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Abstract.

Consideringthe high-speeddatatransferby the ABR serviceclassin a wirelessATM network, we

investigatethe impact of forward and backward hard handwer protocolson the performanceof the threerate-based
ABR flow-controlschemegxplicit Ratelndicationfor CongestiorAvoidance(ERICA+), FuzzyExplicit RateMarking
(FERM) anda new promisingadaptatiorof FERM, calledFERMA.

We evaluatethe performanceof theseflow-control protocolsby meansof an object-orientecsimulationmodelof a
basicclient-serer architecture Consideringa standarchardhandwer protocolin awirelessATM network, we shav that
our proposecenhancedaignalingschemedasedon a congestion-aarenessonceptandtheir integrationinto the ABR
flow controlhave a positive influenceon the stability andefficiengy of the cell transferby ABR connectionsMoreover,
we pointoutthatthe new adaptatiorof thefuzzy-controlscheme=ERM providesa promisingalternatve to the ERICA+

algorithm.

Keywords: wirelessATM network, handwer protocolsrate-base@BR flow control,fuzzy control.

1 INTRODUCTION

In thelastdecadeenormoudechnicakeffortshavebeen
madeto develop a platform enablingthe integration of
voice, dataand multi-mediacommunication. The Asyn-
chronousTransferMode (ATM) provides one approach
that looks very promisingfrom the perspectie of traffic
engineering. Recently however, thereis the popularbe-
lief that the Internetparadigmwill dominatethe end-to-
end communicationof advancedendsystems.Neverthe-
less,thereis still interestin the developmentof ATM, at
leastas the underlyingtechnologyof a high-speedack-
bonenetwork. Moreover, it is obviousthatseverallessons
learnedduring ATM studiesmay be transferredsuccess-
fully to the Internetworld. Regardingthe wirelessaccess
to suchhigh-speedetworksanimprovedmobility support
is required. In this respect.the provision of an efficient
wired andwirelessaccesto anATM backbonenetwork is
achallengingtechnicalandeconomidssue(cf. [1], [2]).

In this paperwe considethigh-speedlatacommunica-
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tionin awirelessATM (WATM) network. For thispurpose,
we usethe ABR serviceclassthatis specifiedin the ATM
forum documentraffic ManagemenS$pecificatiord.0 (cf.
[3]). TheunderlyingWATM architectureandthe usedpro-
tocol stackof our studyarederivedfrom NEC's prototype
implementationVATMnetandthe ATM forum documents
(cf. [4], [5], [6]). It includesa simplified versionof the
TDMA/TDD structureand the associatedvirelessMAC
protocolof this system.

Using an object-orienteddiscrete event simulation
modelof a basicclient-serer scenaridn awirelessATM
network (seefigure 1), we studythe impact of the error
prone wirelesscommunicationchanneland of mobility-
managementechniquesieterminedoy backward andfor-
ward hardhandawer protocols(cf. [4], [7], [8], [9], [10Q])
ontheperformancei.e. efficiengy, robustnessndfairness,
of the rate-based\BR flow-control algorithmsERICA+,
FERM andour FERM-adaptation.

Therestof the paperis organizedasfollows. Section
2 sketchesthe basic principles of rate-basedABR flow-
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Figurel: Structureof agenericWATM network scenario

control algorithmsand the optional virtual source/virtual
destination(VS/VD) approachj.e. an ABR connections

split into two or more segments. Furthermorewe discuss
themainideasof fuzzy logical methodsandof theoriginal

FERM algorithm. Thenwe describeour adaptatiorof the

FERMalgorithmto aWATM ervironment.In section3 the

usedimprovedbackward andthe forward handwer proto-

col are described. The simulationmodel and the results
obtainedby the performanceanalysisof the threeconsid-
eredABR flow-controlalgorithmsarepresentedn section
4. Finally, someconclusionsaredravn in section5.

2 RATE-BASED ABR FLOW-CONTROL AL-
GORITHMS

The ATM Forum hasspecifiedthreeimportantservice
classedor the usein an ATM network: constantbit rate
(CBR),variablebit rate(VBR) andavailablebit rate(ABR)
(cf. [3]). Connectionsf the ABR serviceclassare de-
signedto usethe remainingcapacityof an ATM network
afterthe CBR andVBR service-clasgonnectionhave re-
ceived their currentcell rate. To avoid congestionin an
ATM network andto usethewhole capacityefficiently, the
sourceof every ABR connectionhasto be informed reg-
ularly aboutthis remainingcapacity For this purposethe
ATM Forumhasstandardizedate-base@dBR flow-control
algorithms.

