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Abstract

Input bufferedswitchesareknown to suffer from head-of-line
blockingthatlimits thethroughputo 58.6%.It hasbeenshavn
thatwith virtual outputqueueingVOQ) 100%throughputcan
be achieved using arbitrationalgorithms. While dynamical-
gorithmsdecidebasedon somemetricsin eachtime slot, a
staticarbitrationcalled allocationresenestime slotsfor spe-
cific connectionsn advance.This fixed scheduleoffersband-
width guaranteesstrict delayboundsfor worst-caséraffic and
active perflow traffic shaping.In this paperwe treatthe per
formance dimensioningand connectionadmissioncontrol of
servicesthat are treatedwith allocation. This is extendedto
provide boundsfor the end-to-enddelay Severalvariants,the
hybrid TDM/ATM, priority andconnectiorallocationaredis-
cussed.

1

Providing Quality-of-Service (QoS) per connection with
broadbandwitchingarchitecturess very importantfor ATM
andIPv6. Input queuedswitchesoffer the mostpowerful ar-
chitecturepecaus¢heaccessateof crossbaandbuffer mem-
ory is not higherthantheline rate of the connectedinks. For
the classicalFIFO queueorganizationit is known that due
to head-of-lineblocking the maximumthroughputis approx-
imately 58.6%][1]. The Virtual OutputQueueingarchitecture
(VOQ) [2] canavoid this by providing a separatequeuefor
eachoutput. It hasbeenshowvn thatathroughputof 100%can
thenbeachieved[3, 4].

Arbitration algorithmsare usedto control the accessof
queuego the switchfabric by resolvingthe contentionfor the
sameoutputportsin eachtime slot. Theachievablethroughput
anddelayperformancalepend®n thearbitrationalgorithm.

This canbe performedin two differentways: Either stati-
cally by assigningime slotsto specificconnection®r connec-
tion groupsin advanceor dynamicallyby resolvingthe con-
tentionfor the sameoutputport in eachtime slot anev. The
firstway, discussedh this paper offersfirm QoSboundswhile
for thesecondhe QoSproblemis notsolvedfor VOQ.

There are several ways for combining static and dynamic
arbitrationwith a numberof graduationghat enablesadjust-
ing betweerperformancendflexibility. In this paperwe dis-
cussthetrade-ofs betweerfully static(perVC allocation)and
fully dynamicarbitration. We shawv that staticarbitrationcan
guarantealelay boundsfor traffic acceptedoy ATM-CAC or
RSVP[5]. This supportsCBR andVBR servicesaswell as
IPv6 guaranteedervice[6]. Due to the boundednessf the
departurgorocespoundscanaswell beestablishedor end-to-
endconnectionsasshovn by analysisandsimulationresults.

The paperis organizedasfollows. Section2 discussese-
latedwork. The staticanddynamicarbitrationis explainedin
section3 and 4. Section5 containgerformanceesultsfor the
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staticarbitrationmethodandhybrid variants.CAC is treatedn
section6.

2 Background and RelatedWork

We assumehe VOQ configuration[2, 7], which consistof M
portsfor input andoutput,a nonblockingswitchfabricandan
arbitrationunit. For this paperarriving cellsoninputporti are
placedinto perVC queuesgroupsof which arelogically ar
rangedfor their destinatiorporto. In eachtime slotthe arbiter
selectainiquepairsof inputandoutputports(a”match” (i, 0)).
Dynamic arbitration algorithmsdecidebasedon information
sentto it from the input ports. For this bipartitegraphmatch-
ing problem[2] anumberof solutionalgorithmsexist basedn
maximumsize or weightmatching(MWM, MSM) [8]. It has
beenshavn that100%throughputanbeachiezedfor uniform
andindependentraffic [3] with MWM. A numberof approx-
imationsfor the computationallycomplexc MSM and MWM
have beenproposede.g. MCFF, IMCFF [4] andSIMP [7] or
theiterative algorithmsPIM [9] andiSLIP [2].

