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Abstract

Designhierarchyplaysanimportantrole in timing-drivenplacemenfor
large circuits. In this paper we presenta new methodologyfor delay
budgetingbasedtiming-driven placement. A novel slack assignment
approachs describedaswell asits applicationon delaybudgetingwith
designhierarchyinformation. The proposediming-driven placement
flow is implementednto a placementool namedDragon(timing-driven
mode),andevaluatedusinganindustrialplaceandrouteflow. Compared
to CadenceQPlace timing-driven Dragongenerateplacementesults
with shorterclock cycle andbetterroutability.

1. Intr oduction

Timing-driven placemenis one of the mostimportantstepsto meet
circuit performancen VLSI design. The problemhasbeenstudiedfor
two decadesyet it remainschallengingbecausef the dramaticallyin-
creasingeircuit sizeandthe dominanceof theinterconnectielayin the
deepsub-microndesign.

Recentworks on wirelengthoptimizationsuggestedhat hierarchical
[1] or multi-level [2, 15] approachs indispensableo efficiently solve
large-scaleplacemenproblem. Correspondinglytiming-driven place-
mentproblemusinghierarchicalor multi-level framevork shoulddraw
researchattention. Several recentworks addressecthis problem. Ou et
al. [13] adopteda net-cutcontrol methodin min-cutplacementHalpin
etal. [8] presented linear programmingbasednetlength control for
recursve bisectionplacementKahngetal. [9] extendedthe placement
flow in [1] to incorporatedirect minimization of the critical path. The
abore approacheshaws the trend of the combinationbetweentradi-
tional timing-driven approachandtop-davn placemenflow. However,
delaybudgeting asapreviously effective approachhasnotbeenapplied
into thetop-davn placemenframenork.

In this paper we studythedelaybudgetingproblemin hierarchicalor
multi-level placemenflow. Our contributionsin this paperare: First,
we have designedahnew modelto describethecriticality of theintercon-
nectin hierarchicalmulti-level placement.Secondwe have extended
the previously known zero-slackassignmenalgorithmto achieve flex-
ibility basedon the proposectriticality model,andfinally we have im-
plementeda timing-driven placementool which aimsat solving large-
scaleplacementproblems. It combinesthe delay budgetingapproach
andanew multi-level placemenflow.

The restof this paperis organizedas follows. Section2 gives pre-
liminaries. Section3 describesour novel model of net criticality for
interconnectionin Sectiord, we introducea multi-level placemenflow
which considershe globalinterconnect®f differentdesignhierarchies
andusethis informationto guidetheslackassignmenof theplacement.
We shav our experimentakesultsin Section5, andconcludein Section
6.

2. Preliminaries

2.1 Timing constraint graph

We usethe similar modelasin [12, 14]. A circuit correspondso a
hypegraphG(V, E), which consistsof a setof cellsV = {v1,vs,...vn}
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andasetof netsE = {ej,ey,...,em}. We form adirectedacyclicgraph
(DAG) basedbn the hypegraph.Eachnodein the DAG correspondso
anon-sequentiatell, anl/O pad,or aninput/outputpin of a sequenstial
cell. We definethe source nodesasthe input padsor the outputpins of
the sequentiaktells, andthe sink nodesasthe outputpadsor the input
pinsof the sequentiatells. Thereis a directedgefrom nodey; to v;j if
theoutputof cell v; connectdo theinputof cell v;. Weassumehateach
cell hasonly oneoutput,otherwisethe nodeis duplicatedto ensurethe
singleoutput.

For eachnodey; in the DAG, we definearrival time a; andrequired
timer; asthelatestinput arrival time andearliestinput requiredtime of
the cell which correspondso nodev;, respectiely.

