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Abstract. One popularFPGA interconnectiometwork is basedon the island-

style model,whererows andcolumnsof logic blocksareseparatedby channels
containingroutingwires.Switchblocksareplacedattheintersection®f thehori-

zontalandverticalchannelgo allow thewiresto beconnectedogetherPrevious

switch block designhasfocusedon the analysisof individual switch blocks or

the useof ad hoc designwith experimentalevaluation. This paperpresentsan

analyticalframenork which considerghe designof a continuougabricof switch

blockscontainingwire segmentsof ary length.The framework is usedto design
new switchblockswhich areexperimentallyshavn to be aseffective asthe best
onesknown to date With thisframework, we hopeto inspirenew waysof looking

atswitchblock design.

1 Intr oduction

Over the pastseveralyears,a numberof differentswitch block designshave beenpro-
posedsuchasthoseshavn in Figure 1. FPGAssuchasthe Xilinx XC4000-serie$1]
usea switch block style known asdisjoint. Somealternativesto this style, known as
universal [2] and Witon [3], requirefewer routing tracksand uselesstransistorarea
with interconnecbf single-lengthwires. However, with longerwire segmentsthey use
more switchesper track and often requiremoretransistorareaoverall [4]. The Imran
block [5] addressethis overheady modifyingtheWIton patternto usethesamenum-
berof switchesasthedisjoint pattern.

Theseswitch blocks are designedusing different methodologiesThe universal
switch block is analytically designedto be independentlyroutablefor all two-point
nets.Recently the hyperunivesal switch block [6] extendsthis for multi-point nets.
Theseblocksrely on reorderingnetsat every switch block, so their local optimality
doesnotextendto theentireroutingfabric.In comparisontheWilton andimran switch
blocksare examplesof ad hoc designwith experimentalvalidation. The Wilton block
changeghe track numberassignedo a netasit turns. This way, two differentglobal
routesmay reachtwo differenttracksat the samedestinationchannel.This formstwo
disjoint paths,a featurewe call the diversity of a network. The Wilton andImran de-
signsintroducethe notion thata switch block mustconsiderits role aspartof a larger
switchingfabric.

The above methodshave producedswitch blocksthat performwell, but thereis no
formal methodto designa switch block while consideringthe overall routing fabric.
In pursuitof this goal, this paperintroducesan analyticalframevork which considers



| ey 11111

4 o 4 — O 4 — O
3 3 —< O— 3 —0 o—
2 2 —< O— 2 —0 o—
1 1 —< o— 1 —0 O—
0—o 0 —o o— 0 —o —
T BRAR! SRAR
01 2 3 4 01 2 3 4 01 2 3 4
disjoint universal Wilton

Fig. 1. Differentswitch block styles.

bothlong wire sgmentsandtheinteractionof mary switchblocksconnectedogether
This frameworkincludesarestrictedswitchblockmodelwhich allows usto analysehe
diversityof thenetwork. Theframeworkis usedo designanadhocswitchblocknamed
shiftyandtwo analyticonesnamedliverseanddiverse-clique Thesenew switchblocks
arevery diverseandroutingexperimentshaw they areaseffective asthe others.

2 DesignFramework

This sectiondescribeghe switch block framewnork beingcomposedf a switch block
model,permutatiormappingfunctions,andsimplifying assumptionandproperties.

