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Abstract

Novel methodologyand algorithms to seamlesslyinte-
gratelogic synthesisndphysicalplacementhrougha trans-
formationalappmoad are presented.

Contrary to mostplacementalgorithmsthat minimizea
global costfunction basedon an abstact representationof
the design,we decomposethe placemenfunctioninto a set
of transformsandcoupledthemdirectlywith incrementatim-
ing, noise and/or poweranalyzersThiscouplingresultsin a
directandmore accumtefeedbak onoptimizatiorsfor place-
mentactions.

Theseplacementransformsare thenintegratedwith tra-
ditional logic synthesidransformsleadingto a corveging
setof optimizatiors basedon the concurent manipulaton of
boolean electrical,aswell asphysicaldata.

Experimentatesultsindicatethat the proposedappmoacd
createsan efficient corverging designflow that eliminates
placementand synthesidgteration. It resultsin timing im-
provementsand maintainsother global placementneasues
sud aswire congestiorandwire length.

Theflexibility of thetransformationabppmad allowsus
to easilyadd, extendand supportmore sophisticatedalgo-
rithmsthatinvolvecritical aswell asnon-critical regionsand
targeta variety of metricsincluding noise,yield and manu-
facturability.

1 Intr oduction and Related Work

Timing optimizationin traditionallogic synthesigs basedn
a transformationabpproach.The netlist is graduallymod-
ified and refined. Timing, noise and power analyzersin-
crementallymeasurehe designand provide feedbackto the
transformghatmaketheactualdesignchange$23]. An eval-
uator (or the transformitself) queriesthe analyzersand de-
cidesif the designactuallyimprovesandaccepts/rejectthe
netlistmodifications.

The advantageof the above approactis that direct feed-
backfrom the analyzer(s)s usedin the synthesisoptimiza-
tions. Thereis a directcouplingbetweenthe analyzeraused
for thefinal sign-of criteriaandtheoptimization.This direct
couplingallows discretelogic andelectricalnetlistoptimiza-
tionswithin synthesis.
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Algorithms for placementhave the advantageof a rigid
underlyingmathematicaformulation. They have beenvery
successfuin optimizing netlengthandcontrollingwire con-
gestionandtheir compleities scalewell to handlelargerde-
signs. Most placementalgorithmsuse continuousformula-
tionsandhencedo not lend themselesto discreteoptimiza-
tionstypically usedin synthesis.

Timing driven placementechniquesave often usedthe
ability to specify constraintsinto the placementalgorithm
suchas net weightsand capacitanceargetsto achiee such
goals[9, 20, 14]. However, they do notdirectly takeinto ac-
countfeedbackfrom for examplea timing analyzer These
techniquedormulatetheir problemsascontinuousoptimiza-
tion problemsandhencedo not lendthemseleseasilyto in-
cludenetlisttransformationsvhich arediscretein nature.

Includingtheseobjectivesdirectly in the problemformu-
lation leadsto expensve optimizationalgorithms. In [21],
locationsare specifiedas variablesfor timing improvement
andanexactnon-linearoptimizationproblemis formulatedo
achieve this goal. However, the run time of non-linearmeth-
odstendsto grow quickly with the sizeof thedesigns.

A primary approachasbeento usea snapshobf place-
mentasa startingpoint for netlisttransformationsfollowed
by an incrementalplacementstep[12, 18, 16, 17] to legal-
ize the perturbationcausedoy the netlisttransforms.These
approachesignificantlylimit the netlistchangeghat canbe
madeto be ableto maintainincrementalityin the succeed-
ing placement.In POINT [22], the approachs extendedby
addinga flow-basedplacemenimprovementphaseas a le-
galizationstep,therebyincreasingthe numberand scopeof
network changeghat can be tolerated. In [11], a method-
ology that enablesoneto invoke synthesigransformsn the
intermediatestepsof a partitioningbasedlaceris described.

All theseapproachestartfrom anexisting placemenand
only try to optimize aroundthis initial local solution. In
ourtransformationaplacemenandsynthesiapproach{TPS)
we takethis a stepfurther. By creatinga sequencef more
and less granularplacementand netlist modificationtrans-
forms a corverging designclosureprocesss created start-
ing from just a netlist without initial placement.The place-
mentfunction is decomposedhto a setof placementrans-



formsaddressingacha specificphaseof theplacemenprob-
lem. Eachplacemenstepbecomegustanothetransfornthat
changeghedesignspacejn this casethe placemenbf cells.