Weassociatasladk s tonodel v; astheadditionaldelayof v;. Thus,

a+d+s <aj 1

whereF O is the setof all the fanoutsof nodev;, andd; is theinternal
delay of the cell correspondingo nodev;. Herewe assumethat the
internaldelay from differentinput pinsto the outputpin arethe same.
We will interchangeablyseslack of a nodeandslackof a netin this
paper

Assumingthatthearrival time of sourcenodesarezero,andthetiming
constrainbf thecircuitis T, we have
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whereVsource andVsink arethe setof sourcenodesandsink nodes,re-
spectvely.

The delaybudgetingproblemseeksto assignnon-n@ative valuesto
slacks. The assignments feasibleif the constraintsof (1), (2) and(3)
aresatisfied.

The solution of delay budgetingproblemcan be cornvertedinto de-
lay boundsfor interconnects.Specifically if we assumehat a linear
delaymodef is adoptedthe slacks of nodey; indicatesthatthe max-
imum delay of the net driven by v; is no largerthans. A placement
is timing feasibleif all netssatisfythe delayboundscorvertedfrom a
feasibleslackassignmenfandthusthe entirecircuit satisfieghetiming
constraint).The corversionof delayboundsfrom slacksdepend®nthe
delaymodel,driving strengthof the cell, andload characteristics.

g <T V Vi€ Vsink

2.2 Delaymodel
In this work, we usethedelaymodelshavn in Fig. 1.

d=li+r(Ce+cj) +recj

wherel; is theintrinsic delayof gatei, r is thedriverresistencef gatei,
Ce andre arethe capacitancandresistancef nete, andc; is theinput
pin capacitancef gatej. If gatei drivesmultiple gatesthe summation
of ¢ for all fanoutgatesreplaces:;.

We use wireload model to estimatethe resistanceof a net. Half
perimeterof theboundingboxis the estimatedvirelengthfor anet. The

1it is alsoassociatedo the netwhich nodev; drives,underthe assump-
tion thateachnodehasoneoutputandthe netdelayis calculatedusing

theboundingbox of the net.

2Thedelayof anetis proportionato thehalf-perimeterf thebounding
box of thenet.



Fig. 1: Delay model usedin this paper

intrinsic delaysof the gatesarenot providedin our library file. Instead,
we usethe resultfrom linear regressionon the datain library look-up
table.

3. Slack Assignment
3.1 Previouswork

Previous approachesn slack assignmeninclude zero-slackassign-
ment(ZSA) [12], weightedslackassignmenf16], fastslackallocation
[11], assignmentvith maximumflexibility [14], and maximuminde-
pendentsetalgorithm (MISA) [3]. Efficient slackallocationfor large
circuitsis still a hardproblem,andit is the crucial stepin delaybudget
basediming-drivenplacement.

In delaybudgetingproblem thegoalof slackassignmenis to achieve
asetof delaybounddfor all nets.It is thereforedesirableio assignnon-
zerodelayto all nets.Ontheotherside,evenly distributing slacks(ZSA)
ignoresnet criticalities, thus over-constraindongerwires while giving
freedomto shorterwires.

A numberof approachebave beenproposedo obtainuneven slack
distribution. In [16] theslacksareassignegbroportionallyto theweights
of thenets,which arederived from thecircuit characteristicsThe same
methodcanbeusedn [12]. In[7, 14], log() wasadoptedasanobjective
functionto measurehequality of theslackassignmentln thiswork, we
proposeanen objective functionwhichtriesto betterdescribethe slack
requirementn placemenproblem.

3.2 A newobijective function for slack assignment

In slackassignmentit is naturalto expectthatall netsare assigned
to non-zeroslacks,otherwisethe delay budgetscorrespondingo this
slackassignmenwill never be satisfiedduring the placement. There-
fore, for agivennetin theslackassignmenproblem the maximumgain
is obtainedwhenwe increasehe slackfrom zero. However, if we keep
increasinghe slackfor this net,the gainfrom the nenly assignedlack
decreasedf theslackof anetis beyonda certainthreshold thereis no
gainfrom allocatingmoreslackonthenet,i.e.,thegainis zero.We seek
for a good objective function to describethis feature. Previously used
log() is closebut not an ideal candidate.We proposea new objective
function:

f(x) =1 4

wherec is aconstantleterminedy thecriticality of thenet,andx is the
slackassignedo this net.

