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Abstract. OnepopularFPGA interconnectionnetwork is basedon the island-
stylemodel,whererows andcolumnsof logic blocksareseparatedby channels
containingroutingwires.Switchblocksareplacedattheintersectionsof thehori-
zontalandverticalchannelsto allow thewiresto beconnectedtogether. Previous
switch block designhasfocusedon the analysisof individual switch blocksor
the useof ad hoc designwith experimentalevaluation.This paperpresentsan
analyticalframework whichconsidersthedesignof acontinuousfabricof switch
blockscontainingwire segmentsof any length.Theframework is usedto design
new switchblockswhich areexperimentallyshown to beaseffective asthebest
onesknown to date.With thisframework,wehopeto inspirenew waysof looking
at switchblockdesign.

1 Intr oduction

Over thepastseveralyears,a numberof differentswitchblock designshave beenpro-
posedsuchasthoseshown in Figure1. FPGAssuchastheXilinx XC4000-series[1]
usea switch block style known asdisjoint. Somealternativesto this style, known as
universal [2] andWilton [3], requirefewer routing tracksanduselesstransistorarea
with interconnectof single-lengthwires.However, with longerwire segmentsthey use
moreswitchesper trackandoften requiremoretransistorareaoverall [4]. The Imran
block[5] addressesthisoverheadby modifyingtheWilton patternto usethesamenum-
berof switchesasthedisjointpattern.

Theseswitch blocks are designedusing different methodologies.The universal
switch block is analytically designedto be independentlyroutablefor all two-point
nets.Recently, the hyperuniversal switch block [6] extendsthis for multi-point nets.
Theseblocks rely on reorderingnetsat every switch block, so their local optimality
doesnotextendto theentireroutingfabric.In comparison,theWilton andImranswitch
blocksareexamplesof ad hocdesignwith experimentalvalidation.The Wilton block
changesthe tracknumberassignedto a net asit turns.This way, two differentglobal
routesmayreachtwo differenttracksat thesamedestinationchannel.This formstwo
disjoint paths,a featurewe call the diversity of a network. The Wilton andImran de-
signsintroducethenotionthata switchblock mustconsiderits role aspartof a larger
switchingfabric.

Theabovemethodshave producedswitchblocksthatperformwell, but thereis no
formal methodto designa switch block while consideringthe overall routing fabric.
In pursuitof this goal, this paperintroducesananalyticalframework which considers
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Fig.1. Differentswitchblockstyles.

bothlongwire segmentsandtheinteractionof many switchblocksconnectedtogether.
This framework includesarestrictedswitchblockmodelwhichallowsusto analysethe
diversityof thenetwork.Theframework is usedto designanadhocswitchblocknamed
shiftyandtwo analyticonesnameddiverseanddiverse-clique. Thesenew switchblocks
areverydiverse,androutingexperimentsshow they areaseffectiveastheothers.

2 DesignFramework

This sectiondescribestheswitchblock framework beingcomposedof a switchblock
model,permutationmappingfunctions,andsimplifying assumptionsandproperties.

2.1 Switch Block Model

Thetraditionalmodelof a switchblock draws a largebox aroundthe intersectionof a
horizontalandverticalroutingchannel.Within thebox,switchesconnectawire onone
sideto any wireson theotherthreesides.Long wire segmentspassstraightacrossthe
switchblock,but sometrackshifting is necessaryto implement�x edlengthwireswith
onelayouttile. Figure2a)presentsthis modelin a new way by partitioningtheswitch
block into threesubblocks:endpoint( ��� ), midpoint( ��� ), andmidpoint-endpoint( ����� )
subblocks.Theendpoint(midpoint)subblockis theregion wheretheends(midpoints)
of wire segmentsconnectto the ends(midpoints)of other wire segments.The �

���

subblockconnectsthe middle regionsof somewires to the endsof others.A switch
placedbetweentwo sidesalwaysfalls into oneof thesesubblocks.

Thetraditionalmodelin Figure2a) is too generalfor simplediversityanalysis,so
we proposerestrictingthe permissibleswitch locations.Onerestrictionis to prohibit

����� switches;thiswasdonein theImranblock[5]. Weproposeto furtherconstrainthe
��� switchlocationsto lie within smallersubblockscalled ���
	 � , asshown in Figure2b)
for length-fourwires.This track groupmodelis a key componentto theframework.

