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

investigatethe impact of forward and backward hard handover protocolson the performanceof the threerate-based

ABR flow-controlschemesExplicit RateIndicationfor CongestionAvoidance(ERICA+), FuzzyExplicit RateMarking

(FERM) anda new promisingadaptationof FERM,calledFERMA.

We evaluatetheperformanceof theseflow-controlprotocolsby meansof anobject-orientedsimulationmodelof a

basicclient-serverarchitecture.Consideringastandardhardhandover protocolin awirelessATM network, weshow that

our proposedenhancedsignalingschemesbasedon a congestion-awarenessconceptandtheir integrationinto theABR

flow controlhave a positive influenceon thestability andefficiency of thecell transferby ABR connections.Moreover,

wepointout thatthenew adaptationof thefuzzy-controlschemeFERMprovidesapromisingalternative to theERICA+

algorithm.

Keywords:wirelessATM network, handover protocols,rate-basedABR flow control,fuzzy control.

1 I NTRODUCTI ON

In thelastdecade,enormoustechnicaleffortshavebeen
madeto develop a platform enabling the integration of
voice, dataand multi-mediacommunication. The Asyn-
chronousTransferMode (ATM) provides one approach
that looks very promisingfrom the perspective 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-speedback-
bonenetwork. Moreover, it is obviousthatseveral lessons
learnedduring ATM studiesmay be transferredsuccess-
fully to the Internetworld. Regardingthe wirelessaccess
to suchhigh-speednetworksanimprovedmobility support
is required. In this respect,the provision of an efficient
wired andwirelessaccessto anATM backbonenetwork is
a challengingtechnicalandeconomicissue(cf. [1], [2]).

In this paperwe considerhigh-speeddatacommunica-

tion in awirelessATM (WATM) network. For thispurpose,
we usetheABR serviceclassthat is specifiedin theATM
forumdocumentTraffic ManagementSpecification4.0(cf.
[3]). TheunderlyingWATM architectureandtheusedpro-
tocol stackof our studyarederivedfrom NEC’s prototype
implementationWATMnetandtheATM forumdocuments
(cf. [4], [5], [6]). It includesa simplified versionof the
TDMA/TDD structureand the associatedwirelessMAC
protocolof this system.

Using an object-orienteddiscrete event simulation
modelof a basicclient-server scenarioin a wirelessATM
network (seefigure 1), we study the impactof the error-
prone wirelesscommunicationchanneland of mobility-
managementtechniquesdeterminedby backwardandfor-
ward hardhandover protocols(cf. [4], [7], [8], [9], [10])
ontheperformance,i.e. efficiency, robustnessandfairness,
of the rate-basedABR flow-control algorithmsERICA+,
FERM andour FERM-adaptation.

The restof the paperis organizedasfollows. Section
2 sketchesthe basicprinciplesof rate-basedABR flow-
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Figure1: Structureof a genericWATM network scenario

control algorithmsand the optional virtual source/virtual
destination(VS/VD) approach,i.e. anABR connectionis
split into two or moresegments.Furthermore,we discuss
themainideasof fuzzy logicalmethodsandof theoriginal
FERM algorithm. Thenwe describeour adaptationof the
FERMalgorithmto aWATM environment.In section3 the
usedimprovedbackwardandthe forwardhandoverproto-
col are described. The simulationmodel and the results
obtainedby the performanceanalysisof the threeconsid-
eredABR flow-controlalgorithmsarepresentedin section
4. Finally, someconclusionsaredrawn in section5.

2 RATE-BASED ABR FL OW-CONTROL AL -
GORI THM S

TheATM Forumhasspecifiedthreeimportantservice
classesfor the usein an ATM network: constantbit rate
(CBR),variablebit rate(VBR) andavailablebit rate(ABR)
(cf. [3]). Connectionsof the ABR serviceclassare de-
signedto usethe remainingcapacityof an ATM network
aftertheCBR andVBR service-classconnectionshavere-
ceived their currentcell rate. To avoid congestionin an
ATM network andto usethewholecapacityefficiently, the
sourceof every ABR connectionhasto be informedreg-
ularly aboutthis remainingcapacity. For this purpose,the
ATM Forumhasstandardizedrate-basedABR flow-control
algorithms.

2.1 BASI C PRI NCI PL ES

In a rate-basedABR flow-control algorithm every
sourceof an ABR connectionsendsperiodically, i.e. af-
ter � RM �
	 usercells,a resourcemanagement(RM) cell
to its destination. This RM cell includesan explicit rate
(ER) which is set by the sourceto the maximal allowed
sendingrate,calledpeakcell rate (PCR),andthe current
cell rate(CCR)of thesource.Thedestinationreturnsthis
RM cell to the source. On the path from the destination
to thesourcedueto actualityevery switchregularly calcu-
latesaninternalER valuedependingon theABR link cell
rateandthenumberof active ABR connectionswith their
QoSparameters.This switch-internalER is comparedto
the ER in the incomingRM cell. If the internalER value
is smallerthantheER in theRM cell, thelatteris replaced
by theinternalER.Finally, thesourcereceivestheRM cell
andsetsits allowed cell rate(ACR) to the ER in the RM
cell which is the minimum of all switch-internalERs on
the path throughthe ATM network. For an ABR source
theATM network canpermita minimumcell rate(MCR)
greaterthanzero.In this casetheMCR is thelower bound
of theACR, i.e. �� MCR � ACR � PCR.

