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A credit-basedlow control schemeis very effective for handlingcells of the ABR or Controlled Transfer
serviceclassin ATM networks. The propertiesof immediateramp-upafter congestiorandtheimpossibility of
buffer overflow by constructionare what makesthis methodvery attractve. For bestresults,mary switches
alongthe route mustsupportflow control, actingasvirtual source/destinationode. To supportclosedloops
alongtherouteeachof theseswitchesmustalsoprovide aninternalflow controlto passthe backpressuréom
the destinationdackto the sourcesand avoid internalbuffer overflow. In this paperwe treatthe interaction
of externalandinternalflow control andthe alternatvesof internalbackpressurenechanismsemphasizing
Virtual-Output-Queuedwitches.The propertiesarestudiedwith Petrinetmodels.

1 Intr oduction

Flow control for the ABR servicein ATM networks
has excited great debatesin the past. Satishctory
mechanismsave rarely beenproposedset. Undoubt-
edly flow control must provide closedloops on the
route from sourceto destination[1], where results
becomebetterthe more intermediateswitches(hops)
actively contrikute to the flow control (called virtual
source/destination).

Switchessupportinglow controlhave to regulatetheir

schedulerdeavily depend=on the underlyingswitch
architectureFutureswitcheswill moreandmorecon-
sist of the extremely powerful input queuedarchitec-
ture, becausehe accessrate of crossbarand buffer
memoryis not higher than the line rate of the con-
nectedlinks. The head-of-lineblocking problemis
solved by using Virtual OutputQueueing(VOQ) [2].

With VOQ eachinput port managesa separatdog-

ical queuefor eachoutput(fig. 2). This allows the
maximumthroughputof 100% [3, 4, 5]. The clas-
sical output-queuedOQ) architecturerequiresmuch

cell streamoutputaccordingo flow controlmessages higherrelative accessatesto the switchfabricandthe

from downstreanswitches.This leadsto a controlled
emissionof cells,independentor eachABR connec-
tion. Towardsthe sourcethey have to generateflow
control messageshemseles which aim at avoiding
buffer overflow within this switch,inhibiting cell loss.
But thesemechanismenly work togetherif the send-
ing componenidownstream)ndthe receving com-
ponent(upstreamprecoupledby ary kind of internal
flow controlor backpressurmechanisngfig. 1). In an

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-
guence avoiding buffer overflov mustbe taken care
of aroundthis usualmemorylocation. Otherwisesec-
ondaryqueueshuild up at new pointswhereconges-
tionis sensede.g.in theoutputportwith VOQ.

Credit-basedlow control (CBFC) as a specialcase
has a deterministic behaior in each flow control

M x M switch(M =numberof ports)this backpressure |oop wherebuffer overflow is impossibleby construc-

mustberoutedfor any VC connectiorv from the exit
port of v to the (different)input port of v. This must
ensurego propagatéhedownstreanbackpressureor
rectly, i.e. withoutthe chanceof afataldelay andpre-
ventall internalcell buffersfrom overflow.

Theswitchinternalrealizationof flow control,i.e. the
locationof its componentsthe locationof buffersand

tion [6, 7]. Building uponsucha mechanisnwe pro-
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poseand comparesereral variantsof internal back-
pressuravith methodghathave beenusedpreviously
for the externalflow control evaluation[7]. The Petri
net(PN) paradigni8] is ideally suitedto modelCBFC
becaus®f theaffinity of cellsandcreditswith tokens.
In this paperwe give modelsfor eachalternatve and
studytheir properties.

offered load

Figured: E{d} = f(p) for VOQ
3 Credit-BasedFlow Control

In this papera CBFC realizationis assumedsimilar
to QFC[15] (CT [16]) or FCVC [6]. For the basic
operationeachlink is consideredo be a closedloop
betweeradjacenswitches(calledS andR here). For
eachloop, thereceving switchR hasan availableto-

Thepaperis organizedasfollows. Section2 discusses tal buffer'of sizel; (limitjin). Logically this buffer is

the VOQ switch architecture.In section3 the exter-
nal credit-basedalgorithmis explained, followed by
the proposedackpressurechemesn section4. The
analysishasedn Petrinetsis presentedh section5.

