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Abstract
Input bufferedswitchesareknown to suffer from head-of-line
blockingthatlimits thethroughputto58.6%.It hasbeenshown
thatwith virtual outputqueueing(VOQ)100%throughputcan
be achieved usingarbitrationalgorithms. While dynamical-
gorithmsdecidebasedon somemetrics in eachtime slot, a
staticarbitrationcalledallocationreservestime slots for spe-
cific connectionsin advance.This fixedscheduleoffersband-
width guarantees,strictdelayboundsfor worst-casetraffic and
active per-flow traffic shaping.In this paperwe treattheper-
formance,dimensioningandconnectionadmissioncontrol of
servicesthat are treatedwith allocation. This is extendedto
provide boundsfor theend-to-enddelay. Severalvariants,the
hybrid TDM/ATM, priority andconnectionallocationaredis-
cussed.

1 Intr oduction
Providing Quality-of-Service (QoS) per connection with
broadbandswitchingarchitecturesis very importantfor ATM
andIPv6. Input queuedswitchesoffer the mostpowerful ar-
chitecture,becausetheaccessrateof crossbarandbuffer mem-
ory is not higherthanthe line rateof theconnectedlinks. For
the classicalFIFO queueorganizationit is known that due
to head-of-lineblocking the maximumthroughputis approx-
imately58.6%[1]. TheVirtual OutputQueueingarchitecture
(VOQ) [2] can avoid this by providing a separatequeuefor
eachoutput. It hasbeenshown thata throughputof 100%can
thenbeachieved[3, 4].

Arbitration algorithms are used to control the accessof
queuesto theswitchfabricby resolvingthecontentionfor the
sameoutputportsin eachtimeslot. Theachievablethroughput
anddelayperformancedependson thearbitrationalgorithm.

This canbe performedin two differentways: Either stati-
cally by assigningtimeslotsto specificconnectionsor connec-
tion groupsin advanceor dynamicallyby resolvingthe con-
tentionfor the sameoutputport in eachtime slot anew. The
first way, discussedin thispaper, offersfirm QoSboundswhile
for thesecondtheQoSproblemis notsolvedfor VOQ.

Thereare several ways for combiningstatic and dynamic
arbitrationwith a numberof graduationsthat enablesadjust-
ing betweenperformanceandflexibility . In this paperwe dis-
cussthetrade-offs betweenfully static(per-VC allocation)and
fully dynamicarbitration. We show thatstaticarbitrationcan
guaranteedelayboundsfor traffic acceptedby ATM-CAC or
RSVP[5]. This supportsCBR andVBR servicesaswell as
IPv6 guaranteedservice[6]. Due to the boundednessof the
departureprocessboundscanaswell beestablishedfor end-to-
endconnections,asshown by analysisandsimulationresults.

The paperis organizedas follows. Section2 discussesre-
latedwork. Thestaticanddynamicarbitrationis explainedin
section3 and 4. Section5 containsperformanceresultsfor the

staticarbitrationmethodandhybridvariants.CAC is treatedin
section6.

2 Background and RelatedWork
We assumetheVOQconfiguration[2, 7], which consistsof M
portsfor input andoutput,a nonblockingswitchfabricandan
arbitrationunit. For thispaper, arriving cellson inputport i are
placedinto per-VC queues,groupsof which are logically ar-
rangedfor theirdestinationporto. In eachtimeslot thearbiter
selectsuniquepairsof inputandoutputports(a”match”

�
i � o� ).

Dynamic arbitrationalgorithmsdecidebasedon information
sentto it from the input ports. For this bipartitegraphmatch-
ing problem[2] anumberof solutionalgorithmsexist basedon
maximumsizeor weightmatching(MWM, MSM) [8]. It has
beenshown that100%throughputcanbeachievedfor uniform
andindependenttraffic [3] with MWM. A numberof approx-
imationsfor the computationallycomplex MSM and MWM
have beenproposed,e.g. MCFF, iMCFF [4] andSIMP [7] or
theiterativealgorithmsPIM [9] andiSLIP [2].