If a switch is congested,it can create a tempo-
rally limited numberof own RM cells, calledout-of-rate
(OOR-)RM cells,andsendthemtogetherwith thecurrent
internalER valueto the relatedABR sources.The ideais
to inform theseABR sourcesmuchfasterabouttheconges-
tion thanit is possibleby normalin-rateRM cells.

Thebasicrate-basedflow control for anABR connec-
tion usesonly onecontrol loop spanningthepathbetween
thesourceandthedestination.RegardingWATM networks
it is advantageousto divide the control loop into several
coupledsmallerloopsby introducingvirtual sources(VS)
andvirtual destinations(VD) in someswitchesbetweenthe
sourceandthe destination,e.g. to separatethe wired and
wirelesspartsof thenetwork. Thestandarddoesnot spec-
ify the couplingbetweentwo adjacentcontrol loops. It is
only mentionedthat the QoS parameters,e.g. PCR and
MCR, of a splittedABR connectionshouldbethesamein
eachcontrolloop. TheVS/VD-approachhastheadvantage
to decreasethe responsetime of the virtual sourcesunder
changingABR capacity.

Therate-basedflow controlof theABR serviceclassin
wired ATM networks hasbeenthe topic of many studies,
sincetheinternalcalculationof theexplicit ratein aswitch
dependson the selectedrate-basedflow-control scheme,
e.g. the explicit rate indication for congestionavoidance
(ERICA) or its improvementERICA+ (cf. [11]).
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2.2 ERI CA /ERI CA+

SinceERICA andERICA+ arewell know, detailsare
not statedagain.Themaingoalof ERICA is to controlthe
ABR queuelength � at a very low level while maintaining
aneligible high targetutilization ��� 	���� , ��� � , of the
ABR link cell rate,i.e. the ABR targetcell rateTCR can
becalculatedby:

TCR �
��� ABR link cell rate (1)

In addition,ERICA+ considersthecurrentABR queueing
delay � or the correspondingqueuelength � of an ATM-
switchandcalculatestheABR targetcell rateTCRby

TCR ������� ��� ABR link cell rate (2)

e.g. with ���!� � " # 	%$ �'&)( $*$*$ ( 	 ( $+$*$ � $ &-, for
�."/# �0( $*$+$ (1�*23( $+$*$ (54�# . ERICA+ operatesat an op-
timal working point with a target utilization of oneanda
fixedqueueingdelay �62 or thecorrespondingqueuelength
� 2 greaterthanzero.

Bothflow-controlalgorithmscalculatea fair share

FS � TCR
� ABR

(3)

whereby� ABR � � is thenumberof active ABR connec-
tionstraversingtheswitch. Finally, theswitch-internalex-
plicit rateof anABR connectionis acombinedcalculation
of thefair share,theperiodicallymeasuredloadfactor

7 � incomingABR cell rate
TCR

(4)

of theswitchandthecurrentcell rate(CCR) of theactive
ABR connections.

Apart from ERICA andERICA+ therearemany other
rate-basedcongestion-avoidanceschemesof interest.One
of themis thefuzzyexplicit ratemarking(FERM,cf. [12])
which is describedin thefollowing subsection.

2.3 FUZZY L OGI C AND FERM

Themostimportantpartof afuzzycontrolsystemis the
fuzzy logic controller(FLC, cf. [12]). With the FLC the
humantrainof thoughtscanbeadaptedin asimplewayby
usinglinguistic variableswith their setof linguistic values
anda smallnumberof linguistic rulesor relationalexpres-
sions. Oneof the linguistic rules in the nonlinearFERM
fuzzy congestioncontroller(FCC) is for example(seeap-
pendix):

If thebuffer (length)is full and

therateof change is increasingfast,
thentheflowrateshouldbeverylittle.

(R11)

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

The designof a FLC is split into two parts: First, the
linguistic rules are set (”surfacestructure”)and then the
membershipfunctionsof thelinguistic variablesaredeter-
mined (”deepstructure”),quite often by a more intuitive
andpragmaticchoice.

Dependenton the input parameter8 the membership
function 9;: of a linguisticvariable< denotestheweights=?>A@ "B# �C( 	 , of thevalid linguistic valuesD3E , 	 ��FG�IHJ: ,
i.e.:

9 : �K8L�M�N� = >AO ( $+$*$ ( = >QPSR �?"T# �0( 	 ,VU
R

(5)

Here eachmembershipfunction 9W: is representedby a
compositionof HJ: membershipfunctionsof thefuzzysetsX >A@ of its correspondinglinguisticvaluesD3E , i.e.

