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ABSTRACT

This work studiesthe optimality and stability of timing-driven
placementlgorithms.The contritutionsof this work includetwo
parts: 1) We develop an algorithm for generatingsyntheticex-
ampleswith known optimal delay for timing driven placement
(T-PEKO). The examplesgeneratedy our algorithmcanclosely
matchthe characteristicef real circuits. 2) Usingthesesynthetic
exampleswith knowvn optimalsolutions we studiedthe optimality
of severaltiming-drivenplacemenalgorithmsfor FPGAsby com-
paringtheir solutionswith the optimalsolutions andtheir stability
by varyingthenumberof longestpathsin theexamples Our study
shaws thatwith a singlelongestpath,the delayproducedy these
algorithmsis from 10%to 18%longerthantheoptimaontheaver-
age,andfrom 34%to 53%longerin theworstcase.Furthermore,
their solutionquality deterioratesasthe numberof longestpaths
increasesFor exampleswith morethan5 longestpaths their de-
lay is from 23%to 35%longerthanthe optimaontheaverageand
is from 41%to 48%longerin theworstcase.

1. INTRODUCTION

Placemenis oneof themostimportantstepsin thepost-R'L syn-
thesisprocessasit directly de nesthe interconnectswhich have
nowv becomethe bottleneckin circuit andsystemperformancen
DSM technologies.The placemenproblemhasbeenstudiedex-
tensiely in the past30 years. However, a recentstudy shawvs
that existing placementsolutionsare surprisinglyfar from opti-
mal. Using a setof constructecplacementexamplesthat match
mary industrial circuit characteristicsvith knowvn optimal wire-
length(PEKO), the study shaws thatthe resultsof leadingplace-
ment tools from both industry and academiaare 70% to 150%
away from the optimal solutionson thoseexamples[1]. An ex-
tensionof PEKO waspresentedh [2], wherenewv examplescalled
PEKU (PlacementExampleswith Known Upper bounds)were
createdby insertinga certainpercentag®f non-localnetsinto a
PEKO circuit. By relaxing the optimality constrainton a sub-
setof connectionsPEKU more accuratelyemulategeal circuits
in termsof wirelengthdistribution. Experimentshaved that for
PEKU benchmarksstate-of-the-arplacerscanbe far away from
theupperbound. In the extremecase whereeachcircuit consists
of global connection®nly (G-PEKUbenchmarks)existing tools
canbe41%to 102%away in theworstcase.Thesestudiesgener
atedgreatinterestin bothacademiandindustry

However, wirelengthis notthe soleobjective in circuit place-

ment. In the eraof DSM technologyanimportantgoal of place-
mentis performancddelay)optimization. Thereis a strongneed
to extend the optimality study to timing-driven placementalgo-
rithms.

Existing timing-driven placementalgorithmscan be divided
into two catgories, net-basednd path-based.Path-basedlgo-
rithms [3, 4, 5] try to directly minimize the longestpath delay
Sincethey maintainan accuratdiming view during optimization,
their compleity is usuallyhigh. Net-basedlgorithms[6, 7, 8, 9]
rst transformtiming constraintdnto eitherlengthconstraintsor
weightson individual nets. The informationis fed to a weighted
wirelengthminimizationbasedplacemenengineto obtaina nev
placementwith bettertiming. This procesausuallygoesthrough
multiple iterationsuntil no improvementcan be made,or a cer
tain iterationlimit hasbeenreached.Comparedwith path-based
algorthmsnet-basealgorithmsusuallyhave lower compleity.

There are several works on generatingtiming-driven place-
mentexampleq10, 11]. However, noneof themsatisfyour need,
sincetheiroptimalsolutionsareunknavn. In this paperwe present
analgorithmfor generatindiming-drivenplacemengxampleswith
known optimal delay undera simpli ed delay model (T-PEKO).
Theseexamplescan closely matchthe characteristicof real cir-
cuits. Usingtheseexampleswith knowvn optimal delays we stud-
ied the optimality of several timing-driven placementlgorithms
for FPGAsfrom commercialand academictools by comparing
their solutionsto the optimalsolutions,andtheir stability by vary-
ing thenumberof longestpathsin the examples We choseFPGA
placemensinceit givesthe e xibility to specifyour delaymodel
andcell library.

Experimentalesultsfor the academidools shav thatfor ex-
ampleswith asinglelongestpath,thedelayproducedy thealgo-
rithmsis from 10%to 18%longerthantheoptimaon averageand
from 34%to 53%longerin theworstcase.Furthermoretheir so-
lution quality deteriorateasthenumberof longestpathsincreases.
For exampleswith morethan5 longestpaths,their delayis from
23%to 35%longerthanthe optimaon average andis from 41%
to 48% longerin the worst case. The performanceof the com-
mercialtools that target the Xilinx Virtex andthe Altera Stratix
architecturess muchbetter Thedifferencen delayfrom ourcon-
structedsolution,on average,is 8% without routing and4% after
routing. To ourknowledge thisis the rst studyontheoptimality
of timing-driven placementlgorithms.

Therestof this papelis organizedasfollows: Sectior2 presents
the T-PEKO algorithmfor theconstructiorof timing-drivenplace-
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Figurel: Graphof abasiclogic element.It consistf a lookup
table(LUT), a ip- op andamultiplexer

mentexampleswith a known optimalsolution. Section3 presents
thecomparisorof theplacementesultsfor the T-PEKO suitepro-
ducedby state-of-the-artiming-drivenplacemenalgorithmswith
the optimal solutions. Section4 presentsonclusionsand future
work.