The track groupmodelpartitionswires into track groupsaccordingto their wire
lengthandstartingpoints.Themidpointsubblocksarelabeled���
	 � , where 
 is a posi-
tion between1 and ����� alongawire of length � . Thismodelis somewhatrestrictive,
but it canstill representmany switchblocks,e.g., Imran, andwe will show that it per-
formswell. As well, earlyexperimentsweconductedwithout the ���
	 � subblockrestric-
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Fig.2. Switchblockmodelswith subblocks,a) traditionalandb) trackgroupmodel.

tionsdid not producebetterresults.However, the � �
	 � subblocksexplicitly forcetrack
groupsto bein separateroutingdomainssoeachgroupcanbetreatedindependently.

2.2 Permutation Mapping Functions

Previous work suggestsonly a small numberof switchesneedto be placedwithin a
switchblock.Earlywork [7] de�nedswitchblock�e xibility , ��� , asthenumberof other
wiresconnectingto eachwire in this block. They foundthat ������� is thelowestthat
is routablewith single-lengthwire segments.Otherwork [4,5] hasused�����	� atwire
endpointsand�

�
� � atwire midpointswhenlongwire segmentsareused.As well, our

experiencewith �
��


� is thata few moretracksbut lesstransistorareais needed[8].
This suggests��
 and 
 arereasonableupperboundsfor thenumberof switchesin
endpointandmidpointsubblocks,respectively.

Given theseupperbounds,switch locationscanbe representedby a permutation
mappingfunctionbetweeneachpairof sides.Thedifferentmappingfunctionsandtheir
implied forwarddirectionareshown in Figure3. In this �gure, �

� 	 ������� , or simply �
� 	 � ,

representsanendpointturn of type 
 . A switchconnectsthewire originatingat track
�

to track ��� 	 �
�����

on thedestinationside.Turnsin thereversedirectionto thoseindicated
arerepresentedas �����

� 	 �

suchthat �

���

�
�

�������
�

�
.

Similarly, ��� 	 � is a mappingfunction for a midpoint turn at position 
 along the
lengthof a wire, with the mostSouth/Westendpointbeingthe origin at position 
��

�

. Figure 3b) illustratesthe different midpoint subblocksin a fabric of ��� � logic
blocks(L) for a singletrack group.Theotherthreetrackgroupsareindependent,but
they would besimilar andhave staggeredstartinglocations.Thereareno connections
betweenthetrackgroups.

Examplesof mappingfunctionsfor variousswitch blocksareshown in Table 1.
Eachof thesefunctionsaremodulo 
 , where 
 is thetrackgroupwidth. Also, note
that it is commonfor connectionsstraightacrossa switchblock (E–W or N–S)to stay
in thesametrack,soit is usuallyassumedthat ��� 	 !"� ��� 	 #$�

�
.
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2.3 Additional Assumptions

In additionto theexplicit assumptionsabove,therearea few implicit onesbeingmade
aswell. It is assumedthatthesubblocksaresquarewith 
 tracksoneachsideandthere
is a one-to-onecorrespondencebetweentheoriginatingtrackandthedestinationtrack.
Since�

���

� � ������� � � , it is alsopresumedthateachswitchis bidirectional.Additionally,
we assumea trackgroupcontainsonly onewire lengthandswitchtype.

2.4 CommutativeSwitch Blocks

Themappingfunctionsof theuniversal andImran switchblocksinvolve twistswhere
thefunctionis of theform �

�����
� 
 �

�

���

. Unfortunately, thesefunctionsaredif�cult
to analysebecausethetwist is not commutative.Usingcommutative functionssimpli-
�es themodelbecausetheorderin which turnsaremadebecomesunimportant.Paths
with anarbitrarynumberor sequenceof turnscanbereducedto acanonicalpermutation
whichuniquelydeterminesthedestinationtrack.Laterin Section3.2,thiswill allow us
to signi�cantly reducethesearchspace.We de�ne a switchblock to becommutativeif
all of its mappingfunctionsarecommutative.

