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Abstract
Designhierarchyplaysanimportantrole in timing-drivenplacementfor
large circuits. In this paper, we presenta new methodologyfor delay
budgetingbasedtiming-driven placement. A novel slack assignment
approachis describedaswell asits applicationon delaybudgetingwith
designhierarchyinformation. The proposedtiming-driven placement
flow is implementedinto aplacementtool namedDragon(timing-driven
mode),andevaluatedusinganindustrialplaceandrouteflow. Compared
to CadenceQPlace,timing-driven Dragongeneratesplacementresults
with shorterclockcycleandbetterroutability.

1. Intr oduction
Timing-driven placementis oneof themostimportantstepsto meet

circuit performancein VLSI design.Theproblemhasbeenstudiedfor
two decades,yet it remainschallengingbecauseof thedramaticallyin-
creasingcircuit sizeandthedominanceof theinterconnectdelayin the
deepsub-microndesign.

Recentworkson wirelengthoptimizationsuggestedthathierarchical
[1] or multi-level [2, 15] approachis indispensableto efficiently solve
large-scaleplacementproblem. Correspondingly, timing-driven place-
mentproblemusinghierarchicalor multi-level framework shoulddraw
researchattention.Several recentworksaddressedthis problem.Ou et
al. [13] adopteda net-cutcontrolmethodin min-cutplacement.Halpin
et al. [8] presenteda linear programmingbasednet lengthcontrol for
recursive bisectionplacement.Kahnget al. [9] extendedtheplacement
flow in [1] to incorporatedirectminimizationof the critical path. The
above approachesshows the trend of the combinationbetweentradi-
tional timing-drivenapproachandtop-down placementflow. However,
delaybudgeting,asapreviouslyeffectiveapproach,hasnotbeenapplied
into thetop-down placementframework.

In thispaper, westudythedelaybudgetingproblemin hierarchicalor
multi-level placementflow. Our contributions in this paperare: First,
wehavedesignedanew modelto describethecriticality of theintercon-
nect in hierarchicalmulti-level placement.Second,we have extended
thepreviously known zero-slackassignmentalgorithmto achieve flex-
ibility basedon theproposedcriticality model,andfinally we have im-
plementeda timing-drivenplacementtool which aimsat solving large-
scaleplacementproblems. It combinesthe delaybudgetingapproach
andanew multi-level placementflow.

The restof this paperis organizedas follows. Section2 givespre-
liminaries. Section3 describesour novel model of net criticality for
interconnection,In Section4, weintroduceamulti-level placementflow
which considerstheglobal interconnectsof differentdesignhierarchies
andusethis informationto guidetheslackassignmentof theplacement.
Weshow ourexperimentalresultsin Section5, andconcludein Section
6.

2. Preliminaries
2.1 Timing constraint graph

We usethe similar modelasin [12, 14]. A circuit correspondsto a
hypergraphG � V � E � , which consistsof a setof cellsV ��� v1 � v2 �	�	�	� vn 
�
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andasetof netsE ��� e1 � e2 �	�	�	��� em 
 . We form a directedacyclicgraph
(DAG) basedon thehypergraph.Eachnodein theDAG correspondsto
anon-sequentialcell, anI/O pad,or aninput/outputpin of a sequenstial
cell. We definethesourcenodesastheinput padsor theoutputpinsof
the sequentialcells, andthe sink nodesasthe outputpadsor the input
pinsof thesequentialcells. Thereis a directedgefrom nodevi to v j if
theoutputof cell vi connectsto theinputof cell v j . Weassumethateach
cell hasonly oneoutput,otherwisethenodeis duplicatedto ensurethe
singleoutput.

For eachnodevi in theDAG, we definearrival timeai andrequired
timer i asthelatestinput arrival time andearliestinput requiredtime of
thecell whichcorrespondsto nodevi , respectively.

Weassociateaslack si to node1 vi astheadditionaldelayof vi . Thus,

ai 
 di 
 si � a j � vi � V � v j � FOi (1)

whereFOi is thesetof all the fanoutsof nodevi , anddi is the internal
delayof the cell correspondingto nodevi . Here we assumethat the
internaldelayfrom differentinput pins to the outputpin arethe same.
We will interchangeablyuseslackof a nodeandslackof a net in this
paper.