2.1 BASIC PRINCIPLES

In a rate-basedABR flow-control algorithm every
sourceof an ABR connectionsendsperiodically i.e. af-
ter Nrm — 1 usercells, a resourcemanagementRM) cell
to its destination. This RM cell includesan explicit rate
(ER) which is setby the sourceto the maximal allowed
sendingrate, called peakcell rate (PCR),andthe current
cell rate(CCR) of the source.The destinatiorreturnsthis
RM cell to the source. On the path from the destination
to thesourcedueto actualityevery switchregularly calcu-
latesaninternal ER valuedependingon the ABR link cell
rateandthe numberof active ABR connectionswith their
QoS parameters.This switch-internalER is comparedo
the ER in theincomingRM cell. If theinternal ER value
is smallerthanthe ER in the RM cell, the latteris replaced
by theinternalER. Finally, thesourcerecevesthe RM cell
and setsits allowed cell rate (ACR) to the ER in the RM
cell which is the minimum of all switch-internalERs on
the paththroughthe ATM network. For an ABR source
the ATM network canpermita minimum cell rate (MCR)
greaterthanzero.In this casethe MCR is the lower bound
of theACR,i.e.0 < MCR < ACR< PCR

If a switch is congested,it can create a tempo-
rally limited numberof own RM cells, called out-of-rate
(OOR-RM cells,andsendthemtogethemwith the current
internal ER valueto the relatedABR sources.Theideais
toinform theseABR sourcesnuchfasterabouttheconges-
tion thanit is possibleby normalin-rateRM cells.

The basicrate-basedlow controlfor an ABR connec-
tion usesonly onecontrolloop spanninghe pathbetween
thesourceandthedestination RegardingWATM networks
it is advantageougo divide the control loop into several
coupledsmallerloopsby introducingvirtual sourcegVS)
andvirtual destinationgVD) in someswitchesbetweerthe
sourceandthe destinatione.g. to separatehe wired and
wirelesspartsof the network. The standarddoesnot spec-
ify the couplingbetweentwo adjacentcontrolloops. It is
only mentionedthat the QoS parameterse.g. PCRand
MCR, of a splitted ABR connectiorshouldbe the samein
eachcontrolloop. TheVS/VD-approacthastheadwantage
to decreasehe responsdime of the virtual sourcesunder
changingABR capacity

Therate-basedlow controlof the ABR serviceclassin
wired ATM networks hasbeenthe topic of mary studies,
sincetheinternalcalculationof the explicit ratein a switch
dependson the selectedrate-basedlow-control scheme,
e.g. the explicit rate indication for congestionavoidance
(ERICA) or itsimprovementERICA+ (cf. [11]).
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2.2 ERICA/ERICA+

SinceERICA and ERICA+ arewell know, detailsare
not statedagain.Themaingoal of ERICA is to controlthe
ABR queuelengthq ata very low level while maintaining
aneligible hightargetutilizationU =1 — ¢, ¢ > 0, of the
ABR link cell rate,i.e. the ABR tametcell rate TCR can
be calculatedy:

TCR=U - ABR link cellrate (1)

In addition,ERICA+ considerghe currentABR queueing
delayt or the correspondingjueuelength ¢ of an ATM-
switchandcalculateghe ABR targetcell rate TCR by

TCR = f(q) - ABR link cell rate (2
e.g. with f(¢) € [1.05,...,1,...0.5] for
qg€|o0,...,q,...,00[. ERICA+ operatesat an op-

timal working point with a target utilization of oneanda
fixedqueueingdelayt, or the correspondingueuelength
go greaterthanzero.

Both flow-controlalgorithmscalculatea fair share

]'I\'[CR 3)
ABR

wherebyNagr > 0 is the numberof active ABR connec-
tionstraversingthe switch. Finally, the switch-internalex-
plicit rateof an ABR connectioris acombinedcalculation
of thefair share the periodicallymeasuredoadfactor

FS=

incomingABR cell rate

= TCR @

of the switch andthe currentcell rate (CCR) of the active
ABR connections.

Apart from ERICA andERICA+ therearemary other
rate-basedongestion-aoidancescheme®f interest. One
of themis thefuzzy explicit ratemarking(FERM, cf. [12])
whichis describedn thefollowing subsection.

2.3 Fuzzy LOGIC AND FERM

Themostimportantpartof afuzzy controlsystemis the
fuzzy logic controller (FLC, cf. [12]). With the FLC the
humantrain of thoughtscanbe adaptedn a simpleway by
usinglinguistic variableswith their setof linguistic values
anda smallnumberof linguistic rulesor relationalexpres-
sions. One of the linguistic rulesin the nonlinearFERM
fuzzy congestiorcontroller(FCC)is for example(seeap-
pendix):

If the buffer (length)is full and
therateof changeis increasingfast,
thentheflow rateshouldbeverylittle.

(R11)
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"b uffer (length)”, "r ate of change” and"flow rate” are
calledlinguisticvariablesand’full” , "incr easingfast” and
"very little” areexamplesof theirvalid linguistic values.

The designof a FLC is split into two parts: First, the
linguistic rules are set ("surface structure”) and then the
membershigunctionsof thelinguistic variablesaredeter
mined ("deep structure”), quite often by a more intuitive
andpragmaticchoice.

Dependenbn the input parameter: the membership
functionmy, of alinguistic variableV denotegheweights
wy, € [0,1] of thevalid linguisticvaluesvy, 1 < k < ny,
i.e.