9 : �K8Y�Z� 9 >AO �K8Y�J[ $+$*$ [B9 >1P\R �!8Y�
� � = >5O ( $*$+$ ( = >1P\R � (6)

with the tensoroperator[ . Let ] denotethe s-normop-
erator ^`_-a . For an FLC with a singleoutputvariable b
with the membershipfunction 9Wcd�!eC�f�g9Gh O �!eC��[ $*$*$ [
9Gh P*i �KeC� its weightedmembershipfunction

9Wjc �KeC�k� = h O �+9Gh O �!e)�J] $+$*$ ]= h P i �*9lh P i �!eC� (7)

representstheoutcomeof the m relatedfuzzyrules Donqpsr tvuJw
$*$*$ wBD nqpsr U uGx e nqpqu , 	 �Iyz�{m , with H linguistic values
D nqpKr t|u ( $*$*$ (vD nqpsr U u of H linguistic variables < nVtvu ( $+$*$ (A< n U u
and their weights = n}psr t|u ( $*$+$ ( = n}psr U u , dependenton the
input-valuevector �!8 t ( $*$+$ (v8 U � of the FLC, i.e. for 	 �
y~��m , 	 ���/��H andexactly one F , 	 �gFB��H :�� ��� , it
holds:

D nqpsr �1u � D n��1uE= nqpsr �1u � = > �����@ ��9 > �����@ �!8 � � (8)

If noneof thelinguisticvaluesD n}psr �1u of a linguisticvariable
< n��1u areusedin a linguistic rule y , i.e. thelinguistic rule y
is independentof < n��1u , then = nqpKr �1u is setto 	 .

Applying the often used norms ^���� and ^`_-a the
weights= h @ , 	 �IF���H c , of b canbeexpressedby:

= h @ ��^`_-ah �����!� h @S� ^���� � = nqpsr tvu ( $*$+$ ( = nqpsr U uA�%� (9)

The weightsof all linguistic valuesof the linguistic vari-
ablesareusedto determinethedemandedfuzzyvalueby a
weightedanalysisof thelinguistic ruleswith a fuzzy infer-
enceengine.Dueto computationalsimplicity themember-
ship functionof a linguistic variableis often triangularor
trapezoidalshaped(seefigures2 – 6 andappendix).
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Figure2: Membershipfunctionof theaveragequeuelength � of

FERM

Figure3: Membershipfunction of the fractional queuegrowth

rate �d� of FERM

Figure4: Membershipfunctionof the fractionalflow rate �f� of

FERM

For every control interval � with the durationof ����&3�
cell times the FERM algorithmin the ATM switch mon-
itors the averageABR queuelength �)�K�|� and its growth
rate ���K�|��� �0�K�|� � �)�!� ��	 � or its fractional growth rate� ���K�|���{���K�|�Q 5� , respectively, for abuffer with amaximal
sizeof 	 �%¡-¢ ABR cells. For all sourceswith ABR con-
nectionstraversingthe consideredATM switch thesetwo
parametersareusedby theFCCto computethe fractional
flow rate

� ������� �£(|�C��"N# �C( 	 , andthe ABR target cell
rateTCRgivenby:

TCR �
��� �£(|�C�z� ABR link cell rate (10)

For theseABR connectionsthe fair shareFS(see(3)) de-
terminestheswitch-internalexplicit rate.

The FCC describedin [12] usesthree linguistic val-
ues(”empty” , ”moderate”, ”full” ) for the averagequeue
length � (”b uffer (length)”), five linguistic values(”de-
creasing fast”, ”decreasingslow”, ”zero” , ”incr easing

slow”, ”incr easing fast”) for the queuegrowth rate �
(”r ate of change” ) andeleven linguistic rulesto compute
theweightsof the linguistic values(”very little” , ”little” ,

”medium”, ”high” , ”very high” ) of thefractionalflow rate� � . Thenthe fractionalflow rate
� � itself andafter that

the ABR target cell rateTCR (”flow rate”) arecomputed
by (10).

Beforeevery control interval � the weightsof all lin-
guisticvaluesaresetto 0. Thentheweights= ¤ @ , 	 �¥FW�¦
, of the averagequeuelength �)�!�|� andthe weights =?§Q@ ,
	 �¨FT�¨& , of thequeuegrowth rate �L�!�6� aredetermined.
For the linguistic rule (R11), for instance,the last stepof
thecomputationcanbeexpressedby (see(9)):

=�©�ª O �¥^�_ a � =�©�ª O (1^��}� � = ¤|« ( =?§1¬ �3� (11)

Theremaybeotherlinguisticruleswhichhaveaninfluence
on = ©�ª O . By theweights = ©�ª @ , 	 �¨F���& , themember-
ship function 9 ©�ª of

� � is convertedto 9;j©�ª (see(7)).
The weightedlinguistic valuesof

� � arecombinedby a
specialfuzzy calculation,calledcenterof gravity (COG),
to thenew fractionalflow rate

� � (cf. [12]):

� �l�
 e.�®9Wj©�ª �KeC�)¯%e 9 j©�ª �KeC�)¯%e (12)

Sincethemembershipfunction 9 ©�ª of
� � hasin thiscase

the samesymmetricalshapefor every linguistic valueof� � andequaldistancesbetweenthem,(12) canbe trans-
formedinto

� �l�
°�±E � t =�©�ª @ � � � E° ± E � t = ©�ª @

(13)

for a simplified computationwith
� � t �²� $ �3� ,

� �-³I�
� $ ¡3& , � � ´d�¥� $ & � ,

� �\µ¶�¥� $�· & and
� � ± � 	3$ �3� .