Theseplacementransformsanbefreely mixedandmatched
with thetraditionallogic synthesidransformghatchangehe
netlist. The accurag versusruntimetradeof of theseopti-

mizationscanbe refinedasthe quality of the placementand
netlistdataimprovesin a corverging flow.

All transformshave anunifiedview of the placementind
synthesigdesignspace.Synthesistiming, andplacemengl-
gorithmsanddataareconcurrentlyavailableto all transforms.
This opensup the possibilityfor anentirenew classof trans-
formsthat modify the netlistand placementoncurrently A
transformto eliminatewire congestioncan do this both by
moving cells or re-decomposing piece of the netlist. An
electricalcorrectiontransformcanletits choiceto cloneacell
or buffer its outputbe drivenby how muchspacds available
to do oneor the other Section4 describessariousof these
transforms.

To be ableto applythis transformationabpproacho in-
dustrialsize designs efficient datastructuresneedto be em-
ployed. Section2 describe®ur abstractiorof the placement
image. This imagegraduallyrefinesitself during the course
of the algorithmstherebyproviding efficiengy up-front and
precisionin thefinal stageof thedesignflow. All timing cal-
culationsin TPSarefully incrementabndrecalculation®nly
happenin regions affectedby netlist or placementchanges.
Section3 describefiow thewire-length(andload)calculation
is done. Section4.1 describediow the placemenproblemis
decomposeduchthatwe maintainthe globalpropertieqlike
wire-lengthandwire congestionjpndin additioncanaddress
local problemd(like timing andnoise).

Section5 describeshow the placement,synthesisand
combinecdhetlist/placementransformsanbegroupedn sce-
nariosto obtainanefficient(orderof runtimesimilarto sumof
synthesisand placemenstand-alonejand converging design
flow.

2 Placementimage

The placementlataof a designneedsto be representect a
variablelevel of abstractionOn onehandthecell placement
needgo berepresenteg@reciseenoughto getaccurateanfor-
mationfrom the analyzers.On the otherhandone doesnot
wantto spenda lot of time updatingdetailedplacementn-
formationthat doesnot have a majorimpacton the analysis
results.

A bin-basedplacemenimageis selectedsinceit canbe
efficiently updatedand cangraduallyrepresentnore precise
placemeninformation. The chip/designareais dividedinto
bins as shavn in figure 1. Only abstractednformation is
maintainedwith respecto eachbin. Eachbin hasassociated
with it a certaincell capacity andwiring capacity Circuits
canbe moved betweenthe bins without a comple legaliza-
tion procedure.Insteadwe keeptrack of a simplermeasure

of how muchof thebin capacityis usedup by circuitsalready
placedin thebin.
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Figure 1. Coarse Image View

The bin structurehasfunctionsthatrelateto the physical
characteristicsf thechipimage:whereandhow mary circuit
locationsareavailable,wherei/o’ sareplaced)arge partitions
areplaced,block spacefor othercircuits, wherepower lines
areplacedandhow they block otherwiring. Thisinformation
is sufficient to ensurethat a legal detailedplacementcanbe
obtainedandthatthe wire-ability metricsfor the routing are
met.

Thebinscanhave ary size.Thesmallerthebin, themore
precisetheplacemenbf thecellsin thisbin. Eventually each
bin could containone cell andthe cell will be fixed in the
locationof the bin. In the caseof detailedlocations,the cir-
cuitshave exactlegallocationsfor agivenchipimageandthe
circuit rows andwiring tracksareexactly defined.

The bin structureis especiallybeneficialin a synthe-
sis/physicatiesignervironmentwheresignificantchangesre
madeto the designand maintaininglegal locationsfor de-
tailed placementvould be expensve. Thebin structurenatu-
rally supportsour optimizationflow, wheremore drasticre-
structuringdecisionsare made up-front, and smaller deci-
sions,supportedby more preciseanalysisinformationlater.
Graduakefinemenbdf thebinswill creategraduallymorepre-
cisewire-lengthestimateandbettertiming andnoiseanaly-
sis.