Static arbitration (allocation)has beenusedin traditional
circuit-switchedTDM systems,wherethe arrival and depar-
tureinstancesof framesareknown in advance.TDM switches
only have to precomputea periodic scheduleto control the
crosspointsin a switchingnetwork (e.g.time/space/time[10]).
For packet-switchednetworksthereis noframereferencetime.
Due to the asynchronousnatureof packet traffic a periodic
structurecannotimmediatelybe exploited [10, p.46]. Ideas
to integrateprecomputeschedulesfor packet switchesfirst ap-
pearedin [10, p.161]andhavebeenmentionedin [9].

For ATM (IPv6) we have to cope with different service
classes,andtheir traffic descriptors(RSVP-TSpec)determine
theboundsfor thecell delay. In orderto guaranteeboundson
the delaya boundedtraffic model is used. Accordingto the
notationof Cruz[11], theamountof traffic A (givenby its rate
functionR) in aninterval

�
t1 � t2 � is boundedby

� t2

t1
R
�
t � dt � A

�
t1 � t2 ��� min

1 � i � n � σi 	 ρi
�
t2 
 t1 ��� (1)

This canbewritten R 
 ���
σ � �ρ � for n pairs

�
σi � ρi � . For ATM1

theapplicationsspecifyone(for CBR) or two (for VBR) pairs
at theUNI [12]. We define2

σ1 � BS � 1 	�� CDVT � � TPCR 
 Tl ink �����
ρ1 � PCR� σ2 � MBS� ρ2 � SCR (2)

with TPCR � 1� PCRandTl ink � 1� r l ink andtheotherparameters
definedat theUNI.

1theIPv6RSVPTspecboundstraffic in thesameway
2in unitsof cellsandcells/second
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For the calculation of delay boundsa worst-casetraffic
model[13] usingtheseparametersmustbeapplied.It consists
of periodicallyrepeatedburstsof lengthBS(MBSf. VBR) cells
followedby silencesuchthattheaveragerateduringtheperiod
lengthis PCR (SCR)3.

3 Static Arbitration
A switchthatsupportsstaticarbitrationmaintainsanallocation
tableT �����tk � (0 � k � S) thatcontainstheprecomputedandpe-
riodically repeatedschedulefor Stimeslots(Tperiod � S � Tl ink).
Thisis visualizedin fig. 1. For aslotk, �tk containsfor all output
portso thenumberof the input port io to connecto, suchthat
theprecomputedmatches io ! o" are

 io ! o"$# tk % o � io (3)

By this compactstorageonly S & M numbersmustbeheld in
a memory. The indexing with o is advantageousfor point-to-
multipoint connections.Additionally for eachport a connec-
tion identifier (CID � f  VPI ' VCI " ) andoptionally a priority
level PRIO arespecified.Empty entriesareavailablefor dy-
namicarbitrationthatworksonly onthesetof unmatchedinput
andoutputports.

For eachCID a numberof slotsn  CID " arereserved after
positiveconnectionadmissioncontrol(CAC):

nCBR  CID "(�*) ω � PCR
rslot + ' nVBR  CID "(�,) ω � SCR

rslot + (4)

Eachallocatedslot contributesto a bandwidth4 of

rslot � r l ink - S � T . 1
period (5)

The overallocationfactorω (ω / 1) is usedto adjustthe ser-
vice rateby a desiredamount(usedto controlthedelay).This
connectionis thenservedwith anallocatedbandwidthof

µs  CID "(� T . 1
µ � n  CID "0� rslot (6)

whichcanbeusedto expressanindividual(per-VC) loadρCID

ρ  CID "1� λa - µs � Tµ - ā (7)

wherethe arrival traffic rateλa � ā . 1 is the meanrateof the
stationarytraffic process.Due to the discretenatureof µs the
load can only be adjustedin discretesteps(eq. 4). For that
reasonω changesslightly to

ω  CID "(� µs  CID " - PCR CID "1� 1- ρ  CID "32 (8)

3Any cellsviolating thetraffic contractpolicedby theGCRA [12] arecon-
sideredlostanddonot contributeto thedelayperformance

4correspondsto thesmallestsupportedrate,e.g.64kb/s

3.1 Allocation Procedure
An algorithmthat distributesn  CID " slots into the allocation
tableis outlinedhere: Calculatethe requiredreal numberTµ.
Start with an arbitrary slot s1 that is free for both input and
output port at T1 � s1 � Tl ink. Calculatethe ideal next time
positionsTi �4 T1 5 i � Tµ " modTperiod. Occupy the nearest
free slot aroundthe ideal position,e.g. by trying the offsets
0 '76 1 ' 5 1 '76 2 ' 5 2 '8292:29'<; Ωmaxwithin a limit givenby thetoler-
ableCOVout or CDVTout , theoutputtraffic processof this con-
nectionshouldhave.