2 VOQ and Arbitration

An OQ switch architecturehasan internal intercon-
nectionof sufiicient speedo let all cells queuein the
outputportsimmediately In contrasttheVOQ config-
uration[2] shavnin fig. 2 consistof M portsfor input
and output, a nonblockingswitch fabric and an arbi-
tration unit. Arriving cells on input porti areplaced
into thecorrespondingpgical queudor theirdestina-
tion porto. In eachtime slotthearbiterselectaunique
pairsof inputandoutputports(a”match” (i,0)) based
on informationsentto it from the input ports. It has
beenshovn that100%throughpuicanbe achiezedfor
all admissibld.i.d. arrivals[4] with properalgorithms
basedon bipartitegraphmatching[2] (fig. 3). Practi-
cal algorithmsexist with the unweightedPIM [9], iS-
LIP [3], WFA [10] or theweighted(betterperforming)
iIMCFF [5] or SIMP [11]. Its performanceas shavn
in fig. 4 for renaval traffic. A methodto enforcea
global priority schemés shovn in [12]. Relevantare
also arbitrationwith internal speedupg.g.[13], and
Explicit-RateFlow controlfor VOQ switcheq14].
Thesearchitecturadifferenceshave a greatinfluence
on the way how internalflow control mustbe orga-
nized.As it will be shavn, the positionwheremostof
the cellsarequeuedn front of a bottleneckis usually
thebestpositionalsofor theflow controlunit (fig. 6).

ltherealqueueorganizatiorhereis perVC

associateavith theinput porti connectedo the con-
trolled link. This buffer is partitionedinto individual
memoryly (Ilimity) for eachconnectiorv outof C; ABR
connectionghroughthatinput porti. This partition-
ing is only logical andcanbe overlapping,i.e. buffer
sharingis possiblewith 5 Iy > |;. Both buffersarepro-
tectedby separatdlow control loops. The senderS
knows abouteachlimit Iy (l}) andinstallsthis asthe
initial creditcy (¢)). Cellsmaynow be sentarbitrarily
(aftertheschedulehassenedall higherpriority cells)
aslong asthe currentcreditscy (¢) arepositive. For
eachsentcell a counterof transmitteccellst, is incre-
mentedfrom zeroinitially). R increment&counterr,
of cellsthatarerecevedandforwardedo thenext hop.
In regularintervals (eachN2yc values)this counteris
sentbackto the sourceS which updatests statefor
all includedconnectionss by replacingthe previous
valuesof forwardedcells, f,, with the newv contents
fy'®" of eachrecord. Thecurrentcreditfor connection
v (andsimilarfor thelink I) is then

credity =g =L -t +f>0 2

In [7] we have introduceda Petrinetmodelwhichin-

cludesall necessaryletailsof oneflow controlloop.

Herewe extendthe modelto containmultiple connec-
tions, alink flow control (eq. 2) andswitch internal
communications.

As a short Petri net introduction (see[8] for more),
places(circles)modelstoragdocationsfor tokens Its

currentcontentsmarking definesthe stateof the sys-
tem. Transitions(bars)modelactions;whenthey fire,

a specifiednumberof tokensis removed from all its
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Figure5: PN systentor two credit-basedwitchesS andR (oneflow controlloop)

input placesand all output placesget additional to-
kens. The numberannotatedn the arcsspecifieghis
number Inhibitor arcs(circle insteadof arrow) pre-
vent the transitionfrom firing if thereis at leastone
tokenin the adjacentplace. Enablingarcs(arrons in
bothdirections)let thetransitionfire if thereis atleast
onetoken, but this tokenis notremoved. In stochastic
Petrinets[17], transitionshave associatedxecution
time distributionsdistinguishedy their pattern.Small
filled barsmeanimmediateexecution.