In arealATM switchthereis noneedfor acomplex and
computationalintensivefuzzyinferenceenginein theFLC.
After thelinguistic rulesarefoundandthelinguisticvalues
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 a very fastresponsetime.

In [12] the fairnessof FERM is demonstrated,at least
in a max-minsense.It is remarkablethat this fairnessis
achievedby usingonly local informationin theswitch.

2.4 ADAPTATI ON OF FERM

In [13] wehavestudiedtheinfluenceof differenthand-
overprotocolsontheperformanceof theABR flow-control
algorithm ERICA+. The resultsreveal that performance
improvementsmay be achieved if the usedflow-control
protocoladaptsfasterto changingbuffer loadscausedby
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handoversof mobile terminals. For this reason,we have
adaptedtheoriginalFERM algorithmin [12].

The goal is to achieve a fixed queueingdelay �62 � �
with a related target queue length �*2 � � similar to
ERICA+. Therefore,we have insertedtwo new linguis-
tic values”short” and ”long” for the linguistic variable
”b uffer (length)” (seefigure 5) and ten ( �¸¡��£H § ) addi-
tional linguistic rules to control the queuelength � more
precisely. Furthermore,theoriginal linguistic rule (R7) of
FERM hasbeenchanged(seeappendix).

Figure5: Membershipfunctionof thequeuelength � of FERMA

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

If thebuffer (length)is longandthe

rateof change is decreasingslow,
thentheflowrateshouldbemedium.

(R18)

The time of the control interval of our adaptationis setto
the meanarrival time of �¹�º& � ABR cells. In every
controlinterval � weconsiderthecurrentqueuelength �)�!�|�
andits growth rate �L�!�|���¥�)�K�|� � �)�K� �{	 � or its fractional
growth rate

� �L�!�|���I���K�|�1 ®� , respectively.

Theinputrangeof themembershipfunctionof thefrac-
tional growth rate

� � (seefigure 6) hasbeenchangedto
substantiallowervaluesbecauseof thechosentargetqueue
length � 2{» �½¼¹& 	 ¡ at eachbasestation(BS) in our
WATM network.

Figure6: Membershipfunction of the fractional queuegrowth

rate �d� of FERMA

As in the original FERM algorithm in our FERM-
adaptationthe fractionalflow rate

� � is a linguistic vari-
ablewith a simplified membershipfunction, i.e. only the
weights of the linguistic values of

� � are considered.

The values
� � t �¾� $ ¿ � ,

� �-³N�À� $ ¿ & , � �-´¨� 	3$ �3� ,� �-µ�� 	3$ �%¡ and
� � ± � 	%$ �'& are selectedto achieve a

moderatequeuelength � in theneighbourhoodof �*2 . Note
thatno normalizationof themembershipfunction 9 ©�ª is
performedhereto simplify thecomputationalscheme.

Moreover, we choosea different formula to calculate
the weightsof the linguistic valuesof

� � . The new lin-
guisticrule(R18),for instance,canbecomputationallyex-
pressedby:

=�©�ª « � =�©�ª «MÁ = ¤ÃÂ � =?§1Ä (14)

Theremaybeotherlinguisticruleswhichhaveaninfluence
on = ©�ª « , too. Thenthenew fractionalflow rate

� � canbe
calculatedby (13).

If anATM switchis congested,i.e. if thequeuelength
� exceedsanupperbound¡Å�|� 2 , thefractionalflow ratehas
to bereducedto a valuedistinctly lower thanone.

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

For the FERM-adaptationthe describedmembership
functionsof thelinguistic variables(seeappendix)andthe
valuesof the fractionalflow rateare the result of a more
intuitive andpragmaticchoiceandnot of an analyticap-
proach.Nevertheless,thisselectionprovidespromisingre-
sults.

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

3 HANDOVER PROTOCOL S

Regarding data communicationby the ABR service
classin a WATM network theconnectionsmustbeperma-
nentlymaintainedduringthecommunicationphasesincea
mobileterminal(MT) moveswithin acertaincoveragearea
of a basestation(BS) andmaycrossits boundary. In this
case,theconnectionsmustbehandedover to a new trans-
missioncell wherebya new radio channelis seizedand
the QoS requirementsof the correspondingvirtual chan-
nelconnections(VCCs)mustbesatisfiedin additionto the
existing oneswithin thenew cell. Thecorrespondinghard
handover protocolhasto guaranteethe sequenceintegrity
andloss-freedelivery of theATM cellsduring this transi-
tion process.Moreover, interworking with the rate-based
ABR flow-control algorithmsis requiredto guaranteethe
effectivenessof theapproach.
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To achievethesegoals,wehavedevelopedanimproved
backwardhardhandoverprotocolfor handoffsbetweenthe
transmissioncells of the currentBS (CBS) anda new BS
(NBS)of theMT, calledbetterhardhandover(seefigures7
and8 for a simplifiederror- andloss-freemessagetransfer
withoutacknowledgments).