2. CONSTRUCTION OF PLACEMENT EXAMPLES
WITH KNOWN TIMING OPTIMAL SOLUTION

2.1. Discussiorof the FPGA Ar chitectureand the Delay Model

We rst presentthe architectureof the FPGA device that we as-
sumeduring the constructionof the examples. Eachlogic block
(CLB) consistof two basiclogic element¢BLE). A BLE is shavn
in Figurel, andit containsaK-input LUT, a ip- op andamulti-
plexer. The ip- op' sinputis connectedo the outputof the LUT.
Themultiplexer selectghe outputof the LUT or the ip- op.

Severaldelaymodelshave beenproposedo calculatethe per
formanceof acircuit. Themostpopularis theEImoredelaymodel
[12]. Recentstudies,e.g.,[13], have shavn that underoptimal
buffer insertion,sizing andwire sizing, the delay of a wire is ap-
proximatelylinearto its length. For this reasonjn this paperwe
usealineardelaymodelwhich canbe summarizedsfollows:

(i) Thedelayinsideary LUT is aconstant , while ary other
delayinsidea BLE is assumedo be zero.

(i) Thedelayof ary interconnect betweertwo BLES
A andB is given by the following formula:

, Where is the Manhattandis-
tanceof BLE A from BLE B, while  istheconstantelay
betweentwo adjacentBLEs (Manhattandistanceequalto
1).

In reality, the BLEs of FPGA devicesaremore comple and
includemoreconnectionsaswill be shavn in the Xilinx andAl-
teraexperimentsectionsThedelaymodelalsocanbemorecom-
plicated.However, ourmethodologyis generidn thatit is applica-
ble aslong asthe interconnectlelaybetweenwo adjacenhodes
is alwayssmallerthanary delaysbhetweemon-adjacentodesand

areconstants.Furthermoreijt canbe appliedto ASICsas
well, especiallyto standard-celtow-basedarchitectures.

2.2. The T-PEKO Algorithm

Ourmethodologyor theconstructiorof thetiming-optimalbench-
marksworks as follows: The rst stepis to obtaina placement
solution of an existing combinationalor sequentiakircuit. The
secondstepis to performtiming analysisto nd thelongestpath
in the circuit usingour delaymodel. Let  bethe delayof the
longestpath,and be the numberof rows andcolumnsof the
device,respectiely. Thealgorithmperturbghenetlistby inserting
apath thatconnects adjacenhodeswherer is computed
by

(seeFigure2). Sincethenew netlistis theresultof a perturbation

of theoriginal netlist,thesmallerthe perturbationthe strongetthe
similaritiesit haswith the original circuit.

Beforewe presenin detailthe constructionof the path ,
we denotesometermshere:

We call a netlistvalid if: 1) It hasno combinationaloops,
2) It hasno danglingBLEs, i.e., BLEs with at leastone
input (output) and no outputs(inputs), and 3) EachBLE
hasatmost inputsandl output. If anetlistis notvalid,
it is calledinvalid.

Statictiming analysig[14] constructsatiminggraphwhose
verticescorrespondo the pins of the circuit. The timing
edgesthatconnectheverticesof this graphareconstructed
in two ways: 1) Eachnetis corvertedinto a setof directed
edgeghatconnecteachsourceof the netto all sinksof the
net. 2) EachLUT is representedby a setof intracellular
edgeghatconnectll theinputsof the LUT to its output.

EachLUT isassigne@numbercalledtheLevelof theLUT,
suchthatthefollowing propertyis satis ed:

Property(1): For everytiming edee of thetiming graph of
thecircuit originatingfromtheoutputpinofanLUT toan
inputpinofanotherLlUT , wehave .

It is easyto seethatif this propertyis satis ed, thereare
no combinationaloopsin thecircuit. If sometiming edges
violatetheabore property we canguarante¢hatby remov-

ing themthe circuit is free of combinationaloops. Note
thatthis propertydoesnothave to holdfor timing edgese-
tweenpinsof thesameLUT, or betweerpinsof aLUT and
a ip- op.

A ip-op is unusedif the multiplexer of the BLE se-
lectsthe outputof the LUT , otherwiseit is used In the

remainderof this paper whenwe saythat the statusof a

ip- op is changedrom usedto unusedwe performthe

following changedo the netlist: The ip- op is removed

from the netlistandall the fanoutsof the ip- op become
fanoutsof theLUT exceptfor theonesthatcauseaviolation

of Property(1). Similarly, whenwe mentionthatthe status
of a ip- op is changedrom unusedo usedthefollowing

changesare performed: A new netis addedto the netlist
from the outputof theLUT to theinputof the ip- op, and

all the previous fanoutsof the LUT becomefanoutsof the

ip- op.
Beforetheconstructiorof thepath
place:

thesdnitial stepgake

(i) Theoriginalmappedhetlistis placedonthe FPGAdevice.

(ii) Statictiming analysisis performedon the placedcircuit.
Thelongestpathdelay is computedaswell astheinteger
accordingo theformula:

. The rst expressiorcalculategshenumberof BLEs
requiredby . Thesecondexpressionguaranteethe de-
lay of thelongestpathis nolessthanthedelaybetweerary
BLE andIO pad. Thisis becauseur algorithmmay con-
necta danglingBLE with an arbitrary 1O pad,aswill be
explainedlaterin this section.

