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Abstract

Timing closureproblemsoccur whentiming estimatescomputeddur-
ing logic synthesisdonotmatchwith timing estimatescomputedfrom
thelayoutof thecircuit. In suchasituation,logic synthesisandlayout
synthesisareiterateduntil the estimatesmatch. The numberof such
iterationsis becominglarger as technologyscales. Timing closure
problemsoccur mainly due to the difficulty in accuratelypredicting
interconnect delayduringlogic synthesis.

In thispaper, wepresentanalgorithmthatintegrateslogic synthesis
andglobal placementto addressthe timing closureproblem. We in-
troducetechnologyindependentalgorithmsaswell astechnology de-
pendent algorithms.Ourtechnology independentalgorithmsarebased
on thenotionof “wire-planning”. All thesealgorithmsinterleave their
logic operationswith local andincremental/fullglobal placement,in
order to maintaina consistent placementwhile the algorithmis run.
We show thatby integratinglogic synthesisandplacement, we avoid
the needto predict interconnectdelay during logic synthesis. We
demonstratethat our schemesignificantly enhancesthe predictabil-
ity of wire delays,therebysolvingthetiming closureproblem.This is
themainresultof ourpaper. Our resultsalsoshow thatouralgorithms
resultin a significantreductionin total circuit delay. In addition,our
technology independentalgorithmsresult in a significantcircuit area
reduction.

1 Introduction and Previous Work

In conventional logic synthesis,the literal countof a circuit is mini-
mized. While the literal count is a goodindicationof the numberof
netsin a circuit, it cannot beusedto estimatethewire-lengthof a net.
For this purpose,wire-load modelsare typically used. A wire-load
model is a function that estimatesthe wire-lengthof a net given the
number of pinsonthenet.Sincenoplacement informationis available
during traditional logic synthesis,this estimateis not very accurate.
Typically, differentwire-loadmodelsareusedfor differentcircuitsde-
pending uponthe circuit sizeandthe fabricationprocesstargetedfor
thecircuit. However, wire-loadmodelsunderestimatethewire-lengths
of many nets. This is becausethe lengthof a net is estimatedusing
only the numberof pins connectedto that net. To demonstratethis,
we took industry2, a largecircuit from the1990MCNC LayoutSyn-
thesisBenchmarkcircuits,andranGORDIAN [9] andDOMINO [2]
on it. We useGORDIAN for globalplacement andDOMINO for de-
tailed placement.Figure1 shows a scatterplot of the actuallength
of all netsin industry2(shown by the“+” marks)super-imposedwith
theestimatedlengthof thesenets(shown asa dottedline). Thex-axis
representsthenumber of pinsconnectedto a netandthey-axisrepre-
sentsthelengthof thenetin microns.As seenfrom thisfigure,a large

numberof net lengthsareunderestimated.This is especiallytrue for
netsconnecting a few pins. As a result,conventional logic synthesis
would underestimatethe delayof thesenets. If thereareonly a few
suchnets,thenthe likelihoodof quick timing convergence is higher.
However, if therearemany suchnets,then the numberof iterations
canbe large or the iterationsmay not converge at all, which is often
calledtheTiming Closure problem.For largercircuits,thenumberof
netsunderestimatedby thewire-loadmodelcanonly getlarger, hence
aggravatingthetiming closureproblem.
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Figure1: Actual wire lengthvs estimatedwire lengthusinga wire-
loadmodel.

Therehave beenprevious efforts to integrate logic synthesisand
placement.Shenoy et al [15] introducea stepbetweenlogic synthesis
and global placementthat iteratively improves the designby elimi-
nating the maximumcapacitanceviolations within the design. Our
work is orthogonal to theirssincewecouplelogic synthesisandglobal
placement.A numberof approachesthatintegratelogic synthesisand
placementhave beenproposedin thecontext of minimizing theinter-
connectdelayof a circuit. PedramandBhatin [13] proposeda layout
driven technology mappingscheme.While performinglogic synthe-
sis,a companionplacement is maintainedandthe positionsof nodes
areusedto estimatethewire-lengthsof nets.Theestimatedlengthis
thenusedaspartof thecostfunction in thetechnology mappingstep.
In [12], PedramandBhat alsoproposed a layout driven technology
independent optimizationprocedure. Again, a companion placement
is maintainedand the positionsof Booleannodesare usedto drive
kernel extraction and elimination algorithms. Our work is different
from their work in several regards. In [13], differentnet modelsare
usedfor globalandincrementalplacement.In our work, we attempt
to minimizetheperturbationof theplacement duringlogic operations
by utilizing thesamenetmodelsandalgorithmsfor bothglobalandin-