Assumingthatthearrival timeof sourcenodesarezero,andthetiming
constraintof thecircuit is T, we have

ai � 0 � vi � Vsource (2)

ai � T � vi � Vsink (3)

whereVsource andVsink arethe setof sourcenodesandsink nodes,re-
spectively.

Thedelaybudgetingproblemseeksto assignnon-negative valuesto
slacks.The assignmentis feasibleif the constraintsof (1), (2) and(3)
aresatisfied.

The solutionof delaybudgetingproblemcanbe convertedinto de-
lay boundsfor interconnects.Specifically, if we assumethat a linear
delaymodel2 is adopted,theslacksi of nodevi indicatesthat themax-
imum delayof the net driven by vi is no larger thansi . A placement
is timing feasibleif all netssatisfy the delayboundsconvertedfrom a
feasibleslackassignment(andthustheentirecircuit satisfiesthetiming
constraint).Theconversionof delayboundsfrom slacksdependsonthe
delaymodel,driving strengthof thecell, andloadcharacteristics.

2.2 Delaymodel

In this work, we usethedelaymodelshown in Fig. 1.

d � Ii 
 r � ce 
 c j � 
 rec j

whereIi is theintrinsicdelayof gatei, r is thedriver resistenceof gatei,
ce andre arethecapacitanceandresistanceof nete, andc j is the input
pin capacitanceof gate j . If gatei drivesmultiple gates,thesummation
of c j for all fanoutgatesreplacesc j .

We use wireload model to estimatethe resistanceof a net. Half
perimeterof theboundingbox is theestimatedwirelengthfor anet.The
1It is alsoassociatedto thenetwhichnodevi drives,undertheassump-
tion thateachnodehasoneoutputandthenetdelayis calculatedusing
theboundingboxof thenet.
2Thedelayof anetis proportionalto thehalf-perimeterof thebounding
boxof thenet.
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Fig. 1: Delaymodel usedin this paper

intrinsic delaysof thegatesarenot providedin our library file. Instead,
we usethe result from linear regressionon the datain library look-up
table.

3. Slack Assignment
3.1 Previouswork

Previous approacheson slackassignmentincludezero-slackassign-
ment(ZSA) [12], weightedslackassignment[16], fastslackallocation
[11], assignmentwith maximumflexibility [14], and maximuminde-
pendentsetalgorithm(MISA) [3]. Efficient slackallocationfor large
circuits is still a hardproblem,andit is thecrucialstepin delaybudget
basedtiming-drivenplacement.

In delaybudgetingproblem,thegoalof slackassignmentis to achieve
a setof delayboundsfor all nets.It is thereforedesirableto assignnon-
zerodelayto all nets.Ontheotherside,evenlydistributingslacks(ZSA)
ignoresnet criticalities, thusover-constrainslongerwires while giving
freedomto shorterwires.

A numberof approacheshave beenproposedto obtainuneven slack
distribution. In [16] theslacksareassignedproportionallyto theweights
of thenets,whicharederivedfrom thecircuit characteristics.Thesame
methodcanbeusedin [12]. In [7, 14], log ��� wasadoptedasanobjective
functionto measurethequalityof theslackassignment.In thiswork, we
proposeanew objective functionwhich triesto betterdescribetheslack
requirementin placementproblem.

3.2 A newobjective function for slack assignment

In slackassignment,it is naturalto expectthat all netsareassigned
to non-zeroslacks,otherwisethe delaybudgetscorrespondingto this
slackassignmentwill never be satisfiedduring the placement.There-
fore,for agivennetin theslackassignmentproblem,themaximumgain
is obtainedwhenwe increasetheslackfrom zero.However, if we keep
increasingtheslackfor this net,thegainfrom thenewly assignedslack
decreases.If theslackof a net is beyonda certainthreshold,thereis no
gainfrom allocatingmoreslackonthenet,i.e.,thegainis zero.Weseek
for a goodobjective function to describethis feature. Previously used
log ��� is closebut not an ideal candidate.We proposea new objective
function:

f � x��� 1 � e� cx (4)

wherec is aconstantdeterminedby thecriticality of thenet,andx is the
slackassignedto this net.