Every LUT is assignedo alevel equalto thehighestarrival
time amongits pins.

The constructiorof thepath is asfollows:



(i) A BLE isselectedatacornerof thedevice asthe rst node
of the path. If the ip- op of the BLE is unusedits status
is changedo used.A new timing edge(if it doesnot exist
already)is added® from the outputpin of that ip- op to
aninput pin of anadjacent.UT, which we call thecurrent
LUT of the path. Then, we checkif the input constraint
of the currentLUT of the pathis violated. If the current
LUT hadallits  inputpinsusedbeforetheadditionof the
new edge the algorithmrandomlyselectsoneof themand
removesthetiming edge? thatcorrespondso this pin. Af-
terremarving atiming edge.,it is possiblethatanothe BLE
becomeslangling. Thisis x edby the following process:
We nd theclosesBLE to thedanglingonethathasits ip-
op usedandatleastoneunusednput(if thedanglingnode
doesnot have outputs)andconnecthe danglingnodeto it.
If afeasibleBLE cannotbefound,a PO atthe boundaryof
the circuit is randomlyselectedand connectedo the dan-
gling node.Althoughthis processanincreasehe number
of 10s, it doesso only slightly asthe experimentalresults
will shaw.

Notethatthe BLEs correspondingo thetwo LUTs maybe
initially unusedn theplacemensolution.If thisisthecase,
theLUTs andtheusedip- op will beaddedo the netlist.

(i) Thefollowing procedures repeated times:

A new timing edgeis added(if it doesnot exist already)
connectinghe outputpin of thecurrentLUT  of the path
to aninput pin of an adjacentLUT , asin the previous
case. The selectionof the adjacentLUT is suchthat the
pathhasa snale shape(seeFigure2), in orderto guaran-
teethatall the LUTs canbe visited exactly once. LUT
becomeghe currentLUT of the path,andthe ip-op in
thesameBLE is changedo unused.If this changecauses
a BLE to becomedangling(becausesomeconnectionsare
removedif Property(1) is violated),thealgorithmperforms
thesamestepsasin (i). Thealgorithmwill checkif thein-
putconstrainof thecurrentLUT is violatedand,if so,will
X it in the sameway asin (i). Furthermoreit will check
if Property(1) is violated. If it is violated, we will have
. Theviolationis x edby reassign-
ing thelevel of LUT andby remaoving sometiming edges
if necessaryWe divide the fanoutsof into two groups:
thosethatbelongto LUTs with level higherthan ,
andthosethatbelongto LUTs with level equalto or lower
than . Thesetwo setsaredenotedas and
respectrely. All the timing edgesfrom to will be
removed. Let the LUT with the lowestlevel in be .
Level(b) will beassignedis Cf
theset isempty canbeassignedo ary value
higherthanLevel(a). It is obviousthatafterthesechanges,
Property(1) is satis ed. Somenodegnaybecomealangling
becaust¢heirinputsareremoved. Thealgorithmwill either
connecthemwith the outputof BLEs whose ip- ops are

1Theinsertionof a timing edgeon the timing graphfrom the output
pin of LUT toaninputpin of LUT correspondso the following
change®nthenetlist: If pin isusedand is thecorrespondinget,add
pin tothesinksof . If isnotusedcreateanev 2-pinnetwith asits
sourceand asits sink.

2Theremoval of atiming edgefrom the outputpin  of LUT to an
inputpin of LUT correspondso thefollowing change®nthenetlist:If
thecorrespondingiet hasmorethan2 pins,remove pin  from its sinks.
If  hasonly 2 pins,remove thenetfrom the netlist.

Figure2: Exampleof an arti cial longestpath. It startsfrom a
cornerof the device andhasa snale shapein orderto guarantee
thatall the nodescanbevisitedexactly once

usedor Pls,similarto thatin step(i).

(iii) At theendof step(ii), the currentLUT is the lastnodeof
the path . If its correspondingip- op is used,it is
changedo used.

Path connects adjacentBLEs. It goesthrough
LUTsand connectionbetweeradjacenBLESs,sothetotaldelay
of is . If this pathis thelongestof
thecircuit for this placementit is obviousthat is the optimal
delayof thecircuit for thegiven LUT mappinganddelaymodel.

However, theadditionof new timing edgesandthechange®n
the ip- ops duringtheconstructiorof may createsomenew
pathsthathave longerdelaysthan . In orderto shortenthese
pathswe iteratively performtiming analysison the perturbectir-
cuit until the delay of the circuit becomesequalto . If the
timing analysisshawvs thatthe longestpath's delay is longer
than |, we identify the critical path,andremove the intercon-
necttiming edgesalongthatpaththatarenotin . During this
processwe will also x danglingBLEs, asin the previous step.
Eventually our arti cial pathwill becomethe longestof the cir-
cuit, aswe will prove later.

Thefollowing theoremstateshevalidity of thealgorithm:

Theoem1: TheT-PEKO algorithmguaranteeshat the per
turbed netlist is valid, and that is the longest path of the
placednetlist.