crementalplacement.This resultsin betterdelayandareacharacteris-
ticsfor ouralgorithm.Wealsoemploy differenttechnologydependent
andindependentalgorithmsin arriving atourresults.For example,our
technology independent duplicationandkernelextractionalgorithms
areheuristicsbasedon the wire-planningapproachof [6]. Addition-
ally, the areaanddelay resultswe obtainarebetter. Lou, et al [11]
presentedan approach that integratestechnology mappingandlinear
placement. Thisapproachuseschanneldensityasacostfunction,and
thereforeonly workswhen2 routing layersareavailable. Therehave
alsobeennumerousapproachesthat restructurelogic afterplacement
like [17] and[10]. Thesearefundamentally differentfrom our work
sincewe coupletechnology mappingandglobalplacement.

Figure 1 essentiallyshows that it is difficult if not impossibleto
estimatethe length of a net during traditional logic synthesis. We
thereforeproposean approach which integrateslogic synthesisand
globalplacement so that the estimationof net lengthsis not required
atall. In particular, we look into theintegrationof bothtechnology in-
dependentandtechnology dependent optimizationwith globalplace-
ment,using efficient placementmodelsand algorithms. We believe
that the key to the integration of logic synthesis and placementlies
in the ability to perform incrementalplacement throughout the inte-
gratedoptimizationproceduresuchthatat any point in thealgorithm,
the placementcloselymimics the final placement.Using global and
incrementalplacementalgorithmsthat have the samenet modeland
basicalgorithms,we carefully interleave our optimizationalgorithms
with placementsuchthat the placementsolution is perturbedmini-
mally throughout thelogic operations.

The main contribution of this work is to successfully integratea
state-of-the-artglobal placementalgorithm with SIS algorithmsfor
minimizing areaplus wire-lengthand delay cost functions. In this
manner, weminimizeTiming Closureproblems.In addition,weshow
thatonaverage,thecircuit delayis reduced by usingour technique.In
caseweperformdelayoptimization,weobtainanaverageareareduc-
tion of 18%.

The rest of the paperis organizedas follows. In Section2, the
technology andnetmodelusedin this paperaredescribed. Section3
describesthe incrementalandglobalplacement algorithmsused.We
describethe integrationof technology independent optimizationwith
placement in Section4. Section5 coverstheintegrationof technology
dependentoptimizationwith placement.We show our experimental
resultsin Section6. Finally, we concludein Section7.

2 Technology and Net Models

2.1 Technology Parameters

For this paper, we usethe0 � 1µm “strawman” processtechnologyde-
velopedby Khatri andMehrotra[8]. Table1 shows theparametersfor
this 0 � 1µm technology (for metal layers1, 2, 3, and4). Also listed
in the tablearethe resistanceper squareandcapacitanceper micron
(of a minimum-widthwire). The capacitancevalueis the sumof the
line-to-line(lateral)capacitanceandthecapacitanceof a line to layers
above andbelow it. Thesecapacitanceswereobtainedby usinga 3-D
parasiticextractorcalledSpace3D[19].

2.2 Net Model

Beforetheactualrouting is performed, the topologiesof netsarenot
known andneedto beestimatedin orderto compute thedelayof the
circuit. In this paper, the topologyof a net is estimatedby a Steiner
tree. For efficiency reasons,thecenterof gravity of all thecellscon-

Table1: “Strawman” processparametersfor 0 � 1µm technology.

Process(µm) 0.1

VDD (V) 1.2
Lef f (nm) 50
tox (nm) 3

# Metal Layers 8
H (µm) 0.26
W (µm) 0.13

M1–2 space(µm) 0.13
tins (µm) 0.32
r
�
Ω ����� 0.085

c
�
f F � µm� 0.07412

H (µm) 1.0
W (µm) 0.5

M3–4 space(µm) 0.5
tins (µm) 0.90
r
�
Ω ����� 0.0224

c
�
f F � µm� 0.0543

Gate Cef f
�
f F � 14

εr 2

nectedto thenet is estimatedto be theSteinerpoint. Thedelayfrom
thedriver to any pointon thenetis computedusingElmoredelay[4].