Considerthe exampleshown in Figure4, wheretwo pathsare comparedin two
differentarchitectures.The left architectureusescommutative switch blocks,but the
right onedoesnot.Thedestinationtrackof theupperpathis ��� 	 �

�
��� 	 �

�
��� 	 �

�
��� 	

�

� ���������
,

while the lower path is ��� 	 �
�

��� 	

�

�
��� 	 �

�
��� 	 �

�����������
. In a commutative architecture,both

pathscan be rewritten as ��� 	

�

�
��� 	 �

�
��� 	 �

�
��� 	 �

� ���������
. Thesenecessarilyreachthe same

track. In a non-commutative architecture,the operationscannotbe reorderedandthe
pathsmayreachdifferenttracks.Thisexamplesuggeststhatcommutativearchitectures
arelessdiverse.However, resultswill demonstratethatcommutativeswitchblocksare
verydiverseandasroutableasthenon-commutativeImranblock.

3 Framework Applications

To illustrate the use of the new framework, two approacheswill be usedto deter-
mine a set of permutationmappingfunctions.The �rst, namedshifty, is an ad hoc
commutative switchblock. The secondcreatestwo switch blocks,nameddiverseand
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Fig.4. Turnorderis not importantin commutative switchblocks.

diverse-clique, by optimizing diversity. Both of theseapproachesassumelength-four
interconnectwires.As well, they will assumethattwo separatelayouttilescanbeused
in a checkeredfashionto furtherincreasediversity.

3.1 Application: shifty and universal-TGDesigns

The�rst applicationof thenew framework is thedesignof acommutativeswitchblock
similar to Imranbut without thenon-commutativetwists.Thefollowing mappingfunc-
tionsdescribethenew switchblock: �

� 	

�

�
�

� � , �
� 	 �

�
�

��� , �
� 	 �

�
�

� � , �
� 	 �

�
�

��� ,
and �

� 	 �
�

� �����

�



� . Thisblock is namedshiftybecauseeachturn involvesashift

from onetracknumberto anotherby a constantamount.Theconstantvaluesarecho-
sento besmallbecausethearithmeticis alwaysdonemodulo 
 . Thisavoids � � 	

�

from
beingequivalentto ��� 	 � , for example,exceptwith certainsmall 
 values.

Otherswitch blockscanalsobe adoptedwithin this framework. For example,the
disjointandImranswitchblocksnaturallyconformto thetrackgroupmodelalready. As
well, supposetheuniversal patternis appliedonly at endpointsubblocksandtheiden-
tity mapping��� 	 � �

�
is usedat midpointsubblocks.This new pattern,universal-TG,

is similar to the original in that each subblock canconnectany setof two-point nets
that obey basicbandwidthconstraints.It also requireslesstransistorareawith long
wire segmentsin thesameway thatImran improvesWilton by reducingthenumberof
switchespertrack.

To createadditionaldiversity, it is possibleto usetwo differentswitch block de-
signsarrangedin acheckerboardpattern.If theaboveswitchblocksareassignedto the
whitesquarelocations,amodi�ed onecanbeusedontheblacksquarelocations.These
black switch blocksarecharacterizedby their own mappingfunctions, � . Ad hoc de-
signsfor various� switchblocks,whicharechosento beslightly differentfrom their �

counterparts,areshown in Table1. In choosingthespeci�c � � functionsfor thedisjoint
and universal-TGblocks,careis taken to preserve their layout structuresby merely
re-orderingthehorizontaltracks.

3.2 Application: diverseand diverse-cliqueDesigns

This sectionwill usethedesignframework to developcommutativeswitchblocksthat
aremaximallydiversefor all possibletwo-turnpaths.Two differentswitchblockswill
bedesigned,diverseanddiverse-clique. Thelatterdesignis morerestrictedbecauseits
endpointsubblockusesthe4-wire clique layoutstructureof thedisjoint switchblock.



Table 1. Completeswitchblockmappingsusedfor white ( � ) andblack( � ) squares

White SquareSwitchBlock BlackSquareSwitchBlock
Turn disjoint universal-TG Imran shifty Turn disjoint universal-TG Imran shifty
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This designapproachis repeatedfor anarchitecturecontainingtwo layouttiles, � and
� , arrangedin acheckeredpattern.

DesignSpaceLet eachswitchblockmappingfunctionberepresentedby theequations
� ������� � �

�-,

� � �

�


 or � ������� � �

�/.

