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Abstract

A credit-basedflow control schemeis very effective for handlingcells of the ABR or ControlledTransfer
serviceclassin ATM networks.Thepropertiesof immediateramp-upaftercongestionandtheimpossibilityof
buffer overflow by constructionarewhat makesthis methodvery attractive. For bestresults,many switches
alongthe routemustsupportflow control,actingasvirtual source/destinationnode. To supportclosedloops
alongtherouteeachof theseswitchesmustalsoprovideaninternalflow controlto passthebackpressurefrom
the destinationsbackto the sourcesandavoid internalbuffer overflow. In this paperwe treatthe interaction
of externaland internalflow control and the alternativesof internalbackpressuremechanisms,emphasizing
Virtual-Output-Queuedswitches.Thepropertiesarestudiedwith Petrinetmodels.

1 Intr oduction

Flow control for the ABR servicein ATM networks
has excited great debatesin the past. Satisfactory
mechanismshave rarelybeenproposedyet. Undoubt-
edly flow control must provide closedloops on the
route from sourceto destination[1], where results
becomebetterthe moreintermediateswitches(hops)
actively contribute to the flow control (calledvirtual
source/destination).
Switchessupportingflow controlhaveto regulatetheir
cell streamoutputaccordingto flow controlmessages
from downstreamswitches.This leadsto a controlled
emissionof cells, independentfor eachABR connec-
tion. Towardsthe sourcethey have to generateflow
control messagesthemselves which aim at avoiding
buffer overflow within thisswitch,inhibiting cell loss.
But thesemechanismsonly work togetherif thesend-
ing component(downstream)andthe receiving com-
ponent(upstream)arecoupledby any kind of internal
flow controlor backpressuremechanism(fig. 1). In an
M � M switch(M � numberof ports)thisbackpressure
mustberoutedfor any VC connectionv from theexit
port of v to the (different)input port of v. This must
ensureto propagatethedownstreambackpressurecor-
rectly, i.e. without thechanceof a fataldelay, andpre-
ventall internalcell buffersfrom overflow.
Theswitchinternalrealizationof flow control,i.e. the
locationof its components,thelocationof buffersand

schedulersheavily dependson the underlyingswitch
architecture.Futureswitcheswill moreandmorecon-
sist of the extremelypowerful input queuedarchitec-
ture, becausethe accessrate of crossbarand buffer
memory is not higher than the line rate of the con-
nectedlinks. The head-of-lineblocking problem is
solved by usingVirtual OutputQueueing(VOQ) [2].
With VOQ eachinput port managesa separatelog-
ical queuefor eachoutput (fig. 2). This allows the
maximumthroughputof 100% [3, 4, 5]. The clas-
sical output-queued(OQ) architecturerequiresmuch
higherrelativeaccessratesto theswitchfabricandthe
internalmemory. For uncontrolledtraffic, the buffer
location is in the input ports with VOQ, but in the
output port in the OQ configuration. As a conse-
quence,avoiding buffer overflow mustbe taken care
of aroundthis usualmemorylocation.Otherwisesec-
ondaryqueuesbuild up at new pointswhereconges-
tion is sensed,e.g.in theoutputportwith VOQ.

Credit-basedflow control (CBFC) as a specialcase
has a deterministic behavior in each flow control
loop wherebuffer overflow is impossibleby construc-
tion [6, 7]. Building uponsucha mechanismwe pro-

Figure1: 3 switcheswith flow controlloops
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poseand compareseveral variantsof internal back-
pressurewith methodsthathave beenusedpreviously
for theexternalflow controlevaluation[7]. ThePetri
net(PN)paradigm[8] is ideallysuitedto modelCBFC
becauseof theaffinity of cellsandcreditswith tokens.
In this paperwe give modelsfor eachalternative and
studytheirproperties.
Thepaperis organizedasfollows. Section2 discusses
the VOQ switch architecture.In section3 the exter-
nal credit-basedalgorithm is explained,followed by
theproposedbackpressureschemesin section4. The
analysisbasedonPetrinetsis presentedin section5.