3 Placement

For the placement of Boolean nodesin our scheme,we used the
“Kraftwerk” globalplacement algorithmdevelopedby Eisenmann[3].
In our approach, we integratethis algorithminto our logic synthesis
tool, SIS[14]. Herewe briefly describehow this algorithmworks. In
general,quadraticplacementalgorithmsconsistof two phases:solv-
ing thequadratic programming problemandspreading thecellsapart
to minimizeoverlaps[3] [16]. Theformerphaseis similar acrossdif-
ferentquadratic placementalgorithms.All netsareusuallymodeledas
cliquesto createa placementgraph.Theobjective is to minimizethe
sumof the squaresof the lengthof all edgesin the placementgraph.
The formulationreducesto solving the linear equationAx � b. The
distinguishingpart amongvariousquadratic placement algorithmsis
usually the spreadingphase. In [3], the spreadingapartof nodesis
achievedby introducingadditionalforcesiteratively. In eachiteration,
every cell is subjectedto an attractingforce from every point in the
spacewhich is notoccupiedby acell. With thismainidea,theauthors
formulateandsolve the additionalforcesmathematically. The result
of addingtheseforcesisanew right-hand-sidevector. Theneteffectof
this is thatcellsthatareclosestto anopenspacearelikely to bepulled
in to occupy that space.The importantbenefit of this approachover
otherquadratic placement algorithmsis that it canbe usedin an in-
crementalmannerbecauseonly theb vectorchangeswhenadditional
forcesareadded.Thealgorithmcanthencontinuespreadingthecells
apartuntil minimumoverlapis achieved. We believe that thekey re-
quirementof integratinglogic synthesisandplacementis theability to
maintaina similar placement throughout logic optimization. The in-
crementalnatureof thisquadraticprogramming basedalgorithmhelps
fulfill this requirement.

In practice,we cannot repeatthe placement of all nodesin the
Booleannetwork for every logic operationand cost function while
our algorithmperformsits computation. This would result in exces-
siverun time. For costcomputation,andwhentheBooleannetwork is



minimally perturbed,we locally placetheaffectednodes.We require
that the local placementresultsduring logic operationsandthe final
placement resultaresimilar. To achieve this, thenetmodelandalgo-
rithm usedfor localplacement arethesameasthoseusedin theglobal
placement algorithm.Sincewe usea quadraticglobalplacementtool
for the final placement,we locally placenodesby formulating this
problemasaquadraticprogramming problemaswell. Becausethenet
modelusedin thequadraticglobalplacementstepis thecliquemodel,
we usethesamecliquemodelin our local placementalgorithm. The
cliquemodelis illustratedin Figure2. Let noden shown in Figure2(a)
beanew node,generatedduringlogic synthesisoptimizations.Let the
positionsof all its fanin andfanoutnodesbe known. We first model
all faninandfanout netsof n ascliques.Thecorresponding placement
graphis shown in Figure2(b). The quadraticprogramming problem
is thenformulatedon this local placementgraph.Sincenoden is the
only nodewithout a position,the problemcanbe solved in constant
time.

(a) (b)

a b
c

d n e

gf

a b

end

c

f g

Figure 2: (a) A new noden and its neighbors. (b) The placement
graph.

The idea of performing local placementwith the samequadratic
placement formulationandsamenet modelas the global placement
algorithm is a contribution of this work. Our resultsshow that this
resultsin a significantreductionin interconnect delay, while solving
thetiming closureproblemaswell.

In summary, we utilize threedifferentplacementalgorithms. The
first is the “Kraftwerk” global placement algorithm running in full
mode, i.e. without a given initial placement. The second is
the “Kraftwerk” global placementalgorithm running in incremental
mode,i.e. with a given initial placementandthe placementis mini-
mally perturbed. Thethird is thelocal placement algorithmwherethe
positionof a cell is determinedby the positionof all cells connected
to its input andoutputnetsasdescribedin Figure2.

