CAC) andthecongestioncontrol (CC) [5]. This paperfo-
cuseson a differentapproachof QoScontrol for wireless
ATM networks. The limited resourceof transmissionlinks
betweenATM network nodesis sharedbetweenseveralvir-
tual connections(VC). Network nodes(switchesandmulti-
plexers)haveto determinethetransmissionorderof cellsto
besentover thelinks. Thus,anATM cell scheduleris intro-
ducedfor eachoutputlink thatcontrolsthestatisticalmul-



tiplexing of cellsby employing anappropriateservicestrat-
egy. Its goalis to optimizetheresourceallocationbasedon
short-termdemandsof VCs andtheir negotiatedQuality of
Service.Appropriateservicestrategiesusuallyfocusontwo
key targets:avoidingoverflow of buffersandcontrollingde-
laysof ATM cells.Which issuethestrategy hasto focuson
stronglydependson the transferrateof the link. While a
fasttransferrateof 155Mbit/s andmorein wiredATM net-
workscausesbuffer overflowsto bethemorecritical aspect,
with slow transferratescell delayguaranteesbecomemore
difficult to fulfil. Therefore,in high-speednetworks,traffic
managementis usuallyexecutedby CAC andCC policies.
For wirelessATM applicationswith aradiolink transferrate
of about20 Mbit/s, [6], the servicestrategy playsa major
role in providing Qualityof Service.

In this paperwe analyseandcomparedifferentservice
strategieswith staticanddynamicpriorities.A parametriza-
tion algorithmconsideringcapacityrequestsandQuality of
Serviceconstraintsis developedfor the dynamicpriority
disciplineRelativeUrgency.

I I . REQUIREMENTS OF THE ATM CELL SCHEDULER

The ATM cell schedulerin a wirelessenvironment is
characterizedby the distribution of the sendingbuffers on
terminals(uplink ATM cells)andthebasestation(downlink
ATM cells).Theschedulerin thebasestationhasonlyalim-
ited informationaboutthe buffer stateof terminals. It is a
taskof theMAC protocolto offer a fastandreliablechannel
for transmittingsocalledcapacityrequestmessagescoding
thebuffer stateof terminals[7, 2].

The main goal of a servicestrategy employed by the
scheduleris to controlcell delays.In general,this includes
the meancell delay, the cell delayvariationandthe maxi-
mumcell delay. SinceATM cellswhich exceedtheir maxi-
mumdelaywill usuallybediscardedby thereceiving appli-
cation,we focusthe schedulersactivity on controlling the
maximumcell delay. Thus, we considercells having ex-
ceededtheir maximumdelaybeinglost, regardlessif they
weretransmittedor discardedby theQoScontrol. The re-
quirementsof the VCs concerningthe maximumcell de-
lay stronglydependon theserviceclassof theconnection.
For the UBR serviceclassno QoSis defined,while ABR
classconnectionshave QoS constraintsbut no short-term
demandsregardingthemaximumcell delay. CBRlikeVBR
serviceshave very tight limits for the maximumcell delay
[8]. A servicepolicy for theschedulerhasto bedefinedin
orderto differentiatebetweentheseserviceclassesaswell
asto handleconnectionsof thesameclass.

Consideringtheir specialcharacteristics,staticpriorities
are introducedbetweenthe serviceclasses(CBR � VBR� ABR � UBR). CBR connectionscanbe easilyhandled
due to their deterministictraffic characteristic. For ABR
servicesthe algorithmsappliedfor fixed ATM multiplex-

ersareused[9], while theUBR serviceclassdoesnot need
specifichandling. Simplestrategieslike First-Come-First-
Serve(FCFS)aresufficientto guaranteeafair resourceshar-
ing. Only VBR servicesneedmoreattentionas the mean
cell delayaswell astheprobabilityof exceedingthemaxi-
mumcell delayhave to beminimized. Appropriateservice
disciplinesfor VBR connectionshave to bejudgedconsid-
ering the calculationoverheadandthe probability that the
negotiatedQoSguaranteescanbefulfilled.