Themodelfor two switchesandoneflow controlloop
is shawvn in fig. 5 andis subjectto structuralanalysis
in this section.It showvsthe componentseenglobally,
without internal flow control. Up- and downstream
fractionsof theflow controlloopsaredistinguishedy
their color. The main componentsn the cell flow in
the forward direction are the cell buffer memorym,
andthecellsin flight onthelink in k. Cellsmayonly
besentby thescheduleif therearetokensin thecredit
placesc,. In backward(feedbackyirectionforwarded
tokensqueuein f, until a recordin pr is complete.
N4 of suchrecordsbuild a credit updatecell in cc,
whichis againdecomposeih theupstreanswitchinto
recordsn cry. rvy existsfor distinguishingheconnec-
tions. Thereis oneVC flow controlloop perVC (here
C = 3 connections)using the feedbackquantization
constantdN2yc (N2V) discussedh [15, 7] to decrease
the feedbackfrequeng. Eachlink is alsocontrolled
by alink flow controlloop (fi, ri, ¢), quantisizedvith
N2jink (N2L). Thepackinginto afeedbaclcell consist-
ing of N4 recordsreducegheflow controlbandwidth
overheadwhichis discussednto detailsin [7].

Let this systembe implementedn eachhop andthe
connectiorbetweerthembemadeby arcswhich have
buffering placesto hold tokenswhich arecurrentlyon
thefly. In fig. 5 the closedloop for threeconnections
is emphasizedeq. 3). The consisteng of eachloop
implies[18] thattheweightedsumsof tokens(eq.3-6)
onthemareconstant:

VV: kv+ rn\/+ fv+ N2VC' (rv+ Crv) +Cv

lv (3)

> kvt Y M+ fi + N2iinic- 11+

> (k+my+ fy o)+
NZVC-(Zch+ rr+ pr—rl+N4-cc)
> (k+m)+fi+o+

N2jink - (pr+rr — er\,+ N4-cc)

L (4)

5 (5)

Iy (6)

Thereforethere cannotbe more tokensin ary place
of theloop thanthereareinitial credits(c, = 1ly, ¢ =
[)) in the creditplaces.Thusthe buffer placesm, can
alsoat mostcontainly cellseachandthewhole buffer
memoryusagdmax is boundedoby both the sumof all
relevantconnectiordimits andthelink limit.

Imax:= max(z my) = min(; lv,1})

(7)

The boundednessf buffer usageimpliesthatno cell
losscanoccurdueto buffer overflow. For the discus-
sionof dimensioningandquantizatioreffectssee[7].
Theoptionto reducd yaxbelow thesumof theindivid-
ualcredits("buffer sharing”)allowsatradeof between
memoryandpeerblockingprobability[7]. Peerblock-
ing appearsvhenthetotal buffer is filled with cells of
someconnectiongandits link creditis ¢, = 0, but some
other connectionshave individual credit ¢, > O left.
This phenomenonvasalsocalled”hot-spot” problem
in [19]; howeverit canonly happerif ¢ < Sy, Cy.
Thetiming behaiour is determinedy the type of the
transitions. Exceptthe "schedulers”all of them are
immediateand do not contritute to the latengy. The
sourcesof lateng arethe link propagatiordelayand
the waiting for multiple-weightednput arcsto gather
enoughtokensfor the adjacentransitionto fire [7].

4 Internal Backpressue —

Principles and Problems

Sofartheswitchinternalstructurehasbeenneglected.
Whenit comego animplementationgdecisiondaveto
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TV | testVC FCinequality(eq.1)

TL | testlink FCinequality(eq.2)
RFC | receve flow controlcells
DRV | dispatchlow controlrecordsfor VC
DRL | dispatchflow controlrecordsfor link
HFV | holdforwardedcounterfor VC
HFL | hold forwardedcounterfor link
DFV | dispatchforwardedcounterfor VC
DFL | dispatchforwardedcounterfor link
MRV | male flow controlrecordsfor VC
MRL | male flow controlrecordsfor link
MFC | male flow controlcells