4 Technology Independent Optimization

Therearea number of logic operationscommonly employed in the
technology independent step, like kernel extraction, re-substitution,
andsimplificationof Booleannodes.Kernelextractionextractscom-
mon kernels from Booleannodes andnew nodesarecreatedfor the
kernels. Re-substitutionre-expressesa nodein termsof othernodes
in the Booleannetwork. Node simplification usessatisfiability and
observability don’t caresto simplify eachBooleannodeseparately.
Amongtheselogic operations,kernel extractionchangesthestructure
of the network extensively, allowing significantopportunitiesto im-
prove thequality of theresults.For this reason,we focusourattention
on integratingkernelextractionandplacement.In addition,we intro-
ducea positionbasedduplicationalgorithm.

In conventionalsynthesis, thecostfunctionusedin technology in-
dependentoptimizationis theliteral count of thenetwork. Thekernel
extraction algorithm iteratesthroughthe Booleannetwork. In each

iteration,it traversesthenetwork to find a kernelthat reducesthe lit-
eralcountmaximallyandextractsit asa new nodein thecircuit. The
Booleannetwork is thenre-expressedusing the new kernel. The it-
erationstopswhenthe literal countof thenetwork cannotbereduced
further.

In this paper, thealgorithmis similar but thecostfunctionis modi-
fied to includeanincreasein literal countif a nodeis duplicated. The
heuristicto duplicatea nodeis basedon the wire-planningapproach
presentedin [6]. This typeof kernelextractionis referredto aswire-
plannedkernelextraction.

4.1 Value of a Kernel

Thevalueof a kernelis thenumberof literalsin theBooleannetwork
thatcanbedecreasedif thekernelis extracted.Thevaluevalue	 k 
 of
akernelk canbecomputedeasily. First,expresstheBooleanfunction
at eachof thefanoutnodesin factoredform. Let nk bethenumberof
timeskernelk appearsin thefactoredform of all its fanouts.Also, let
lk bethenumberof literalsin k. Thevalueof k is

value	 k
�� nk 	 lk 
 1
 
 lk

becausefor eachoccurrenceof k in thefanout, 	 lk 
 1
 literalsarere-
ducedandlk literalsareneeded to representkernelk asanew Boolean
nodein thenetwork.

4.2 Wire-planned Kernel Extraction

In thewire-planningapproach[6], pathsfrom all primaryinputsto all
primaryoutputsarerequiredto bemonotonic1. Thebasicideaof the
heuristicusedhereis to relax the monotonic constrainton a pathby
applyingit locally.

4.2.1 Weight of a Kernel

For anodek with placementconstraint� i1 � i2 ��������� im � o1 � o2 � � � � � ol (i.e. the
transitive faninsof k includeprimaryinputsi1 � i2 ��������� im, andthetran-
sitivefanoutsof k includeprimaryoutputso1 � o2 ��������� ol ), theinputbox
of k is definedasthe smallestrectanglethat enclosesthe primary in-
putsof k andtheoutputboxof k is thesmallestrectanglethatencloses
theprimaryoutputsof k. With thesedefinitions,theconditionsunder
which a nodeis legal2 in the wire-planningapproach canbe restated
by thefollowing lemma.

Lemma 1 For a legal node k with placement constraint� i1 � i2 ��������� im � o1 � o2 � � � � � on � m � 1 � n � 1, its legal region intersects
with its outputboxonlyat its closestpoint, i.e. thepointclosestto any
output. Similarly, its legal region intersectswith its input boxonly at
its furthestpoint, i.e. thepoint furthestfromanyoutput. (Theclosest
andfurthestpointsare unique for a legal node [6]).

Proof: By the definitionof region andthe intersectionrule in [6],
thelemmafollows.

The primary output angle of a nodek is definedto be the angle
subtendedby k andall its primaryoutputs.Figure3(a) illustratesthis
definition.By Lemma1, theprimaryoutputangleof a legal nodek is
at most90� , which is whenk is placedat theclosestpoint of its legal
region. Similar to the definition of primary outputangle,the fanout
angleof a nodek (denotedby αk) is definedto betheminimumangle
subtendedby nodek andany pair of its immediatefanouts,oi andoj ,

1A pathfrom a primary input pi to a primary outputpo is monotonicif the lengthof
thepathis equalto theManhattandistancefrom pi to po.

2A nodeis legal if thereexistsapositionsuchthatif thenodeis placedin thatposition,
all pathsfrom any primaryinput to any primaryoutputgoingthroughit remainmonotonic.



suchthatevery otherfanoutis visited in an angulartraversalfrom oi
to o j alongtheangleαk.