2.1 Switch Block Model

Thetraditionalmodelof a switchblock draws a large box aroundthe intersectiorof a
horizontalandverticalroutingchannel Within the box, switchesconneciawire onone
sideto ary wireson the otherthreesides.Long wire sgmentspassstraightacrosshe
switchblock, but sometrackshifting is necessaryo implement x edlengthwireswith
onelayouttile. Figure2a) presentghis modelin a new way by partitioningthe switch
blockinto threesubblocksendpoint( ), midpoint( ), andmidpoint-endpoinf{ )
subblocksThe endpoint(midpoint) subblockis the region wherethe ends(midpoints)
of wire sggmentsconnectto the ends(midpoints)of otherwire sggments.The
subblockconnectghe middle regions of somewires to the endsof others.A switch
placedbetweerntwo sidesalwaysfalls into oneof thesesubblocks.
Thetraditionalmodelin Figure2a)is too generalfor simplediversity analysis,so
we proposerestrictingthe permissibleswitch locations.Onerestrictionis to prohibit
switchesthiswasdonein thelmran block[5]. We proposeo furtherconstrairthe
switchlocationsto lie within smallersubblockscalled , asshawvn in Figure2b)
for length-fourwires. This track groupmodelis akey componento the frameawork.
The track group model partitionswires into tradk groupsaccordingto their wire
lengthandstartingpoints.The midpointsubblocksarelabeled |, where is a posi-
tion betweerl and alongawire of length . This modelis somavhatrestrictie,
but it canstill representnary switchblocks,e.g., Imran, andwe will show thatit per
formswell. As well, earlyexperimentave conductedvithoutthe subblockrestric-
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Fig. 2. Switchblock modelswith subblocksa) traditionalandb) trackgroupmodel.

tionsdid not producebetterresults However, the subblocksexplicitly forcetrack
groupsto bein separateoutingdomainssoeachgroupcanbetreatedndependently

2.2 Permutation Mapping Functions

Previous work suggestonly a small numberof switchesneedto be placedwithin a
switchblock. Earlywork [7] de ned switchblock e xibility, , asthenumberof other
wires connectingo eachwire in this block. They foundthat is the lowestthat
is routablewith single-lengthwire segments Otherwork [4, 5] hasused atwire
endpointsand atwire midpointswhenlongwire segmentsareused As well, our
experiencewith is thata few moretrackshbut lesstransistorareais needed8].
Thissuggests and arereasonableipperboundsfor the numberof switchesin
endpointandmidpointsubblocksrespectiely.

Given theseupperbounds,switch locationscan be representedby a permutation
mappingfunctionbetweereachpair of sides Thedifferentmappingfunctionsandtheir
implied forward directionareshownn in Figure3. In this gure, ,orsimply
representsinendpointturn of type . A switchconnectghe wire originatingat track
to track onthedestinatiorside.Turnsin thereversedirectionto thoseindicated
arerepresenteds suchthat .

Similarly, is a mappingfunction for a midpoint turn at position alongthe
lengthof a wire, with the most South/Westendpointbeingthe origin at position

. Figure 3b) illustratesthe different midpoint subblocksin a fabric of logic
blocks(L) for a singletrack group. The otherthreetrack groupsareindependentbut
they would be similar andhave staggeredtartinglocations.Thereareno connections
betweerthetrackgroups.

Examplesof mappingfunctionsfor variousswitch blocks are shavn in Table 1.
Eachof thesefunctionsaremodulo , where s thetrackgroupwidth. Also, note
thatit is commonfor connectionstraightacrossa switch block (E-W or N-S)to stay
in the sametrack,soit is usuallyassumedhat



Fig. 3. Mappingfunctionsfor a) endpointandb) midpointsubblockturns.

2.3 Additional Assumptions

In additionto the explicit assumptionsibove,thereareafew implicit onesbheingmade
aswell. It isassumedhatthesubblocksaresquarewnith  tracksoneachsideandthere
is a one-to-onecorrespondenceetweerthe originatingtrackandthe destinatiortrack.
Since , it is alsopresumedhateachswitchis bidirectional Additionally,

we assume trackgroupcontainsonly onewire lengthandswitchtype.

2.4 Commutative Switch Blocks

The mappingfunctionsof the universal andImran switch blocksinvolve twistswhere
thefunctionis of theform . Unfortunatelythesefunctionsaredif cult
to analysebecausehe twist is not commutatve. Using commutatve functionssimpli-
es themodelbecausehe orderin which turnsare madebecomesinimportant.Paths
with anarbitrarynumberor sequencef turnscanbereducedo acanonicapermutation
whichuniquelydetermineshedestinatiortrack.Laterin Section3.2,thiswill allow us
to signi cantly reducethe searchspaceWe de ne a switchblock to be commutativef
all of its mappingfunctionsarecommutatve.