I I I . SERVICE DISCIPLINES FOR REAL-TIME VBR
CONNECTIONS

For analysesof possibleservicedisciplinesfor VBR con-
nectionsweassumeacompleteinformationof thescheduler
aboutall buffer states. Furthermorewe assumeerror-free
transmissionandunlimitedbuffers. ThustheVBR service
classis modelledasa G/D/1 queueingsystem,cf. Fig. 2.
TheG/D/1 modelallows ananalyticapproachfor thecom-
parisonof differentservicestrategies.In morerealisticsys-
temstheseservicesdisciplineshave a similar behaviour, as
simulationsin sectionIV will show.

Theschedulerhasto minimizetheprobabilityof exceed-
ing themaximumdelay��������� for eachreal-timeVBR VC1.� � ����� canbe addedto the arrival time of an ATM cell to
determineits latesttransmissiontime (deadline,due-date)
requiredto avoid a cell loss. Therefore,a servicedisci-
pline consideringthe deadlinesof cells seemsto be the
appropriateapproach. In order to verify this theory, we
comparestatic and dynamicpriorities basedservicepoli-
ciesin M/D/1 queueingsystemsusinganalyticmethodsand
stochasticsimulations. Additionally, the impactsof using
non-Markoviantraffic sourcesaredeterminedby stochastic
simulations.
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Fig. 2: Modelling the VBR serviceclassas a distributed
G/D/1queueingsystem

Thepriority for a specificVC is assignedduringcall es-
tablishmentdependingonthesetof QoSrequirementscom-

1We assume"$#&%('*) asa fraction (e.g. 20%)of the maximumend-to-
endcell transferdelay.



mitted to theexisting VC andthe requestsof thenew con-
nection.Thus,theprioritiesof all connectionshaveto bere-
calculatedeventuallyif thenew VC is acceptedby theCAC.
This requirestheCAC to applyadmissioncriteriasimilar to
theonesusedfor theservicestrategy of thescheduler. For
thefollowing analysisweassumethatno VCsareviolating
their dataraterequirements,which arefixed in the service
contract. This hasto be guaranteedby a traffic parameter
control[5].

In order to assignappropriatepriorities (static or dy-
namic)the distribution function (DF) of the cell delayhas
to be known. In this paperwe choosea simple approxi-
mationof this functionusinga negative exponentialdistri-
bution. The quality of this approximationis sufficient be-
causethe M/G/1 queueingsystemhasa similar behaviour
asa negative exponentialdistribution for high quantilesof
the DF [10]. RegardingthecomplementaryDF of cell de-
lays for a certainVC the cell lossratio (CLR) of this VC
correspondsto thefunctionvaluetakenatthemaximumcell
delay �&� ����� .
A. Analysisof a staticpriority discipline

With thestaticpriority disciplineeachVC is assigneda
priority classduringconnectionestablishment.Thesched-
uler executesa non-preemptive (NONPRE)static priority
disciplinebetweenthe VCs i.e. a cell of a priority class +
canonly be transferredif no ATM cell with higherpriority
is waiting for transmission.Within onepriority classFCFS
is used.

Theassignmentof staticprioritiestoVCsis adiscreteop-
timizationproblem. Theweighedprobabilityof exceeding��������� which correspondto the total numberof cell losses
haveto beminimizedwithoutviolatingtheindividualCLRs
of thevirtual connections.VCswith differentCLRsmaybe
assignedthesamepriority classdependingon thescenario
of connections.For this optimizationthedistribution func-
tion of the cell delaysfor a priority class + is needed. In
M/D/1/FCFS/NONPREqueueingsystemsthefirst two mo-
ments,�- and , .0/21- of theDFfor class+ with adeterministic
normalizedservicetime 3 .04517698

, themeanarrival rate :�-
anda total numberof ; priority classescanbe expressed
by [11, 12]:

:=<?> 6 >�@BACD
EBF : D :BGB> 6 >CD
E=F : D (1)

,�- 6 : GBHIKJ 8ML :=GN-PO J 8ML :=<N-PO (2)

, .0/
1- 6 :BGBHQ:=<N-IKJ 8ML : G?H O J 8ML : <N- O7R :=G?HSTJ 8ML : GN- O J 8ML : <N- O /

R : G?H : GN-IKJ 8ML :=<N-PO / J 8UL :BG?-VO / (3)

Applying the approximationby a negative exponential
distributiontheparameterW andX of theapproximatedcom-
plementaryDF [10]Y J[Z]\ O 6^8ML J 8ML X?O$_ @N`�a (4)

canbecalculatedwith , - and , .0/21- of theoriginal dis-
tribution:

