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Abstract — Providing and guaranteeing Quality of
Servicerequestediy auseris animportant and challeng-
ing task in telecommunicationnetworks. Within ATM
networks the negotiated sewice requirements have to
be fulfilled using several methodsof traffic management
Wir elessATM intr oducesa newdimensionof complexity
into thesemethods. While ATM applicationsin wir eless
ATM terminals requestthe samefunctionality and Qual-
ity of Sewice asin wired ATM terminals, the network
characteristicslik e maximum transmissionrate and er-
ror ratio differ. The methodsfor handling the user de-
mands have to be adaptedto this new ervironment. A
radio cell of a cellular wir elessor mobile ATM network
corresponddgo avirtual ATM multiplexer with an inter-
nal radio channel. For an analytic approachthis multi-
plexer is modelled as a distrib uted queueingsystem. A
central schedulerlocatedin the basestation determines
the order of cell transmissionand a MAC protocol or-
ganizesthe realization of the transmission order on the
radio channel. This paper focuseon the schedulingpol-
icy required to guaranteethe requestedQuality of Ser
vice especiallyfor real-time VBR sewices. A scheduling
strategy with dynamic priorities is developedand anal-
ysedusing stochasticsimulations.

|. INTRODUCTION

The asyndironous transfer mode (ATM) has become
widely acceptedn the areaof high-speedand multimedia
networks. During the lastfew yearsa demandfor provid-
ing transparentntegration solutionsof wirelessATM ter-
minalsinto thosenetworkshasarisen.Possibleapplications
includecellularmobileradio,wirelessATM-LANs andRa-
dio in the Local Loop [1]. Although the functionality and
the Quality of Servicerequestedby usersn awirelesservi-
ronmentis similar to the oneneededn a standardwired)
ATM network themoredifficult andrestrictive conditionsof
theair interfacerequiredifferentmethodsn orderto satisfy
theuserneeds.

Theair interfacecanbe modelledasa virtual ATM mul-
tiplexer with aninternalradio channel2]. Insidethis mul-
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Fig. 1: Protocolstackof thevirtual ATM multiplexer atthe
ATM air interface

tiplexer the physicallayerandpartsof the ATM layerhave

to bereplacedy awirelessphysicallayer, amediumaccess
control (MAC) layeranda logical link control (LLC) layer

(cf. Fig. 1).

Quality of servicein ATM networks can be described
with a setof parameterobsenable at UNI interface be-
tweena terminalandthe accessnode[3, 4]. The QoSis
negotiatedbetweertheuserandthe serviceprovider during
the connectionestablishmenphaseandfixed with a traffic
contract.lt hasto be guaranteetby the network for thelife-
time of aconnectionSinceATM traffic is experiencedvith
statisticakcharacteristicandacell orientedtransmissionno
static long-termcapacityresenation is usedin ATM net-
works. Insteadshort-termdynamicallocationmethodsare
introduced.In orderto reflectthe variouscapacityrequire-
mentsof differentvirtual connectionsATM serviceclasses
have beendefined[3].

The main goal of traffic managemenf3] in ATM net-
worksis to obsere, controlandenforceQuality of Service.
Appropriatemethodshave to be implementedn terminals
aswell asin network nodes.Well known aspectf traffic
managemenpoliciesarethe connectionradmissioncontrol
(CAC) andthe congestioncontmol (CC) [5]. This paperfo-
cuseson a differentapproachof QoS control for wireless
ATM networks. The limited resourceof transmissiorinks
betweemTM network nodeds sharedetweerseveral vir-
tual connectiongVC). Network nodegswitchesandmulti-
plexers)have to determinghetransmissiororderof cellsto
besentoverthelinks. Thus,an ATM cell scheduleris intro-
ducedfor eachoutputlink that controlsthe statisticalmul-



tiplexing of cellsby employing anappropriateservicestrat-
egy. Its goalis to optimizetheresourceallocationbasedn

short-termdemand®f VCs andtheir negotiatedQuality of

Service.Appropriateservicestratgiesusuallyfocusontwo

key targets:avoiding overflow of buffersandcontrollingde-

laysof ATM cells. Which issuethe strategy hasto focuson

strongly dependson the transferrate of the link. While a

fasttransferateof 155Mbit/s andmorein wired ATM net-

workscauseduffer overflovsto bethemorecritical aspect,
with slow transferratescell delayguaranteebecomemore
difficult to fulfil. Thereforejn high-speedetworks,traffic

managemernis usuallyexecutedby CAC and CC policies.
ForwirelessATM applicationswith aradiolink transferate
of about20 Mbit/s, [6], the servicestratgy playsa major
rolein providing Quality of Service.