Tablel: Internalcomponentsf CBFC

be takenwhereto positionthe piecesof the flow con-
trol (fig. 6). Table 1 shavs all theatomiccomponents
thathaveto beimplementedIn thislist, blocksfor dis-

patchingareresponsibléo communicat¢themessages

to therecipientin thecorrectport(s). Thereareseveral
waysto distribute theseon input and output ports of
a switch. The first importantobsenation is that
the methodsfor link andVC flow control are totally
independenfexceptin the cell creationMFC andun-
packingRFC blocks). Thusthe partitioningdecision
(fig. 6) canbe madeindependentlyor both. For each
switch architecturean adaptednternalflow controlis
proposed.The mainflow control coreconnectinghe
loopsin fig. 6 is the testof the flow controlinequali-
ties(1,2)andthecorrespondingn/off influenceonthe
cell stream. At this point the groupof transitionsare
calledscheduler becausén eachtime slotonly oneof
theeligible cellscanbechoserfor transmissiory the
scheduler Its behaior mustbe static priority on the
first level (for real-timeand ABR traffic separation)
and a rate fair algorithmwithin the ABR class. For
Round-Robin(RR) this scheduleiis shavn in fig. 7.
In ary casethe downstreamandupstreanmoopsmust
be closed,i.e. the forwardedcounter(sentupstream
as f)®; representety placesf,) is incrementedx-

CBR/VBR priority 1

Round Robin
Scheduler <

priority 2
mO slot clock
mq €0
O3 C13
> S

Figure7: PN systemfor Round-Robirscheduler

actly in the instantwhenthe cell is dismissedout of
the upstreanioop into the next loop. If the upstream-
fy is maintainedn theinputport, but thedownstream-
inequalityis testedn the outputport, aninfinite num-
berof cellsmayqueudn front of theoutputportsched-
uler. In this caseanexplicit internalflow controlloop
mustbe insertedto avoid buffer overflow (fig. 6 bot-
tom).

Themaindegreesof freedomfor theinternalflow con-
trol realizationmanifestin thefollowing:

e Two independentmechanismgfor VC or link),
e controlin input port, outputportor both.

Minor differencesexist additionally with the meth-
odsfor returningbackpressurén backward direction
(whichdeterminesheadditionalswitchinternalband-
width requiredin thatdirection).

The consequencesf eachvariantmanifestin a num-
berof ways:

Buffer requirementsin input port depend on the
maximum number of tokensin the input port
memory placeswhich are boundedby the loop
equation®f theupstreantontrolloops.

Buffer requirementsin output port dependon the
maximum numberof tokensin the output port
memory placeswhich are boundedby the loop
equationsof the control loops around these
places.This canbethe upstreamgdownstreanor
internalcontrolloop (fig. 6).

Efficiency of buffer sharing is only acceptabléf the
total buffer per port is limited by l}jnk, andthis
amountof memoryis only necessarin eitherin-
put or output port. With the worst mechanism,
liink is neededn theinputport,but 3 Iy in theout-
putports.

The hotspot problem meanghatall connectionsis-
ing one specificinput port are reducedin rate
dueto depletinguplink credits,which protectthis
filled input port from overflov [19]. Thereason
for thisfull inputportmaybeonly onecongested



flow controlposition max/c(EveVii m,) = | max/c(Fveve M) =
input Svevi v Svevs W
output Tuevi IV Svevg W
i+o Sevi Iy Svevg I

Table2: Variantsof internalflow control (VC)

outputport, for which the sumof all |, from this

inputportis biggerthanl)ink. In thiscasannocent
connectionsireaffectedandthelink utilizationis

unnecessarilyeduced.This problemis similarto

head-of-lineblocking in input-queuedswitches.
However, this only appearsf VOQ andintensie

buffer sharingis used.In [7] analternatve buffer

dimensioninghasbeenproposedywhich doesnot
requirebuffer sharing.

Fairnessis the concernthateachcapableconnection
getsan equalshareof the sparebandwidth. This
is usuallyaddressedby a proper(RR) scheduler
in the outputport for ABR. However, with VOQ
thereis usuallynofreedomof choicein theoutput
port becausaill cells queuein theinput port. In
this casearbiterandinput scheduler@rerespon-
siblefor maintainingfairness.

Cooperationwith arbitration meanghatthecorrect
input port stateinformationis availablein the ar-
biter, e.g. the numberof eligible cells is zero
whenflow controlin theinput port stopsall con-
nections,even if thereare cells queued. With
weighted arbitration algorithms[11], where w
bits are usedfor the queueweight, anotherissue
is that goodfairness(w = 1) is contraryto best
delayperformancéw = 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 treatsour proposedackpressurmechanismand
their propertiegelatedto theseproblems.