Figure7: MSCinformation-messagetransferof betterhardhand-

over
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Figure8: Simplified messagetransferof backward better hard

handover

Derived from a congestion-awarenessconceptour hand-
overprotocolis a minimalenhancementof astandardhard
handover protocol. It includesonly a few new signaling
messagesusingspecialRM cells. Independentof handover
eventsthey areexchangedbetweenthebasestationsandthe
mobile switchingcenter(MSC) which is an ATM switch
with mobility supportextensionsfor the wirelesspart of
thenetwork.

Whenever there is a substantialchangeof the ABR
bandwidthor an alterationin the numberof active ABR
connectionsin the transmissionareaof a BS the BS in-
formstheMSC immediatelyby sendinganMSC informa-
tion messagewith thecurrentABR targetcell rateTCR,the

numberof ABR connectionsandthesumof theirminimum
cell rates.Thisvery low additionalbandwidthrequirement
in thepathbetweeneachBS andtheMSC givestheMSC
the knowledgeaboutthe currentpossibleER in eachBS
transmissionarea.

The improved backward hard handover is combined
with forwardhandover asa fallbackprocedurein thecase
of a too short announcementperiod before a handover.
Thismeansthatnormallyeverymobileterminalannounces
its expectednew handover �vÉ millisecondsbeforethe real
handovereventoccurs.If thereis notenoughtimefor such
anannouncement,themobileterminalhasto performafor-
wardhandover(seefigure9, cf. [13]).

END_FORWARD_HO

OOR-RM
(V)S

Data Stream

Data Stream

newÊ
Base Station

current
Base StationMSC Mobile T

Ë
erminal

REQ_FORWARD_HO
REQ_FORWARD_HO

GOOD_FORWARD_HO
GOOD_FORWARD_HO

Figure9: Simplified messagetransfer of forward better hard

handover

If the MSC receives the responseINFO_HARD_HO to
a backward handover announcementANN_HARD_HO
from an NBS or a forward handover request
REQ_FORWARD_HO it sendsan OOR-RM cell to the
(virtual) sourceof theABR connectionif ERCBS � ERNBS.

After theannouncementandbeforetheendof a back-
wardhardhandover the MSC calculatesthe ER of the re-
latedABR connectionasthe minimum of ERCBS, ERNBS

andtheMSC-internalvalueERMSC.

To avoid ABR cell transmissionsfrom thecurrentbase
stationto the new basestationof a moving mobile termi-
nal or ABR cell lossescausedby a forward handover the
MSC storesthe last Ì consecutive segmentsof the cell
streamof every active ABR connection. Each segment
comprises� RM ��	 usercells and one RM cell, i.e. at
most ÌI�)� RM cells are storedfor eachactive ABR con-
nectionat the MSC. If a mobile terminalperformsa for-
ward handover it requeststhe requiredsegmentsin addi-
tion. If thesesegmentsarestill storedin theMSCthelatter
cansuccessfullycompletethe forward handover by send-
ing theGOOD_FORWARD_HO messageto the mobile ter-
minal. Otherwisesomecells are lost andthe MSC sends
the BAD_FORWARD_HO messageto the mobile terminal
which invokes an error-recovery mechanism. The latter
casecanbeavoidedby a reasonablesettingof theparame-
ter Ì .
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It is themainadvantageof ournew hardhandoverpro-
tocol thatin theperiodbetweentheannouncementandthe
startof thehandoverprocessthesourceof themoving mo-
bile terminalcanbe informedaboutthe ER over the new
BS andit canreduceits CCR if it is necessary. By these
means,congestionin the new BS causedby simultaneous
hardhandovereventscanbeavoided(cf. [13]).

4 PERFORM ANCE EVAL UATI ON

4.1 WATM SI M UL ATI ON M ODEL

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

The basic structureof our WATM simulation model
consistsof onemobile switchingcenter(MSC) andthree
basestations(BSs)connectedto theMSC(seefigure10).
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Figure10: WATM simulationscenario

Thirty mobile terminals(MTs) move aroundin the cover-
ageareaof theWATM network. In an interval of onesec-
ondtherearegivenprobabilitiesÕ send �
� $ ¡ andÕ ho ��� $�	
for the initiation of an ABR connectionwith a total load
of ¡%& �%� , · &3�3� or 	 ¡%& �3� ABR cellsfrom a serverdownlink
to a client runningin anMT andfor a handoverof anMT
from thecurrentBS(CBS)to a randomlyselectednew BS
(NBS).In thiscase,theconditionalprobabilityof aforward
handoveris givenby Õ fho ��� $ ¡ .

Consideringfigure10, for eachlink in thefixedpartof
the network the first bandwidthvaluerepresentsthe ABR
bandwidthat thebeginningof asimulationrunandthesec-
ondone(in parenthesis)representsthewholebandwidthof
the link. In themobilepartof thenetwork theABR band-
width is equalto the whole bandwidthof the link at the
beginning of a run. In general,the downlink connections
(BS x MT) requiremuchmorebandwidththantheuplink
connections(MT x BS). Therefore,thewholebandwidth
in theradiolink is split upinto aratioof 3 to 1 for thedown-
andtheuplink directions.DuringasimulationruntheABR
bandwidthbetweenthe MTs andthe MSC is variabledue
to changinghigh-priority CBR or VBR backgroundtraffic
loadin thenetwork.