Static arbitration (allocation) has beenusedin traditional
circuit-switchedTDM systemswherethe arrival and depar
tureinstance®f framesareknown in advance.TDM switches
only have to precomputea periodic scheduleto control the
crosspointsn a switchingnetwork (e.g.time/space/tim§LQ]).
For paclet-switchedchetworksthereis noframereferencdime.
Due to the asynchronousatureof paclet traffic a periodic
structurecannotimmediatelybe exploited [10, p.46]. Ideas
to integrateprecomputeschedulegor paclet switchedfirst ap-
pearedn [10, p.161]andhave beenmentionedn [9].

For ATM (IPv6) we have to cope with different service
classesandtheir traffic descriptorqRSVP-TSpecyetermine
the boundsfor the cell delay In orderto guarantedooundson
the delay a boundedtraffic modelis used. Accordingto the
notationof Cruz[11], theamountof traffic A (givenby its rate
functionR) in aninterval (t1,t2) is boundeddy

t2

R(t)dt = A(ty,tp) < 1rgiignn{cn +pile—t)} (1)

6]

This canbe written R ~ (&, p) for n pairs(aj,p;). For ATM?
the applicationsspecifyone(for CBR) or two (for VBR) pairs

attheUNI [12]. We definé

01 =BS=1+|CDVT/(Tecr— Tiink) |,

p1=PCR,  02=MBS p2=3CR )

with Tecr = 1/PCRandTjink = 1/r1ink andtheotherparameters
definedatthe UNI.

ltheIPv6 RSVPTspechoundsraffic in the sameway
2in unitsof cellsandcells/second
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For the calculation of delay boundsa worst-casetraffic
model[13] usingtheseparametermustbe applied.It consists
of periodicallyrepeatedburstsof lengthBS(MBSf. VBR) cells
followedby silencesuchthattheaveragerateduringtheperiod

lengthis PCR (SCR)S.

3 Static Arbitration

A switchthatsupportsstaticarbitrationmaintainsanallocation
tableT = [f] (0 < k < S) thatcontaingheprecomputedndpe-
riodically repeatedscheduldor Stime slots(Tperiod = S- Tiink)-

Thisis visualizedin fig. 1. For aslotk, f containdor all output
portso the numberof theinput porti, to connecto, suchthat
theprecomputednatchegi, — o) are
(io_)o)ﬁtkp:io (3)

By this compactstorageonly Sx M numbersmustbe heldin
amemory Theindexing with o is advantageougor point-to-
multipoint connections.Additionally for eachport a connec-
tion identifier (CID = f(VPI,VCI)) andoptionally a priority
level PRIO are specified. Empty entriesare availablefor dy-
namicarbitrationthatworksonly onthesetof unmatchednput
andoutputports.

For eachCID a numberof slotsn(CID) areresened after
positive connectioradmissiorcontrol (CAC):

w-PCR w- LR
ncer(CID) =T 1, nver(CID) = [ 1 4
r3|ot rS|Ot
Eachallocatedslot contributesto a bandwidtl of
Fsiot = Mink/S= Tp_e}iod ®)

The overallocationfactorw (w > 1) is usedto adjustthe ser
vice rateby a desiredamount(usedto controlthe delay). This
connectioris thensenedwith anallocatedbandwidthof

Ks(CID) = T, = n(CID) - Fyjo (6)

which canbeusedto expressanindividual (perVC) loadpcip
P(CID) =Aa/bs=Ty/a (7)

wherethe arrival traffic rateA; = a1 is the meanrate of the
stationarytraffic process.Due to the discretenatureof s the
load canonly be adjustedin discretesteps(eq. 4). For that
reasonw changeslightly to

w(CID) = ps(CID)/PCR(CID) = 1/p(CID).  (8)

3Any cellsviolating thetraffic contracpolicedby the GCRA[12] arecon-
sideredostanddo not contrituteto thedelayperformance

“4correspondso the smallessupportedate,e.g. 64kb/s

3.1 Allocation Procedure

An algorithmthat distributesn(CID) slotsinto the allocation
tableis outlinedhere: Calculatethe requiredreal numberT,.
Startwith an arbitrary slot s; thatis free for both input and
output port at T; = s1- Tjink. Calculatethe ideal next time
positionsT; = (Ty + i - Ty,) Mod Tpeiod. Occupy the nearest
free slot aroundthe ideal position, e.g. by trying the offsets
0,—1,+1,—2,+2,...,FQmaxWithin alimit givenby thetoler-
ableCOVyy or CDVTou, the outputtraffic procesof this con-
nectionshouldhave.