2.3. Increasingthe Dif culty of the T-PEKO examples

In this work we studynot only the optimality of thetiming-driven
placemenglgorithms but alsotheir stability for circuitswith dif-
ferentcharacteristicddeally a stablealgorithmis expectedo per
form well on variouskinds of circuits. For this stability studywe
introducetwo parameter$or the constructionof the circuits that
controltheirdif culty for aplacerincluding:

(i) The numberof longest paths: The algorithm can create
a userspeci ed numberof disjointlongestpaths. Assume
that this numberis , thatthe delay of the critical path
of the original circuitis , andthatinteger is computed
as before. We createa path accordingto the same
methodologyas describedearlierwith the only difference
thatit connnects adjacenBLEs. Thetotaldelay
of thatpathwill be
. Along this pathat equaldistanceswe insert ip-
ops. As aresult,theinitial longestpathis replacedy
paths,eachonewith a delay greaterthan or equalto
Note that afterthis change someotherpathsin the circuit
might becomdonger andthey will beremoved according



Figure3: Bridge construction.A bridgewill beinsertedbetween
sandt.

to the sameprocedureasdescribedn the previous subsec-
tion. In theend,these  pathswill becomethe longestof
thecircuit.

(i) Thenumberof edges that connectlongest paths: To in-
creasehedegreeof pathsharing,T-PEKO will createsome
netsto connectBLEs locatedon differentlongestpaths.
Figure3 providesanexample. and aretwo longest

pathsconstructedas describedn the previous paragraph.

isaBLE alongthepath , isaBLE alongthepath

. T-PEKOwill connect 'soutput with oneof ‘sun-

usedinputs . This correspondso insertinga timing edge

between and in thetiming graph. We call the newly

addediming edgea bridge, denotedhs . Thefollow-

ing theoremguaranteeshatthe netlistremainsvalid after
this operation.

Theoem 2: The netlist after inserting is valid if
. Here, is the
arrival timeof , istheoutputpin of , is thear-

rival timeof , anddist(E,F)is the Manhattandistanceof
from . Thelongestpathsin the original netlistremain
thelongestafter is inserted.

2.4. Extensionto the Xilinx Ar chitecture

The previously describedalgorithmtargetsour simpli ed model
andFPGA architecture With somemodi cations, T-PEKO is ex-

tendedto createplacemenexamplesconstructedor commercial
tools. More speci cally, in this subsectiorwe describehov we

createdexampledor the Xilinx Virtex architectureandin the next

subsectiorhow we createdexamplesfor the Altera Stratix archi-
tecture.In theVirtex architectur@a CLB (con gurablelogic block)

containgwo slices,andeachslicecontain®2 LUTSs (seeFigure4).

Dueto theinterconnecarchitecturef Virtex [15], it is notguaran-
teedthattheinterconnectielaybetweeradjacennodess shorter
thanthedelaybetweertwo non-adjacentodes.

The arti cial path we constructedfor this architecturewas
slightly different from the generalcaseof the previous section.
Thepathwill rst visit all four nodesof a CLB beforemaving to
anadjacenCLB. Figure5 shavs anexampleof two arti cial paths
thatwe createdfor a Xilinx Virtex device. Thesepathssharethe
sameCLBsin themiddlerow, butthe rst pathmovestothe CLBs
of the upperrow, while the otherpathmovesto the CLBs of the
bottomrow. For our Xilinx experimentsye usedthistechniqueo
createmultiple paths.

Oneadditionalproblemis that the delay modelis no longer
known. It is truethatdelaytablescanbe extracted®, but they may
notbe 100%accurate Therefore the timing analysiswe perform

3We built the delaytablesin the Virtex architectureasfollows: A net

is anapproximation.It is not guaranteedhatthe arti cial pathis
thelongestpathin thecircuit. Still, we canconsiderthe delayof
thatpathasanupperboundof the optimaldelayof thecircuit.

In theexperimentatesultssectionwe shallinvestigateheper
formanceof the Xilinx placeandroutetool PAR onthe T-PEKO
examplegtailoredfor the Virtex architecture.

2.5. Extensionto the Altera Architecture

In this subsectionwe describethe methodfor the generationof

TPEKO examplesfor the Altera Stratix architecure.The Stratix
architecturehastwo levels of hierarchy The lowestlevel of the
architecturds a logic element(LE) which comprisesa single 4-

inputLUT and ip- op. The rst level of the hierarchyis formed
by a collectionof 10 LEs which are groupedinto a logic array
block (LAB). Becausef thishierarchicahrchitecturethe TPEKO

algorithmwas modi ed for the creationof the examplesfor the
Stratix architecture. More speci cally, the pathwill visit all 10

LEs of a LAB beforemoving to an adjacent_LAB (seeFig. 6).

Also thepresencef DSPsandmemoryblocksonthechip have to

be consideredvhenthearti cial pathis createdFinally, sincethe
fasterrouting resourcesrethe onesthatconnecta logic element
totheoneimmediatelybelow it, all theeedge®f thearti cial path
insideaLAB aredirectedtowardsthe bottomof thechip.

Asin theVirtex casethedelaymodelis nolongerknown. De-
lay tableswereextractedusingthe Quartud| University Interface
Program(QUIP), but the timing analysiswe performedis still an
approximation.

In the experimentalresultssection,the delay of the arti cial
pathwill be consideredas an upperboundof the optimal delay
of thecircuit. In thatsectionthe performanceof the Altera place
androutetool Quartuswill be analyzedn the T-PEKO examples
tailoredfor the Alteraarchitecture.