5

Crucial for all variantsof internalflow controlis the
positionwithin the switchwherethe flow control test
(eq. 1 for connectionsand 2 for the link) is imple-
mented:In theinputport,outputporor both. Thenota-
tion (VC:location,Link:location)s usedto denotethe
locationof theseflow control tests. In table 2 and 3
theresultingvariantsaresummarizedvith their buffer
memorypropertiesthat have beenderived from their
correspondindoop equationsof their Petri net mod-
els givenin section5.1. The following variablesare

Inter nal flow control

flow controlposition maXink(2v€Vii m,) = | maXink(Tvevg MY) =
. d
input I't”k:' IIinh:I
output I'L”k=' ZVIX||ink=|
i+0 ikt link=I

Table3: Variantsof internalflow controlfor links

used: The contentsof the queueof connectionv is m,
in the input port and m@ in the outputport. V; is the
setof connectionglowing throughinputporti, similar
with V2 for outputporto. For theupstreaniink 1 and
1%, andthe for the downstreamlink 1 and1%,,_,
are given. Upstreamand downstreamlimits are usu-
ally very different, becauseheir magnitudedepends
on the connectedink lengthandrate[7]. For thein-
ternalloops,if used additionallimits I andl};,, _, are
introducedwherelink =1 correspond#o outputportl.
Notethatl} < 19 ~ 1Y andl,_; < 13— ~ 1. TO
determinghe upperboundon the buffer usagethere-
sultsfor theVC andlink flow controlconstraintsnust
becombined:

i ML — mi ' '

inputport: M= m|n(n\1/gx > m,, max > m,)
veV! VeV,

(8)

outputport: M3.,=min(max Y nm),max § md)
VEVP link \,&g0
(o] (]

(9)

The final goal is that only the input or output port
requiresa buffer memory of the size Imax given by
eq. 7. Only few combinationsreally limit the total
buffer sizein the desiredway. If no assumptiongre
madeon the switch architectureand thereis no ex-
plicit internalcontrolloop, the flow controlloopsex-
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:outputkhis is theinput andthe out-
put port of this switch. In both casegshereis a total
buffer requiremenbf twice theamountof eq.7, which
is aquiteawasteof memory

The case(Link:output, fig. 8) hasthe severe prob-
lem thatif (only if) buffer sharingis used(to reduce
M. in the input port) thereare buffer requirements
of Syl in the outputport, becauseup to I, _
cellsfrom each port| canbequeuedhere.

One of the hardestproblemswith internal flow con-
trol is the internalhandlingof the link credits. The
link flow controlloop (eq.2) is designedo preventthe
input ports from buffer overflow. Thereforethe for-
wardedcell counter f| must count cells for the cor-
rectinputport,evenwhenit isimplementedn theout-
putport. In contrastthedownstreamoop is naturally
associatedvith one output port. When downstream
flow control cells (new credits)arrive on this output,
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Table4: connectiomumbergfor examplescenario

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

5.1 Petri-Net models

The most efficient methodsare discussederebased
on an example scenarioutilizing two input (1&2)

andoutput(7&8) portsandthreeconnectionghrough
each.Table. 4 lists the usedconnectiomumbers.For

eachmethoda PN systemis givenin which the four

portsandtheir flow controlschemses visible. By an-
alyzingthe loopsthe generalresultsin table 2 and3

have beenobtained.They areindependendf thearchi-
tecture(OQ/VOQ). However, with knowledgeaboutit

only afew usefulcombinationsemain:

mentsareonly Imax = min(Tw 1y, Yvi Ik ) For the
constructiorof thelink recordsherehasto bea seper
ation of returnedtokensfor the correspondingnput
porti of a connection(placesfl; ) andan additionof
all thosereturnediokensthatcomeinto aninput porti

(placesfls). If thereis no buffer sharingandthe ar-

chitectureis OQ, this is the bestsolution. For VOQ
thismethodisn't efficientdueto its needfor additional
buffersof the samesizein theinput ports.