(9)

Qmax = |_CDVT0LI/(2TI ink)J

This methodsuffers from a certain”slot saturation”which in-
dicatesn somerejectecconnectionsbove atotalloadof about
80..90%. Similar numbersarereportedin [14] for TDM sys-
tems.However, it canguarante@boundeditter.

An alternatve precomputatiomalgorithm[10, 9] resolhesslot
conflictsby swappingthe disturbingport pairingsto otherlo-
cations,wherethey alsomay experienceconflicts. This is re-
peatediteratively until no more conflict remains. The whole
tablemustbe reestablishe@achtime a new connectioris ad-
mitted. This methodcan potentiallyallocateall slotsaslong
asthereis bandwidthavailablefor the input and outputlink.
But theswappingmethoddisruptsall previouslyallocatedcon-
nectionssuchthattheresultingserviceslotsmaylook like ge-
ometricallydistributedwith COV5 — 1. Only for a singlerate
TDM systen|10] (oneslotperconnection}hisis aviableway.

3.2 Quality of Allocation

The connectionsaresenedin a perVC mannerwith the ser
vice time given by the slot distances. A numberof allo-
catedslotsfor a connectionimpliesanaverageslot distanceof
Ty = Tperiod/N(CID). However, dueto quantizatiorandblock-
ing effectsthis is not equidistant.The degreeof deviation can
be quantifiedwith the coeficient-of-variation (COV)® of the
interserviceime® t.

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. afully deterministicservice(G/D/1). Theac-
tualCOVs depend®n S, n(CID), thenumberof otherallocated
(blocked)slotsandtheallocationalgorithm. The slot quantiza-
tion” contributeswith Var(ts) = 02 =T,2, /12.

Theoutputtraffic streanis shaped;ucrhthatit assimilateshe
serviceprocessThuswe obsere a strongcorrelationbetween
COV; andthe outputCOV,. In addition, unusedslotsleadto
gapsn theoutputtraffic streanmwhichitself producevariations:
Letfor simplicity therandomprocesslot usedbei.i.d. andthe
probabilityof ausedslotbe p=1— p(CID). Thentheassumed

GEO! interdepartur¢éime has

COVo=+/p=+/1-p(CID)=+/1-1/w(CID)  (11)

which is e.g0.218 for w(CID) = 1.05. In fig. 2 we seethis
valueandthe correlationfor severalconnectionsrriving with
COV,; =0.4.

4 Dynamic Arbitration

In eachtime slot a dynamic arbitration matchesthose in-
put/outputpairsthatarenotblockedby theallocation(seesec-
tion 2). The decisionis basedon the global stateof the vir-
tual outputqueuesw; o [3]. Eachinput port regularily sends

Stypical: 0 for constant] for geom.distrituteddistances
Sdistancebetweersuccessie slotstsj =tj;1 —t;
“only by roundingidealtime positionsT; to nearesslots
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isolated perVC treatmen{no influenceof othertraffic)
pre-determinedonstantlelaybound— QoS

outputtraffic is shapedandbounded

self-policing(outputconformsto GCRA)

QoSis adjustablewith a singleparameter

simplemodelfor stochastidraffic: G/Ey/1

canbeusedtogethemwith dynamicarbitration— 100%switchutilization
nonwork-conservingglobally — meandelayis higherthanwith dynamicarb
hybrid arbitrationofferslower meandelaybut highermissratio

Tablel: Propertieof Allocation

stateinformationto the arbiter This stateonly includesthose
connectionghatareeligible to dynamicarbitration. The state
canoptionally include the connectiongroupthatis sened by
allocation,in which casethe arbitermustdecideon themwith
higherpriority. In fig. 3we seethefreedomof choicethesched-
ulerhasdependingopnwhetheraslotwasallocatedor CID, the
priority groupor dynamicallyassigneddestinatiorport only).
This architectureallows mixing the servicefor real-timetraf-
fic to allocatedplus dynamic. The resultinghybrid arbitration
performancds discussedater Puredynamicarbitrationhas
bettermeandelayperformancebut tight QoSsupportandper
VC isolationarenot solvedfor VOQ switchesn theliterature.
Thusit is recommendetbr best-efort traffic.