2 VOQ and Arbitration

An OQ switch architecturehasan internal intercon-
nectionof sufficient speedto let all cellsqueuein the
outputportsimmediately. In contrast,theVOQconfig-
uration[2] shown in fig. 2 consistsof M portsfor input
andoutput,a nonblockingswitch fabric andan arbi-
tration unit. Arriving cells on input port i areplaced
into thecorrespondinglogical1 queuefor theirdestina-
tion porto. In eachtime slot thearbiterselectsunique
pairsof inputandoutputports(a ”match” � i � o� ) based
on informationsentto it from the input ports. It has
beenshown that100%throughputcanbeachievedfor
all admissiblei.i.d. arrivals[4] with properalgorithms
basedon bipartitegraphmatching[2] (fig. 3). Practi-
cal algorithmsexist with theunweightedPIM [9], iS-
LIP [3], WFA [10] or theweighted(betterperforming)
iMCFF [5] or SIMP [11]. Its performanceis shown
in fig. 4 for renewal traffic. A methodto enforcea
globalpriority schemeis shown in [12]. Relevantare
also arbitrationwith internal speedup,e.g. [13], and
Explicit-RateFlow controlfor VOQswitches[14].
Thesearchitecturaldifferenceshave a greatinfluence
on the way how internal flow control must be orga-
nized.As it will beshown, thepositionwheremostof
thecellsarequeuedin front of a bottleneckis usually
thebestpositionalsofor theflow controlunit (fig. 6).

1therealqueueorganizationhereis per-VC

3 Credit-BasedFlow Control

In this papera CBFC realizationis assumedsimilar
to QFC [15] (CT [16]) or FCVC [6]. For the basic
operationeachlink is consideredto be a closedloop
betweenadjacentswitches(calledS andR here).For
eachloop, thereceiving switchR hasanavailableto-
tal buffer’of size l l (l imitl ink). Logically this buffer is
associatedwith the input port i connectedto the con-
trolled link. This buffer is partitionedinto individual
memorylv (l imitv) for eachconnectionvoutof Ci ABR
connectionsthroughthat input port i. This partition-
ing is only logical andcanbeoverlapping,i.e. buffer
sharingis possiblewith ∑ lv � l l . Bothbuffersarepro-
tectedby separateflow control loops. The senderS
knows abouteachlimit lv (l l ) and installs this as the
initial creditcv (cl ). Cellsmaynow besentarbitrarily
(aftertheschedulerhasservedall higher-priority cells)
aslong asthe currentcreditscv (cl ) arepositive. For
eachsentcell a counterof transmittedcellstv is incre-
mented(from zeroinitially). R incrementsacounterrv

of cellsthatarereceivedandforwardedto thenext hop.
In regularintervals(eachN2VC values)this counteris
sentback to the sourceS which updatesits statefor
all includedconnectionsv by replacingthe previous
valuesof forwardedcells, fv, with the new contents
f new
v of eachrecord.Thecurrentcreditfor connection

v (andsimilar for thelink l ) is then

creditv � cv � lv 	 tv 
 fv � 0 (1)

creditl � cl � l l 	 tl 
 fl � 0 (2)

In [7] we have introduceda Petrinetmodelwhich in-
cludesall necessarydetailsof oneflow control loop.
Hereweextendthemodelto containmultipleconnec-
tions, a link flow control (eq. 2) andswitch internal
communications.
As a short Petri net introduction(see[8] for more),
places(circles)modelstoragelocationsfor tokens. Its
currentcontents,marking, definesthestateof thesys-
tem. Transitions(bars)modelactions;whenthey fire,
a specifiednumberof tokensis removed from all its



Figure5: PNsystemfor two credit-basedswitchesSandR (oneflow controlloop)

input placesand all output placesget additional to-
kens.Thenumberannotatedon thearcsspecifiesthis
number. Inhibitor arcs(circle insteadof arrow) pre-
vent the transitionfrom firing if thereis at leastone
token in the adjacentplace. Enablingarcs(arrows in
bothdirections)let thetransitionfire if thereis at least
onetoken,but this tokenis not removed. In stochastic
Petri nets[17], transitionshave associatedexecution
timedistributionsdistinguishedby theirpattern.Small
filled barsmeanimmediateexecution.
Themodelfor two switchesandoneflow controlloop
is shown in fig. 5 andis subjectto structuralanalysis
in thissection.It showsthecomponentsseenglobally,
without internal flow control. Up- and downstream
fractionsof theflow controlloopsaredistinguishedby
their color. The main componentsin the cell flow in
the forward directionare the cell buffer memorymv