3 WireLength Calculation

Figure 2 shows the tracking betweenthe net-lengthof a
Steinertree and the final routing of the net. It showvs the
numberof netsthat have a certainpercentageredictioner
ror. Thethreedatasetsshavn (left to right) were obtained
by successiely remaving the shortest10% and 20% of nets
from the statistics. Onecanseethatall larger error percent-
agedlisappeaif theshorteshetsareremoed. Theerrordue
to shortnetsdoesnot have a significanteffect on delay For
the slightly longer and long netsthe precisionof a Steiner
lengthapproximatioris sufficientfor thetransformationshat
aredonein the TPS phase. This is especiallytrue, if this
Steinertreeis alsobeingusedto initialize the global router
Also a final sizing after routing canbe doneto compensate



for thein-accuracie®f the Steinertreewithout changingthe
placement.
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Figure 2. Wire load histogram

The Steinertreeis calculatedusingthe positionsof each
cell andits pins. Cell positionsmight be eitherexact (in the
final phases)r derived from the bins the gateis in. The
Steinertree getsdynamicallyre-calculatedvhen gate posi-
tionschangeaswell aswhennew cellsarecreatedrold ones
deleted.

For shortwires,anElmoredelay[25] modelis used.The
wire load capacitanceareestimatedaslumpedcapacitances
proportionalto the Steinerestimatesof the lengthsof the
wires. For longerwires wherethe RC components signif-
icant,anappropriatedelaymodel[19, 5] is chosen.

Thesemodelsare registeredas net-delaycalculatorsin
anincrementatiming analysisengine[10]. Both changego
positionsof cells and changedo the netlist may trigger in-
crementakecalculation®of thetiming and Steinertrees. We
canhave differentwire-lengthcalculatordor wireswithin the
bins. For example, one may use approximatewire lengths
obtainedfrom Rentrule [6, 7].

4 Transformations

4.1 PlacementTransformations
Differentplacementalgorithmsneedto be appliedat differ-
ent stagef the designflow. The placementlgorithmsde-
ployedwithin TPSinclude multi-level partitioning [2, 13],
look aheadnin-cut[4], clusteringreflow, quadratiq14], and
collectionsof greedydetailedplacementeuristics. Most of
theseplacemenalgorithmsweredevelopedandtunedwithin
aplacementool [11]. Thedominantflow duringmostplace-
menttransformds thatof the traditionalbipartitioningplace-
mentmethodology In this flow, the startingpointis a netlist
consistingof fixed and movable circuits, along with floor-
planningconstraintsuchasprimarylO portassignmentgge-
senedareascapacitancéarmgets,andareasassignedor aspe-
cial setof logic circuits.

The Partitioner transformseparatethe movableobjects
into two partitionsdefinedby a dividing line (cut line) that

Algorithm Partitioner+Reflow

/* Initialize thewindow list to onewindow thatcoversthe entiredesign.*/
starthead-= initialize_window Jist();
for(cutnumber= 0; cutnumber< numberof_cuts;cutnumber++)
/* Partitioner */
for(window = starthead;window != NULL; window = window- > next)
/* extractthe contentsof thiswindow from thechip */
this_subset= getsubset(windw);
[* partitionthis subseusingmulti-level partitioning*/
partitionsubset(thissubset);
/* Putthe partitionedresultsbackinto the chip*/
putsubset(thissubset);
endfor;
/* Reflow*/
starthead= subdvide_eachwindow.in_thelist(starthead);
for(window = starthead;window != NULL; window = window- > next)
reflov_window = memge(windav,window- > nex);
this_subset= getsubset(reflov_window);
partitionsubset(thissubset);
putsubset(reflv-window);
endfor;
endfor;
splitsthe designinto two halves. The objectsfor eachparti-
tion areselectedso asto minimize the total numberof wires
that crossthe cut line, andso thatthe amountof circuit area
andconnectionsn eachpartitionareapproximatelyequal At
this point we have two partitions. Applying the samealgo-
rithm recursvely, the two partitionsbecomefour, theneight
andso on. For every partition operationfollowing the first
thereis the addeddifficulty of terminal projection,which is
themethodfor modelingconnectionghatflow from onepar
tition into another TPShandlegerminalprojectionby mak-
ing the entirenetlistof objects,andtheir placementocations
visible to every partitioningoperation.In this way thereis no
datamodelsetup overhead.Connectionghatexit a partition

areseematively, andreactedo accordingly

One of the criticisms of the partitionertransformis that
decisionanadeearlyonin the procesdendto "trap” objects
into certaingeometricareasproviding little meansfor them
to escapavhat may have beena suboptimalassignment.A
reflowalgorithmcanresole thesesituations.Logic is given
the opportunityto flow backinto areaghatthe strict biparti-
tionerhasexcluded. Thisis accomplishedby deployinga se-
riesof sliding windows thatroamaroundthe chipin between
the partitioning stepsof the bipartitiorer. In this procesghe
size of the roamingwindows startoff large and progresso
smallin size. In additionto the reflow transform,othertech-
niguessuchasvaryingtheinitial cutline coordinate@ndus-
ing detailedplacementechniqueslsohelp. With thesealgo-
rithmsdeployedheresultingplacemendistributionsvisually
appeatlessgrairy thanstrict bipartitioning, andlook similar
to the resultsof a simulatedannealer The partitionercom-
binedwith the reflow algorithm constituteghe global phase
of placement.