In the radio link the transmissionprotocol is time
division multiple access with time division duplex
(TDMA/TDD). It is combinedwith selective repeatauto-
maticrepeatrequest(SR-ARQ)aserror-recoveryprotocol.

Furthermore,in 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( 	 �CÖ ´ , &�� 	 �CÖ µ , 	 �CÖ µ ) in thethreebasestation
transmissionareas.During a run theBER will bechanged
dynamicallyin the rangeof at most × 	 � % andfor a ran-
dom duration. A simpleGilbert-Elliott error model with
two statescalled good (G) andbad (B) is usedto model
thecharacteristicsof thosecorrelatedandburstybit errors
at a real physicallink that cannotbe overcomeby error-
correctiontechniquesand causecell transmissionerrors
(seefigure11).

1-p 1-q

pØ

qÙ
G
Ú

B

Figure11: Gilbert-Elliott errormodel(GEEM)

ThestatetransitionprobabilitiesÕ and � arecalculatedby
theequations(cf. [14]):

Õ�� BER
� 	�� BER�Û� E � B � �Ü� 	

E � B � (15)

HereE � B � is themeannumberof bits in anerrorburst. In
thespecialcaseÕ Á �~� 	 thesameerrormodeldescribesa
radiolink with non-correlatedbit errors,i.e. ÕG� BER and
�f� 	�� BER.

All otherparametersettingsin the WATM simulation
model,e.g. � RM � ¦ ¡ , Ì��Ý& and �vÉÞ� 	 � , areequalto
ourpreviousexperiments(cf. [13]).
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For FERMthemaximalbuffer sizeis setto theconges-
tion boundof ERICA+ andFERMA givenby ¡¶�+�*2 .

The control loop spanningthe sourcewhich is instan-
tiatedby a server in thewired network andthedestination
at a mobileclient canbesplit up at theMSC by usingthe
virtual source/virtualdestination(VS/VD) approachof the
ABR flow-controlprotocol(cf. [3]). This approachis also
consideredin thispaperto improvetheresponseof thecon-
trol loop.

4.2 PERFORM ANCE ANALYSI S

We have performedeachsimulationrun for 600 sec-
onds. During this time more than 	 � million ABR cells
aretransferreddownstreamto themobileterminals.In the
following tables1, 2 theresultsof therunsarelisted.

Table1: Resultsfor ABR flow control

ERICA+ FERM FERMA

�®ßÛà1á 	+â ¡ 	 � · 	 ¢'&
� ¡%& $ ¿3â ¢ $�· & ¡ âC$ ã ¡

cf � � � ×�� $�·)	 ×�� $�	3	 ×�� $ ã%¿ä ³ �!� � 	 ¢ ·£$�	 ¡ ¡ � $�· & 	 & 	3$ ¦ ¢
� HO ã �%&��Ã¡ 	Sã � ã & ¿ ��¡3� ã � · ¿3¿ � 	+¿%¿ �
� OOR 	 �%&3&å�K¢'& 	 � ¿%â �K¢ â �%� ¿ & · � ¦ ¿ ¡3�

Table2: Resultsfor VS/VD ABR flow control

ERICA+ FERM FERMA

�®ßÛà1á 	 ¢ 	 ã � 	 ¡ ¦
� ¡%& $�	 & ¢ $ ¡3¡ ¡ âC$ ã ¦

cf � � � ×�� $�·)	 ×�� $�	3	 ×�� $�·)	ä ³ �!� � 	 ¡%& $�·-¿ 	 ¦ $}	 ¡ 	 ¦ ¿C$ ã &
� HO ã ¡3¡��Ã¡ 	-· � ã3ã �å��¡%¡ ¿ � ã � ã � 	+ã%¿ �
� OOR â ¡ ¿ �!¢ â ¢'� ¡ ¿ �K¢ â3â � â � ¿ �!¢'¡%¡3�

Themaximalqueuelength �*ßÛàvá , themeanqueuelength � ,
the 95% confidenceinterval cf � � � around� calculatedby
batch-meansandthevarianceä ³ ��� � of thequeuelength �
areshown only for thebasestationwith thehighestmaxi-
malqueuelength �®ßÛà1á duringthesimulationrun.

� HO denotesthe total numberof performedbackward
handoversandin parenthesisthetotalnumberof performed
(good)forwardhandoversfor all mobile terminals. � OOR

denotesthetotalnumberof OOR-RMcellscausedby con-
gestionin theMSCandin thebasestationsandin parenthe-

sis the total numberof OOR-RMcellscausedby theused
handoverprotocol.

For all runsbetween& ã0	 ¡ and â0	+ã%¿ MSC information
messagesaresentfrom thebasestationsto theMSC,caus-
ing anadditionaltransferrateof about10 cellspersecond
betweenthebasestationsandtheMSC.

The following figures12 to 20 are selectedfrom the
basestationwith the highestmaximalqueuelength �®ßÛà1á
duringacertainrun. Theresultsof theseexperimentsshow
thatFERM andparticularlyits adaptationFERMA areef-
fectiveandcomparefavorablywith ERICA+ regardingthe
following importantcriteria:

Efficiency: In the figures12, 14, 16, 18, 19 and 20 we
show typical outcomesof the queuelengthprocessin the
consideredbasestation.Without any exceptionhighpeaks
reflecttheimpactof a forwardhandover.