In this paperwe analyseand comparedifferentservice
stratgyieswith staticanddynamicpriorities. A parametriza-
tion algorithmconsideringcapacityrequestandQuality of
Serviceconstraintsis developedfor the dynamic priority
disciplineRelativeUrgency

Il. REQUIREMENTS OF THE ATM CELL SCHEDULER

The ATM cell schedulerin a wirelesservironmentis
characterizedy the distribution of the sendingbuffers on
terminals(uplink ATM cells)andthebasestation(downlink
ATM cells). Theschedulem thebasestationhasonly alim-
ited informationaboutthe buffer stateof terminals. It is a
taskof the MAC protocolto offer afastandreliablechannel
for transmittingso calledcapacityrequesmessgescoding
thebuffer stateof terminalg[7, 2].

The main goal of a servicestratgy employed by the
scheduleis to control cell delays.In generalthis includes
the meancell delay the cell delayvariationand the maxi-
mumcell delay SinceATM cellswhich exceedtheir maxi-
mumdelaywill usuallybediscardedy thereceving appli-
cation,we focusthe schedulersactiity on controlling the
maximumecell delay Thus, we considercells having ex-
ceededheir maximumdelay beinglost, regardlessf they
weretransmittedor discardedoy the QoScontrol. There-
quirementsof the VCs concerningthe maximum cell de-
lay stronglydependon the serviceclassof the connection.
For the UBR serviceclassno QoSis defined,while ABR
classconnectionshave QoS constraintsbut no short-term
demandsegardingthe maximumcell delay CBRlike VBR
serviceshave very tight limits for the maximumcell delay
[8]. A servicepolicy for the scheduleihasto be definedin
orderto differentiatebetweerntheseserviceclassesaswell
asto handleconnection®f the sameclass.

Consideringheir specialcharacteristicsstaticpriorities
are introducedbetweenthe serviceclasseCBR > VBR
> ABR > UBR). CBR connectionganbe easilyhandled
due to their deterministictraffic characteristic. For ABR
servicesthe algorithmsappliedfor fixed ATM multiplex-

ersareused[9], while the UBR serviceclassdoesnot need
specifichandling. Simple stratgieslike First-Come-First-
Sene(FCFS)aresufficientto guaranteafair resourceshar
ing. Only VBR servicesneedmore attentionasthe mean
cell delayaswell asthe probability of exceedingthe maxi-
mum cell delayhave to be minimized. Appropriateservice
disciplinesfor VBR connection$ave to bejudgedconsid-
ering the calculationoverheadandthe probability that the
negotiatedQoSguaranteesanbefulfilled.

I11. SERVICE DISCIPLINES FOR REAL-TIME VBR
CONNECTIONS

For analyse®f possibleservicedisciplinesfor VBR con-
nectionsve assume completanformationof thescheduler
aboutall buffer states. Furthermorewe assumeerrorfree
transmissiorandunlimited buffers. Thusthe VBR service
classis modelledasa G/D/1 queueingsystem,cf. Fig. 2.
The G/D/1 modelallows ananalyticapproacHor the com-
parisonof differentservicestratgies.In morerealisticsys-
temstheseservicedisciplineshave a similar behaiour, as
simulationsin sectionlV will show.