Algorithm Partitioner+Reflow describeghe partitioner
andthe reflow algorithmappliedduring a placementut. In
general,eachof thesestepscould be appliedindependently
For mary chips,the combinationof partitioningfollowed by
reflov seemgo work well. At ary pointbeforeor afterparti-
tioning andreflow, othersynthesisandplacementransforms



Algorithm DetailedPlaceOpt

/* Detailed PlacementOptimizations */
/* Createa smallwindow, approximatelylarge enoughfor 20 objects*/
sliderwindow = initialize_it;
/* Slidethiswindow acrosghe entirechip */
for(postition=first; position!= NULL; position= next)
positionslider-window(sliderwindow,position);
for_eachobijectin_sliderwindow
try swappingwith eachof the otherobjectsin thewindow
pick several objects,andtry all permutation®f reordering
accepthebestof all of thesemoves;
legalizemove
endfor;
endfor;

maybeapplied.In onetypical TPSscenarialescribedn Sec-
tion 5, synthesigransformsareappliedimmediatelyafter re-
flow.

The detailedplacementransformsinvolve the useof a
collection of greedyheuristicsthat involve selectingan ob-
ject for a move, or a pair of objectsfor a swap. A detailed
placementransformof swapis givenin algorithmDetailed-
PlaceOpt Following the move or swap,alegalizercleansup
ary overlaps. Next, we scorethe result. The scoringfunc-
tion includestiming, noiseand areaobjectves. If we have
improved the desighwe keepthe maove and bad moves are
rejected.

4.2 Circuit Migration

Thecircuit migrationtransformallows oneto have morepre-
cisecontrol over the placemenbf cells to meetspecifictar
gets.Themaindifferencebetweerplacemenalgorithmssuch
asreflov andthealgorithmpresentedn this sectionis the di-
recttight couplingwith theanalysistool, in this casethetim-
ing analyzer

In orderto improve thetiming of a designby moving ap-
propriatecircuits,we needto understandhow circuit motions
affect the capacitancef a netor a setof nets. Mary situa-
tions occurwhereindividual circuit movementshave no ef-
fect or could even worsenthe timing of the circuit. On the
other handthe collective motion of several circuits together
may have significantimprovements.In the following exam-
pleswe will makethe simplifying assumptiorthattiming is
directly proportionalto the netlength.

Considerthe meandein acritical pathin Figure3. Mov-
ing only one of the circuits C, D or E would have no bene-
ficial effect on the total netlength. The movementof C, D
and E togetherwould reducetotal net length and therefore
improve timing. Theproblembecomesnorecomple if C, D
or E have multiple faninsandfanouts. The circuit migration
transformaddresseshis issue. Similarly, considera single
netwith threenodesconnectedisinga steinertreeasshaovn
in Figure4. If we move ary individual nodeA or B in the
vertical direction,thereis no reductionin netlength(assum-
ing orthogonalrouting). If we move the two nodestogether
asshaowvn thetotal netlengthcanbe decreased.

A circuit migrationtransformto performtiming optimiza-
tion in conjunctionwith anincrementatiming analyzeibased

Algorithm LogicalEffortNetWeight

initialize_min_cut placement()
logical_efforts = analyzelibrary()
numberof_cuts= 0
while(cutsto beprocessed)
CR = obtaincritical_region(desigr)
if (mode= absolute)
for eachnetin CR
absoluteslackweight= computeslack weight(net)
netweight= f (absoluteslackweight,logicaleffort/maxlogical_effort)
endfor;
elseif (mode= incremental)
for eachnetin CR
absoluteslackweight= computeslack weight(net)
previousslackweight= previousslackweight(net)
new_slackweight= ¢(absoluteslack weight,previousslack weight)
netweight= f (new_slackweight,logicaleffort/maxlogical_effort)
endfor;
endif;
endwhile;

on the notion of strong moveshasbeendevelopedin [8]. A
strongmoveinvolvesmoving anoptimal setof circuitsto im-
prove thetiming andhasthe propertythatmoving ary proper
subsetof this setwill resultin a suboptimalor no improve-
ment.For examplein Figure3 themotionof C, D, E together
in the downwarddirectionis a strongmove. A strongmove
for a netconsistof moving a setof circuitsall of which are
connectedo that net. Likewise, a strongmove for a group
of netsconsistsof moving a setof circuits all of which are
connectedo atleastonenetin thegroup.