X 6b8ML I , /, .0/
1 W 6 I ,, .0/21 (5)

Theformaloptimizationproblemintendsto minimizethe
total numberof lost cells consideringthe individual con-
straintsof all VCs:

Minimize

cedgf 6 8: GBH HC - E A :T- Y - J �h��� �����5i - O6 8:BGBH HC - E A : - J 8ML X - O$_ @N`kjml[n2oep[q�r j (6)

subjectto theconstraints:

Y - J �]��� �����5i - O Z c=dgf - s 8 Z + Z ; (7)

The solutionof this optimizationproblemcanbe found
using combinatorialmethods. As this processhas to be
executedunderreal-timeconditions,an exhaustive search
for the optimal priority assignmentbecomesimpossibleif
thenumberof VCs increases.Thenumberof permutations
rangebetween;ut and ; H . Intelligent strategies can be
usedwith reducedcalculationeffort for finding any combi-
nationfulfilling theconstraints.

B. Analysisof dynamic(deadlineoriented)priority disci-
plines

Deadlineorientedpriorities canbe usedif eachpriority
classhasa maximumdelaycorrespondingto themaximum
queueingtime of a single job (here: ATM cell) after that
a service(here: transmission)hasto bestarted.Therefore,
eachindividualcell hasadeadlineor due-date�&vwv - 6 \ F R��� �����5i - (

\ F is the arriving time of the cell at the queueing
system)for thebeginningof the transmission.Thepriority
of a cell of VC + increaseswhile approachingthisdeadline:x - Jy\ O 6 � vwv - L \ 6 � � �����5i - L Jy\ L \ F O (8)

Theschedulerselectsthecell with lowest x - Jy\ O (highest
urgency) for the next transmission. Several authorshave



shown theability of thisstrategy to minimizethetotalnum-
berof cell losses[13, 14]. A generalizationof this Earliest
DueDateFirst (EDD) disciplineis obtainedif thedeadline
of a cell is determinedaccordingto the � � ����� and theCLR
of thecorrespondingvirtual connection.� vwv - canbeinter-
pretedasa relativeurgencyof a cell.

1) Therelativeurgencyschedulingdiscipline If � vzv - is
takenastheurgency of a specificcell from VC + , it hasto
considerthedeadlineof a cell andtheCLR of thatconnec-
tion. � � �����5i - is replacedby { F - , theurgencystartoffset:{w|=} - Jy\ O 6 { F - L Jy\ L \ F O (9)

The cell with minimal {z|=} - Jm\ O is selectedfor the next
transmissionby thescheduler.

After introducingthemeanurgency { F , the(complemen-
tary) DF of cell delaysfor f-quantiles ~b� 8

( ; priority
classes,deterministicservicetime 3 .�4�1�6�8

) can be ex-
pressedby:

{ F 6 � H- E A : - { F -: G?H (10)Y J ,�-�� \ O 6 J 8ML X?O$_ @N` . }�� @ }�� j 1 _ @?`�a (11)

p and W correspondto theparametersof thenegativeex-
ponentialdistribution usedfor theapproximationof theDF
(4) parameterizedwith theDF for theM/D/1/FCFSqueue-
ing system( :N�T����� 6 :=G?H ). Importantattributesof the
M/D/1/FCFS/RU modelare:� Onepriority classfor all VCs (FCFS)can be achieved

with thesame{ F - for all VCs.� StaticprioritiesbetweenVC + andVC � canbeapproxi-
matedwith { F -e� { F D or { F -g� { F D .� If theurgency startoffsetis equalto themaximumdelay{ F - 6 � � �����5i - theEDD strategy is obtained.� Accordingto [15] thetimes �B- and �=> with thef-quantile
of thedelayDF differ for ~�� 8

by thedifferenceof their
urgencies.

Usingthisknowledgeaparametrizationalgorithmfor the
urgency startoffset { F canbedeveloped.