Ωmax �,= CDVTout -  2Tl ink "<> (9)

This methodsuffers from a certain”slot saturation”which in-
dicatesin somerejectedconnectionsaboveatotal loadof about
802:2 90%. Similar numbersarereportedin [14] for TDM sys-
tems.However, it canguaranteeaboundedjitter.

An alternativeprecomputationalgorithm[10, 9] resolvesslot
conflictsby swappingthedisturbingport pairingsto otherlo-
cations,wherethey alsomayexperienceconflicts. This is re-
peatediteratively until no moreconflict remains. The whole
tablemustbereestablishedeachtime a new connectionis ad-
mitted. This methodcanpotentiallyallocateall slotsas long
asthereis bandwidthavailablefor the input andoutput link.
But theswappingmethoddisruptsall previouslyallocatedcon-
nections,suchthattheresultingserviceslotsmaylook like ge-
ometricallydistributedwith COVs ! 1. Only for a singlerate
TDM system[10] (oneslotperconnection)thisis aviableway.

3.2 Quality of Allocation
The connectionsareserved in a per-VC mannerwith the ser-
vice time given by the slot distances. A numberof allo-
catedslotsfor a connectionimpliesanaverageslotdistanceof
Tµ � Tperiod - n  CID " . However, dueto quantizationandblock-
ing effectsthis is not equidistant.Thedegreeof deviation can
be quantifiedwith the coefficient-of-variation(COV)5 of the
interservicetime6 ts.

COVs ��? Var  ts " - E  ts" (10)

It is a measureof the quality of the allocationin the sense
of a smoothservicetime distribution. It is desirableto have
COV � 0, i.e. a fully deterministicservice(G- D - 1). Theac-
tualCOVs dependsonS, n  CID " , thenumberof otherallocated
(blocked)slotsandtheallocationalgorithm.Theslotquantiza-
tion7 contributeswith Var  ts "(� σ2

s � T2
l ink - 12.

Theoutputtraffic streamisshapedsuchthatit assimilatesthe
serviceprocess.Thusweobservea strongcorrelationbetween
COVs andthe outputCOVo. In addition,unusedslots leadto
gapsin theoutputtraffic streamwhichitselfproducevariations:
Let for simplicity therandomprocessslot usedbei.i.d. andthe
probabilityof ausedslotbep � 1 6 ρ  CID " . Thentheassumed
GEO1 interdeparturetimehas

COVo ��@ p ��? 1 6 ρ  CID "$�A? 1 6 1- ω  CID " (11)

which is e.g 0 2 218 for ω  CID "B� 1 2 05. In fig. 2 we seethis
valueandthecorrelationfor severalconnectionsarriving with
COVa � 0 2 4.

4 Dynamic Arbitration
In each time slot a dynamic arbitration matchesthose in-
put/outputpairsthatarenotblockedby theallocation(seesec-
tion 2). The decisionis basedon the global stateof the vir-
tual outputqueueswi % o [3]. Eachinput port regularily sends

5typical: 0 for constant,1 for geom.distributeddistances
6distancebetweensuccessive slotstsC i D ti E 1 F ti
7only by roundingidealtimepositionsTi to nearestslots
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isolated,per-VC treatment(no influenceof othertraffic)
pre-determinedconstantdelaybound G QoS
outputtraffic is shapedandbounded
self-policing(outputconformsto GCRA)
QoSis adjustablewith a singleparameterω
simplemodelfor stochastictraffic: GH Ek H 1
canbeusedtogetherwith dynamicarbitration G 100%switchutilization
nonwork-conservingglobally G meandelayis higherthanwith dynamicarb.
hybridarbitrationofferslowermeandelaybut highermissratio

Table1: Propertiesof Allocation

stateinformationto thearbiter. This stateonly includesthose
connectionsthatareeligible to dynamicarbitration.Thestate
canoptionally includethe connectiongroupthat is servedby
allocation,in which casethearbitermustdecideon themwith
higherpriority. In fig. 3 weseethefreedomof choicethesched-
ulerhasdependingonwhetheraslotwasallocatedfor CID, the
priority groupor dynamicallyassigned(destinationportonly).
This architectureallows mixing the servicefor real-timetraf-
fic to allocatedplusdynamic.Theresultinghybrid arbitration
performanceis discussedlater. Puredynamicarbitrationhas
bettermeandelayperformance,but tight QoSsupportandper-
VC isolationarenotsolvedfor VOQswitchesin theliterature.
Thusit is recommendedfor best-effort traffic.