®)

Here eachmembershigiunction my is representedy a
compositionof ny membershigunctionsof thefuzzy sets
F,, ofits correspondinginguistic valuesuy, i.e.

my () = (Wey, - -+ Wy, ) € [0,1]"

my(z) = my(T)®...8m,, (z)
= (Woys--- s Wo,,)
with the tensoroperator®. Let & denotethe s-normop-
eratormax. For an FLC with a single outputvariableY
with the membershigunctionmy (y) = my, (y) ® ... ®
my,  (y) its weightedmembershigunction

(6)

Wy, My, () S+

Wy, "My, (y)

my(y) = @)
representshe outcomeof the L relatedfuzzy rulesv 1) x

cx o) o oy 1 <[ < L, with n linguistic values
o@D o™ of n linguistic variablesV™), ..., V()
and their weights w1, ... w®™, dependenton the
input-valuevector (zy, ... ,z,) of theFLC, i.e. for 1 <
I <L/1<j<nandexactlyonek, 1 < k < nyq, it
holds:

o) = U;j) o
whd = w6 =m0 () ®)
If noneof thelinguistic valuesy*-¥) of alinguistic variable
V(@) areusedin alinguisticrule, i.e. thelinguistic rule !
is independentf V), thenw(+7) is setto 1.

Applying the often used norms min and max the

weightsw,, , 1 < k < ny, of Y canbeexpressedy:

Wy, = max {min{w®Y, ... w"™}} ©)
Y=y

The weightsof all linguistic valuesof the linguistic vari-
ablesareusedto determinghe demandeduzzy valueby a
weightedanalysisof thelinguistic ruleswith afuzzy infer-
enceengine.Dueto computationasimplicity the member
ship function of a linguistic variableis often triangularor
trapezoidakhapedseefigures2 — 6 andappendix).
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Figure3: Membershipfunction of the fractional queuegrowth
rateAg of FERM
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Figure4: Membershigfunction of the fractionalflow rate A f of
FERM

For every controlinterval ¢ with the durationof N = 50
cell timesthe FERM algorithmin the ATM switch mon-
itors the averageABR queuelength g(z) andits growth
rateg(i) = q(i) — q(¢ — 1) or its fractional growth rate
Ag(i) = g(i) /N, respectrely, for abuffer with amaximal
sizeof 1024 ABR cells. For all sourceswith ABR con-
nectionstraversingthe consideredATM switch thesetwo
parametersare usedby the FCCto computethe fractional
flow rateAf = f(g,g9) € [0,1] andthe ABR tametcell
rateTCR givenby:

TCR = f(g,9) - ABR link cell rate (10)

For theseABR connectionghe fair shareFS (see(3)) de-
termineghe switch-internalexplicit rate.

The FCC describedin [12] usesthree linguistic val-
ues("empty”, "moderate”, "full” ) for the averagequeue
lengthg ("buffer (length)”), five linguistic values("de-
creasingfast”, "decreasingslow”, "zero”, "increasing
slow”, "increasingfast”) for the queuegrowth rate g
("r ate of change”) andeleven linguistic rulesto compute

the weightsof the linguistic values("very little” , "little” ,

"medium”, "high” , "very high”) of thefractionalflow rate
Af. Thenthefractionalflow rate A f itself andafterthat
the ABR targetcell rate TCR ("flow rate”) are computed
by (10).

Before every control interval i the weightsof all lin-
guisticvaluesaresetto 0. Thentheweightswg, , 1 < k <
3, of the averagequeuelengthg(i) andthe weightsw,, ,
1 < k < 5, of the queuegrowth rate g(i) aredetermined.
For the linguistic rule (R11), for instance the last stepof
thecomputatiorcanbe expressedy (see(9)):

WAf = ma‘x{wAfumin{wﬁsawg.a}} (11)

Theremaybeotherlinguistic ruleswhich have aninfluence
onway,. By theweightsway,, 1 < k < 5, themember
shipfunctionmay of Af is corvertedto mj ; (see(7)).
The weightedlinguistic valuesof A f arecombinedby a
specialfuzzy calculation,called centerof gravity (COG),
to thenew fractionalflow rate A f (cf. [12]):

_Jy-mias(y)dy
fm*Af(y) dy

Sincethemembershigunctionma y of A f hasin thiscase
the samesymmetricalshapefor every linguistic value of

A f andequaldistancedetweenthem, (12) canbe trans-
formedinto

Af (12)

— ZZ:I WAf - Afy

Af
Zi:l WA fy,

(13)
for a simplified computationwith Af; = 0.00, Afs =
0.25, Afs = 0.50, Afy = 0.75 andA f5 = 1.00.

In arealATM switchthereis noneedfor acomplexand
computationaintensivefuzzyinferenceenginein the FLC.
After thelinguistic rulesarefoundandthelinguistic values
aretunedby a simulatorthe control surfaceis known and
canbe storedasa lookup tablerequiringonly a few kilo-
bytesof read-onlymemory(ROM). In combinationwith a
simpleinterpolationalgorithmFERM canbeimplemented
in suchaway with avery fastresponseime.