2) Parametrizationalgorithm for the relative urgency
scheduling discipline The parametrizationalgorithm for
theurgency startoffsetshasto ensurethatall virtual connec-
tionssharethetransmissionchannelaccordingto theirCLR
andmaximumdelayrequirements.Therefore,anoptimiza-
tion approachsimilar to the onepresentedin sectionIII.A
hasto beused.With thecomplementaryDF

Y - J ����� ������i - O
usedto determinetheCLR theoptimizationproblemcanbe
defined:

Minimize

cedef 6 8:=G?H HC - E A :T- Y - J �]���������5i - O6 8: G?H HC - E A :T- J 8ML XNO[_ @?` . } �*@ } � j 1 _ @?`kl[n�oep
q*r j (12)

subjectto theconstraints

Y - J ��� � �����5i - O 6 J 87L X?O$_ @N` . } ��@ } � j 1 _ @N`kl[n2oep
q*r j Z c=dgf -
(13)

Thus,the total numberof cell lossesis minimizedwith-
out violating the connectionspecificCLR demands.The
consideredoptimization problem is nonlinearand multi-
variable. Therefore,any strategiestrying to solve this sys-
tem within the experiencedreal-timeconditionswould en-
counterseveredifficulties.A simpleapproachsearchingfor
onesuboptimalsolutionfocuseson determiningonesetof
starturgency offsetsmeetingtheconstraints.

From(13)equation(14)canbedetermined:{ F L { F -���� - s 8 Z + Z ; (14)

with:

� - 6�L 8W���� � cedef -8ML X�� L � � �����5i - (15)

Condition(13)canbechangedto anequation:{ F L { F - 6 � - s 8 Z + Z ; (16)

Now one { F - canbefixedandtheotherurgency offsets
becalculatedusing(16).

Thedevelopedparametrizationalgorithmis calledOpti-
mizedRelativeUrgency(ORU) strategy.

IV. SIMULATION OF SERVICE DISCIPLINES FOR THE

ATM CELL SCHEDULER

VC : ����� �[¡�¢k��£V¤¦¥�§ CLR

1 0.2 10
8&¨ @N©

2 0.45 22
8&¨ @ /

3 0.2 32
8&¨ @N©

TABLE I
Virtual connectionsin thetestscenario

Theapproximationsmadefor thecomplementaryDF (4)
aswell astheORU parametrizationin section2arevalidated
usingstochasticsimulations.A testscenariowith threeVCs
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Fig. 3: ComplementaryDF of thecell delaysfor differentservicedisciplines.ThecirclesindicatetherequestedCLR.

is applied,cf. Tab. I. Thevaluesfor cell delayandCLR are
chosento enablethegatheringof stochasticallyproofedre-
sultsin anacceptableruntimeof thesimulation.Thelength
of a simulationrun is automaticallycontrolledby theLRE
algorithm[16] which limits therelative error to a predeter-
minedvalue,andwhich is ableto handlecorrelationsin the
measuredvalues. The relative error of the diagramspre-
sentedin thispaperis alwayslower than5%.

A. Simulationof theM/G/1queueingsystem

In Fig. 3 the ability to fulfil the CLR requirements
is comparedfor the servicedisciplinesFirst-Come-First-
Serve (FCFS), Static Priorities (SP), Earliest-Due-Date-
First (EDD) andOptimized-Relative-Urgency (ORU).

FCFS UsingFCFSthecomplementarycell delayDF of all
VCs is thesamebecauseno differentiationbetweencon-
nectionsis made. Thus, the requirementsof VCs with
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Fig. 4: Impactof usinga videotraffic sourcemodelinsteadof Markovianmodelfor VC 1 with theORU servicediscipline

CLR
VC : � � ����� ORU required nodiscard discard

1 0.15 20 27.3
8�¨ @ / Å�ÆµÇQÈ58&¨ @NÉ I Æ¦¨QÈ�8�¨ @NÉ

2 0.2 25 32.3
8�¨ @ / Å�ÆµÇQÈ58&¨ @NÉ I Æ¦¨QÈ�8�¨ @NÉ

3 0.1 10 2.7
8�¨ @N© Ê Æ¦¨ËÈ58&¨ @NÃ Ì 8�¨ @NÍ

4 0.1 15 7.7
8�¨ @N© Î Æ Ê È58&¨ @NÃ Ì 8�¨ @NÍ

5 0.1 12 4.7
8�¨ @N© Ê Æ I È58&¨ @NÃ Ì 8�¨ @NÍ

6 0.05 40 32.7
8�¨ @N© Ê Æ¦¨ËÈ58&¨ @NÃ Ì 8�¨ @NÍ

7 0.15 35 35
8�¨ @?É Ê Æ I È58&¨ @�© 8�Æ Ê È�8�¨ @NÍ

TABLE II: Scenariofor analyseimpactof discardingdelayedcells.CLRsarecomparedwith andwithoutdiscarding.

shorter� ������� andhigherCLR demands(VC 1) aredif-
ficult to meet,while lesscritical connections(VC 3) are
preferredmorethannecessary.