Circuit migrationtransformusesefficient techniques|[8]
to computethe setof strongmaoveswhich improve timing for
allindividualnetsin thecritical regionidentifiedby thetiming
analyzer Next, it combinesthesestrongmovesto generate
strongmavesfor a groupof netsin the critical region. Such
strongmovesareappliedif the placemenbin capacitiesare
notexceededandif thereis significanttiming improvement.
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Figure 3. Changes in Locations for Critical
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4.3 Logical Effort basedNet Weights

Timing driven placement[9, 20, 1] techniquesoften used
in typical chip designmethodologieg15] incorporatecon-
straints (such as net weights, capacitance/delajpudgeting



etc.) into a placementalgorithm to improve the locations
for timing. One problemwith selectingnetweightsprior to
placements that the weightsare determinedby the timing
sign-of obtainedaftersynthesis Synthesigypically operates
onwire loadmodels,andmaypredictthecritical pathsincor-
rectly. Assigningnetweightsandbudgetingdelaywould bias
the placemento optimizepathsthatmay not be critical after
placementFurther netweightsoftendonottakeinto account
thedelaysensitvity of agivengatetypeto thecapacitancee-
sultingfrom thewire length.

Thetechniguegpresentedn this section,allow the useof
netweightsto controlthetiming moreprecisely Net weights
areupdatedn the netsduringeachcut asthe placementets
morerefined.Thenetweightsarenotonly scaledcaccordingo
how timing critical the netsare,but arealsoscaledaccording
to thelogical effort [24] of thegatesdriving the nets.

In thegainbasedsynthesigechniqueused24, 3], thede-
lay of a gateis determinedoy its gain andis independenof
theloaddrivenby thegateasgivenin equationl.

d = ko + k1 * gain (2)

wheregain = C;/C;y,, C; is the capacitatre load the

outputpin drivesand C;,, is the input pin capacitancef the

correspondingnput pin of the gate (eacharc from input to
outputhasanequatiorof theform 1).

The logical effort of a gatetype (say nhand, nor, invert)
givesa measuref thedelaysensitvity of a gatetypeto gain.
Logicaleffort canbeusedo decidethecapacitancethatgates
in a netlist shoulddrive relative to eachother For exam-
ple gateswith lower logical efforts (suchasstaticinverters)
arepreferredto drive larger capacitanceandwires whereas
higher logical efforts (suchas static xors) are usedonly to
drive smallerloads. Scalingweightsin proportionto thelog-
ical effort is similar to designersule of thumbwheremore
comple gatesareallowed to drive only shorterwires while
simplergatessuchasinvertersandnandgatesarepreferredo
drive longerwires. The conceptof logical effort allows usto
automaticallyincorporateéheserulesof thumh

In algorithmLogicalEff ortNetWeight, the library is an-
alyzedprior to placemento obtainthe logical efforts of the
gatesin thelibrary. On eachcut of the placementa new crit-
ical region is obtainedandthe weightsare estimatedor the
nets. In the absolutemode new weightsare calculatedand
assignean eachcutindependenof ary previousweights. If
theincrementaimodeis chosenthe previous netweightsare
usedin the computationof the new netweights,allowing a
smootherchangen theassignmenof netweights.

4.4 GateSizing

Gatesizing is traditionally performedto both optimize the
performancef critical pathsandto satisfythe electricalcon-
straintsimposedby the designrules. In addition,sizing also
performsarearecosery onthenon-criticalregions. A largeva-

Algorithm PlacementDisc

initialize_min_cut placement()
initialize_wire_estimates()
initialize_steinerbasedtiming_analysis()
cutstatus= 0
while(cutsto beprocessed)
if (cutstatus==T)
ExecuteDiscretizationlink cells
Updatetiming analysismodeto actual
endif;
if (cutstatus< T)
Timing analysismodeis gainbased
Executevirtual discretization
(sizedcellsnotlinked)pas®n netlist
Providewidth andheightof cellsto placement
endif;
if (cutstatus> T)
Timing analysismodeis basedn actualsizes
Performothertiming optimizations
endif;
updatewire_estimates()
updatesteinerbasedtiming-analysis()
endwhile;

riety of gatesizingalgorithmsareavailablerangingfrom non-
linear optimizationproblemswith sophisticatedrun-timein-

tensie optimizationgto quick andfastheuristics.In TPSthe
accurag of theappliedgatesizingalgorithmincreasessthe
placementransformsprogressThis meanghatthe precision
of thegatesizingis controlledandmorepreciseoptimizations
are appliedas the physicallocationsof gatesandtherefore
wire load estimatedbecomemoreaccurate.