Comparingthisnew objectivefunction(4) with previouslyusedlog � x� ,
onecanseethat thereis anupperboundfor it but not for log � x� . This
upperboundrefrainsfrom excessive slackallocationto a singlenet. In-
troducingthe objective function helpsmodelingandsolving slackas-
signmentproblem.

3.3 Slackassignmentfor paths
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Fig. 2: Slackassignmentproblemin the singlepath

Consideraslackassignmentproblemfor asinglepath(Fig. 2). There
arek nodeson thepath. Eachnodevi is originally assigneda slacksi .

The total (incremental)slack to be assignedalong this path is S. For
nodevi assignedwith slackxi , thegainof theslackis 1 � e� cixi where
ci is the coefficient of the objective function of nodevi , which will be
describedin Section4.3.We wantto solve thefollowing problem:

maximize f � x ��� k
∑

i � 1
� 1 � e� ci � si � xi � �

suchthat
k
∑

i � 1
xi � S�

Let

g � x��� f � x ��� xk � S� x1 � x2 ��� � � � xk � 1 �
Thensolvingtheproblemis equalto solvingthefollowing system:�   !    "

∂g � x �$# ∂x1 � 0
∂g � x �$# ∂x2 � 0%	%	%
∂g � x �$# ∂xk � 1 � 0
x1 
 x2 
 �	�	� 
 xk � S

This systemcanbedirectly solvedas:

xk � S � k � 1
∑

i � 1
��� ln � ci # ck �&� cisi 
 cksk �	# ci �

1 
 k � 1
∑

i � 1
� ck # ci � �

xi � ln � ci # ck �&� cisi 
 cksk

ci

 ck

ci
xk � 1 � i � k � 1�'�

Theproposedslackassignmentapproachhasthefollowing features:( It assignsslacksto the nodesbasedon their weights(which are
reflectedby ci ). Nodeswith higherweights(thussmallerci in the
objective function)will beassignedlargerslacks.( It can be extendedto treesinsteadof paths. The similar linear
systemcan be formed and solved, while it is not clear how to
handletreesusingproportionalassignmentmethod[16].( It is fastandcanbe usedin incrementalassignment.Previously
assignedslackscanbeincreasedor decreased,constructingmore
reasonableslackdistribution. Additional constraintscan ensure
positive incrementalslacks. In our implementationwe setsi to
zerofor i � 1 �	���	�$� k, ensuringtheslackassignmentapproachcon-
vergesfast.

3.4 Modified ZSA slackassignment

For the entire circuit, we usemodified ZSA to assignslacks. The
algorithmstartsfrom a timing analysisandcomputationof slacksfor
eachnode. Thena pathwith minimum positive slackon eachnodeis
identified. The proposedapproachis thenappliedto optimally assign
slackson this path.Theslackassignedto thenodeis addedto its delay.
An incrementaltiming analysisis followedandthenew slacksfor each
nodeareupdated.This completesoneiterationandthenext minimum
slackpathis identified.

4. Multi-Le vel Placementwith PredefinedHier-
archy

In thissection,weproposeanew timing-drivenplacementflow based
on delaybudgetingmethod. Considera top-down placementusingre-
cursive quadrasectionapproach(Fig. 3). Wenamethewiresconnecting
differentpartitionsby thefirst quadrasectionlevel-1nets.Similarly, the
wires connectingdifferent partitionsby the secondquadrasectionbut
not level-1 netsare called level-2 nets,and so on. It is obvious that,



after non-timing-driven placement,higherlevel nets(lower level num-
ber) have longer averagelength than lower level nets. It is therefore
necessaryto take the net length into considerationin delaybudgeting
process.Previous delayboundapproacheshave not consideredthe ef-
fect of globalnetsin theslackassignment.