5 Allocation Performance

In this sectionwe studythe performanceusingallocationwith
differentallocationtypesandtraffic models. Allocation hasa
numberof positive propertieqseetable1) which canbequan-
tified for giventraffic bounds,i.e. during CAC the modelpa-
rametersare known for the connectionglemandingeal-time
QoS.To studydelay distributionsand meanvaluesstochastic
traffic modelsaremoresuitable.Performanceesultsaregiven
analyticallyandby simulationresultsusingOPNET[15] anda

switchmodelwith M = 16 port$ andTjink = 10°¢/s.

5.1 BoundedInput Traffic

Whenboundeddeterministiclraffic (section2) is applied,an
explicit delayboundis guaranteedfig. 5). Assuminga fully
equidistantservice(COVs = 0) with a servicerate T, higher
thanPCR for CBRor SCRfor VBR, thetime betweerinstances
whenthe queues empty(busytime) is lessthanthe periodof
a worst casetraffic boundedby the given traffic parameters.
During thatperiodthereareat leastasmary allocatedslotsas
arriving cells. A first coarseboundis thengivenby thenumber
of cellsin a burst (assumedo arrive at oneinstant)timesthe
slotdistance.

max(dcgr) <
8In thegraphghetotal offeredloadp meanghesumof all connectiorrates

Aa of ary (symmetric)port normalizedon the link rate. For eachgraphthe
numberof connectionperportis constantsoA,; ~ p holds

BS T, (12)

| 0.005 {
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Figure4: BoundedCBR traffic: PDF(d)

Traffic | Descriptors max(dy) [ maxdn) |
CBR | PCR=64kb/s,CDVT =5ms 55ms [ 5.5ms
CBR | PCR=1Mb/s,CDVT = 1.4ms 1.76ms | 352us
VBR | PCR=10Mb/s, SCR= 3.3Mb/s, MBS= 1000| 107ns | 40Qus

Table2: Delayboundsfor examplerealtimeapplicationgwith
maxCTD = 200ms w = 1) for switch1 andthefollowing (n).

(14 [CDVT/(Tecr— Tiink)]) - Tu

MBS/(w- CR) (13)

5.1.1 CBR

A more preciseboundfor CBR is derived herein continu-
oustime. The delaya cell of boundedstreamexperiencess
composedf the sum of two statisticallyindependenterms
de =delay until serviceif queueis emptyandd, =delaydue
to cell’s positionin burst With arandomphasegde is equally
distrioutedover theinterval 0..T,. Thedistribution of dy using
theassumeavorstcasetraffic is

BS-1
5 3,

The resulting delay distribution is the cornvolution of these
componentg[]®||||). Thisis confirmedby simulationresults
(for BS= 4 seefig. 4). Themaximumvalueleadsto this closer
delaybound:

Po(dp) =

Tllnk)) (14)

max(dcer) < (BS—1) - (Tu— Tiink) + Ty (15)

5.1.2 VBR

Thesituationfor VBR is similar. Onelevel of burstinessnore
malkesit more comple, howvever. For a smoothworst case
model[13] thesameasfor CBR holds:

max(dver) < (MBS—1)- (Tu=Tecr) + Ty (16)
For theheary VBR modeP eq.17 holds.
To = BS- (TH — TPCR)
max(dver) < [(MBS-1)/BS| - To+ a7
[(MBS—1) modBS - (Tu— Tiink) + Tu

5.2 End-to-endDelay Bounds

With allocationanend-to-endlelayguaranteealy over N hops
canbegiven(fig. 6).

9maximallengthburstson link andPCRrate[13]
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Lemmal: For ary switch n on the route and given CBR®
inputtraffic parameter&, ~ (on, pn) theoutputis shapedsuch
thatits traffic is boundedby pairsRn+1 ~ (On+1,Pne1). TWO
pairsareof interest:eq.18 attheservicetime andeq.19 atthe
declaredy.