Considerthe exampleshowvn in Figure 4, wheretwo pathsare comparedn two
differentarchitecturesThe left architectureusescommutatve switch blocks, but the
right onedoesnot. The destinatiorntrack of the upperpathis ,
while the lower pathis . In a commutatve architecturepoth
pathscan be rewritten as . Thesenecessarilyreachthe same
track. In a non-commutatie architecturethe operationscannotbe reorderedandthe
pathsmayreachdifferenttracks.This examplesuggestshatcommutatve architectures
arelessdiverse However, resultswill demonstraté¢hatcommutatve switchblocksare
very diverseandasroutableasthe non-commutatie Imran block.

3 Framework Applications

To illustrate the use of the new framawork, two approachesvill be usedto deter
mine a setof permutationmappingfunctions.The rst, namedshifty, is an ad hoc
commutatve switch block. The secondcreateswo switch blocks,nameddiverseand



Fig. 4. Turn orderis notimportantin commutatve switchblocks.

diverse-clique by optimizing diversity Both of theseapproachesassumdength-four
interconnectvires.As well, they will assumehattwo separatéayouttiles canbeused
in achecleredfashionto furtherincreasealiversity.

3.1 Application: shifty and universal-TGDesigns

The rst applicationof thenew framework is the designof acommutatve switchblock
similarto Imran but withoutthe non-commutatietwists. The following mappingfunc-
tionsdescribehenew switchblock: , , , ,
and . Thisblockis namedshiftybecauseachturninvolvesa shift
from onetrack numberto anotherby a constanamount.The constantvaluesarecho-
sento besmallbecaus¢hearithmeticis alwaysdonemodulo . Thisavoids from
beingequialentto  , for example,exceptwith certainsmall  values.

Otherswitch blocks canalsobe adoptedwithin this framework. For example,the
disjointandimran switchblocksnaturallyconformto thetrackgroupmodelalready As
well, supposéahe universal patternis appliedonly at endpointsubblocksandtheiden-
tity mapping is usedat midpointsubblocksThis new pattern,univeisal-TG
is similar to the original in thatead subblo& canconnectary setof two-point nets
that obey basicbandwidthconstraintslt also requireslesstransistorareawith long
wire sggmentsin the sameway thatlmranimprovesWilton by reducingthe numberof
switchespertrack.

To createadditionaldiversity, it is possibleto usetwo different switch block de-
signsarrangedn acheclerboardoatternlf theabove switchblocksareassignedo the
white squardocationsamodi ed onecanbeusedontheblacksquardocations.These
black switch blocksare characterizedby their own mappingfunctions, . Ad hocde-
signsfor various switchblocks,which arechoserto beslightly differentfrom their
counterpartsareshavn in Tablel. In choosinghespeci ¢ functionsfor thedisjoint
and universal-TG blocks, careis taken to presere their layout structuresby merely
re-orderingthe horizontaltracks.

3.2 Application: diverseand diverse-cliqueDesigns

This sectionwill usethe designframewvork to develop commutatve switch blocksthat
aremaximally diversefor all possibletwo-turn paths.Two differentswitch blockswiill

bedesigneddiverseanddiverse-clique Thelatterdesignis morerestrictedoecauséts
endpointsubblockusesthe 4-wire clique layout structureof the disjoint switch block.



Table 1. Completeswitchblock mappingsusedfor white ( ) andblack( ) squares

White SquareSwitch Block Black SquareSwitch Block
Turnf|disjointjunivesal-TG Imran [shifty|[Turn||disjointiunivesal-TG Imran |shifty]

This designapproaclhis repeatedor anarchitecturecontainingtwo layouttiles, and
, arrangedn achecleredpattern.

DesignSpace Let eachswitchblock mappingfunctionberepresentetly theequations

or ,Where representsneof theendpoint
or midpointturntypes.The and valuesareconstantsvhich canbe summarizedn
vectorform as:

Notethatasolution is only valid for aspeci c valueof . Constraining and in
thisway exploresonly a portionthe designspaceHowever, thisis sufcient to develop
very diverseswitch blocks.