Comparinghis new objective function(4) with previously used og(x),
onecanseethatthereis an upperboundfor it but not for log(x). This
upperboundrefrainsfrom excessie slackallocationto a singlenet. In-
troducingthe objective function helpsmodelingand solving slack as-
signmentproblem.

3.3 Slackassignmentfor paths
v, Vv,

Fig. 2: Slack assignmentproblemin the single path
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Consideraslackassignmenproblemfor asinglepath(Fig. 2). There
arek nodeson the path. Eachnodey; is originally assigneda slacks.

The total (incremental)slackto be assignedalongthis pathis S. For
nodev; assignedwvith slackx;, the gain of the slackis 1 — e~ %* where
G is the coeficient of the objective function of nodev;, which will be
describedn Section4.3. We wantto solve the following problem:

(1—eG(s+x))

IM =

=

maximize f(x) =

suchthat X =S

IM =~

1

Let

9(%) = f () xe=s-x1-x—..mx1-

Thensolvingthe problemis equalto solvingthefollowing system:

39(x) /0% -0
9g(x) /0% -0
0g(X)/0%c-1 =0
X1+Xo+...+x% = S

This systemcanbedirectly solvedas:
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The proposedslackassignmenépproacthasthefollowing features:

X; k (1<i<k-1).

¢ It assignsslacksto the nodesbasedon their weights(which are
reflectedby ¢;). Nodeswith higherweights(thussmallerc; in the
objective function)will beassignedargerslacks.

¢ It canbe extendedto treesinsteadof paths. The similar linear
systemcan be formed and solved, while it is not clear how to
handletreesusingproportionalassignmeninethod[16].

e It is fastandcanbe usedin incrementalassignment.Previously
assignedslackscanbeincreasedr decreased;onstructingnore
reasonableslack distribution. Additional constraintscan ensure
positive incrementalslacks. In our implementatiorwe sets to
zerofori =1,...,k, ensuringthe slackassignmenapproactcon-
vergesfast.

3.4 Modified ZSA slackassignment

For the entire circuit, we usemodified ZSA to assignslacks. The
algorithm startsfrom a timing analysisand computationof slacksfor
eachnode. Thena pathwith minimum positive slackon eachnodeis
identified. The proposedapproachs thenappliedto optimally assign
slackson this path. The slackassignedo the nodeis addedto its delay
An incrementatiming analysisis followed andthe new slacksfor each
nodeare updated.This completesoneiterationandthe next minimum
slackpathis identified.

4. Multi-Le vel Placementwith Predefined Hier-
archy

In this sectionwe proposeanew timing-drivenplacementlow based
on delaybudgetingmethod. Considera top-davn placemenusingre-
cursive quadrasectioapproach(Fig. 3). We namethewiresconnecting
differentpartitionsby thefirst quadrasectiofevel-1nets.Similarly, the
wires connectingdifferent partitions by the secondquadrasectiorbut
not level-1 netsare called level-2 nets,and so on. It is obvious that,



after non-timing-drven placementhigherlevel nets(lower level num-

ber) have longer averagelength than lower level nets. It is therefore
necessaryo take the netlengthinto consideratiorin delay budgeting
process.Previous delayboundapproachesave not consideredhe ef-

fectof globalnetsin the slackassignment.
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Fig. 3: Global nets of different level in top-down quadrasection
placement

In delaybudgetingfor placementsing netbound, it is desirableto
assignlarger slacksto potentiallylonger nets,aslong asthe slack as-
signments feasible.If slacksareevenly distributedto netswith differ-
entlengthsthedelayboundswill over-constrainthe placemenprocess
andin somecasesvencauseheplacemenfailureonfinding afeasible
solution.