Pnr1 = PCRhy1=pn-wn (18)
Onpr = 1+ [2TinkQmax/ (Tecry,, — Tiink) |
Pni1 = PCRuy1=pn (19)
r:+1 = 1+ LCDVTr’é (TPCRnH - Tlink)J
CDVTrgax - (On - 1) (TPCR - Tu) + Tu+ ZQmaxTI ink

In fact,afterthefirst allocatingswitchtheoutputtraffic is much
smootherdueto active shaping.Whatresultsarelower delay
boundsfor any following switch. Overallocationw is not nec-
essaryfor switchesn > 1, becauseverloadis impossibleby
construction.

Theoem1: For ary limited numberof hopsn thetotal cell
delaydsumn andits outputtraffic Riy1 is bounded.Let R be
thetraffic boundsbeforeswitchi andd; (R) theresultingdelay
boundfor it. Thenholds

dsumn = iildi (Rl)

Proof (by induction): With givenboundedraffic parameters
Ry, thefirst switchat the network ingresshasa boundedielay
dsum1 = d1 givenby egs.15and17. Thisis obviouslythedelay
for anN = 1 network.

Let the theorembe true for switch n. Switch n+ 1 then
hasalsoa boundeddelay output. Proof: The worst-casede-
lay of switchn+ 1, dny1, addsto dsymn, the maximumdelay
guaranteedofar. d,+1 is boundedbecausats input traffic R;
is boundedLemmal) andallocationthenguaranteegqs.15
and17. ThusTheoreml holdsfor all n.

In table2 examplevaluesfor typical voice/videatraffic shav
thepracticalsuitability of allocation.

(20)

5.3 Stochasticlnput Traffic

Queueingheoryis applicablefor stochastidraffic. Thesener
statisticscan be modelledas E, 1t with the known valuesof
mean(T,) andCOVs of the servicetime distribution.

Approximationsfor the performanceof a G/G/1 queuecan
be applied[16] for renaval traffic with given COV,. When
COV, = 1 andCOVs — 0 the heavy-traffic approximationfor
M/D/1 is applicable.

Resultsobtainedwith this modelarewithin the confidence
intenalsof the simulatedvalues.Dueto p(CID) # f(p), E(q)
only depend®n p(CID) whichis controlledby w. Dueto Lit-
tle’sLaw E(d) decreasewith highertraffic rates(fig. 7).

For bursty VBR traffic modelledby a MMPP!? an exact

1%or VBR substituteSCR — PCR

YErlang-kwith k = | {/1/COVs| phases
12MMPP/IPP=Markv modulated/interruptegoissorprocess

average cell delay [cell slots]
10000
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Figure7: Renaval traffic (p/15)with COV,; = 0.4
P3

Figure 8: The stochastidPetri-netfor solving the IPP/Ey/1

Systemis a specialcaseof the MMPP/Ey/1 systemdisplayed
here.Left: 4 modulatingstateplacesmiddle: transitionswith

state-dependemate,right: Erlang-Serer

solutionfor the queuesize distribution and meanvaluescan
be obtainedby solving the Markov-chainassociateavith the
stochastidetri-netin fig. 8 with numericmethodd17].

In anexamplescenaridhereare150burstysourcegerinput

port having | PP'2 characteristics Every C = 10 connections
sharethe sameroutethroughthe switch. The parametersire:
R = p-rjipk/150,PCR = 4- CR (burstfactorb = 4), mean
burstlengthP = 10 cells, w = 1.2 and S = 16384slots. Ex-
ploring the choicesfor allocationandschedulingaccordingto
fig. 3, theresultsfor the meandelayfor thefive offeredmeth-
odsis shavniin fig. 9.

With aperVC allocation(a_only) burst-scalejueueindeads
to the highestmeandelay But asfig. 10 shavs, COV, is re-
ducedmosteffectively.