Enumerating the Path-Pairs Beforecountingdiversity, we enumeratall pathscon-
tainingtwo turnsandthe pairsof thesepathsthatshouldbe diverse.

The six basictwo-turn pathscreatedby pairsof singleturnsare: ENE,
ESE,ENW, WNE, NESandSEN,whereN, S, E, or W referto compasslirections.For
example two differentENE pathsusingcolumnsA andB to reachrow outl, areshovn
in Figure5. In generalthe commutatve propertyallows all ENE paths(or ESEpaths,
etc.)of anin nite routingfabricto be enumeratedsingthe grid or supertilein
Figure5. The sizeof the supertilearisesfrom the length-fourwires andtwo (checler
board)layouttiles. Within it, eachsubblockis labeledwith the mappingfunctionsfrom
onetrackgroup.

A numberof isomorphicpathscanbe eliminatedusingthe supertileandcommuta-
tive property Longerhorizontalor verticaldistancesvould reachanothersupertileand
turn ata switchblock equivalentto onein this supertile Similarly, otherinputrows can
be disregarded.SinceNEN and SESpathsare commutatvely equivalentto ENE and
ESEpathsthey arealsoignored.

For maximumdiversity, eachpair of pathsthat reachthe sameoutputrow must
reachdifferenttracks.With 8 possibleroutes(columnsA—H), thereare pairs
of pathsto becomparedHence for all turntypesandall outputrows, thereare

path-pairsto becompared.

Counting Diversity To detectdiversity betweena pair of paths, rst computethedif-
ferencebetweerthetwo permutatiormappings, . Thepath-pairis
diverseif isnon-zeroThiscanbewrittenin matrixform as whereeach
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Fig.5.An grid or supertileusedfor enumeratingll two-turnpaths.

row in  is predeterminedasedon the path-pairbeing consideredand eachrow in
is the correspondingliversity testresult. Thenumberof rows hasbeenconsiderably
reducedby thelarge numberof equivalentpathseliminatedearlier Additional typesof
path-pairgnot only thosewith two turns)canbe representethy addingmorerows to
and .
Diversity of a givenswitchblock is measuredyy countingthe numberof non-
zeroentriesin . For our architecturethe maximumdiversityis 1176.

Searching Design Space Ratherthan solve large matrix equationso maximizethe
numberof non-zerovaluesn , we performedvariousrandomandbrute-forcesearches
of for  rangingfrom 2 to 18. Typically, an exhaustie searchproducedhe best
resultsin aboutoneCPU-day(1 GHz Pentium)eventhoughit wasnt allowedto runto
completion.

Switch Blocks Created Usingthe above procedureswitch blocksnameddiverseare
designedor avarietyof trackgroupwidths, .Foreach ,asolutionset is
found.Similarly, we designedh diverse-cliqueswitchblock which preseresthe4-wire
cliquestructureatendpointsubblocksA layoutstrateyy for thesecliquesis givenin [9].

The precisesolutionsetsobtainedor thesetwo switchblockscanbefoundin [8].

4 Results

The new switch blocks are evaluatedbelow by countingdiversity and computingthe
minimumchannelwidth andareafrom numerousoutingexperiments.

Diversity Results The diversity of variousswitch blocksis shavn in Figure7. The
disjoint switch block hasno diversity but its checleredversionhasconsiderablymore.
The shifty switch block andits checleredversionprovide even more diversity, How-
ever, the diverse and diverse-cliquechecleredswitch blocks reachthe highestlevels
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of diversity For , theseare within 99% of the maximumpossible.However,
notethatit is impossibleto attainmaximumdiversitywhen becausesomeof

the8 globalroutesnecessarilynapto the sametrack. Consideringhis, the diverseand
diverse-cliqueswitch blocksperformvery well at beingdiverse.