In [12] thefairnessof FERM is demonstratedat least
in a max-minsense. It is remarkablethat this fairnessis
achievedby usingonly local informationin the switch.

2.4 ADAPTATION OF FERM

In [13] we have studiedtheinfluenceof differenthand-
overprotocolsontheperformancef the ABR flow-control
algorithm ERICA+. The resultsreveal that performance
improvementsmay be achiesed if the usedflow-control
protocoladaptsfasterto changingbuffer loadscausedoy
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handwersof mobile terminals. For this reasonwe have
adaptedheoriginal FERM algorithmin [12].

The goalis to achieve a fixed queueingdelayt, > 0
with a related taget queuelength ¢¢ > 0 similar to
ERICA+. Therefore,we have insertedtwo new linguis-
tic values”short” and”long” for the linguistic variable
"buffer (length)” (seefigure 5) andten (= 2 - n,) addi-
tional linguistic rulesto control the queuelength ¢ more
precisely Furthermorethe original linguistic rule (R7) of
FERM hasbeenchangedseeappendix).

A

1.0 1

0.0

0 Qo 2-q,

Figure5: Membershigdunctionof thequeudengthq of FERMA

For example, one of our new linguistic rules to achieve
thesegoalsis thefollowing (seeappendix):

If thebuffer (length)is long andthe
rate of change is decreasingslow
thentheflow rate shouldbe medium.

(R18)

Thetime of the controlinterval of our adaptations setto
the meanarrival time of N = 50 ABR cells. In every
controlinterval i we consideithe currentqueudengthq (%)
andits growth rateg(¢) = ¢(i) — ¢(i — 1) or its fractional
growth rateAg(i) = g(i)/N, respectiely.

Theinputrangeof themembershifunctionof thefrac-
tional growth rate Ag (seefigure 6) hasbeenchangedo
substantialowervaluesbecaus®f thechosertargetqueue
lengthgy < N < 512 at eachbasestation(BS) in our
WATM network.

A

1.0 1

decreasing
fast

increasing
fast

\4

0.5

Figure6: Membershipfunction of the fractional queuegrowth
rateAg of FERMA

As in the original FERM algorithm in our FERM-
adaptatiorthe fractionalflow rate A f is a linguistic vari-
ablewith a simplified membershigunction,i.e. only the

weights of the linguistic valuesof Af are considered.
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The valuesAf; = 0.90, Af, = 0.95, Afs = 1.00,
Afys = 1.02 andAfs = 1.05 are selectedto achieve a
moderatequeuelengthgq in the neighbourhooaf g,. Note
thatno normalizationof the membershigunctionmay is
performedhereto simplify thecomputationakcheme.

Moreover, we choosea differentformulato calculate
the weightsof the linguistic valuesof Af. The new lin-
guisticrule (R18),for instancecanbe computationallyex-
pressedy:

WAf; = WAf; + Wy, " We, (14)

Theremaybeotherlinguisticruleswhich have aninfluence
onwa g, , too. Thenthenew fractionalflow rate A f canbe
calculatedoy (13).

If an ATM switchis congestedi.e. if the queudength
q exceedsanupperbound2 - qo, thefractionalflow ratehas
to bereducedo avaluedistinctly lowerthanone.

Similar to the original FERM algorithm the switch-
internalexplicit ratefor the ABR connectionghroughthe
switchis thefair shareFS (see(3)).

For the FERM-adaptatiorthe describedmembership
functionsof thelinguistic variables(seeappendix)andthe
valuesof the fractionalflow rate are the resultof a more
intuitive and pragmaticchoice and not of an analytic ap-
proach.Neverthelessthis selectionprovidespromisingre-
sults.

Sincethereis no changein the bandwidthallocation
amongthe ABR connectionghe fairnessof our FERM-
adaptationis comparableto the fairnessof the original
FERM algorithm.

3 HANDOVER PROTOCOLS

Regarding data communicationby the ABR service
classin aWATM network the connectionsnustbe perma-
nentlymaintainedduringthecommunicatiorphasesincea
mobileterminal(MT) moveswithin acertaincoveragearea
of a basestation(BS) andmay crossits boundary In this
casethe connectionsnustbe handedover to a new trans-
mission cell wherebya new radio channelis seizedand
the QoS requirementof the correspondingvirtual chan-
nel connectiongVCCs)mustbesatisfiedn additionto the
existing oneswithin the new cell. The correspondindhard
handwer protocolhasto guaranteghe sequencentegrity
andloss-freedelivery of the ATM cells during this transi-
tion process.Moreover, interworking with the rate-based
ABR flow-control algorithmsis requiredto guaranteghe
effectivenesf theapproach.
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To achievethesegoals,we have developedanimproved
backwardhardhandwerprotocolfor handofs betweerthe
transmissiorcells of the currentBS (CBS)anda newvw BS
(NBS)of theMT, calledbetterhardhandwer (seefigures7
and8 for asimplifiederror andloss-freemessagéransfer
withoutacknavledgments).