Theconcepbf gainintroducedn sectiond.3is usedn the
procesof gatesizing. Prior to placementthe gatesaremod-
eledassizelesscells (only a gain valueis assignedo each
gate). During placementa processof discretizationis per
formed. The size of eachgateis derived from the gainand
theload (thesumof wire loadandpin loads).An appropriate
matchfrom thelibrary for the sizeis thenobtained.

As shown in Algorithm PlacementDis¢ virtual dis-
cretizationis applieduntil athresholdcut statusT is reached.
This meansthat althoughthe algorithmfor discretizationis
appliedon eachinstancein the design the solutioncell from
thelibrary is foundbut is not instantiatedn the design.That
is, by applyingdiscretizationthe sizeandshapeof the phys-
ical cell which matchesthe given load are provided to the
placer but the timing analysisis not updatedto reflectthis
choice. Virtual discretizationdoesnot causetheincremental
timing analysig10] to recomputeThis makesa majordiffer-
enceto timing analysis,sinceperformingactual discretiza-
tion would resultin re-implementatiorof the timing graph
andthereforecanbe expensve in termsof runtime.

After discretization the sizesof the gatescanbe further
tunedasthe cutsprogress.In mostlibraries,differentdrive-
strengthawith the samefoot-printsareavailable. In TPSone
cancompensatéor thedifferencebetweerthe estimatedvire
lengthandwire lengthsresultingfrom actualrouting by per
forming afinal in-footprintgatesizingafterrouting.

4.5 Clock Treeand ScanChain NetLength Optimization

Clock treeoptimizationaimsto minimize the total length of
netsin a clock treebetweerregistersandclock bufferssoas



to maximizeperformanceandminimize clock skev. In most
designghe amountof registersandnumberandsizeof clock
buffersrequirethatclock treeoptimizationbeanintegral part
of TPS.

Traditionally, aninitial placemenis doneignoring clock
netssothatregistersareassignedocationshasentheirdata
connections[15]. Next, clocktreeoptimizationis performed
by assignindocationsandconnectiongo clock buffersbased
onregisterlocations.

The fact that clock blocksaretypically muchlargerthan
registers(andothergates)createsa major disturbanceat this
relatively late stagein placement. It is very hardto cre-
ate enoughlegal spacearoundthe new locationof the clock
blocks.In addition,holescreatedy maving thesdargeclock
buffersfrom their originallocationsmaynotbevery well uti-
lized. Fixing thetopologyof theclock treesbeforehandtakes
awaytheflexibility to optimizethisandletthedata-flavdom-
inatetheregisterplacement.

TPS addresseghe problem as follows. Initially, net
weights on clock netsare setto zero so that they are ig-
noredby the placementransforms.In addition, the sizesof
clock buffers arereducedo zeroandthe sizesof the corre-
spondingregistersare increasedo account(or save space)
for clock buffers. After placemenhasprogresseguficiently
(sayabout30 % of thefinal placement)netweightson clock
netsarerestoredo their original values. The sizesof clock
buffers andregistersare alsorestoredo their original sizes.
Note that restoringregistersto their original sizesresultsin
free spacein the bins containingthe registers. Next, clock
net optimizationis performedwhich takesadwantageof this
free spacen assignindocationsto clock buffers. As aresult,
typically very little or no overlapis createdby clock net op-
timization. Placementhen progressesind utilizes ary free
spacdeft over afterclock buffer locationassignment.

Scanchainoptimizationaimsto minimizethetotal length
of netsin a scanchain. This is typically doneby reordering
registersin scanchainsoncelocationsof registersareknown.
Similar to clock net optimization,net weightson pure scan
nets(scametswith nodataconnectionsareinitializedto zero
sothatthey areignoredby placementransforms After place-
mentis nearlycomplete(sayabout80 % of final placement),
netweightson scannetsarerestoredo their original values.
Next, scanchainoptimizationis performecdby reorderingeg-
istersin scanchainsbasenthelocationsof registersto min-
imize total lengthof scannets.

Algorithm Clock and Scan Net Optimization summa-
rizesthe above descriptionof clock and scannet length op-
timization. Pleasereferto Section5 for more detailsabout
cut statusvariable.