Routing Results The experimentalervironmentis similar to the one usedin [4].
Benchmarlcircuitsaremappednto 4, 5, and6-inputLUTSs, clusterednto groupsof 6,
andplacedonce.The new switch blocksareevaluatedusinga modi ed version[8] of
theVPRrouter[4]. Routingexperimentauseonly lengthfour wiresin theinterconnect.
Half of all tracksusepasdransistorsd 6x minimumwidth, andtheotherhalf usebuffers
of size6x minimum[10]. Althoughnot shawvn, similar resultsareobtainedf all wiring
trackscontainbuffers.

The routability performanceof the new switch blocksis presentedn Figures8
and9. Theformerplotsthe minimumnumberof tracksrequiredto route, , while
the latter plots the transistorareaof the FPGA at the low-stresspoint of
tracks.Thegraphson theleft compareshiftyto the older switchblocks,andthegraphs
ontheright comparedisjointto the newver switchblocks.A numberof differentcurves
aredrawn in thegraphscorrespondingo differentLUT sizes(aslabeled)andwhether
onelayouttile is used(bold curves)or two tiles are checlered(thin curves). Delay
resultshave beenomitted becausehereis no apparentorrelationwith switch block
style.

Theareaand resultsexhibit only smallvariationsacrosshe designssocon-
clusionsmight be sensitve to noiseandmustbe carefullydravn. Eachdatapointis an
arithmeticaverageof the twenty largestMCNC circuits, solarge variationsshouldnot
be expectedunlessmary circuits are affected.To mitigatethe in uence of noise,it is
importantto identify trendsin theresults,e.g., acrossall of thedifferentLUT sizes.

Analysis Onecleartrendin therouting resultsis thatthe plain disjoint switch block
performsworsethanary perturbationof it (includingits own checleredversion).Be-
yond this, therankingof speci ¢ switch blocksis dif cult. It appearghatshiftyis the
bestfollowedby univeisal-TGandImran, thendisjoint Thediversity-optimizedswitch
blocksarebetterthandisjoint, but worsethanshifty.

In additionto shifty, a variety of otherad hoc switchblocks(bothcommutatve and
not) wereexplored.The shiftydesigngivesbetterresults but the differencesaresmall.
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Fig. 7. Diversity of variouscommutatve switchblocks.

Theseexperimentsdid not clearly suggesthat one particulardesignis signi cantly
better The effectivenessof shifty demonstratethatthe twist or non-commutatie fea-
turesof the univeisal-TG and Imran blocksis not likely the key factorto their good
performanceHowever, it makesusaskwhy is track shifting effective?ls it becausef
increasedliversity?

Thediverseswitchblocksalwaysrequirefewer routingtracksthanthedisjointbase-
line. However, shifty always outperformsthe diversity-optimizedones.This suggests
thatit is not the diversepropertythat makesshifty effective. It alsocountershe belief
thatthe Imran andWlton switchblocksareeffective becaus¢hey addsomediversity.

Why do the diversity-optimizedswitch blocks not performaswell asanticipated?
Oneconjecturés thatnegotiated-congestiotype CAD tools,likethe VPR router might
have dif culty with diversity This seemslausiblebecause local re-routingnearthe
sourceof a netwould force mostdownstreamconnectiongo usea new track, evenif
they continueusingthe samerouting channelsWith lessdiversity, it maybe easierfor
a net to resumeusing the previous routing tracks. This dif culty might increasethe
numberof routeriterations,but our experimentsshaw little increaseDiversity addsa
new degreeof freedomto routing,but CAD tools mustbe ableto ef ciently utilise it.

5 Conclusions

This paperpresentsan analyticalframework for the designof switch blocks. It is the
rst known framework to considerthe switch block as part of anin nite switching
fabric that easily works with long wire segments.The mostfundamentatomponent
of this framework is the new track group switch block model.By separatingwiring
tracksinto independengroups,eachcanbe consideredeparatelylUsing permutation
mappingfunctionsto modelswitch block turnsaddsa mathematicatepresentatiomo
theframework. With commutatve switchblocks,theorderin whichanetexecutegurns
becomesunimportantandthe network is easierto analyse This framavork candesign
diverseswitchblocks,but it is not cleartherouteris utilising this diversity.
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