Figure3(b) illustratesthis definition. In this example,an angular
traversalalongthe angleα, subtended by o1, k, ando4, allows us to
visit all othernodesin the fanoutof the nodek. In this example,α
is thesmallestanglesuchthatevery otherfanoutcanbevisitedby an
angulartraversalaroundit. Thereforeα is thefanout angleof nodek.

�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� output
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Figure3: (a) Primaryoutputangleof k. (b) Fanoutangleof k.

Theideabehindthewire-plannedkernel extractionis to restrictthe
fanout angleαk of akernelk to beatmost90� . If αk is largerthan90� ,
thenthe weight of the kernel is definedto be the valueof the kernel
minus the numberof literals needed to duplicatethe kernel in order
to maintaina maximumfanoutangleof 90� for eachkernel and its
duplicates.Hence,theweightw 	 k 
 of a kernelk is

w 	 k
�� value	 k 
 
  αk

90��!#" lk

wherelk is thenumberof literalsof k.

4.3 Wire-planned Duplication
In thewire-plannedkernelextractiondescribedabove, theweightsof
kernelsareusedasthe objective function of the algorithm. However
kernelsarenotduplicatedduringkernel extraction.Booleannodescan
be very large after kernel extraction. Duplicatingnodesat this point
canincreasetheliteral countconsiderably. Theduplicationprocessis
thereforeperformedasa separateoperation,which is calleda wire-
planned duplicationoperation.

Thewire-plannedduplicationalgorithmtraversestheBooleannet-
work and duplicatesnodeswhosefanoutanglesare larger than 90�
Eventually, the fanout anglesof the nodesand their duplicatesare
smallerthanor equalto 90� . The algorithmis guaranteedto termi-
natebecausein theworstcaseeachnodeonly hasa singlefanout.

Let l be the number of fanouts of k and let o1 and ol be the
two end points found when computingthe fanoutangleαk of k. If
αk � 90� , thena circularorderof thefanoutsis computed, denotedas
FOs 	 k
��$	 o1 � o2 ��������� ol 
 . Theduplicationalgorithmpartitionstheset
of all fanouts into % αk

90�'& sets.Thepartitionsarecreatedby traversing
the fanouts in the orderof the sortedlist FOs 	 k 
 . A partition starts
from o1, andnodes areaddeduntil a fanoutis reachedthatwould re-
sult in a fanoutanglelarger than90� . A new partition is thenstarted
andtheprocedureis repeated.

4.4 Interaction with Placement
The global placementis invoked several timesduring kernelextrac-
tion. Sincethe numberof iterationsis not known beforethe kernel
extractionalgorithmterminates,the number of global placementin-
vocationscannotbedeterminedin advance. Instead,a parameterγ is

introduced. The incrementalglobal placementalgorithm is invoked
afterevery γ iterations.

As mentionedabove, thekernel extractionalgorithmis aniterative
algorithm. In eachiteration,a singlekernel is selectedfrom all gen-
eratedkernels. The costsof all kernels needto be computed, which
meansthat the locationof all kernelsneedto be estimated.For this
purpose,thelocal placementalgorithmdescribedabove is used.

During technology independentoptimization,the circuit structure
is typically very different from the final circuit generatedafter tech-
nology dependentoptimization. It is thereforenot necessaryto use
interconnectdelayasoneof thecriteriain determiningthebestkernel
to extract. However, therelative positionsof Booleannodes alongin-
put/outputpathsduring kernel extractionwill likely remainthe same
astheplacementof thefinal circuit. For this reason, thecostfunction
of interconnectlengthis preferredto interconnectdelayin computing
theweightof akernel.As aresult,thesemi-perimeterestimateis used
to computethe lengthof a net (insteadof the morecomputationally
expensive Steinertreeestimate).

5 Technology Dependent Optimization
The technologydependent optimizationstypically consistsof two
steps:technology decomposition andtechnology mapping. Technol-
ogy decomposition is theprocessof decomposinga Booleannetwork
(representingthecircuit to be implemented)into primitive gates,e.g.
2-inputNORgatesandinverters.During technology mapping, thede-
composedBooleannetwork (whichconsistsof only primitivegates)is
mappedinto library gates.