andthecellsin flight on thelink in kv. Cellsmayonly
besentby theschedulerif therearetokensin thecredit
placescv. In backward(feedback)directionforwarded
tokensqueuein fv until a recordin pr is complete.
N4 of suchrecordsbuild a credit updatecell in cc,
whichis againdecomposedin theupstreamswitchinto
recordsin crv. rvv existsfor distinguishingtheconnec-
tions. Thereis oneVCflow controlloopperVC (here
C � 3 connections),using the feedbackquantization
constantsN2VC (N2V) discussedin [15, 7] to decrease
the feedbackfrequency. Eachlink is alsocontrolled
by a link flow controlloop( fl , r l , cl ), quantisizedwith
N2l ink (N2L). Thepackinginto afeedbackcell consist-
ing of N4 recordsreducestheflow controlbandwidth
overhead,which is discussedinto detailsin [7].
Let this systembe implementedin eachhop and the
connectionbetweenthembemadeby arcswhichhave
bufferingplacesto hold tokenswhich arecurrentlyon
thefly. In fig. 5 theclosedloop for threeconnections
is emphasized(eq. 3). The consistency of eachloop
implies[18] thattheweightedsumsof tokens(eq.3-6)
on themareconstant:�

v : kv 
 mv 
 fv 
 N2VC  � rv 
 crv � 
 cv � lv (3)

∑kv 
 ∑mv 
 fl 
 N2l ink  r l 
 cl � l l (4)

∑ � kv 
 mv 
 fv 
 cv � 

N2VC  � ∑crv 
 rr 
 pr 	 rl 
 N4  cc��� ∑ lv(5)

∑ � kv 
 mv � 
 fl 
 cl 

N2l ink  � pr 
 rr 	 ∑ rvv 
 N4  cc��� l l (6)

Thereforetherecannotbe more tokensin any place
of the loop thanthereareinitial credits(cv � lv, cl �
l l ) in thecreditplaces.Thusthebuffer placesmv can
alsoat mostcontainlv cellseachandthewholebuffer
memoryusagelmax is boundedby both thesumof all
relevantconnectionlimits andthelink limit.

lmax : � max� ∑mv ��� min � ∑�
v

lv � l l � (7)

The boundednessof buffer usageimplies that no cell
losscanoccurdueto buffer overflow. For thediscus-
sionof dimensioningandquantizationeffectssee[7].
Theoptionto reducelmaxbelow thesumof theindivid-
ualcredits(”buffersharing”)allowsatradeoff between
memoryandpeerblockingprobability[7]. Peerblock-
ing appearswhenthetotal buffer is filled with cellsof
someconnectionsandits link creditis cl � 0,but some
other connectionshave individual credit cv � 0 left.
This phenomenonwasalsocalled”hot-spot” problem
in [19]; however it canonly happenif cl � ∑

�
v cv.

Thetiming behaviour is determinedby thetypeof the
transitions. Exceptthe ”schedulers”all of them are
immediateanddo not contribute to the latency. The
sourcesof latency arethe link propagationdelayand
thewaiting for multiple-weightedinput arcsto gather
enoughtokensfor theadjacenttransitionto fire [7].

4 Inter nal Backpressure–
Principles and Problems

Sofar theswitchinternalstructurehasbeenneglected.
Whenit comestoanimplementation,decisionshaveto



Figure6: Internalflow controlposition(in-
dependentfor connectionsor link)

TV testVC FCinequality(eq.1)
TL testlink FC inequality(eq.2)

RFC receive flow controlcells
DRV dispatchflow controlrecordsfor VC
DRL dispatchflow controlrecordsfor link
HFV hold forwardedcounterfor VC
HFL hold forwardedcounterfor link
DFV dispatchforwardedcounterfor VC
DFL dispatchforwardedcounterfor link

MRV make flow controlrecordsfor VC
MRL make flow controlrecordsfor link
MFC make flow controlcells

Table1: Internalcomponentsof CBFC

betakenwhereto positionthepiecesof theflow con-
trol (fig. 6). Table 1 shows all theatomiccomponents
thathavetobeimplemented.In thislist, blocksfor dis-
patchingareresponsibleto communicatethemessages
to therecipientin thecorrectport(s).Thereareseveral
ways to distribute theseon input andoutputportsof
a switch. The first importantobservation is that
the methodsfor link andVC flow control are totally
independent(exceptin thecell creationMFC andun-
packingRFC blocks). Thusthe partitioningdecision
(fig. 6) canbemadeindependentlyfor both. For each
switcharchitectureanadaptedinternalflow control is
proposed.Themainflow control coreconnectingthe
loopsin fig. 6 is the testof the flow control inequali-
ties(1,2)andthecorrespondingon/off influenceonthe
cell stream.At this point the groupof transitionsare
calledscheduler, becausein eachtimeslotonly oneof
theeligiblecellscanbechosenfor transmissionby the
scheduler. Its behavior mustbe staticpriority on the
first level (for real-timeand ABR traffic separation)
and a rate fair algorithmwithin the ABR class. For
Round-Robin(RR) this scheduleris shown in fig. 7.
In any casethedownstreamandupstreamloopsmust
be closed,i.e. the forwardedcounter(sentupstream
as f new