4.6 Circuit Relocation

In addition to the transformsdescribedearlier all exist-
ing synthesioptimizationssuchascloning, buffer insertion,
remappingandsoon have beenadaptedo work with the TPS

Algorithm Clock and ScanNet Optimization

initialize_min_cut placement()

cutstatus= 0

while(cutsto beprocessed)

if (cutstatus==10)

initialize all netweightsto defaultvalue
setclock netweightsto 0
setscannetweightsto O
reduceclock bufferssizesto 0
increaseegistersizes

endif;

if (cutstatus== 30)

setclock netweightsto defaultvalue

restoreclock buffer sizes

restoreregistersizes

performclock netoptimization
endif;

if (cutstatus== 80)

setscannetweightsto defaultvalue
performscannetoptimization

endif;
endwhile;
ervironment. Thesealgorithmshave beenmodifiedin sucha
waythatthe netlistchangeghey causewill resultin minimal
perturbatiorto the existing placement.

Considera transformthatattemptdo clonegatesin order
to improve timing. During the evaluationphaseijt maydeter
minethatthe clonehasto residein the samebin asthecloned
gate.If the currentspacein the bin is not suficient, it is nec-
essaryto createspacawithin abin withoutadwerselyaffecting
theworstcasetiming.

In mostcasest is possibleto move noncriticalcellsavay
from the local bin to allow timing optimizationon critical
cells. A mincostnetworkoptimizationalgorithm, calledcir-
cuit relocationhasbeendevelopedwhich determineghebest
combinationof bin to bin cell movesthatfreesthelocal area
for timing optimizations. Circuit relocationis a placement
utility thatis eithercalledasa stand-alongransformor from
within asingletransformto explicitly createspacen acertain

bin.
5 TPSScenario

Theflexibility of the transformationabpproachallows usto
easilydevelop specificscenariogunedto takeadvantageof a
converging designprocessAccuray versusruntimetradeof
for varioustransformationganbe selectedasthe quality of
the placementindnetlistdataimprovesin acorverging flow.
Suchscenarioganbedevelopedto targeta variety of metrics
including noise, yield and manufacturability The scenario
presentedn this sectionspecificallytargetstiming optimiza-
tion while maintainingthe wirability metrics.

In oursystemtechnologyindependendptimizationtech-
nology mappingandthe early partof thetiming optimization
staggwherewe do coarseoptimization)employa gain-based
(load-independentjelaymodel[3]. As aresult,the effect of
wire load modelson area-delaytradeofs performedis mini-
mized. The later part of timing optimization,wheredetailed
andaggressie optimizationis performed,is integratedwith
transformationaplacement.Global optimizationtransforms
areemployedn theinitial stageof placementOn the other



hand,local anddetailedoptimizationtransformswhich tend
to causevery minorperturbatiorto the placementareusedin
the later stagef placement.Placementransformssuchas
Partitioner, Reflan, and Detailed Placementre invoked pe-
riodically to bring the designinto a desiredstateso that the
othertransformssuchasthosedescribedn Section 4 areap-
plied.

At ary pointduringthe processtheprogresof placement
is measuretby thesizeof theplacemenbins. ThePartitioner
transformis invokedto corvert an existing placemento one
with bins of desiredsize. Partitioner provides the statusor
progressof the placemenby providing a numberbetweerD
and 100 basedon the bin sizes. Low numbersimply initial
stagesof placementwhile higher numbersare returnedfor
later stages. At ary time, Partitioner may be invoked with
atamgetstatusnumbergreateithanthe existing statusnumber
Partitionerwill thenproceedwith placementand attemptto
bring the designinto a statewith statusnumberas closeas
possibleto thetargetstatusnumber The Reflow transformis
typically invokedafter Partitionerto improve the placement.
In our approachwe let the placement&adwancein stepsof a
specifiednumberand selectvely apply transformsoncethe
desiredstateof placementis reached.The stepsizemay be
userspecifiedor derivedfrom thedesignsizeandotherprop-
erties.

TPSscenarioin Figure 5 givesa high level description
of the optimizationprocess.First, the timing analyzer wire
lengthcalculatorandclock treeoptimizerareinitialized. The
placemenstatusrangeat the beginning of someblocksgives
the conditionunderwhich thatblock is executed.For exam-
ple, Circuit Migration transformis appliedonly if statusis
between30 and50. On the otherhand,Clock Optimization
is performedonly oncewhen statusis 30. During the ini-
tial stagesf placementgatesizingis performedin the non-
critical regionsof thedesignto recover area,asmorerealistic
wire loadsare available. The clonetransformwhich makes
clonedcopiesof gatesto distributeload,andthe buffer inser
tion transformsareappliedduringthe middle stageof place-
ment. Note that clone and buffer insertiontransformstake
careto avoid overlap and congestionwhile assigningloca-
tionsto thenewly createdyates.Thesdaransformsalsoutilize
the circuit relocationtransformto createspacefor the newly
createdyates.Theoutputof this systemis afully synthesized
andlegally placeddesignthatcanbeinputto theroutingtool.
Post-routinga final in-foot-print gatesizing (which doesnot
disturbplacemenbr routing)is doneto compensatéor mis-
matchesn actualandSteinertreepredictedrouting.