� ���

�
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 representsoneof theendpoint
or midpointturn types.The
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Notethatasolution 0*1 is only valid for aspeci�c valueof 
 . Constraining� and � in
thiswayexploresonly aportionthedesignspace.However, this is suf�cient to develop
verydiverseswitchblocks.

Enumerating the Path-Pairs Beforecountingdiversity, we enumerateall pathscon-
tainingtwo turnsandthepairsof thesepathsthatshouldbediverse.

The six basictwo-turn pathscreatedby 8

�

�:9

� � pairsof single turnsare:ENE,
ESE,ENW, WNE, NESandSEN,whereN, S,E,or W referto compassdirections.For
example,two differentENEpaths,usingcolumnsA andB to reachrow out1, areshown
in Figure5. In general,thecommutativepropertyallows all ENE paths(or ESEpaths,
etc.)of an in�nite routing fabric to beenumeratedusingthe ; ��; grid or supertilein
Figure5. Thesizeof thesupertilearisesfrom the length-fourwiresandtwo (checker-
board)layouttiles.Within it, eachsubblockis labeledwith themappingfunctionsfrom
onetrackgroup.

A numberof isomorphicpathscanbeeliminatedusingthesupertileandcommuta-
tiveproperty. Longerhorizontalor verticaldistanceswould reachanothersupertileand
turnataswitchblockequivalentto onein thissupertile.Similarly, otherinput rowscan
be disregarded.SinceNEN andSESpathsarecommutatively equivalentto ENE and
ESEpaths,they arealsoignored.

For maximumdiversity, eachpair of pathsthat reachthe sameoutput row must
reachdifferenttracks.With 8 possibleroutes(columnsA–H), thereare 8=<

�:9

� �>; pairs
of pathsto becompared.Hence,for all turn typesandall outputrows,thereare ���/?$�

�>;�� ���@? � path-pairsto becompared.

Counting Diversity To detectdiversitybetweena pair of paths,�rst computethedif-
ferencebetweenthetwo permutationmappings,A � �@BDC:EGF�H � �DBDC:EGF�I . Thepath-pairis
diverseif A is non-zero.Thiscanbewritten in matrix form as JLKNMPO

0
1 whereeach
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Fig.5. An ��� � grid or supertileusedfor enumeratingall two-turnpaths.

row in M is predeterminedbasedon the path-pairbeingconsidered,andeachrow in
J is thecorrespondingdiversitytestresult.Thenumberof rows hasbeenconsiderably
reducedby thelargenumberof equivalentpathseliminatedearlier. Additional typesof
path-pairs(not only thosewith two turns)canberepresentedby addingmorerows to

M and J .
Diversityof a givenswitchblock 0

1 is measuredby countingthenumberof non-
zeroentriesin J . For ourarchitecture,themaximumdiversityis 1176.

Searching DesignSpace Ratherthansolve large matrix equationsto maximizethe
numberof non-zerovaluesin J , weperformedvariousrandomandbrute-forcesearches
of 0

1 for 
 rangingfrom 2 to 18.Typically, anexhaustive searchproducedthebest
resultsin aboutoneCPU-day(1 GHzPentium)eventhoughit wasn't allowedto run to
completion.

Switch Blocks Created Usingtheabove procedure,switchblocksnameddiverseare
designedfor avarietyof trackgroupwidths, 


�

��; . For each
 , asolutionset 0
1 is

found.Similarly, wedesignedadiverse-cliqueswitchblockwhichpreservesthe4-wire
cliquestructureatendpointsubblocks.A layoutstrategy for thesecliquesis givenin [9].
Theprecisesolutionsetsobtainedfor thesetwo switchblockscanbefoundin [8].

4 Results

The new switch blocksareevaluatedbelow by countingdiversity andcomputingthe
minimumchannelwidth andareafrom numerousroutingexperiments.

Diversity Results The diversity of variousswitch blocks is shown in Figure7. The
disjoint switchblock hasno diversitybut its checkeredversionhasconsiderablymore.
The shifty switch block andits checkeredversionprovide even morediversity. How-
ever, the diverseanddiverse-cliquecheckeredswitch blocks reachthe highestlevels
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of diversity. For 
 � �

�

, thesearewithin 99% of the maximumpossible.However,
notethat it is impossibleto attainmaximumdiversitywhen 
 
 ; becausesomeof
the8 globalroutesnecessarilymapto thesametrack.Consideringthis, thediverseand
diverse-cliqueswitchblocksperformverywell at beingdiverse.