3. EXPERIMENT AL RESULTS

We implementedT-PEKO on a SunBlade 1000using C++. To
generateheinitial placementon gurationsneededy T-PEKO,
weranVPR[16] on20MCNC benchmarksisingits timing driven
mode.The placementesultswerethenfed into T-PEKO andper
turbed.Wevaried from 1 to 5 andgenerated 00circuits. The

connecting? LUTs is constructed OneLUT was®xed at a cornerof the
chip. The otherwasmoved to every locationon the chip. We ®lled the
delaytablewith the delaysreportedby the Xilinx timing analysistool in
every case.

cout cout
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Figure4: A Virtex CLB contains4 LUTs in 2 slices.Picturetaken
from theweb site of Xilinx
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Figure5: An exampleof thearti cial pathona Xilinx Virtex de-
vice. A box representan LUT, while the dashedines shav the
bordersbetweerdifferentCLBs. The pathtraversesall the LUTs
of a CLB, beforemoving to anadjacenCLB.

Figure6: An exampleof the arti cial pathon an Altera Stratix
device. The pathtraversesall the LEs of a LAB beforemoving to
anadjacentAB.

maximumnumberof inputsandoutputson eachBLE is 6 and1
respectiely. As for the delayparameters, and .
Whenpossible,a maximumof 50 bridgeswere insertedbetwee
the longestpaths.We call thesecircuitsthe T-PEKO suiteand
male themavailableat[17].

Table 1 givesthe characteristicof T-PEKO in termsof the
numberof CLBs,Pls,POs, ip- ops andnets.Thecolumn“Orig”
shavs the nameof the original MCNC circuit from which theini-
tial placementon gurationis derived. The columnsfor
shav the characteristic®f the original MCNC circuits. Column
“Opt” givesthe optimal delayunderour simpli ed delay model.
For the sameinitial placementcon guration, the optimal delay
doesnot changefor ary value of (of course,we do not
know the optimal delay for ). The perturbedcircuits are
very closeto theoriginal onesin theseaspect$or mostcasesThe
circuitsthatwereinitially combinationalveretransformednto se-
quentialafter the insertionof ip- ops (40 in the worst caseon
thesecircuits). The circuits are given in the format speci ed in
[18]. Eachcircuit hasa.net le describingthe netlistof eachcir-
cuit. It alsohasa .arch le specifyingthe combinationablelay of
eachLUT, andthe numberof 10s for eachCLB. To guarantea
fair comparisonwe generatedh .pad le for eachcircuit, which
givesthe padlocationsextractedfrom theoptimalsolutionsby our
constructionThefunctionsandformatsof .arch.netand.pad les
arespeci edin [19].

For our optimality and stability study we experimentedvith
two state-of-the-arfEPGA placementlgorithms including:

VPRI[16], awell-knovn FPGAplacemenandroutingpack-
agewidely usedfor FPGAarchitecturesvaluation[19]. Its
optimizationengineis basedon simulatedannealing. It
combinesonnection-baseahdpath-basetming-analysis.
Thecostfunctionit usestradesoff betweernwirelengthand
critical pathdelay We usedVPR v.4.3 dovnloadedfrom
[20] in our experiment.

PATH [21], the latestFPGA placementalgorithm which
presentsa signi cant enhancemerto VPR in timing opti-
mization.It takesinto consideratiorthe pathsharingeffect.
PATH introducesa new netweightingalgorithmbasedon
the conceptof path-counting.We usedPATH v.1.0in our
experiment.

Onecomplicationof FPGA architecturds thatthe delaybe-
tweentwo BLEsdependsotonly ontheirManhattardistancebut
alsothe routing segmentsthatconnectthe BLEs. Therefore poth
algorithmsusea preliminaryrouting procedurebeforeplacement
to determinghe delaybetweerBLEs. To accommodateur sim-
pli ed delaymodel,we modi ed thedelaycomputatiorin eachal-
gorithm,sothatthe delaybetweerBLEs is alwaysthe Manhattan
distancebetweenthemmultiplied by . This changejn effect,
makesour studyof thesealgorithmsindependenof the FPGAar-
chitectureandtheir routing procedure.ln our experiment,we set
the tradeof parameteof wirelengthvs. delayto be 0.5, assug-
gestedby [16]. Changingthe valueof this parameteto favor the
critical pathdelayminimizationdid not seenmto improve the nal
results.

For eachcircuit of T-PEKO, we run eachalgorithm5 times.
Theresultsaresummarizedn Table2 andFigure6. The average
differencebetweeneachalgorithms resultandthe optimal solu-
tion is listed. For completenesdhe bestresultsfor every circuit
arereported. From the results,we male the following obsera-



Tablel: Characteristicef the TPelo suite. Column“Orig” givestheinitial circuit from which the perturbectcircuitsarederived.
correspondso thecharacteristicsf theoriginal circuit. Theperturbectircuitsarevery closeto theoriginal circuitsin thenumberof CLBs,
Pls,POs, ip- ops andnets.Column“Opt” givestheoptimaldelayfor eachcircuit. It is thesamefor circuitsderivedfrom the sameinitial