Placemen regions

Cellslevel−1 nets level−1 nets

level−2 nets level−h nets

Fig. 3: Global nets of differ ent level in top-down quadrasection
placement

In delaybudgetingfor placementusingnet bound,it is desirableto
assignlarger slacksto potentially longernets,as long as the slackas-
signmentis feasible.If slacksareevenly distributedto netswith differ-
entlengths,thedelayboundswill over-constrainttheplacementprocess
andin somecasesevencausetheplacementfailureonfindinga feasible
solution.

4.1 Achieving Hierar chies
Theauthorsin [17] proposedanew methodologyof multi-level place-

mentflow. The main methodis to partition the circuit into small size
clusters,andthenexecutemulti-level placementbasedontheknown de-
signhierarchy. Weusethesimilarflow in thiswork. At thebeginningof
placement,a recursive bisectionstepis appliedon thecircuit. After ev-
ery two bisections(i.e. onequadrasection),theglobalnetsat this level
are identifiedand labeled. The bisectionstepstopswhen the average
numberof cellsfor eachclusteris lessthana threshold.Theremaining
unlabelednetsare labeledas the highestlevel number. The net level
labelswill guidethedelaybudgetingprocess.

4.2 Estimating Net Lengths

Estimatingthe lengthof externalnetsin hierarchicalplacementhas
beenstudiedpreviously. We usethe samemethodas [6, 5]. In a hi-
erarchicalplacementflow, theaveragelengthof the level-knetscanbe
estimatedasthefollowing:

lk � 4 � 4λ
3 � 1

3λ � 
 4λ
6

whereλ � 2H � k andH is thetotalnumberof hierarchicallevels.
Theestimatedwirelengthof thenetsareconvertedinto netcriticality,

andthentheweightin delaybudgetingalgorithm.

4.3 DelayBudgeting consideringDesignHierar chy

We usethe following function to convert theestimatednet lengthto
thenodeweight3 for slackassignment:

ci � maxv j ) V �	* l j
% f j �+

l i % fi (6)

wherel i is theestimatedwirelengthand fi is thefanoutof thenetwhich
nodevi drives. In general,a lower hierarchicallevel numberor a larger
fanoutindicatesa longernet. Thereforea lower coefficient ci is given
for allocatinga largerslackin thelaterdelaybudgetingalgorithm.

4.4 Multi-le vel Placementusingnet bounds

In thismodifiedmulti-level placementflow, weusesimulatedanneal-
ing approachto improve theplacement.At eachlevel, thecellsareclus-
teredbasedontheirhierarchicallabelsandtheseclustersareplacedinto
3Thenodewhichdrivesthenetwill beassignedtheweight

rectangularplacementregions. Theclusterscanbeentirelyexchanged
with otherclustersduringtheannealing.Thecostfunctionis:

WL 
 λ1 ,E ,∑
i � 1

max� l i � bi � 0�
wherel i is thecurrentlengthandbi is theboundof net i. WL is thetotal
boundingbox wirelength. λ1 is a parameterfor adjustmentbetween
wirelengthoptimizationanddelayoptimization.Both itemsin thecost
functioncanbeincrementallyupdatedwhentwo clustersareexchanged.

Theentireplacementflow is shown in Fig. 4. We usehMetis [10] as
thepartitioningtool. Theoriginal circuit is recursively bipartitionedtill
thepre-calculatedlevel. Globalnetsof eachlevel areidentifiedandare
assignedto an estimatedwirelength. The local netswithin partitioned
clustersareregardedasthelevel-Hnets.Thecoefficientc in (4) is deter-
minedby theestimatedwirelengthandthenetfanoutusing(6). Thenthe
modifiedZSA algorithmis calledto assignslacksaccordingto thenew
objective function. Suchslacksarethenconvertedinto delayboundsin
termsof netlength.

Next, delayboundsareusedto evaluatetheplacementquality in the
multi-level placementflow. At eachlevel, the optimizationsteptries
to reducethe combinedcostof total boundingbox wirelengthand to-
tal delayviolation. The placementmeetsthe timing constraintsif the
total delayviolation is zero. In generala lower delayviolation value
correspondsto a betterplacementin termsof delay.