The correspondinghistograms(seefigures13, 15 and
17) illustratethatFERM cancontrol thequeuelengthwell
on thedesiredlow level andthatERICA+ andtheFERM-
adaptationcan control the queuelength well aroundthe
chosentargetpoint �®2 . For instance,for theselectedfixed
queueingdelay �62 without any CBR or VBR background
traffic load andwith a meanBER of 	 �)Ö µ in the related
radiolink a basestationhasa targetqueuelength �*2 of ap-
proximately34 ABR cells.

Thecombinationof handoversignalingandABR flow
control togetherwith an optionalVS/VD-approachin the
MSC has the expectedpositive influenceon eachalgo-
rithm.

Theratio
�

of themaximalandthemeanqueuelength
in asimulationrun is definedby:

� � �*ßÛàvá
� (16)

For the threeconsideredABR flow-controlalgorithmswe
get

�
ERICA+ æ â0$ ¡ ¢ ��& $ â0	 ��
FERM æ ¡%¡ $ & 	 � 	+ã0$ ¿ &3��
FERMA æ & $ ¢ 	 �K¢ $ & ã �

wheretheresultsfor VS/VD arestatedin parenthesis.
Despiteof the low meanqueuelength FERM cannot

preventhigh valuesat all. For thesametargetpoint � 2 and
acomparablevarianceourFERM-adaptationis slightly su-
periorto ERICA+.

Robustness:We aremainly interestedin thestability and
efficiency of our FERM-adaptation.The performedsim-
ulation runs show that the FERM-adaptationimplements
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Figure12: Queuelengthprocessof ERICA+
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Figure13: Queuelengthhistogramof ERICA+
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Figure14: Queuelengthprocessof FERM

a stablecontroller that is able to copewith the overload
causedby announcedbackward handover eventsand by

0ò 10 20 30ò 40 50 60
queue length qó0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

n
o

rm
a

liz
e

d
 t
im

e
 t

WATM−Simulationô
FERM, SR−ARQ (GEEM), Better Hard Handover with Forward Handoverõ

Figure15: Queuelengthhistogramof FERM
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Figure16: Queuelengthprocessof FERMA
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Figure17: Queuelengthhistogramof FERMA

differenterror conditionsin the basestationtransmission
areas.Moreover, it canlimit thequeuelengthwell around
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Figure18: Queuelengthprocessof ERICA+ with VS/VD
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Figure19: Queuelengthprocessof FERMwith VS/VD
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Figure20: Queuelengthprocessof FERMA with VS/VD

the selectedoperationpoint �®2 . However, forward hand-
over eventsmaydegradethequeuelengthperformanceas

it is expectedfrom our previousexperimentswith ERICA
andERICA+ (cf. [13]).

Fairness:Theexperimentsprove thatFERMA guarantees
eachABR connectionthedesiredfair shareof thecurrent
available ABR target cell rate. Figure 21 shows the fair
bandwidthallocationof FERMA amongthedifferentABR
connectionsin a basestation.Thedashedline picturesthe
switch-internalER for all ABR connectionsin theconsid-
eredbasestationwhereasthesolid linesrepresentthecur-
rentcell ratesof thethreeinvolvedABR sources.
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Figure21: Fairnessof FERMA (BS 1)

This fairnessis achievedby usingonly local information.

By theseresultswe concludethat our adaptationof
FERM, even without an optional VS/VD-approach,pro-
vides a feasible, efficient, robust and fair alternative to
ERICA+ for rate-basedABR flow controlin a WATM net-
work. Thefuzzycontrollerdoesnot requireaccurateinfor-
mation. Nevertheless,dueto its fuzzy natureit canguar-
anteetheeffectivenessandrobustnessof thecontrol in the
highly non-stationaryerrorandloadenvironmentof awire-
lessATM network.

5 CONCL USI ON

In the paperwe have consideredthe impact of back-
ward and forward handover events in a wireless ATM
network on the rate-basedABR flow-control algorithms
ERICA+, FERM and our adaptationof FERM with and
withoutanoptionalVS/VD-approachin theMSC.

Thesimulationresultsshow thatby our improvedhard
handover protocol all threeABR flow-control algorithms
can handlebackward hard handoffs well, i.e. without a
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congestionin thenew basestationreachedby moving mo-
bile terminals.However, theobservedmoderatecongestion
causedby forwardhandoversof themobile terminalscan-
notbeavoided.Futurework hasto copewith thisproblem.

In conclusion,wethink thatourFERM-adaptationpro-
vides a feasiblealternative approachfor rate-basedABR
flow controlin awirelessATM network.

APPENDI X

In the appendixwe presentthe linguistic rulesof the
original FERM algorithm (R1–R11) and the changedor
additionallinguistic rules of our FERM-adaptation(R7b,
R12–R21). Furthermore,we statethe chosenparameters
of themembershipfunctions9 © ¤ and 9 ©�§ of thelinguis-
tic variables

� � and
� � .

L I NGUI STI C RUL ES OF FERM /FERM A

If thebuffer (length)is empty,
thentheflow rateshouldbeveryhigh.