placementor

Ckt | Orig | Opt BT PITPO] FF [NET[CLB[ PT[ PO

TPelo01

tseng | 88 |[1047| 51 | 122 385 | 1098 1056| 51 | 105

TPelo02| exbp [108[1064] 8 | 63| O [1072[1067] 8 | 57

TPelo03] apex4 |106]1261] 9 [ 19 0 [127I[1275] 9 [ 22

TPelo04] dsip | 116]1370]228[197| 224 [ 1598] 1424| 228] 192

TPelo05] mise3 | 92 [1397] 14| 14| 0 [1411|1415] 14| 34

TPelo06| diffeq | 84 [1497] 63 | 39 | 377 [ 1560] 1502] 63 | 26

TPelo07| alu4 [100[1522] 14| 8 0 [1536[1535| 14| 8

TPelo08] des |132]1591|256[245] 0 [1847]1604]|255]206

TPelo09

bigkey [124[1707[228]197] 224 [1935]1766]228] 197

TPelo10 seq [122[1750] 41| 35| O [1791[1754| 41| 40

TPeloll| ape2 [128[1878] 38 ] 3 0 [1916/1894| 38| 8

TPelo12| s298 [166]1931] 3 6 8 [1934(1934| 3 6

TPelo13] frisc | 170]3556] 19 [116] 886 [ 3575]3568| 19 [ 113

TPelo14| elliptic | 146]3604| 130| 114 1122] 3734]3616| 130] 81

TPelol5] spla [184[3690] 16 | 46 | O [3706]3698] 16 | 50

TPelo16 pdc [240[4575] 16 [ 40 | 0 [4591][4595] 16 | 55

TPelol7] ex1010 [290]4598] 10 [ 10 [ 0 [4608]4610] 10 [ 21

TPelo18] s38417 | 164]|6406| 28 | 106[ 1463|6434 6417| 28 | 96

TPelo19]s38584.1 164 6435| 37 [ 304|1260] 6484] 6457 37 [ 262

TPelo20] clma [328[8382| 61| 82 | 33 [8444|8393] 60 | 60

tions:

For , the delayproducedby the algorithmsis from
10%to 18%longerthantheoptimaof T-PEKO on average,
andfrom 34%to 53%longerin theworstcase.

The solutionquality of both algorithmsdeterioratess
increaseskFor , thegapbetweertheir solutionsand
the optimais from 23%to 35% on average andfrom 41%
to 48%in theworstcase.

PATH outperformsVPRin all casesThe bestresultsfrom
PATH areonaveraget% worsethantheoptimawhen
, and18%worsewhen

Figure7 shaws theoptimalcon gurationof TPelo20with

= 5 andtheresultsgeneratedby both VPR andPATH. The nodes
on the longestpathsby our constructionare coloredin blackin

eachsolution.Furthermorethe critical timing edgesn eachsolu-
tion arealsocoloredin black. It canbe seenthatthesenodesare
indeedonthelongestpathsof bothVPRandPATH'sresults.How-

ever, the delayproducedby both algorithmsis far away from the
optimal. Note that besideghe longestpath createdby T-PEKO,

thereexist someotherpathswith the samedelay thatincludenets
from the original circuit. Figure7 shavs severalsuchpathsin the
optimalsolution.

Figure7: Divergencevs

Table2: Experimentaresultsby VPR andPATH on the TPEKO
suite.M correpondso thenumberof initial longesipaths.Average
and minimum divergencefrom the optimaby VPR and PATH is
listed.

M=1 M=3 M=5
Circuit |Opt VPR PATH VPR PATH VPR PATH
Avg[Best| Avg [Best| Avg [ Best| Avg [ Best| Avg [ Best| Avg [ Best

TPelo01[ 88 | 4% [ 0% | 7% | 0% [ 21%]| 17%]| 17%]| 15%| 35%| 27%] 25%[20%

TPelo02[108[ 6% | 1% [ 4% | 1% [ 23%]| 15%]| 17%]| 13%| 38%| 31%] 16%[14%

TPelo03[ 106] 12%] 4% | 6% | 0% [30%] 23%| 12%]| 8% [ 27%| 24%][15%] 10%)

TPelo04[116] 7% | 0% | 0% | 0% [10%] 7% | 5% | 3% [18%| 14%][15%] 9%

TPelo05| 92 [22%)] 7% [10%]| 0% [34%] 25%| 15%| 5% [ 34%|24%][16%]| 11%)

TPelo06[ 84 [10%][ 5% [ 5% | 1% [26%]| 20%]| 19%]| 8% |34%|20%] 17%[14%

TPelo07[100[22%][ 10%]| 4% | 0% [ 25%]| 20%]| 11%]| 7% |33%|27%]|17%[13%

TPelo08[ 132 53%] 44%| 18%)] 7% [52%] 47%| 30%]| 24%] 40%| 20%|33%] 27%)

TPelo09[124] 9% [ 2% | 0% | 0% [19%] 14%| 24%][ 15%] 29%| 28%[21%] 18%)

TPelo10[122[11%][ 6% [ 7% [ 1% [27%] 25%] 18%] 12%] 33%| 29%] 15%[13%

TPelo11[128[15%][ 10%]| 8% | 0% |26%]| 19%]| 10%]| 6% |40%|33%] 15%[12%

TPelo12[166[11%[ 4% | 4% | 1% [40%]| 16%]| 13%] 11%| 39%| 15%] 16%|14%

TPelo13[170[31%] 25%| 15%)] 8% [39%] 22%| 35%][ 19%)] 35%| 29%|32%] 22%)

TPelo14]146[12%] 8% | 2% | 1% [26%] 21%| 21%]| 12%] 32%| 26%|31%]| 25%)