OOR-RM cell

ERg >‘ ER ¢

MSC

A A
& seaan]

from all BS

Figure7: MSCinformation-messaggansferof betterhardhand-

over
BaseSStition Msc Bamtemton  Mobile Termingl
4 DamSiteeam
< Ll
ANN_HARD_HO | HO
ANN_HARD_HO |«
-« 4 DamSiteeam
INFOHARDHOD | = q >
- X
REQ HARD HD <€
REQ HARD HD <€
-« 4 DamShteeam
2 > BEGIN_HOD - "
— > BEGIN_HO
END_HO >
P  DaaSiteeam
" ENDHO
END_HO
g DataSiteaam :
- L

Figure8: Simplified messageransferof backward better hard
handwer

Derived from a congestion-avarenessonceptour hand-
over protocolis a minimal enhancemerndf a standarchard
handwer protocol. It includesonly a few new signaling
messagessingspecialRM cells. Independentf handwer
eventsthey areexchangedetweerthebasestationsandthe
mobile switching center(MSC) which is an ATM switch
with mobility supportextensionsfor the wirelesspart of
the network.

Whenever thereis a substantialchangeof the ABR
bandwidthor an alterationin the numberof actve ABR
connectiongn the transmissiorareaof a BS the BS in-
formsthe MSC immediatelyby sendingan MSC informa-
tion messagevith thecurrentABR targetcellrateTCR, the

numberof ABR connectiongindthesumof their minimum
cellrates.This very low additionalbandwidthrequirement
in the pathbetweereachBS andthe MSC givesthe MSC
the knowledgeaboutthe currentpossibleER in eachBS
transmissiorarea.

The improved backward hard handwer is combined
with forward handwer asa fallbackproceduren the case
of a too short announcemenperiod before a handwer.
Thismeanghatnormallyevery mobileterminalannounces
its expectednew handwer ¢, millisecondsbeforethe real
handwereventoccurs.If thereis notenoughtime for such
anannouncementhemobileterminalhasto performafor-
wardhandwer (seefigure9, cf. [13]).

BaseSBirition MsC Bmmﬁ;jnn Mobile Tenmin!
"REQ_FURWARD_HO
>| REQFURWARDFO | o 0
0| SOTDIFTRWARD HO——— >
oo e NS

: DataJiteeam
< »

Figure9: Simplified messagetransfer of forward better hard
handwer

If the MSC receves the responsel NFO_HARD HO to
a backward handwer announcementANN HARD HO
from an NBS or a forward handwer request
REQ FORWARD HO it sendsan OOR-RM cell to the
(virtual) sourceof the ABR connectiorif ERcgs > ERygs.

After the announcemerdandbeforethe endof a back-
ward hardhandwer the MSC calculateghe ER of there-
lated ABR connectionasthe minimum of ERcgs, ER\Rs
andthe MSC-internalvalueERysc.

To avoid ABR cell transmissionérom thecurrentbase
stationto the new basestationof a moving mobile termi-
nal or ABR cell lossescausedoy a forward handaer the
MSC storesthe last S consecutie sggmentsof the cell
streamof every actve ABR connection. Each segment
comprisesNgy — 1 usercells and one RM cell, i.e. at
mostS - Nrm cells are storedfor eachactive ABR con-
nectionat the MSC. If a mobile terminal performsa for-
ward handwer it requestghe requiredsegmentsin addi-
tion. If thesesggmentsarestill storedin the MSC thelatter
cansuccessfullycompletethe forward handwer by send-
ing the GOOD_FORWARD_HO messagéo the mobile ter-
minal. Otherwisesomecells arelost andthe MSC sends
the BAD_FORWARD_HO messagédo the mobile terminal
which invokes an errorrecovery mechanism. The latter
casecanbeavoidedby areasonablsettingof the parame-
terS.
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It is the mainadwantageof our new hardhandwer pro-
tocolthatin the periodbetweerthe announcemerdndthe
startof the handwer procesghe sourceof the moving mo-
bile terminal can be informedaboutthe ER over the new
BS andit canreduceits CCRf it is necessaryBy these
means congestionin the new BS causedy simultaneous
hardhandwer eventscanbe avoided(cf. [13]).

4 PERFORMANCE EVALUATION

4.1 WATM SIMULATION MODEL

In this section,we give a concisedescriptionof our
wirelessATM (WATM) simulationscenaridor the perfor-
manceevaluationof the consideredABR flow-control al-
gorithms.For furtherdetailsthereadelis referredto [13].

The basic structureof our WATM simulation model
consistsof one mobile switching center(MSC) andthree
basestationsg(BSs)connectedo the MSC (seefigure 10).