4.1 Achieving Hierar chies

Theauthorsin [17] proposedaneny methodologyof multi-level place-
mentflow. The main methodis to partition the circuit into small size
clustersandthenexecutemulti-level placemenbasecntheknown de-
signhierarchy We usethesimilarflow in thiswork. At thebeginningof
placementa recursve bisectionstepis appliedon thecircuit. After ev-
ery two bisectiong(i.e. onequadrasectionthe global netsat this level
areidentified and labeled. The bisectionstepstopswhen the average
numberof cellsfor eachclusteris lessthana threshold.The remaining
unlabelednetsare labeledas the highestlevel number The net level
labelswill guidethedelaybudgetingprocess.

4.2 Estimating Net Lengths

Estimatingthe length of externalnetsin hierarchicalplacementhas
beenstudiedpreviously. We usethe samemethodas|[6, 5]. In a hi-
erarchicalplacemenflow, the averagelengthof the level-k netscanbe
estimatedasthefollowing:

— AR E)+a

whereh = 21K andH is thetotal numberof hierarchicalevels.
Theestimatedvirelengthof the netsarecorvertedinto netcriticality,
andthentheweightin delaybudgetingalgorithm.

4.3 DelayBudgeting consideringDesignHierar chy

We usethe following functionto convert the estimatechetlengthto
thenodeweight for slackassignment:

- maxev(y/1- fj) ©)
VIi-fi
wherel; is the estimatedvirelengthand f; is thefanoutof thenetwhich
nodey; drives. In generalalower hierarchicalevel numberor alarger
fanoutindicatesa longernet. Thereforea lower coeficient ¢; is given
for allocatinga largerslackin thelaterdelaybudgetingalgorithm.

4.4 Multi-le vel Placementusing net bounds

In this modifiedmulti-level placemenflow, we usesimulatedanneal-
ing approacho improve theplacementAt eachlevel, thecellsareclus-
teredbasedntheir hierarchicalabelsandtheseclustersareplacedinto

3Thenodewhich drivesthe netwill beassignedheweight

rectangulaplacementegions. The clusterscanbe entirely exchanged
with otherclustersduringthe annealing.The costfunctionis:

|E]
WL+A1'y maxli —b;,0)
i; | |

wherel; is thecurrentlengthandby; is theboundof neti. WL is thetotal

boundingbox wirelength. A1 is a parameterfor adjustmentbetween
wirelengthoptimizationanddelay optimization. Both itemsin the cost
functioncanbeincrementallyupdatedvhentwo clustersareexchanged.

The entireplacementlow is shavn in Fig. 4. We usehMetis[10] as
the partitioningtool. The original circuit is recursvely bipartitionedtill
the pre-calculatedevel. Globalnetsof eachlevel areidentifiedandare
assignedo an estimatedwirelength. The local netswithin partitioned
clustersareregardedasthelevel-Hnets. Thecoeficientcin (4) is deter
minedby theestimatedvirelengthandthenetfanoutusing(6). Thenthe
modifiedZSA algorithmis calledto assignslacksaccordingto the nen
objective function. Suchslacksarethencorvertedinto delayboundsin
termsof netlength.

Next, delayboundsare usedto evaluatethe placementuality in the
multi-level placementflow. At eachlevel, the optimizationsteptries
to reducethe combinedcost of total boundingbox wirelengthandto-
tal delayviolation. The placementmeetsthe timing constraintsf the
total delay violation is zero. In generala lower delay violation value
correspond$o a betterplacementn termsof delay

Delay budgeting ) ——
Estimating wirelength
existing partitions
Recursive partition Final placement

Fig. 4: Multi-le vel placementflow with a prior hierarchy informa-
tion

Wirelength and delay
optimization at
current level

5. Experimental Results

We have implemented(a) the proposednewn slack assignmentp-
proach,(b) a simulatedannealingenginewith costfunction including
delayboundviolation, and(c) the multi-level placementlow with pre-
definedhierarchyinformationandbuilt atiming-drivenDragon.To eval-
uateour approachwe testour placementool usinganindustrialplace
androuteflow. The resultsafter global andfinal routing arereported,
andthey arecomparedo theindustrialplaceandrouteoutputs.