Theschedulehasto minimizetheprobabilityof exceed-
ing themaximumdelayry,.,,, for eachreal-timeVBR VC?.
Tdmaz Canbe addedto the arrival time of an ATM cell to
determineits latesttransmissiortime (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 dynamic priorities basedservicepoli-
ciesin M/D/1 queueingystemsisinganalyticmethodsand
stochasticsimulations. Additionally, the impactsof using
non-Marloviantraffic sourcesaredeterminedy stochastic
simulations.
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Fig. 2: Modelling the VBR serviceclassas a distributed
G/D/1 queueingystem

The priority for a specificVC is assignedluringcall es-
tablishmentlependingnthesetof QoSrequirementsom-

lWe assumery,,, ., asa fraction (e.g. 20%) of the maximumend-to-
endcell transferdelay



mitted to the existing VC andthe requestf the new con-
nection.Thus,theprioritiesof all connectionfiave to bere-
calculatedeventuallyif thenew VC is acceptedby the CAC.
Thisrequireghe CAC to applyadmissiorcriteriasimilarto
the onesusedfor the servicestratgy of the scheduler For
thefollowing analysiswe assumehatno VCs areviolating
their dataraterequirementswhich arefixed in the service
contract. This hasto be guaranteedy 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 function usinga negative exponentialdistri-
bution. The quality of this approximationis sufiicient be-
causethe M/G/1 queueingsystemhasa similar behaiour
asa negative exponentialdistribution for high quantilesof
the DF [10]. Regardingthe complementarpDF of cell de-
lays for a certainVC the cell lossratio (CLR) of this VC
correspondso thefunctionvaluetakenatthe maximumcell
delayrd,mqz-

A. Analysisof a static priority discipline

With the static priority disciplineeachVC is assignedh
priority classduring connectionestablishmentThe sched-
uler executesa non-preemptie (NONPRE) static priority
discipline betweenthe VCs i.e. a cell of a priority classi
canonly betransferredf no ATM cell with higherpriority
is waiting for transmissionWithin onepriority classFCFS
is used.

Theassignmenof staticprioritiesto VCsis adiscreteop-
timization problem. The weighedprobability of exceeding
Tamaz Which correspondo thetotal numberof cell losses
haveto beminimizedwithoutviolatingtheindividual CLRs
of thevirtual connectionsVCswith differentCLRsmaybe
assignedhe samepriority classdependingon the scenario
of connections For this optimizationthe distribution func-
tion of the cell delaysfor a priority classi is needed. In
M/D/1/FCFS/NONPRHEueueingsystemghefirst two mo-
mentsi¥; andiW®) of theDF for classi with adeterministic
normalizedservicetime 8™ = 1, the meanarrival rate \;
anda total numberof N priority classesanbe expressed
by[11, 12]:

k—1
Ack =D
=0

)‘SN
3(1 = Aci)(1 = Agi)?

A<NA< +
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Applying the approximationby a negative exponential
distributiontheparameteg andp of theapproximated¢om-
plementaryDF [10]

+

P(<t)=1-(1—-ple ™ 4

canbe calculatedwvith W; and Wz@) of the original dis-
tribution:

2W?2 2w
R S o) ®)
Theformaloptimizationproblemintendsto minimizethe
total numberof lost cells consideringthe individual con-
straintsof all VCs:

Minimize

CIR = NP> Tamas.s
/\<N Z T )

= A<NZ,\ (1 —p;)e HiTdmasii  (B)

subjectto the constraints:

Pi(> Tdmaz,i) < CLR@ V 1<i<N (7)

The solutionof this optimizationproblemcanbe found
using combinatorialmethods. As this processhasto be
executedunderreal-time conditions,an exhaustve search
for the optimal priority assignmenbecomesmpossibleif
the numberof VCsincreasesThe numberof permutations
rangebetweenN! and NV. Intelligent stratgies can be
usedwith reducedcalculationeffort for finding any combi-
nationfulfilling theconstraints.