Routing Results The experimentalenvironment is similar to the one usedin [4].
Benchmarkcircuitsaremappedinto 4, 5, and6-inputLUTs, clusteredinto groupsof 6,
andplacedonce.Thenew switchblocksareevaluatedusinga modi�ed version[8] of
theVPRrouter[4]. Routingexperimentsuseonly lengthfour wiresin theinterconnect.
Half of all tracksusepasstransistors16xminimumwidth,andtheotherhalf usebuffers
of size6x minimum[10]. Althoughnotshown, similar resultsareobtainedif all wiring
trackscontainbuffers.

The routability performanceof the new switch blocks is presentedin Figures8
and9. Theformerplotstheminimumnumberof tracksrequiredto route, 
������ , while
the latter plots the transistorareaof the FPGA at the low-stresspoint of � 7 � � 
 �����

tracks.Thegraphson theleft compareshiftyto theolderswitchblocks,andthegraphs
on theright comparedisjoint to thenewerswitchblocks.A numberof differentcurves
aredrawn in thegraphs,correspondingto differentLUT sizes(aslabeled)andwhether
one layout tile is used(bold curves)or two tiles are checkered(thin curves).Delay
resultshave beenomittedbecausethereis no apparentcorrelationwith switch block
style.

Theareaand 

����� resultsexhibit only smallvariationsacrossthedesigns,socon-

clusionsmight besensitive to noiseandmustbecarefullydrawn. Eachdatapoint is an
arithmeticaverageof thetwenty largestMCNC circuits,solargevariationsshouldnot
be expectedunlessmany circuitsareaffected.To mitigatethe in�uence of noise,it is
importantto identify trendsin theresults,e.g., acrossall of thedifferentLUT sizes.

Analysis Onecleartrendin the routing resultsis that the plain disjoint switch block
performsworsethanany perturbationof it (including its own checkeredversion).Be-
yondthis, therankingof speci�c switchblocksis dif�cult. It appearsthatshifty is the
best,followedbyuniversal-TGandImran, thendisjoint. Thediversity-optimizedswitch
blocksarebetterthandisjoint, but worsethanshifty.

In additionto shifty, avarietyof otheradhocswitchblocks(bothcommutativeand
not) wereexplored.Theshiftydesigngivesbetterresults,but thedifferencesaresmall.
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Theseexperimentsdid not clearly suggestthat one particulardesignis signi�cantly
better. Theeffectivenessof shiftydemonstratesthat the twist or non-commutative fea-
turesof the universal-TGandImran blocks is not likely the key factor to their good
performance.However, it makesusaskwhy is trackshifting effective?Is it becauseof
increaseddiversity?

Thediverseswitchblocksalwaysrequirefewerroutingtracksthanthedisjointbase-
line. However, shifty alwaysoutperformsthe diversity-optimizedones.This suggests
that it is not thediversepropertythatmakesshiftyeffective. It alsocountersthebelief
thattheImranandWilton switchblocksareeffectivebecausethey addsomediversity.

Why do thediversity-optimizedswitchblocksnot performaswell asanticipated?
Oneconjectureis thatnegotiated-congestiontypeCAD tools,liketheVPRrouter,might
have dif�culty with diversity. This seemsplausiblebecausea local re-routingnearthe
sourceof a netwould forcemostdownstreamconnectionsto usea new track,even if
they continueusingthesameroutingchannels.With lessdiversity, it maybeeasierfor
a net to resumeusing the previous routing tracks.This dif�culty might increasethe
numberof routeriterations,but our experimentsshow little increase.Diversityaddsa
new degreeof freedomto routing,but CAD toolsmustbeableto 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 an in�nite switching
fabric that easilyworks with long wire segments.The most fundamentalcomponent
of this framework is the new track group switch block model.Byseparatingwiring
tracksinto independentgroups,eachcanbeconsideredseparately. Usingpermutation
mappingfunctionsto modelswitchblock turnsaddsa mathematicalrepresentationto
theframework.With commutativeswitchblocks,theorderin whichanetexecutesturns
becomesunimportantandthenetwork is easierto analyse.This framework candesign
diverseswitchblocks,but it is not cleartherouteris utilising thisdiversity.
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