Specifically we compareour placementiool with CadenceQPlace
(SiliconEnsemblés.3). Both DragonandQPlaceeadthesamd EF/DEF
files andthe outputsarefed into CadencéVRoute. After global andfi-
nal routing, we usePearltiming analysistool to shav thetiming result.
Thefinal routedwirelengthandthe minimumslackarereported.

The statisticsof the benchmarksiresummarizedn Table1. Thecir-
cuits are acquiredfrom a websiteprovided by [4]. We usea 0.18im
standard-celibrary* asthe LEF file. We determinetheclock cyclesfor
the circuits by the following way. For eachcircuit we first useQPlace
(non-timing-driven mode)to placeit. After routingandtiming analysis,
theminimumcycle periodis recordedasthe cycle of the design.There-
fore for eachcircuit, the minimum slackby QPlacenon-timing-driven

4Downloadedfrom Artisan Componentdnc. websiteunderacademic
researctprogram.



modeis zero(seeTable2). Thisclockcycleis thenusedastheconstraint
for QPlacetiming-drivenmode.

rouing | clock

circuits cells nets | rows | layers | cycle
matrix 3,083 3,200| 56 4 3.89
VP2 8,714| 8,789| 100 4 4.57
32-MAC | 8,902| 9,115| 101 5 3.85
64-MAC | 25,616| 26,017 | 134 5 7.67

Table 1: Testedcircuit statistics,including number of cells,number
of nets, number of rows, number of routing layers and clock cycle
(ns).

Table 2 shaws the resultsfrom four differentplacementapproaches:

QPlacenon-timing-driven, QPlacetiming-driven, Dragonwith ZSA de-
lay budgeting,andDragonwith the new slackassignmentDragonwith
hierarchybasedslackassignmentonsistantlyachiezesthe bestamong
four approachesncluding QPlacein timing-drivenmodé

Placement Results | Circuit |
‘ ‘| matrix | VP2 | 32MAC | 64-MAC |
NTD WL 126618 | 496905 | 511763 2163585
QPlace slack 0.00 0.00 0.00 0.00
TD WL 124980 | 517596 | 520468 | unroutable
slack -0.25 -0.19 0.18 unroutable
ZSA WL 118823 | 430470 | 470711 2618864
TD slack 0.00 0.12 0.11 -1.32
Dragon | New WL 118833 | 424379 | 482252 2655655
slack 0.09 0.28 0.46 0.97

Table 2: Routed wirelength (micron) and minimum slack (ns)
of four placementruns: QPlace non-timing-dri ven(NTD), QPlace
timing-dri ven(TD), Dragon with ZSA delay budgeting,and Dragon
with the newslack assignment.“unr outable” showsthe routing fail-
ure. New slack assignmentis the method proposedin Section3.

Fig. 5 shavs the comparisorbetweenQPlaces resultsand ours.
QPlaces resultsare from timing-driven mode. Dragonusesdesignhi-
erarchyguidednew objective functionin slackassignmentOur results
arebetterthanQPlaces exceptfor thewirelengthof 64-MAC.

6. Conclusion

In this paperwe have presente@ nenv methodologyof timing-driven
placementA novel slackassignmenapproachs describedswell asits
applicationon delaybudgetingwith designhierarchyinformation. The
proposediming-drivenplacementlow is evaluatedwithin anindustrial
placeandrouteflow. The advantageof the new methodologyhasbeen
confirmedby experimentakesults.

Thereareanumberof unclearissuesn delaybudgetingbasediming-
driven placemengpproach.Oneopenproblemis determinatiorof the
timing constrainduringthe placementNeitherverytight norveryloose
constraintis appropriatefor delayoptimization. It is usefulto find the
propervaluewithoutaccuratalelaymodelandroutinginformation. An-
otherissueis theexactcostfunctionfor delayviolation. Questionsuch
aswhethemwe shouldpenalizelargerviolationsremainunanswered.
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