B. Analysisof dynamic(deadlineoriented) priority disci-
plines

Deadlineorientedpriorities canbe usedif eachpriority
classhasa maximumdelaycorrespondingo the maximum
gueueingtime of a singlejob (here: ATM cell) after that
a service(here: transmissionjhasto be started. Therefore,
eachindividual cell hasa deadlineor due-datepp; = to +
Tamaz,i (to 1S the arriving time of the cell at the queueing
system)or the beginning of the transmission.The priority
of acell of VC i increasesvhile approachinghis deadline:

(t —to) 8)

The scheduleselectsthe cell with lowestg; () (highest
urgeng) for the next transmission. Several authorshave

qi(t) = TpDi — t = Tamag,i —



shavn theability of this stratgy to minimizethetotal num-
berof cell losseq13, 14]. A generalizatiorof this Earliest
DueDate First (EDD) disciplineis obtainedf the deadline
of acell is determinedaccordingo the 74,,,,,, andthe CLR

of thecorrespondingirtual connectionrpp; canbeinter-

pretedasarelativeurgencyof acell.

1) Therelativeurgencysdedulingdiscipline If 7pp; is
taken asthe urgeng of a specificcell from VC ¢, it hasto
considerthe deadlineof a cell andthe CLR of thatconnec-
tioN. T4 mqz,; IS replacedoy Up;, theurgencystart offset

Urui(t) = Uo; — (t — to) )

The cell with minimal Ugy;(t) is selectedfor the next
transmissiorby the scheduler

After introducingthemeanurgeng Uy, the (complemen-
tary) DF of cell delaysfor f-quantilesf — 1 (N priority
classesdeterministicservicetime (™ = 1) canbe ex-
pressedy:

N
A<
P(Wi > t) = (1 _p)e—u(ﬁo—Uoz')e—Ht (11)

p andy correspondo the parametersf the negative ex-
ponentialdistribution usedfor the approximatiorof the DF
(4) parameterizeavith the DF for the M/D/1/FCFSqueue-
ing system(Arcrs = A<n). Importantattributesof the
M/D/1/FCFS/RJ modelare:

e Onepriority classfor all VCs (FCFS)can be achieved
with thesamely; for all VCs.

e StaticprioritiesbetweenvVC ¢ andVC j canbe approxi-
matedwith Up; < Up; or Uo; > U

o If theurgeng startoffsetis equalto the maximumdelay
Uoi = Tdmaz,; the EDD strat@y is obtained.

e Accordingto [15] thetimesT; andT}, with thef-quantile
of thedelayDF differ for f — 1 by thedifferenceof their
urgencies.

Usingthisknowledgea parametrizatiomlgorithmfor the
urgeng startoffsetU, canbedeveloped.

2) Parametrizationalgorithm for the relative urgency
scheduling discipline The parametrizatioralgorithm for
theurgeng startoffsetshasto ensurdhatall virtual connec-
tionssharethetransmissiorthannebccordingo their CLR
andmaximumdelayrequirementsTherefore anoptimiza-
tion approachsimilar to the one presentedn sectionlll.A
hasto beused.With thecomplementarPpF P;(> T444.:)
usedto determinghe CLR theoptimizationproblemcanbe
defined:

Minimize
1 N
CLR = E i P; ;
)\SN v i z(> Tdmaw,z)
1 & =
— £(1 = p)e#Uo—U0i) g=HTdmaa,i (12
Py ;:1 i(1-p) 12)

subjectto the constraints

P;(> Tdmaz,i) =1 _p)e*H(UO*UOi)e*NTdm”,i < CLR;
(13)

Thus,the total numberof cell lossess minimizedwith-
out violating the connectionspecific CLR demands. The
consideredoptimization problemis nonlinearand multi-
variable. Therefore,ary stratgjiestrying to solwe this sys-
temwithin the experiencedeal-timeconditionswould en-
counterseveredifficulties. A simpleapproactsearchingor
onesuboptimalsolutionfocuseson determiningone setof
starturgeng offsetsmeetingthe constraints.

From(13) equation(14) canbedetermined:

To—Uo;>2Ci ¥ 1<i<N (14)
with:
1 LR;
Ci =——In (C—R> - Tdmaz,’i (15)
K I-p
Condition(13) canbe changedo anequation:
Uo—Up=C; YV 1<i<N (16)

Now oneUy; canbefixedandthe otherurgeny offsets
becalculatedusing(16).