5 Allocation Performance
In this sectionwe studytheperformanceusingallocationwith
differentallocationtypesandtraffic models.Allocation hasa
numberof positiveproperties(seetable1) which canbequan-
tified for given traffic bounds,i.e. duringCAC themodelpa-
rametersareknown for the connectionsdemandingreal-time
QoS.To studydelaydistributionsandmeanvaluesstochastic
traffic modelsaremoresuitable.Performanceresultsaregiven
analyticallyandby simulationresultsusingOPNET[15] anda
switchmodelwith M � 16ports8 andTl ink � 106c� s.
5.1 BoundedInput Traffic
Whenbounded(deterministic)traffic (section2) is applied,an
explicit delayboundis guaranteed(fig. 5). Assuminga fully
equidistantservice(COVs � 0) with a servicerate Tµ higher
thanPCR for CBRor SCRfor VBR, thetimebetweeninstances
whenthequeueis empty(busytime) is lessthantheperiodof
a worst casetraffic boundedby the given traffic parameters.
During thatperiodthereareat leastasmany allocatedslotsas
arriving cells.A first coarseboundis thengivenby thenumber
of cells in a burst (assumedto arrive at oneinstant)timesthe
slotdistance.

max
�
dCBR��� BS I Tµ (12)

8In thegraphsthetotalofferedloadρ meansthesumof all connectionrates
λa of any (symmetric)port normalizedon the link rate. For eachgraphthe
numberof connectionsperport is constant,soλa J ρ holds

Traffic Descriptors maxK d1 L maxK dn L
CBR PCR M 64kbH s, CDVT M 5ms 5 N 5ms 5 N 5ms
CBR PCR M 1MbH s, CDVT M 1 N 4ms 1 N 76ms 352µs
VBR PCR M 10MbH s, SCR M 3 N 3MbH s, MBS M 1000 107ms 400µs

Table2: Delayboundsfor examplerealtimeapplications(with
maxCTD � 200ms, ω � 1) for switch1 andthefollowing (n).

� �
1 	�� CDVT � � TPCR 
 Tl ink ���O� I Tµ

max
�
dVBR��� MBS� � ω I SCR� (13)

5.1.1 CBR

A more precisebound for CBR is derived here in continu-
oustime. The delaya cell of boundedstreamexperiencesis
composedof the sum of two statistically independentterms
de � delayuntil serviceif queueis emptyanddb � delaydue
to cell’s positionin burst. With a randomphase,de is equally
distributedover theinterval 0 P:P Tµ. Thedistribution of db using
theassumedworstcasetraffic is

pb
�
db �(� 1

BS

BSQ 1

∑
i R 0

δ
�
d 
 i I � Tµ 
 Tl ink �8� (14)

The resulting delay distribution is the convolution of these
components(∏ SUTVT ). This is confirmedby simulationresults
(for BS � 4 seefig. 4). Themaximumvalueleadsto thiscloser
delaybound:

max
�
dCBR�W� �

BS 
 1� I � Tµ 
 Tl ink � 	 Tµ (15)

5.1.2 VBR

Thesituationfor VBR is similar. Onelevel of burstinessmore
makes it more complex, however. For a smoothworst case
model[13] thesameasfor CBRholds:

max
�
dVBR�X� �

MBS 
 1� I � Tµ 
 TPCR� 	 Tµ (16)

For theheavy VBR model9 eq.17holds.

TO : � BS I � Tµ 
 TPCR�
max

�
dVBR�W� � � MBS 
 1�8� BS� I TO 	 (17)Y:�

MBS 
 1� modBSZ[I � Tµ 
 Tl ink � 	 Tµ

5.2 End-to-endDelayBounds
With allocationanend-to-enddelayguaranteedN overN hops
canbegiven(fig. 6).

9maximallengthburstson link andPCRrate[13]
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Lemma1: For any switch n on the routeandgivenCBR10

inputtraffic parametersRn 
 �
σn � ρn � theoutputis shapedsuch

that its traffic is boundedby pairsRn̂ 1 
 �
σn̂ 1 � ρn̂ 1 � . Two

pairsareof interest:eq.18at theservicetimeandeq.19at the
declaredρn.