TPelo15[184[15%[ 11%] 7% [ 1% [25%] 22%] 17%] 10%] 36%| 33%] 23%[18%

TPelo16[240[17%| 7% [13%] 3% | 61%]| 55%]| 14%]| 12%| 36%| 25%] 19%[13%

TPelo17[290[24%]| 17%]| 10%]| 2% | 24%]| 15%]| 17%]| 12%| 30%| 21%] 26%[21%

TPelo18]164]32%] 15%| 19%] 5% [33%] 15%| 30%]| 20%] 29%| 22%[30%] 16%)

TPelo19]164| 17%]| 13%| 34%]26%]| 46%| 25%| 45%] 38%)] 48%| 41%|41%]| 37%)

TPelo20[328[32%]| 25%]| 24%] 14%] 49%]| 37%]| 25%]| 19%| 47%| 30%] 38%][31%

Avg. 18%] 119%] 10%] 4% [32%] 23%][20%] 13%] 35%] 26%[23%| 18%

Using the methoddescribedn the previous section,we ex-
tendedour studyto the Xilinx placemenengine,PAR, andcon-
structedl7 syntheticcircuitsfrom MCNC benchmark$. Thever
sion we experimenteds Releases.1.03i- PAR F.26. The new
circuitsaregroupedo form the TPEKO-x suite. First, we let PAR
do placementvithoutroutingandcomparedhe delaywith thatof

4The TPEKO-generatedtircuit for bigkey runsout of pads,sincethe
initial placemenbf bigkey hasa high numberof 10 padsvery closeto
available padson the chip. The initial solutionof s38417ands38584.1
include someactive “ip- opsthat are not connectedo the LUT in the
sameBLE, whichis notcompatibleTPelo's assumption.



Optimal solution

VPR's solution

PATH's solution

Figure8: Threesolutionsfor TPelo20. The nodeson the longestpathsby our constructionare coloredin black. The timing edgeson
critital pathsin eachsolutionarecoloredin black,too. It canbe seernthesenodesareindeedon thelongestpathsin bothVPR andPATH's
results. However, the delay producedby both algorithmsarefar away from the optima. Note that besideghe longestpathscreatedby
T-PEKO, thereexist otherpathswith the samedelay thatincludenetsfrom the original circuit. Several of themareshavn in the optimal

solution.
Table3: Experimentatesultson Xilinx PAR.
Circuit | chip/packagg OB |Slice| Net UBW/gAr%unnd?ﬁ UBWngtm%m—

TPelo01-x| xcv50/bg256| 73 | 573[1130[70.0] 75.2] 7.5% [76.8[80.4] 4.7%
TPelo02-x| xcv200/fg456 176 582 [1182]78.2[80.3[ 2.7% [90.6] 90.5[-0.1%
TPelo03-x| xcv50/bg256| 33 | 669 [130262.7]65.8] 4.9% |64.7]67.5] 4.3%
TPelo04-x| xcv50/bg256| 31 | 760 [1415[55.9]62.5[11.9%|54.756.9] 4.1%
TPelo05-x| xcv50/bg256| 27 | 766 [1537[52.2] 57.4[10.0%] 49.0[ 53.5] 9.2%
Tpeko06-x| Xcv50/bg256| 110| 766 [1563]/59.2]61.2] 3.5% [55.9]58.3] 4.2%
TPelo07-x| xcv600/fg68( 435] 832 [1690] 78.2] 83.5] 6.7% [90.7] 95.0] 4.7%
TPelo08-x| xcv600/fg68( 504| 863 [1932]78.2[83.0[ 6.1% [90.2[91.1] 1.1%
TPelo09-x| xcv100/bg256¢ 79 | 941 [183264.6]68.1] 5.5% |68.3]69.9] 2.4%
TPelo10-x|xcv100/bg256¢ 49 | 968 [1940[60.7]66.0[ 8.6% [61.7]64.4] 4.3%
TPelo11-x|xcv100/bg256¢ 16 [1199]1964|64.8]67.2] 3.7% [65.1]67.9] 4.3%
TPelo12-x| xcv200/fg45q 152]1824|3562[57.9]63.8[10.1%|57.4] 61.3] 6.8%
TPelo13-x| xcv200/fg45q 62 [1961[3731|61.8[66.1] 7.0% |62.8]65.6] 4.5%
TPelo14-x| xcv200/fg456 248][1985[3766]62.7] 71.3[ 13.7%] 65.0[ 69.4] 6.8%
TPelo15-x| xcv200/fg45§ 59 [2350[4593[53.2]61.7]15.9%] 50.5[ 53.5] 6.0%
TPelo16-x| xcv200/fg45§ 29 [2350[4614]55.2]63.6[15.1%]53.1[ 55.6] 4.8%
TPelo17-x| xcv600/fg68( 130[4704|8463]64.3|69.8[ 8.6% |68.5]67.3[-1.7%

Avg. 8.3% 4.1%

theconstructedolutions.Thenwelet PAR do placementollowed
by routing. In the latter case we usedPAR to do routing on our
constructedolutionsandquotedthe delayreportedby its timing
analysistool. The delay on our constructedsolutionssened as
upperboundsto the optimal delay for the syntheticcircuits. To
guaranteghat PAR can nd the minimum possibledelayin this
experiment,we seta loosedelay constraintat the beginning and
graduallytightenit until PAR cannolonger nd asolutionsatis-
fying this constraint.