15 Wit/ (GRONTHAIAAS)
100DkKm

Fixed

ATM-Netwark
15 Deibit/s (CRONHILES) 15 Mibit/s (GRONVHHILAS)
50 km 50 km
Mobile
ATM-Netwark
5 Mbit/s (S MHittk) 5 Mhit/s (5 WHiiths)
0.5 m 0.5km

Mobile Tenmiima|

Figure10: WATM simulationscenario

Thirty mobile terminals(MTs) move aroundin the cover-
ageareaof the WATM network. In aninterval of onesec-
ondtherearegivenprobabilitiespseng= 0.2 andppo = 0.1

for the initiation of an ABR connectionwith a total load
of 2500, 7500 or 12500 ABR cellsfrom a senerdownlink
to aclientrunningin anMT andfor a handwer of anMT

from thecurrentBS (CBS)to arandomlyselectechew BS
(NBS).In this casetheconditionalprobability of aforward
handweris givenby pio = 0.2.
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Considerindigure 10, for eachlink in thefixed partof
the network the first bandwidthvaluerepresentshe ABR
bandwidthatthe beginningof asimulationrunandthesec-
ondone(in parenthesisiepresentthewholebandwidthof
thelink. In themobile partof the network the ABR band-
width is equalto the whole bandwidthof the link at the
beginning of a run. In generalthe downlink connections
(BS — MT) requiremuchmorebandwidththanthe uplink
connectiondMT — BS). Therefore thewhole bandwidth
in theradiolink is splitupinto aratioof 3to 1 for thedown-
andtheuplink directions.Duringasimulationrunthe ABR
bandwidthbetweerthe MTs andthe MSC is variabledue
to changinghigh-priority CBR or VBR backgroundraffic
loadin the network.

In the radio link the transmissionprotocol is time
division multiple access with time division duplex
(TDMA/TDD). It is combinedwith selectve repeatauto-
maticrepeatreques{SR-ARQ)aserrorrecovery protocol.

Furthermorein theradiolink of eachbasestationa bit
errorrate(BER) andanapriori cell lossrate(CLR) arede-
fined. In the performedsimulationrunsof the considered
ABR flow-control protocolswe have usedthreedifferent
initial BERs(1072, 5-10~%, 10~*) in thethreebasestation
transmissiorareas.During arun the BER will bechanged
dynamicallyin the rangeof at most+10 % andfor aran-
dom duration. A simple Gilbert-Elliott error model with
two statescalled good (G) and bad (B) is usedto model
the characteristicef thosecorrelatedandbursty bit errors
at a real physicallink that cannotbe overcomeby error
correctiontechniguesand causecell transmissionerrors
(seefigure11).

Figurel11: Gilbert-Elliott errormodel(GEEM)

The statetransitionprobabilitiesp andq arecalculatedoy
theequationgcf. [14]):

BER 1
1-BER)-EB) ! EB)

p= (15)
(

HereE(B) is the meannumberof bits in anerrorburst. In
thespecialcasep+ g = 1 thesameerrormodeldescribes
radiolink with non-correlatedbit errors,i.e. p = BERand
g=1-BER.

All other parametessettingsin the WATM simulation
model,e.g. Nrm = 32, S = 5 andt, = 10, areequalto
our previousexperimentgqcf. [13]).
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For FERM themaximalbuffer sizeis setto theconges-
tion boundof ERICA+andFERMA givenby 2 - go.

The controlloop spanningthe sourcewhich is instan-
tiatedby a senerin the wired network andthe destination
at a mobile client canbe split up at the MSC by usingthe
virtual source/virtuablestination\VS/VD) approactof the
ABR flow-control protocol(cf. [3]). Thisapproachs also
consideredh thispaperto improvetheresponsef thecon-
trol loop.

4.2 PERFORMANCE ANALYSIS

We have performedeachsimulationrun for 600 sec-
onds. During this time more than 10 million ABR cells
aretransferreddownstreanto the mobileterminals.In the
following tablesl, 2 theresultsof therunsarelisted.

Tablel: Resultsfor ABR flow control

ERICA+ FERM FERMA
max 162 107 145
7 25.96 4.75 26.82
cf(q) +0.71 +0.11 +0.89
o2(q) 147.12 20.75 151.34
Nuo | 805(218) | 859(208) | 799 (199)
Noor | 1055(451) | 96 (460) | 957(392)

Table2: Resultsfor VS/VD ABR flow control

ERICA+ | FERM FERMA
Gmax 141 80 123
7 25.15 422 26.83
cf(q) +0.71 +0.11 +0.71
o2(q) 125.79 13.12 139.85
Nuo | 822(217) | 880(229) | 808 (189)
Noor | 629(464) | 29(466) | 609 (422)

Themaximalqueudengthgnax, the meanqueuedengthg,
the 95 % confidencednterval cf(g) aroundg calculatedby
batch-meanandthe variances?(q) of the queuelengthgq
areshawn only for the basestationwith the highestmaxi-
mal queudengthgnax duringthesimulationrun.

Nyo denoteghe total numberof performedbackward
handwersandin parenthesithetotalnumberof performed
(good)forward handaersfor all mobile terminals. Noor
denoteghetotal numberof OOR-RMcellscausedy con-
gestionin theMSC andin thebasestationsandin parenthe-

sisthe total numberof OOR-RM cells causedy the used
handwer protocol.

For all runsbetween5812 and6189 MSC information
messagearesentfrom the basestationgo the MSC, caus-
ing anadditionaltransferrateof about10 cells persecond
betweerthe basestationsandthe MSC.