6 Results

The resultsof experimentsaregivenin Table1l. The exper
imentwasto comparethe TPSscenariodescribedn the last
sectionwith traditionaliterativeloop of separatsynthesisand
placemenstepg SPR).Thegoalwasto optimizetiming while
maintainingotherplacemenmetricssuchaswirability.

Intialization
status = 0;
target = 0;
step = 5;
NO Det ai | ed_pl acement () ;
—————»—"place_st at us >———[Routing(); o
< 100 2 In_foot_print_gate_sizing();
YES .
target = status + step; 20 < status < 30
status = Partitioner(target); Gate_sizing_for_area();
Ref | ow() ;
status == 30 status > 30

C ock_optimzation(); Gat e_si zi ng_for_speed();

30 < status < 50
circuit_migration();
Cl oni ng_and_Buf fering();

status > 50
Pi n_swappi ng();

status > 80
Gate_si zing_for_area();

Figure 5. Optimization Flow Chart

Table 1. Results for TPS

Ckt Flow Area | slack | % cycletime Horiz Vert
icells impr. pk/avg pk/avg

Desl | SPR | 18622 | -380 2957224 | 305/234
TPS | 16510 | -222 6.5 2737207 | 292/227

Des2 | SPR | 25927 | -376 376/275 | 307/248
TPS | 23742 | -168 8.6 426/305 | 320/273

Des3 | SPR | 39734 | -364 4617324 | 584/453
TPS | 37136 | -192 7.1 472/357 | 746/642

Des4 | SPR | 21584 | -410 3437248 | 277/202
TPS | 19736 | -134 11.5 4037290 | 333/249

Des5 | SPR | 14780 | -230 226/180 | 270/216
TPS | 12390 | -56 7.25 2037151 | 272]205

We used5 partitionsof a mainframeprocessaorSynthesis-
placement-resynthesis(SPR)comparedo the TPS.A pro-
prietary synthesizerand commercialquadraticplacer were
usedin SPR.In all testcaseswve have a timing improvement
(upto11%)of thecycle time. In all testcasegheareaof both
the SPRand TPSrunswereaboutthe samewith a slightim-
provementin thecaseof TPS.More importantlytheseresults
areobtainedwith a singleinvocationof TPScomparedo it-
erationdill timing closurewasachevedfor SPR.Thetiming
improvements significantsincethe designaverehighly opti-
mizedthroughmary iterationsof placemenandsynthesisn
SPRto meetaggressie timing constraints.

Wirability was measuredn termsof the horizontaland
vertical wires cut, and both the peakand the averagewires
cut aregiven. The wireability did not increasesignificantly
andwe could route all chip partitionsafter TPS. Thereis a
slightincreasen congestiorsincethe partitionswereprimar
ily tunedfor timing.

TheCPUtimesfor SPRincludedrepeatedtepf synthe-
sisandplacementswell asmanualintervention. The CPU
time for TPSon the otherhandwas equalto aboutonerun



of synthesidollowedby placementThereforeTPSruntimes
weresignificantlybetter

7 Conclusions

A transformationabpproachwhereplacementind synthesis
transformeefficiently andconcurrentlymanipulatehedesign
spaces presented.

Our ability to applyfine grainedtransformationst vary-
ing levels of accurag allows placementand synthesisto
progressinto a single converging flow. We thereforeavoid
costly andunpredictablestandalonglacemenand synthesis
iterations,usedin traditionaldesignmethdologies.

Theresultsindicatea significantimprovementin thetim-
ing of previously optimized designswhile maintainingtra-
ditional measuresof placementlike total wirelength and
wirability.

Recentwork hasinvolvedextendingthe methodologyand
algorithmsto handlefull chipsof abouta million gatesflat.
Thepreliminaryresultsonthesechip sizesareconsistentvith
thosepresentedn the previous sectionwith reasonableun
timesof a few hours. Otherwork involvesextendingalgo-
rithms to optimize metricssuchas noise,congestionpower
andyield.
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