Static priorities Static priorities usually do not offer
enoughflexibility to handledifferentrequirementsof vir-
tualconnections.Therisk of creatinggreatgapsbetween
the CLR of differentpriority classesincreaseswith the
diversity of requirements.In the testscenarioVC1 and
VC3 aregrantedbetterCLRsthanrequire.Theachieved
CLR of VC 2, however, is notsufficient.

EDD Using theEDD servicedisciplinethesameCLR for
all VCs is obtained. As proved by analyses,individual
requirementsof VCs arenot considered.VCs with the
morecritical constraints(VC1) experiencea violation of
theirnegotiatedQoS.

ORU Only theORU schedulingpolicy is ableto fulfil the
individual CLR requirementsof all VCs. Accordingto
theanalysistheassignmentof resourcesto connectionsis
performedin a

”
fair“ way.

Thesimulationresultsshow thattheapproximationof the
cell delayDF (4) is particularlyvalid for long delaysand
high quantilesof theDF. Thequality of theapproximation

is sufficient for comparingthe differentservicestrategies.
This comparisonshows that theRelative Urgency Strategy
with parametrizationof theurgenciesaccordingto theQoS
constraintsof theVCs(ORU) is abletocontrolthestatistical
multiplexing of ATM cells,thussatisfyingtheneedsof each
individualVC.

B. Impactsof more realisticmodelsfor ATM traffic sources

Insteadof usinga Markovian sourcemodelfor all ATM
sourceswe now show the impactof modellingonevirtual
connectionwith a videosourcegeneratingVBR ATM traf-
fic. It is modelledwith a autoregressive processaccording
to [17]. Thedistancebetweentwo bursts(videoimages)is
equalto

8&¨�¨
. Within aburstonecell pertransmissionslot is

generated.
Theimpactof thisvideomodelonthecell delaysis anal-

ysedwith thescenariofrom Fig. 4, whereVC 1 is modelled
with a videosource.

In Fig. 4 the large error of the approximationis visual-
ized. Dueto thehigh varianceof thedatarateof thevideo
source,the systemis highly overloadedandCRLs cannot
beguaranteed.This, however, doesnot affect theability of
theORU servicedisciplineto handlethevirtual connections
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Fig. 5: Impactsof aselectivediscardingalgorithmfor delayedcells

accordingto their priorities. Thus,if theCAC ensuresthat
theCLRsof all connectionsdo not exceedtheir limits, the
ORU priority strategy is an appropriatepolicy to fulfil the
individualCLR requirementsof theconnections.However,
theCAC needssimilarmodelsastheATM cell scheduler.

C. Impactsof a cell discardingalgorithmoncell delays

In thepreviousanalysistheassumptionwasmadethatall
cells including thedelayedonesaretransmitted.However,
discardingold ATM cellsbeforetransmissioncanavoid and
resolve congestionevents,sincethedelayof the following
cellscanbeshortenedandtheprobabilityto exceedfurther
due-datesis reduced.

Theselectivediscardingof delayedcellsis analysedwith
thescenarioin TableII.

Thesimulationresultsimpressivelyshow thepositiveim-
pactsof discardingATM cells. Therefore,the useof cell
discardingasa part of the schedulersactivities to enforce
QoSis stronglyrecommended.

V. CONCLUSION

The analysisof service strategies for schedulingthe
transmissionof ATM cellsoveranair interfacewith a mul-
tiplex rateof 20 Mbit/s have shown the importanceof em-
ploying deadlineorientedservicestrategies. With simpler
strategies like static priorities or First-Come-First-Serve,
real-time applicationcannotbe supportedwith sufficient
Quality of Service.Theexecutionof deadlineorientedser-
vicestrategiesin a realdistributedsystemby anappropriate
MAC protocolis subjectof severalpublications.It hasbeen
shown, thatadvancedaccessmethodscanminimizethe in-
fluenceof transmittingcapacityrequestmessagesover the
uplink for informing theschedulerin thebasestationabout
thestateof sendingbuffersin terminals[18].
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