The following figures 12 to 20 are selectedfrom the
basestationwith the highestmaximal queuelength ¢, ax
duringacertainrun. Theresultsof theseexperimentshowv
thatFERM andparticularlyits adaptatiorFERMA areef-
fective andcompardavorablywith ERICA+ regardingthe
following importantcriteria:

Efficiency: In the figures12, 14, 16, 18, 19 and 20 we
shaw typical outcomesof the queuelengthprocessn the
consideredasestation.Without any exceptionhigh peaks
reflecttheimpactof aforwardhandwer.

The correspondindnistogramgseefigures13, 15 and
17)illustratethat FERM cancontrolthe queudengthwell
onthedesiredow level andthat ERICA+ andthe FERM-
adaptationcan control the queuelength well aroundthe
chosentargetpoint gg. For instancefor the selectedixed
queueingdelayty without any CBR or VBR background
traffic load andwith a meanBER of 10~* in the related
radiolink a basestationhasa targetqueudengthg of ap-
proximately34 ABR cells.

The combinationof handwer signalingand ABR flow
control togetherwith an optional VS/VD-approachin the
MSC hasthe expectedpositive influenceon eachalgo-
rithm.

Theratio A of themaximalandthe meanqueudength
in asimulationrunis definedby:

A = Imex (16)

q

For the threeconsideredABR flow-control algorithmswe
get

AERICA+ ~ 6.24 (561)
AFERM ~ 22.51 (1895)
AFERMA ~ 5.41 (458)

wheretheresultsfor VS/VD arestatedn parenthesis.

Despiteof the low meanqueuelength FERM cannot
preventhigh valuesat all. For the sametargetpoint g, and
acomparablevarianceour FERM-adaptatioris slightly su-
periorto ERICA+.

Robustness:We aremainly interestedn the stability and
efficiengy of our FERM-adaptation.The performedsim-
ulation runs showv that the FERM-adaptatiorimplements
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Figurel12: Queudengthprocesof ERICA+
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Figure13: Queudengthhistogramof ERICA+
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Figurel5: Queudengthhistogramof FERM
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Figure16: Queudengthprocesof FERMA
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Figurel4: Queudengthprocesof FERM Figurel7: Queudengthhistogramof FERMA

a stablecontroller that is ableto copewith the overload differenterror conditionsin the basestationtransmission
causedby announcedbackward handwer eventsand by  areas.Moreover, it canlimit the queuelengthwell around

Submission 9



M. Savorit, A. Wolisz, U. Krieger

WATM-Simulation it is expectedfrom our previous experimentswith ERICA

ERICA;,GVSND—MSC, SR-ARQ (GEEM), Better Hard Handover with Forward Handover andERICA+ (Cf [13])

160

Fairness: The experimentgrove that FERMA guarantees
140 eachABR connectiorthe desiredfair shareof the current
available ABR target cell rate. Figure 21 shaws the fair
bandwidthallocationof FERMA amongthedifferentABR
connectionsn a basestation. The dashedine picturesthe
switch-internalER for all ABR connectionsn the consid-
eredbasestationwhereaghe solid linesrepresenthe cur-
rentcell ratesof the threeinvolved ABR sources.
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Figure18: Queudengthprocesof ERICA+ with VS/VD
5 2000
. - =
WATM-Simulation S o T
2 ——_ _ e
FERM, VS/VD-MSC, SR-ARQ (GEEM), Better Hard Handover with Forward Handover ﬁ H—
180 3
160 E
L
140 S 1000
5
120 3
g 5}
2 100
o
[}
T 80
3
c 156.00 156.10
60 time t [seconds]
Figure21: Fairnesof FERMA (BS 1)

This fairnesds achieved by usingonly local information.
By theseresultswe concludethat our adaptationof
Figure19: Queudengthprocesof FERM with VS/VD FERM, even without an optional VS/VD-approach pro-
vides a feasible, efficient, robust and fair alternatie to
WATM-Simulation ERICA+ for rate-basedBR flow controlin aWATM net-
FERM?E,GVSND—MSC, SR-ARQ (GEEM), Better Hard Handover with Forward Handover work. Thefuzzy controllerdoesnot requireaccurate.nfor_
- mation. Neverthelessdueto its fuzzy natureit canguar
anteethe effectivenessaindrobustnes®f the controlin the
highly non-stationargrrorandloadervironmentof awire-

lessATM network.
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5 CONCLUSION

WN N In the paperwe have consideredhe impact of back-
il

' WIW M l M W IWMWW ward and forward handaer eventsin a wireless ATM

O e o o network on the rate-basedABR flow-control algorithms
ERICA+, FERM and our adaptationof FERM with and
withoutanoptionalVS/VD-approactin the MSC.
The simulationresultsshow thatby ourimprovedhard
the selectedoperationpoint ¢o. However, forward hand- handwer protocol all three ABR flow-control algorithms
over eventsmay degradethe queuelengthperformanceas can handlebackward hard handofs well, i.e. without a

20
o]

Figure20: Queudengthprocesf FERMA with VS/VD
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congestiorin the new basestationreachedy moving mo-
bile terminals.However, theobsenedmoderateeongestion
causedy forward handwersof the mobile terminalscan-
notbeavoided. Futurework hasto copewith this problem.