The developedparametrizatiorlgorithmis called Opti-
mizedRelativeUrgency(ORU) stratey.

IV. SIMULATION OF SERVICE DISCIPLINES FOR THE
ATM CELL SCHEDULER

| vC || A | Tdmaz/Tslot | CLR |

1 0.2 10 10°*

2 || 045 22 1072

3 0.2 32 10~*
TABLE |

Virtual connectionsn thetestscenario

Theapproximationsnadefor thecomplementarpF (4)
aswell astheORU parametrizatioim sectior? arevalidated
usingstochastisimulations A testscenariavith threeVCs



[y 1 o B
Wy ZIN O req.CLR |
o
0.1
(VC1,23)
0.01 O
CD
0.0001 QO
| approximation |-

le-05 ‘

0 10 20 30 40

CLR with FCFS
VC || approx. | simulated
1 [[ 43-107%]45-107
2 [191.-107* ] 99-107*
3 |/87-107°]43-10°°
O req.CLR
S W— N LT

e

0.0001 O
1e-05 5 10 20 30 20
T, —
CLR-EDD

VC || approx. | simulated

1 [[10-1073[11.107°

2 1.0-107% [ 1.1-1073

3 1.0-107% [ 1.1-1073

Tl -
1\': \ LO req. CLR |
o
0.1 AN\
AN\
| N N s VC 2 )
0.01 \ \ \CL; rrrrrr g\d)
VC 3
0.001 D AN N
0.0001 S~ | approximation | | _
le-05 \

20 30 40

CLR with SP
VC || Prio. | approx. | simulated
1 1 [45-1071 0
2 3 1.6-1072 | 2.2.1072
3 2 | 95.1071° 0
iO req. CLR
§
\
0.01 i TVC 3 SN 0O
\
\ VC2)
0.001 %
0.0001
,,,,,,,,, | approximation
1e-05 5 10 20 30
CLR-ORU
VC || ORU | approx. | simulated
1 10 [ 81-107° [ 9.4-107°
2 37 1 93-1073]71-1073
3 32 [81-107° | 9.5-107°

Fig. 3: ComplementaryDF of thecell delaysfor differentservicedisciplines.ThecirclesindicatetherequestedLR.

is applied,cf. Tah I. Thevaluesfor cell delayandCLR are
choserto enablethe gatheringof stochasticallyproofedre-
sultsin anacceptableuntime of thesimulation.Thelength
of a simulationrun is automaticallycontrolledby the LRE
algorithm[16] which limits therelative errorto a predeter
minedvalue,andwhichis ableto handlecorrelationdn the
measuredralues. The relative error of the diagramspre-
sentedn this paperis alwayslowerthan5%.

A. Simulationof the M/G/1 queueingystem

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

FCFS UsingFCFSthe complementarygell delayDF of all
VCsis the samebecausao differentiationbetweercon-
nectionsis made. Thus, the requirement®f VCs with



| VC || model | X\

| Tdmaz | CLR | ORU |

1 video | 0.2 100 | 10~% | 100.0
2 Poisson| 0.45 30 10~2 | 75.28
3 || Poisson| 0.3 | 300 | 10°% | 277.4

E O req. CLR

L
0.01 }{

0001 £ oo

0.0001 |

le-05 200' ~7400 600 800 1000

d -

Fig. 4: Impactof usingavideotraffic sourcemodelinsteadof Markovian modelfor VC 1 with the ORU servicediscipline

CLR

| VC [ A | Tamaz | ORU || required| nodiscard| discard
1 [[0.15] 20 | 27.3 102 [6.5-103]2.0-10°3
2 0.2 25 32.3 102 |6.5-10%|20-10°
3 0.1 10 2.7 10% [90-10°] <10°°©
4 ] 01 15 7.7 107% [89-107°] <10°°
5 0.1 12 4.7 107 [92-107°] <10°°
6 [[0.05] 40 | 327 107% [9.0-107°] <1078
7 ]l 0.15] 35 35 10% |92-100%]1.9-10°°¢

TABLE IlI: Scenaridor analysaémpactof discardingdelayedcells. CLRsarecomparedvith andwithout discarding.

shorterrg,, . andhigherCLR demandgVC 1) aredif-
ficult to meet,while lesscritical connectiongVC 3) are
preferredmorethannecessary

Static priorities Static priorities usually do not offer
enoughflexibility to handledifferentrequirementsf vir-
tual connectionsTherisk of creatinggreatgapshetween
the CLR of differentpriority classedncreaseswith the
diversity of requirements.In the testscenarioVC1 and
VC3 aregrantedbetterCLRsthanrequire. The achieved
CLR of VC 2, however, is not sufficient.