v ; representedby placesfv) is incrementedex-

Figure7: PNsystemfor Round-Robinscheduler

actly in the instantwhenthe cell is dismissedout of
theupstreamloop into thenext loop. If theupstream-
fv is maintainedin theinputport,but thedownstream-
inequalityis testedin theoutputport,aninfinite num-
berof cellsmayqueuein front of theoutputportsched-
uler. In this caseanexplicit internalflow control loop
mustbe insertedto avoid buffer overflow (fig. 6 bot-
tom).
Themaindegreesof freedomfor theinternalflow con-
trol realizationmanifestin thefollowing:

� Two independentmechanisms(for VC or link),

� controlin inputport,outputport or both.

Minor differencesexist additionally with the meth-
odsfor returningbackpressurein backward direction
(whichdeterminestheadditionalswitchinternalband-
width requiredin thatdirection).
Theconsequencesof eachvariantmanifestin a num-
berof ways:

Buffer requirementsin input port depend on the
maximum number of tokens in the input port
memoryplaceswhich are boundedby the loop
equationsof theupstreamcontrolloops.

Buffer requirementsin output port dependon the
maximumnumberof tokens in the output port
memoryplaceswhich are boundedby the loop
equations of the control loops around these
places.This canbetheupstream,downstreamor
internalcontrolloop (fig. 6).

Efficiency of buffer sharing is only acceptableif the
total buffer per port is limited by l l ink, and this
amountof memoryis only necessaryin eitherin-
put or output port. With the worst mechanism,
l l ink is neededin theinputport,but ∑ lv in theout-
putports.

The hotspotproblem meansthatall connectionsus-
ing one specific input port are reducedin rate
dueto depletinguplink credits,whichprotectthis
filled input port from overflow [19]. The reason
for this full inputportmaybeonly onecongested



flow controlposition maxVC � ∑v � Vi
i
mi

v ��� maxVC � ∑v � Vo
o

mo
v ���

input ∑v � V i
i
luv ∑v� Vo

o
lov

output ∑v � V i
i
luv ∑v� Vo

o
luv

i+o ∑v � V i
i
luv ∑v � Vo

o
lxv

Table2: Variantsof internalflow control(VC)

outputport, for which thesumof all lv from this
inputport is biggerthanl l ink. In thiscaseinnocent
connectionsareaffectedandthelink utilizationis
unnecessarilyreduced.Thisproblemis similar to
head-of-lineblocking in input-queuedswitches.
However, thisonly appearsif VOQand intensive
buffer sharingis used.In [7] analternativebuffer
dimensioninghasbeenproposed,whichdoesnot
requirebuffer sharing.

Fairness is theconcernthateachcapableconnection
getsanequalshareof thesparebandwidth.This
is usuallyaddressedby a proper(RR) scheduler
in theoutputport for ABR. However, with VOQ
thereis usuallynofreedomof choicein theoutput
port becauseall cellsqueuein the input port. In
this casearbiterandinput schedulersarerespon-
siblefor maintainingfairness.

Cooperationwith arbitration meansthatthecorrect
input port stateinformationis availablein thear-
biter, e.g. the numberof eligible cells is zero
whenflow control in theinput port stopsall con-
nections,even if there are cells queued. With
weighted arbitration algorithms [11], where w
bits areusedfor thequeueweight,anotherissue
is that good fairness(w � 1) is contraryto best
delayperformance(w � 3).

Especiallythe buffer memory boundsdiffer signifi-
cantly amongthe methods. Ideally the buffer must
be limited by equation7 and only input or output
port mustbe usedfor buffering. The following sec-
tion treatsourproposedbackpressuremechanismsand
theirpropertiesrelatedto theseproblems.