Recursive partition

Estimating wirelength

Delay budgeting
Wirelength and delay

optimization at
current level

existing partitions
Quadrasection using

Final placement

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

5. Experimental Results
We have implemented(a) the proposednew slack assignmentap-

proach,(b) a simulatedannealingenginewith cost function including
delayboundviolation, and(c) themulti-level placementflow with pre-
definedhierarchyinformationandbuilt atiming-drivenDragon.To eval-
uateour approach,we testour placementtool usingan industrialplace
androuteflow. The resultsafter global andfinal routing arereported,
andthey arecomparedto theindustrialplaceandrouteoutputs.

Specifically, we compareour placementtool with CadenceQPlace
(SiliconEnsemble5.3).BothDragonandQPlacereadthesameLEF/DEF
files andtheoutputsarefed into CadenceWRoute.After globalandfi-
nal routing,we usePearltiming analysistool to show thetiming result.
Thefinal routedwirelengthandtheminimumslackarereported.

Thestatisticsof thebenchmarksaresummarizedin Table1. Thecir-
cuits areacquiredfrom a websiteprovided by [4]. We usea 0.18µm
standard-celllibrary4 astheLEF file. Wedeterminetheclockcyclesfor
thecircuits by the following way. For eachcircuit we first useQPlace
(non-timing-drivenmode)to placeit. After routingandtiming analysis,
theminimumcycleperiodis recordedasthecycleof thedesign.There-
fore for eachcircuit, the minimum slackby QPlacenon-timing-driven

4Downloadedfrom Artisan ComponentsInc. websiteunderacademic
researchprogram.



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

routing 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).

Table2 shows the resultsfrom four differentplacementapproaches:
QPlacenon-timing-driven,QPlacetiming-driven,Dragonwith ZSA de-
lay budgeting,andDragonwith thenew slackassignment.Dragonwith
hierarchybasedslackassignmentconsistantlyachievesthebestamong
four approaches,includingQPlacein timing-drivenmode5.

Placement Results Circuit
matrix VP2 32-MAC 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 wir elength (micron) and minimum slack (ns)
of four placement runs: QPlace non-timing-dri ven(NTD), QPlace
timing-dri ven(TD), Dragon with ZSA delay budgeting,and Dragon
with the newslackassignment.“unr outable” showsthe routing fail-
ure. New slack assignmentis the method proposedin Section3.

Fig. 5 shows the comparisonbetweenQPlace’s resultsand ours6.
QPlace’s resultsarefrom timing-driven mode. Dragonusesdesignhi-
erarchyguidednew objective function in slackassignment.Our results
arebetterthanQPlace’sexceptfor thewirelengthof 64-MAC.

6. Conclusion
In this paper, wehave presenteda new methodologyof timing-driven

placement.A novel slackassignmentapproachis describedaswell asits
applicationon delaybudgetingwith designhierarchyinformation. The
proposedtiming-drivenplacementflow is evaluatedwithin anindustrial
placeandrouteflow. Theadvantageof thenew methodologyhasbeen
confirmedby experimentalresults.

Thereareanumberof unclearissuesin delaybudgetingbasedtiming-
driven placementapproach.Oneopenproblemis determinationof the
timing constraintduringtheplacement.Neitherverytight norveryloose
constraintis appropriatefor delayoptimization. It is usefulto find the
propervaluewithoutaccuratedelaymodelandroutinginformation.An-
otherissueis theexactcostfunctionfor delayviolation. Questionssuch
aswhetherwe shouldpenalizelargerviolationsremainunanswered.

7. Acknowledgments

5For two benchmarksQPlacetiming-drivenmodecreatesworsedelays
thannon-timing-drivenmode.Thereasonis possiblythatthetight con-
straintmis-guidestheoptimizationduringplacement.
6In termsof runningtime, Dragonis about10 - 15 timesslower than
QPlace,includingthewholestepof slackassignmentandtiming-driven
placement.
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