Fig. 9 shaws (VC:input,Link:input), wherethe prob-
lem of dispatchingthe link backpressuréo all input
portshasbeensolved by maintainingoneon/off state
machineperoutputport o which reflectsthe availabil-
ity of link creditin this outputporto. Theon-stateof o
is distributedto eachinput porti via the placesON g,
sothateachinputportkeepgrackof thethestateof all
outputports.Cellsareonly scheduledo outputo if the
placeON , hasatoken,whichis achiezed by the en-
ablingarc construction.This methodbuffersall cells,
for whichthe FC inequalitieq1,2) arefalse,in thein-
putport. In VOQ switcheghisis the only buffer loca-
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tion, sothis offers an efficient methodwith minimum meth‘:d ':*A ; ﬁ g
. . . maxrate
buffer requirements. Thereis the usualinput buffer meanrate| M/N2 | N/A | N/A | 0

Moy = min(;vevlu 15 k) :_;mdonly averysmallout-
putbuffer (potentiallyzero)justto compensatéor the
reactiontime until anoutputlink is stopped.

The method (VC:input,Link:input+output)shovn in
fig. 10 differs from the previous by an internal link
flow control that limits the output buffer usageto
ke Which only needsto storea few cells. The
link backpressurés dispatchedby the samemethod
as above using on/off statemachines. This method
is suitablefor both OQ and VOQ switchesand re-
quiresonly I}, _, morebufferthantheoptimum.Since
(VC:output,Link:outputjs moreefficientfor OQ, this
methods moreattractie for VOQ switcheswith noor
only amodestspeedup.

In fig. 11 (VC:input+output,Link:outpt) the internal
backpressurés organizedper connection,wherefor
eachconnectiona certainamountof buffer (1Y) is re-
sened. Thismethodrequiresmoretotal bufferthanthe
previousandthisincreasesvith thenumberof connec-

tions,becausét cannotbe sharecamongconnections.

Thebufferingis input-dominantsoit is well suitedfor
VOQ.In OQ switcheshis is lessefficientthanhaving

Table5: messageatefor port backpressurpertime-
slotandport

only onebuffer locationin the outputports.

The modelsshav thatthe locationof the hugebuffers
(I1) andtheflow controltestshouldbe just beforethe
bottleneck For OQthisis theoutputport,for VOQthe
input port. Whensecondanpuffers mustbe avoided,
methodA is bestsuitedfor OQ andmethodB should
beusedfor VOQ.

So far the efficiengy of the variantshave beenstud-
iedin termsof buffer memory Anotherquestionim-
portantfor implementatioris the bandwidthof thein-
ternal backpressurenessagestreamsfrom all output
portsto all input ports. Eachmethodtransfershefor-
wardednotificationfor connectiongVC) acrosorts.
In the worst caseABR cells fill all links. Thenthe
peakmessageate (VC) perportis M/timesbt. Due
to the quantizationoperationthe meanrate (VC) is
M/N2/timesbt. The methodsdiffer only in the fre-
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Figure10: PN systemfor internalflow controlmethodC (Link-FC:internal)[OQ+VOQ)]

guengy of link (port) backpressureThis is shawvn in References

tab. 5.

6 Conclusion

In this paperwe have presenteéindcomparedseveral
switch internal backpressurenechanismgo provide
closed-loopflow control. This enablescredit-based
flow controlto beusedwith new high-speedwitching
architecturesespeciallyvVOQ. The internal methods
can also be appliedwithin virtual nodesof all other
flow control algorithms, e.g. explicit-rate. By us-
ing Petrinet (PN) models,propertiesof stability and
boundednessf memoryhave beenstudiedto reveal
pros and consof the proposedalternatves. PN sys-
temsfor the four bestperformingmethodshave been
discussedvith implicationsfor the OQ andVOQ ar
chitecture. The externalflow control behaior shavs
nodifferencewith all of thesemethodsSimulationre-
sultswith a black-boxmodelcanbeused[7].

Open issues for future researchare the support
of point-to-multipoint connectionsand MCR-aware
scheduling.
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