5 Inter nal flow control

Crucial for all variantsof internalflow control is the
positionwithin theswitchwheretheflow control test
(eq. 1 for connectionsand 2 for the link) is imple-
mented:In theinputport,outputportor both.Thenota-
tion (VC:location,Link:location)is usedto denotethe
locationof theseflow control tests. In table 2 and3
theresultingvariantsaresummarizedwith theirbuffer
memorypropertiesthat have beenderived from their
correspondingloop equationsof their Petri net mod-
els given in section5.1. The following variablesare

flow controlposition maxl ink � ∑v� Vi
i
mi

v ��� maxl ink � ∑v � Vo
o

mo
v ���

input lul ink � l ldl ink � l
output lul ink � l ∑ � l lul ink � l

i+o lul ink � l lxl ink � l

Table3: Variantsof internalflow controlfor links

used:Thecontentsof thequeueof connectionv is mi
v

in the input port andmo
v in the outputport. V i

i is the
setof connectionsflowing throughinputport i, similar
with Vo

o for outputporto. For theupstreamlink luv and
lul ink � l and the for the downstreamlink ldv and ldl ink � l
aregiven. Upstreamanddownstreamlimits areusu-
ally very different,becausetheir magnitudedepends
on theconnectedlink lengthandrate[7]. For the in-
ternalloops,if used,additionallimits lxv andlxl ink� l are
introduced,wherel ink � l correspondstooutputport l .
Notethatlxv � ldv � luv andlxl ink� l � ldl ink� l � lul ink� l . To
determinetheupperboundonthebuffer usage,there-
sultsfor theVC andlink flow controlconstraintsmust
becombined:

inputport: Mi
max � min � max

VC
∑

v � V i
i

mi
v � max

l ink
∑

v � V i
i

mi
v �
(8)

outputport: Mo
max � min � max

VC
∑

v � Vo
o

mo
v � max

l ink
∑

v � Vo
o

mo
v �
(9)

The final goal is that only the input or output port
requiresa buffer memory of the size lmax given by
eq. 7. Only few combinationsreally limit the total
buffer sizein the desiredway. If no assumptionsare
madeon the switch architectureand there is no ex-
plicit internalcontrol loop, theflow control loopsex-
tendover the buffer memoryof two ports: In caseof
(VC:input,Link:input) this is the output port and the
input port of the next downstreamswitch. In caseof
(VC:output,Link:output)this is the input andtheout-
put port of this switch. In both casesthereis a total
buffer requirementof twicetheamountof eq.7,which
is a quiteawasteof memory.
The case(Link:output, fig. 8) has the severe prob-
lem that if (only if) buffer sharingis used(to reduce
Mi

max in the input port) therearebuffer requirements
of ∑

�
l lul ink� l in the outputport, becauseup to lul ink � l

cellsfrom each port l canbequeuedthere.
Oneof the hardestproblemswith internal flow con-
trol is the internal handlingof the link credits. The
link flow controlloop(eq.2) is designedto preventthe
input ports from buffer overflow. Thereforethe for-
wardedcell counter fl must count cells for the cor-
rectinputport,evenwhenit is implementedin theout-
put port. In contrast,thedownstreamloop is naturally
associatedwith one output port. When downstream
flow control cells (new credits)arrive on this output,



Figure8: PNsystemfor internalflow controlmethodA (FC:output)[OQ]

portnumbers outputportr ightarrow 7 8
inputportdownarrow notation Vo

7 � Vo
8 �

1 V i
1 � 0,1 2

2 V i
2 � 5 3,4

Table4: connectionnumbersfor examplescenario

the stateof this link changes.But if input portshan-
dle thedownstreamFC test(TL), thereis theproblem
how to dispatch(DFL) thecreditsto eachinputportso
thateachof themgetstheshareit will demandwithout
having unusedcreditsleftover at otherports. Thefol-
lowing sectionprovidessolutionsfor theseproblems.

5.1 Petri-Net models

The mostefficient methodsarediscussedherebased
on an example scenarioutilizing two input (1&2)
andoutput(7&8) portsandthreeconnectionsthrough
each.Table.4 lists theusedconnectionnumbers.For
eachmethoda PN systemis given in which the four
portsandtheir flow controlschemeis visible. By an-
alyzing the loopsthe generalresultsin table 2 and3
havebeenobtained.They areindependentof thearchi-
tecture(OQ/VOQ).However, with knowledgeaboutit
only a few usefulcombinationsremain:

Fig. 8 shows (VC:output,Link:output),wherewe as-
sumeanOQ architecturewhich doesn’t queuecellsin
input ports(Mi

max � 0). Thusthe total buffer require-
mentsareonly lmax � min � ∑� v luv � ∑ � l lul ink� l � . For the
constructionof thelink recordstherehasto beaseper-
ation of returnedtokensfor the correspondinginput
port i of a connection(placesf l i � o) andanadditionof
all thosereturnedtokensthatcomeinto aninputport i
(placesf lsi ). If thereis no buffer sharingandthe ar-
chitectureis OQ, this is the bestsolution. For VOQ
thismethodisn’t efficientdueto its needfor additional
buffersof thesamesizein theinputports.