ρ _n̂ 1 � PCRn̂ 1 � ρn I ωn (18)

σ _n̂ 1 � 1 	A� 2Tl inkΩmax� � TPCRǹ 1 
 Tl ink ���
ρ _ _n̂ 1 � PCRn̂ 1 � ρn (19)

σ _ _n̂ 1 � 1 	A� CDVT _ _max� � TPCRǹ 1 
 Tl ink ���
CDVT _ _max � �

σn 
 1� � TPCR 
 Tµ � 	 Tµ 	 2ΩmaxTl ink

In fact,afterthefirst allocatingswitchtheoutputtraffic is much
smootherdueto active shaping.What resultsarelower delay
boundsfor any following switch. Overallocationω is not nec-
essaryfor switchesn a 1, becauseoverloadis impossibleby
construction.

Theorem1: For any limited numberof hopsn the total cell
delaydsumb n andits outputtraffic Ri ^ 1 is bounded.Let Ri be
thetraffic boundsbeforeswitchi anddi

�
Ri � theresultingdelay

boundfor it. Thenholds

dsumb n � n

∑
i R 1

di
�
Ri � (20)

Proof (by induction):With givenboundedtraffic parameters
R1, thefirst switchat thenetwork ingresshasa boundeddelay
dsumb 1 � d1 givenby eqs.15and17. Thisis obviouslythedelay
for anN � 1 network.

Let the theorembe true for switch n. Switch n 	 1 then
hasalsoa boundeddelayoutput. Proof: The worst-casede-
lay of switchn 	 1, dn̂ 1, addsto dsumb n, the maximumdelay
guaranteedso far. dn̂ 1 is boundedbecauseits input traffic Ri
is bounded(Lemma1) andallocationthenguaranteeseqs.15
and17. ThusTheorem1 holdsfor all n.

In table2 examplevaluesfor typicalvoice/videotraffic show
thepracticalsuitabilityof allocation.

5.3 StochasticInput Traffic
Queueingtheoryis applicablefor stochastictraffic. Theserver
statisticscan be modelledas Ek

11 with the known valuesof
mean(Tµ) andCOVs of theservicetimedistribution.

Approximationsfor the performanceof a G/G/1queuecan
be applied[16] for renewal traffic with given COVa. When
COVa � 1 andCOVs c 0 the heavy-traffic approximationfor
M/D/1 is applicable.

Resultsobtainedwith this modelarewithin the confidence
intervalsof thesimulatedvalues.Dueto ρ

�
CID �ed� f

�
ρ � , E

�
q�

only dependson ρ
�
CID � which is controlledby ω. Dueto Lit-

tle’sLaw E
�
d � decreaseswith highertraffic rates(fig. 7).

For bursty VBR traffic modelledby a MMPP12 an exact
10for VBR substituteSCR f PCR
11Erlang-kwith k gihkj 1l COVsm phases
12MMPP/IPP=Markov modulated/interruptedpoissonprocess
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solution for the queuesize distribution andmeanvaluescan
be obtainedby solving the Markov-chainassociatedwith the
stochasticPetri-netin fig. 8 with numericmethods[17].

In anexamplescenariothereare150burstysourcesperinput
port having IPP12 characteristics.Every C � 10 connections
sharethesameroutethroughtheswitch. Theparametersare:
SCR � ρ I r l ink � 150,PCR � 4 I SCR (burstfactorb � 4), mean
burstlengthP � 10 cells, ω � 1 P 2 andS � 16384slots. Ex-
ploring thechoicesfor allocationandschedulingaccordingto
fig. 3, theresultsfor themeandelayfor thefive offeredmeth-
odsis shown in fig. 9.

With aper-VC allocation(a only) burst-scalequeueingleads
to the highestmeandelay. But asfig. 10 shows, COVo is re-
ducedmosteffectively.