Table 3 givesthe experimentalresultson thesecircuits. The
rst few columnsgive thecircuit characteristicsTheupperbound
of the optimal delay by our constructionis given in the column
“UB,” theresultby PAR is givenin thecolumn“PAR.” Thedelays
are given in nano-secondsOn average,the delay generatedy
PAR is 8.3%worsethanour constructedolutionswithoutrouting,
and4.1%afterrouting. Comparedvith our experimentwith VPR
and PATH, the divergencehereis muchsmaller especiallyafter
routing. In fact,for somecasestheresultby PAR is betterthanour
constructedolution.Onepossiblereasoris thatthedelaybetween
two elementonaVirtex chipis not monotonewith regardto their

Manhattardistance It depend$ieaily ontheroutingpathchosen
for eachnet.

Finally, we alsoextendedour studyfor the Altera placement
engine Quartudl v.3.0,andconstructed 6 syntheticcircuitsfrom
the MCNC benchmarks.The new examplesinclude5 arti cial
paths. They groupedasthe TPEKO-a suiteandtwo experiments
were performedwith them. In the rst one, Quartusperforms
placesandroutesthe circuits given the informationof the “opti-
mal” placemenbbtainedby the TPEKO algorithm. Thedelayre-
portedby thetool senesasanupperboundof theoptimalsolution
for thecircuit. In thesecondexperimentQuartusplacesandroutes
the circuitswithout ary hints. By comparingthe delaysreported
by thetool in bothexperimentswe canestimatethe performance
of thetool.

In Table4 the experimentakesultson the TPEKO-asuiteare
reported.The rst columnsgive the circuit characteristicandthe
chipfrom the Stratixfamily thatwasused.Theupperboundof the
optimaldelayby ourconstructioris givenin thecolumn“UB,” the
resultby PAR is givenin thecolumn“PAR.” Thedelaysaregiven
in nano-secondsOn average the delay generatedy Quartusis
3.0%worsethanour constructedolutions.

Theconclusionsve candraw arethesameasfor theXilinx ex-
periments.The divergencefrom the upperboundis muchsmaller
thantheacademicools. The hierarchicahatureof the Stratixde-
vicesandthenon-monotonicityf thedelaysbetweertheelements
ontheStratixchip in regardsto their distanceprobablycontribute
to thehigh quality of theperformancef thetool for the TPEKO-a
examples.

4. CONCLUSIONS AND FUTURE WORK

This work studiedthe optimality and stability of timing-driven
placementlgorithms.We developedan algorithmfor generating
syntheticexampleswith known optimal delay for timing driven
placemen{T-PEKO). Thesyntheticexampleggeneratedtby oural-
gorithm cancloselymatchthe characteristicef real circuits. Us-
ing thesesyntheticexampleswith known optimal solutions,we
studiedthe optimality of several timing-driven placementalgo-
rithms by comparingtheir solutionsto the optimal solutions,and



Table4: Experimentalesultson Altera Quartus.
Circuit Chip I0s]| LEs [ Nets| UB [Quartug diff

TPelo01-a| EP1S10B672CH31 |1503[1514{18.5] 19.5 |5.1%
TPelo02-a| EP1S10B8672CH30 | 1628[1643[17.7] 18.4 |4.1%
TPelo03-a| EP1S10B672CHL04{1663[1727|12.8] 13.0 |1.8%
TPelo04-a| EP1S10B672Ch24 [17531768[17.9] 18.0 | 0.6%
TPelo05-a EP1S10B672CH 78 | 1986]2028[17.7] 17.8 | 0.5%
Tpeko06-a] EP1S10B672CH43 [2144]2183[20.2] 21.3 |5.4%
TPelo07-a| EP1S10B672Ch11 |2277]2281]26.7] 28.0 | 4.9%
TPelo08-a EP1S10B672ChL37[3837]3857|21.2] 22.3 |5.5%
TPelo09-a| EP1S10B672CR46[3790[3921[14.9] 15.1 [1.2%
TPelo10-a EP1S10B672CH64 [3991]4008[23.2] 24.4 |4.9%
TPelol1-a EP1S10B672CH58 |4906]4923[24.5] 25.3 | 3.2%
TPelo12-a EP1S10B672Ch22 |4914]4925[23.6] 25.0 | 6.0%
TPelo13-a EP1S10B672ChL36{6577]6606[14.0] 13.9 |-0.5%
TPelo14-a| EP1S10B672CHL75[1198[1250[13.0] 13.0 | 0.0%
TPelo15-a EP1S10B672CH 73 | 1350/ 1359[21.8] 22.3 | 2.0%
TPelo16-a EP1S10B672ChlL46[86398702[20.0] 20.6 | 2.9%
Avg. 3.0%

their stability by varying the numberof longestpathsin the ex-

amples.Theresultsproducecby thealgorithmscouldbeasfar as
54% away from the optimalfor our mostdif cult examples.The
resultsseemto suggesthat timing-driven placementlgorithms,
both net-basedndpath-basedhave roomfor improvement. The
performancef the commerciakoolsthattargetthe Xilinx Virtex

andthe Altera Stratixarchitecturess muchbetter Thedifference
in delayfrom our constructedsolutionin both casesds lessthan
5%.

Futurework includesthe generatiorof similar placementex-
amplesthat study the performanceof placementalgorithmsfor
otherobjectives suchasroutability andpower on both ASIC and
FPGAdesigns.
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