Fig. 9 shows (VC:input,Link:input),wherethe prob-
lem of dispatchingthe link backpressureto all input
portshasbeensolvedby maintainingoneon/off state
machineperoutputporto which reflectstheavailabil-
ity of link creditin thisoutputporto. Theon-stateof o
is distributedto eachinput port i via theplacesONi � o,
sothateachinputportkeepstrackof thethestateof all
outputports.Cellsareonly scheduledtooutputo if the
placeONi � o hasa token,which is achievedby theen-
ablingarcconstruction.This methodbuffersall cells,
for which theFC inequalities(1,2)arefalse,in thein-
putport. In VOQswitchesthis is theonly buffer loca-



Figure9: PNsystemfor internalflow controlmethodB (FC:input)[VOQ]

tion, so this offersanefficient methodwith minimum
buffer requirements.Thereis the usual input buffer
Mi

max � min � ∑v � Vu
i

luv � lul ink � andonly a verysmallout-
putbuffer (potentiallyzero)just to compensatefor the
reactiontimeuntil anoutputlink is stopped.

The method(VC:input,Link:input+output)shown in
fig. 10 differs from the previous by an internal link
flow control that limits the output buffer usageto
lxl ink� l , which only needsto store a few cells. The
link backpressureis dispatchedby the samemethod
as above using on/off statemachines. This method
is suitablefor both OQ and VOQ switchesand re-
quiresonly lxl ink� l morebuffer thantheoptimum.Since
(VC:output,Link:output)is moreefficient for OQ,this
methodis moreattractivefor VOQswitcheswith noor
only a modestspeedup.

In fig. 11 (VC:input+output,Link:output) the internal
backpressureis organizedper connection,wherefor
eachconnectiona certainamountof buffer (lxv) is re-
served.Thismethodrequiresmoretotalbuffer thanthe
previousandthis increaseswith thenumberof connec-
tions,becauseit cannotbesharedamongconnections.
Thebufferingis input-dominant,soit is well suitedfor
VOQ.In OQswitchesthis is lessefficient thanhaving

method A B C D
maxrate M M M 0

meanrate M � N2 N/A N/A 0

Table5: messageratefor port backpressureper time-
slotandport

only onebuffer locationin theoutputports.
Themodelsshow thatthelocationof thehugebuffers
(l l ) andtheflow control testshouldbe just beforethe
bottleneck.For OQthisis theoutputport,for VOQthe
input port. Whensecondarybuffersmustbeavoided,
methodA is bestsuitedfor OQ andmethodB should
beusedfor VOQ.
So far the efficiency of the variantshave beenstud-
ied in termsof buffer memory. Anotherquestionim-
portantfor implementationis thebandwidthof thein-
ternalbackpressuremessagestreamsfrom all output
portsto all input ports.Eachmethodtransfersthefor-
wardednotificationfor connections(VC) acrossports.
In the worst caseABR cells fill all links. Then the
peakmessagerate(VC) perport is M  timeslot. Due
to the quantizationoperationthe meanrate (VC) is
M  N2 timeslot. The methodsdiffer only in the fre-



Figure10: PNsystemfor internalflow controlmethodC (Link-FC:internal)[OQ+VOQ]

quency of link (port) backpressure.This is shown in
tab. 5.

6 Conclusion

In this paperwe have presentedandcomparedseveral
switch internal backpressuremechanismsto provide
closed-loopflow control. This enablescredit-based
flow controlto beusedwith new high-speedswitching
architectures,especiallyVOQ. The internal methods
can also be appliedwithin virtual nodesof all other
flow control algorithms,e.g. explicit-rate. By us-
ing Petri net (PN) models,propertiesof stability and
boundednessof memoryhave beenstudiedto reveal
pros andconsof the proposedalternatives. PN sys-
temsfor the four bestperformingmethodshave been
discussedwith implicationsfor the OQ andVOQ ar-
chitecture.The externalflow control behavior shows
nodifferencewith all of thesemethods,Simulationre-
sultswith a black-boxmodelcanbeused[7].
Open issues for future researchare the support
of point-to-multipoint connectionsand MCR-aware
scheduling.
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