If we allocatethepriority groupasa whole(prio alloc), the
systemchangessuchthat an allocationnow servesall C con-
nectionsroutedto thesameoutputwith a rateC timeshigher
than in the previous case. Simulationsindicatethat this per-
formsthesameasif theCID is allocatedbut in caseof nonex-
istencean alternative CID is chosen(a+share).The Petri-net
analysisyieldsa meandelaythatis C timessmaller13.

In thesefiguresalso the dynamicarbitrationperformance
(SIMP[7]) is visible. In thiscaseadvantagecanbedrawn from
statisticalmultiplexing of 150connectionsatany port.

Thehybridmethod(a+dyn)is appliedby servicingcellswith
allocationaswell asdynamicarbitration. Its meandelayper-
formanceis a trade-off betweenthe puremethodsmentioned
above. Thedrawbackis thatmany requestsfor allocatedcon-
nectionsfail whenthereis no cell available. This probability
is shown in fig. 11. With full CID allocationit mustbearound
1 
 ρ

�
CID � , theprobabilityfor anemptyqueue.

13Theresultshows thegainfor multiplexing C burstystreamstogether
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5.4 Hybrid Arbitration
The meandelaysobserved for dynamicarbitrationaremuch
smallerthanfor allocation.Theprobabilitydistributions,how-
ever, differ a lot. So for dynamicarbitrationthe delay, for
which the excessprobability is below 10Q 9, is far beyondthe
mean,whereasfor allocationthemeanis half themaximumfor
worst-casetraffic. Dueto its allocationcomponentthehybrid
methodcombinestheadvantages.

Theorem 2: Hybrid arbitrationoffers the sameboundsas
pureallocation.

Proof: Hybrid arbitrationhasat leasttheserviceslotsat the
samereservedpositionsaspureallocation.Any previousdelay
boundcannotbeexceeded.Theadditionallygrantedslotsonly
decreasethemeantimeuntil service.

5.5 SharedAllocation
Insteadof allocationfor connectionsa wholepriority classcan
be allocatedfor any

�
i � o� pair. Boundscanthenbe given by

usingthemultiplexedtraffic bounds[11]

Rmux 
 �
σmux� ρmux�1� �

∑σi � ∑ρi � (21)

For homogeneoussourcestheresultingboundis comparableto
theisolatedbounds.Themeandelayis reduced.Shapinghere
alsodependson the schedulers,which shouldselectconnec-
tionsin a round-robinmannerfor bestresults.

6 Dimensioningand CAC
Given the traffic parametersand the QoS requirementsof a
traffic sourcethe buffer dimensioningandconnectionadmis-
sioncontrolcaneasilybeperformedfor allocatedconnections
becauseof its independenceof other traffic. CAC for a new
connectioncanbeperformedin two steps.

First,checkwhethertheQoSrequirementsto beguaranteed
by this switchcanbesatisfied(eqns.15,17). Notethatsubse-
quentswitchesexperiencea shapedstreamR 
 �

σs � ρs
�
CID �7�

(Lemma1) andthereforedonotintroduceadelayashighasthe
first ”allocating” switch.WhenusingtheCBRapproximations
Tµ s TPCR � ω and TPCR t Tl ink the checkfor the first switch
simplifiesto dmax u ? � TPCR 	 CDVT �v� ω.

Second,therequirednumberof slots(eq.4) mustbeallocat-
ablewithin theboundsexplainedin section3.

Theper-VC buffer sizedependson theexpectedtraffic and
canbedimensionedasfollows.

qmaxbCBR � � CDVT
TPCR 
 Tl ink

� qmaxbVBR � max
�
dVBR�v� Tµ (22)

By allowing buffer overflow this mechanismis also self-
policing: Discardedcells are non-conformingto the GCRA.

7 Conclusion
With allocationa mechanismfor the control of the internal
routing(scheduling)in VOQswitcheshasbeentreated.Dueto

its independentservicefor eachVC, end-to-endperformance
guaranteesfor boundedtraffic can be given unregardedlyof
otherconnections.Being non-work-conservingin the global
sensethedelayis comparableto anactiveshaper. For CBRand
mostVBR applicationsthis is within the typical QoSrequire-
ments.Dueto active shapingfurtherexperienceddelaydown-
streamcan be significantly reduced. Togetherwith dynamic
algorithmsall QoSclassesfor ATM or IPv6aresupported.
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