In conclusionwe think thatour FERM-adaptatiomro-
vides a feasiblealternatve approachfor rate-basedABR
flow controlin awirelessATM network.

APPENDI X

In the appendixwe presentthe linguistic rules of the
original FERM algorithm (R1-R13 and the changedor
additionallinguistic rules of our FERM-adaptation(R7b,
R12-R21). Furthermorewe statethe chosenparameters
of themembershigunctionsma, andma, of thelinguis-
tic variablesAg andAg.

LINGUISTIC RULES OF FERM/FERMA

If thebuffer (length)is empty

R1
thentheflow rate shouldbeveryhigh. (R1)

If the buffer (length)is modeateand
therateof changeis decreasingfast, (R2)
thentheflow rate shouldbe high.

If the buffer (length)is modeateand
therateof change is decreasingslow (R3)
thentheflow rate shouldbe high.

If the buffer (length)is modeateand
therate of changeis zeo, (R4)
thentheflow rate shouldbe medium.

If the buffer (length)is modeateand
therateof changeis increasingslow (R5)
thentheflow rate shouldbelittle.

If the buffer (length)is modeateand
therateof changeis increasingfast, (R6)
thentheflow rate shouldbelittle.

If the buffer (length)is full and
therateof changeis decreasingfast, (R7)
thentheflow rate shouldbe medium.

If the buffer (length)is full and
therateof change is decreasingslow (R8)
thentheflow rate shouldbelittle.

Submission

If thebuffer (length)is full and
therate of changeis zeo,

thentheflow rateshouldbeverylittle.

If the buffer (length)is full and
therateof changeis increasingslow
thentheflow rate shouldbeverylittle.

If the buffer (length)is full and
therate of changeis increasinghigh,
thentheflow rate shouldbeverylittle.

If the buffer (length)is full and
therate of change is decreasingfast,
thentheflow rate shouldbelittle.

If the buffer (length)is shortand
therate of change is decreasingfast,

thentheflow rate shouldbeveryhigh.

If the buffer (length)is shortand
therateof change is decieasingslow
thentheflow rate shouldbe high.

If the buffer (length)is shortand
therate of changeis ze,
thentheflow rate shouldbe high.

If the buffer (length)is shortand
therate of changeis increasingslow

thentheflow rate shouldbe medium.

If the buffer (length)is shortand
therateof changeis increasinghigh,

thentheflow rate shouldbe medium.

If thebuffer (length)is longand
therate of change is decreasingfast,

thentheflow rate shouldbe medium.

If the buffer (length)is long and
therateof change is decreasingslow

thentheflow rate shouldbe medium.

If the buffer (length)is long and
therate of changeis ze,
thentheflow rate shouldbelittle.

If the buffer (length)is long and
therateof changeis increasingslow
thentheflow rate shouldbelittle.

If the buffer (length)is long and
therate of changeis increasinghigh,
thentheflow rate shouldbeverylittle.

(R9)

(R10)

(R11)

(R7b)

(R12)

(R13)

(R14)

(R15)

(R16)

(R17)

(R18)

(R19)

(R20)

(R21)
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PARAMETERS OF FERMA

Eachrow & of thefollowing tables3, 4 shows the an-
glepoints(zx,1;Yk,1),- - » (Tk,4; yr,a) Of themembership
functionm,, of thelinguisticvaluev, 1 < k < n,,.

Table3: Parameterof the linguistic variable Ag = ¢/qo (see

figureb)
k MAg:
1| ( 0.00;1),( 0.00;1),( 0.20;1),( 0.40;1)
2| ( 0.30;0),( 0.50;1),( 0.80;1),( 0.90;0)
3| ( 0.80;0),( 0.90;1),( 1.10;1),( 1.20;0)
4 | ( 1.10;0),( 1.20;1),( 1.40;1),( 1.60;0)
5| ( 1.50;0),( 1.70;1),( 2.00;1),( 2.00;1)

Table4: Parameterof the linguistic variable Ag = g/N (see

figure6)
k mAQk
1| (-1.00;1), (-1.00;1), (-0.20; 1), (-0.15; 0)
2| (-0.20;0),(-0.15;1),(-0.10;1), (- 0.05; 0)
3| (-0.10;0),(-0.05;1), ( 0.05;1),( 0.10;0)
4 | ( 0.05;0),( 0.10;1),( 0.15;1),( 0.20;0)
5| ( 0.15;0),( 0.20;1),( 1.00;1),( 1.00;1)
Notice:

o If (zk,1;yk,1) ISequalto (z,2; yx,2), thenm,, (z) =
yp foralle < zp 1.

o If (z1,3;yk,3) isequalto (zx,4; yr,4), thenm,, (z) =
Yk,4 for all z > Th4-
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