EDD Usingthe EDD servicedisciplinethe sameCLR for
all VCs is obtained. As proved by analysesjndividual
requirementof VCs are not considered.VCs with the
morecritical constraint{VC1) experiencea violation of
their nggotiatedQosS.

ORU Only the ORU schedulingpolicy is ableto fulfil the
individual CLR requirement®f all VCs. Accordingto
theanalysigheassignmendf resource$o connectionss
performedn a,fair* way.

Thesimulationresultsshow thattheapproximatiorof the
cell delay DF (4) is particularly valid for long delaysand
high quantilesof the DF. The quality of the approximation

is sufficient for comparingthe different servicestrateies.
This comparisorshavs that the Relative Urgeng Strateyy
with parametrizatiomf the urgenciesaccordingto the QoS
constraint®f theVCs(ORU) is ableto controlthestatistical
multiplexing of ATM cells,thussatisfyingtheneedsf each
individual VC.

B. Impactsof more realisticmodelsfor ATM traffic souces

Insteadof usinga Markovian sourcemodelfor all ATM
sourcesve now shav the impactof modellingonevirtual
connectiorwith avideo sourcegenerating/BR ATM traf-
fic. It is modelledwith a autorgyressie processaccording
to [17]. Thedistancebetweertwo bursts(videoimages)is
equalto 100. Within aburstonecell pertransmissiorslotis
generated.

Theimpactof thisvideomodelonthecell delaysis anal-
ysedwith the scenaridrom Fig. 4, whereVC 1 is modelled
with avideosource.

In Fig. 4 the large error of the approximationis visual-
ized. Dueto the high varianceof the datarate of thevideo
source,the systemis highly overloadedand CRLs cannot
be guaranteedThis, however, doesnot affect the ability of
the ORU servicedisciplineto handlethevirtual connections
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accordingto their priorities. Thus,if the CAC ensureghat
the CLRs of all connectionglo not exceedtheir limits, the
ORU priority stratgy is an appropriatepolicy to fulfil the
individual CLR requirement®f the connectionsHowever,
the CAC needssimilar modelsasthe ATM cell scheduler

C. Impactsof a cell discading algorithmon cell delays

In the previousanalysigheassumptionvasmadethatall
cellsincluding the delayedonesaretransmitted.However,
discardingold ATM cellsbeforetransmissiortanavoid and
resohe congestiorevents,sincethe delay of the following
cellscanbe shortenedaindthe probability to exceedfurther
due-datess reduced.

Theselectve discardingof delayedcellsis analysedvith
thescenarian Tablell.

Thesimulationresultsmpressiely shav thepositiveim-
pactsof discardingATM cells. Therefore,the useof cell
discardingasa part of the schedulersactities to enforce
QoSis stronglyrecommended.

V. CONCLUSION

The analysisof service stratgjies for schedulingthe
transmissiorof ATM cellsover anair interfacewith a mul-
tiplex rateof 20 Mbit/s have shovn the importanceof em-
ploying deadlineorientedservicestratgies. With simpler
strateies like static priorities or First-Come-First-Sewy
real-time application cannotbe supportedwith suficient
Quality of Service.The executionof deadlineorientedser
vice stratgjiesin arealdistributedsystemby anappropriate
MAC protocolis subjectof severalpublications.t hasbeen
shavn, thatadvancedaccessnethodscanminimize thein-
fluenceof transmittingcapacityrequestmessagesver the
uplink for informing the schedulein the basestationabout
the stateof sendingouffersin terminalg[18].
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