(R1)

If thebuffer (length)is moderateand
therateof change is decreasingfast,

thentheflow rateshouldbehigh.

(R2)

If thebuffer (length)is moderateand
therateof change is decreasingslow,

thentheflow rateshouldbehigh.

(R3)

If thebuffer (length)is moderateand
therateof changeis zero,

thentheflowrateshouldbemedium.

(R4)

If thebuffer (length)is moderateand
therateof change is increasingslow,

thentheflowrateshouldbelittle.

(R5)

If thebuffer (length)is moderateand
therateof change is increasingfast,

thentheflowrateshouldbelittle.

(R6)

If thebuffer (length)is full and
therateof change is decreasingfast,

thentheflowrateshouldbemedium.

(R7)

If thebuffer (length)is full and
therateof change is decreasingslow,

thentheflowrateshouldbelittle.

(R8)

If thebuffer (length)is full and
therateof change is zero,

thentheflowrateshouldbeverylittle.

(R9)

If thebuffer (length)is full and
therateof change is increasingslow,

thentheflowrateshouldbeverylittle.

(R10)

If thebuffer (length)is full and
therateof change is increasinghigh,

thentheflowrateshouldbeverylittle.

(R11)

If thebuffer (length)is full and

therateof change is decreasingfast,
thentheflowrateshouldbelittle.

(R7b)

If thebuffer (length)is shortand

therateof change is decreasingfast,
thentheflowrateshouldbeveryhigh.

(R12)

If thebuffer (length)is shortand

therateof change is decreasingslow,
thentheflow rateshouldbehigh.

(R13)

If thebuffer (length)is shortand

therateof changeis zero,
thentheflow rateshouldbehigh.

(R14)

If thebuffer (length)is shortand

therateof change is increasingslow,

thentheflowrateshouldbemedium.

(R15)

If thebuffer (length)is shortand
therateof change is increasinghigh,

thentheflowrateshouldbemedium.

(R16)

If thebuffer (length)is longand
therateof change is decreasingfast,

thentheflowrateshouldbemedium.

(R17)

If thebuffer (length)is longand
therateof change is decreasingslow,

thentheflowrateshouldbemedium.

(R18)

If thebuffer (length)is longand

therateof changeis zero,
thentheflowrateshouldbelittle.

(R19)

If thebuffer (length)is longand

therateof change is increasingslow,
thentheflowrateshouldbelittle.

(R20)

If thebuffer (length)is longand

therateof change is increasinghigh,
thentheflowrateshouldbeverylittle.

(R21)
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PARAM ETERS OF FERM A

Eachrow F of the following tables3, 4 shows the an-
gle points �K8LE r t 
 e%E r t �5( $*$+$ (+�!8YE r µ 
 e%E r µS� of themembership
function 9 >A@ of thelinguistic value D E , 	 �IF���H > .

Table3: Parametersof the linguistic variable �d��� ��®��� (see

figure5)

F 9 © ¤ @
1 ��� $ �3� 
 	 �®(+� � $ �%� 
 	 �5(S� � $ ¡3� 
 	 �5(S� � $ ¢%� 
 	 �
2 ��� $ ¦ � 
 �%�®(+� � $ &3� 
 	 �5(S� � $ ã � 
 	 �5(S� � $ ¿ � 
 �'�
3 ��� $ ã � 
 �%�®(+� � $ ¿ � 
 	 �5(S� 	%$}	 � 
 	 �5(S� 	3$ ¡ � 
 �'�
4 � 	3$�	 � 
 �%�®(+� 	%$ ¡3� 
 	 �5(S� 	%$ ¢'� 
 	 �5(S� 	3$ â � 
 �'�
5 � 	3$ & � 
 �%�®(+� 	%$�· � 
 	 �5(S�.¡ $ �%� 
 	 �5(S�.¡ $ �3� 
 	 �

Table4: Parametersof the linguistic variable �å�������� (see

figure6)

F 9 ©�§ @
1 � - 	3$ �3� 
 	 �®(+� - 	3$ �3� 
 	 �®(+� - � $ ¡ � 
 	 �5(+� - � $�	 & 
 �%�
2 � - � $ ¡ � 
 �'�5(+� - � $}	 & 
 	 �5(S� - � $�	 � 
 	 �®(+� - � $ �%& 
 �'�
3 � - � $�	 � 
 �%�®(+� - � $ �%& 
 	 �®(+�Ü� $ �'& 
 	 �5(S� � $�	 � 
 �'�
4 ��� $ �%& 
 �%�®(+� � $}	 � 
 	 �5(S� � $}	 & 
 	 �5(S� � $ ¡ � 
 �'�
5 ��� $�	 & 
 �%�®(+� � $ ¡3� 
 	 �5(S� 	%$ �%� 
 	 �5(S� 	3$ �3� 
 	 �

Notice:

� If �!8 E r t 
 e E r t � is equalto �K8 E r ³ 
 e E r ³ � , then 9 >A@ �!8Y�M�
e E r t for all 8W�{8 E r t .

� If �!8 E r ´ 
 e E r ´ � is equalto �K8 E r µ 
 e E r µ � , then 9 >A@ �!8Y�M�
e E r µ for all 8��{8 E r µ .
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