If we allocatethe priority groupasa whole (prio alloc), the
systemchangesuchthat an allocationnow senesall C con-
nectionsroutedto the sameoutputwith arateC timeshigher
thanin the previous case. Simulationsindicatethat this per
formsthe sameasif the CID is allocatedout in caseof nonex-
istencean alternatve CID is chosen(a+share).The Petri-net
analysisyieldsa meandelaythatis C timessmallef3.

In thesefiguresalso the dynamicarbitration performance
(SIMP[7]) isvisible. In this caseadvantagecanbedravn from
statisticalmultiplexing of 150connectionsatary port.

Thehybridmethod(a+dyn)is appliedby servicingcellswith
allocationaswell asdynamicarbitration. Its meandelay per
formanceis a trade-of betweenthe pure methodsmentioned
above. The drawbackis thatmary requestgor allocatedcon-
nectionsfail whenthereis no cell available. This probability
is shavnin fig. 11. With full CID allocationit mustbearound
1— p(CID), the probabilityfor anemptyqueue.

13Theresultshaws the gainfor multiplexing C bursty streamgogether
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Figure9: Burstytraffic: E(d)

5.4 Hybrid Arbitration

The meandelaysobsered for dynamicarbitrationare much
smallerthanfor allocation.The probabilitydistributions,how-
ever, differ a lot. So for dynamicarbitrationthe delay for
which the excessprobability is belov 109, is far beyondthe
meanwhereador allocationthe meanis half themaximumfor
worst-casdraffic. Dueto its allocationcomponenthe hybrid
methodcombineghe advantages.

Theoem 2: Hybrid arbitration offers the sameboundsas
pureallocation.

Proof. Hybrid arbitrationhasat leastthe serviceslotsat the
sameresenedpositionsaspureallocation.Any previousdelay
boundcannotbe exceededTheadditionallygrantedslotsonly
decreas¢hemeantime until service.

5.5 Shared Allocation

Insteadof allocationfor connections wholepriority classcan
be allocatedfor ary (i,0) pair Boundscanthenbe given by
usingthe multiplexedtraffic boundq11]

(> 0> pi)

For homogeneousourcesheresultingboundis comparabldo
theisolatedbounds.The meandelayis reduced.Shapinghere
alsodependon the schedulersyhich shouldselectconnec-
tionsin around-robinmannerfor bestresults.

6 Dimensioningand CAC
Given the traffic parametersand the QoS requirementof a
traffic sourcethe buffer dimensioningand connectionadmis-
sioncontrolcaneasilybe performedfor allocatedconnections
becausef its independencef othertraffic. CAC for a new
connectiorcanbe performedn two steps.

First,checkwhetherthe QoSrequirements$o be guaranteed
by this switch canbe satisfied(eqns.15, 17). Notethatsubse-
guentswitchesexperiencea shapedstreamR ~ (as, ps(CID))
(Lemmal) andthereforedonotintroduceadelayashighasthe
first "allocating” switch. Whenusingthe CBR approximations
Tu = Trcr/w and Tpcr > Tiink the checkfor the first switch
simplifiesto dmax < (Trcr+CDVT) /w.

Secondtherequirednumberof slots(eq.4) mustbeallocat-
ablewithin theboundsexplainedin section3.

The perVC buffer sizedependsn the expectedtraffic and
canbedimensionedsfollows.

CDVT
| Gmaxver= max(dver)/Tu

Tpcr — Tiink

Rmux~ (Omux Pmux) = (21)

OmaxCBR = | (22)

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

7 Conclusion

With allocationa mechanisnfor the control of the internal
routing(scheduling)n VOQ switcheshasbeentreated.Dueto

0.4 0.6
total offered load

Figure10: Burstytraffic: COV,

0.4 0.6
total offered load

Figurel1l: Pr(CIDmisg

its independenservicefor eachVC, end-to-endberformance
guaranteedor boundedtraffic can be given unregardedlyof
other connections.Being non-work-conservingn the global
sensdhedelayis comparabléo anactive shaperFor CBRand
mostVBR applicationghis is within the typical QoSrequire-
ments.Dueto active shapingfurtherexperiencedielaydown-
streamcan be significantly reduced. Togetherwith dynamic
algorithmsall QoSclassedor ATM or IPv6 aresupported.
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