5.1 Technology Decomposition

Our placement-aware technologydecomposition algorithm decom-
posesa Booleannetwork usingprimitive gates,in a mannerthatmin-
imizeswire-lengthsin the decomposednetwork. Thealgorithmcon-
sistsof thefollowing steps:

1. We first decomposeevery BooleannodeN of the original net-
work into AND nodes (corresponding to each cube of the
Booleannode N) and an OR nodewith all the AND nodesas
its fanins.After all thenodesof theoriginal network have been
decomposedin thismanner, wecomputethepositionsof thenew
AND andOR nodesby invoking thefull globalplacement algo-
rithm. Let the AND nodesbe calledN0 � N1 ��(�(�(�� Nm) 1, and let
theOR node becalledNm. Here,thecardinalityof the sum-of-
productscover representingthelogic functionof N is m.

2. For eachAND or OR node n * � N0 � N1 ��(�(�(�� Nm � with fanins
FI �$� f1 � f2 ��������� fk � , we decompose n into n+ with faninsNI �,

n1 � n2 ��������� n - k
2 .0/ , where fi * FI . After sucha decomposition

step,eachnodenj * NI is a 2-input AND or OR nodewith a
pair of nodesin FI asits fanins. We call this decomposition a
two-stepdecomposition.

Theobjectiveof thetwo-stepdecompositionprocessis to choose
a pair of faninsfor eachnj , so as to minimize the total wire-
length of all the netsconnectedto the outputs of NI and FI ,
wherethepositionsof nodesNI arecomputedutilizing thelocal
placementalgorithm. We call this problemthe fanin ordering
problem.

Figure 4 illustratesthis process. In this figure, all nodesare
drawn to scale. Figure 4(a) shows a node N in the origi-
nal Booleannetwork being decomposed. Figure 4(b) shows



the decompositionof N into AND andOR nodesasdescribed
in step 1. The logic function computed by the node N is
f1 f2 f3 f4 f5 f6 f7 f8 1 f9 f10. Figure4(c), shows nodeN0 before
two-stepdecomposition. For consistency in notation,n is also
usedto referto N0 in Figure4(c). Theresultof two stepdecom-
position is shown in Figure 4(d). The fanin orderingproblem
essentiallyaimsto find atwo-stepdecompositionof thenodesin
Figure4(c) suchthat thesumof wire-lengthsof all wires in the
resultingdecomposition(Figure4(d)) is minimized.

At the end of this step,not all nodes are 2-input nodes. For
example,noden2 in Figure4(d) has4 fanins.

3. After all AND andOR nodesin thenetwork have beendecom-
posedusing the two-stepdecomposition method, we run the
global placement algorithm in incrementalmodeto updateall
nodepositions.

4. We theniteratesteps2 and3 over all Booleannodesof thenet-
work until all nodeshave at mosttwo fanins.

5. Finally, we run globalplacementin incrementalmodeon there-
sulting network of primitive gates. The reasonfor running the
global placementat this stageis to legalizethe resultingplace-
ment. Sincethe corealgorithmandnetmodelof both the local
algorithmandtheglobalplacementalgorithmarethesame,the
resultingplacement is minimally perturbed.

In additionto theinvocationsof theglobalplacementalgorithmde-
scribedabove,weadditionallyinvoke incrementalglobalplacement at
mostβ times(whereβ is auserdefinedvariable)duringthetechnology
decomposition algorithm. This is to ensurethat our local placement
runsutilize accuratenodeplacementinformationat all times.We ex-
perimentedwith severalvaluesof β, andfoundthatβ � 10 resultedin
a goodtrade-off betweenrun-timeandcircuit optimality.

Sincemany nodesarecreatedduringtechnology decomposition,all
nodesaretreatedaspointsduring global placement. This is handled
by assigninga fixedsizecell for every nodein thenetwork. This size
is scaledaccordingto the number of nodes in the network suchthat
the total areamatchesthe available placement area. This resultsin
minimumoverlapthroughout technologydecomposition.

Theorem 5.1 Thefanin orderingdecisionproblemis NP-complete.

Proof: In the decisionproblem,we ask the questionif a decompo-
sition whosetotal wire length is lessthan a constantB exists. The
problemis clearly in P becausewe cancompute the total wire length
given a decomposition. Let ni j be the new nodeobtainedby pairing
fi 3 FI and f j 3 FI . Thepositionof ni j canbecomputedusinglocal
placement asdescribedabove. Let d

�
fi 4 f j � be the costof pairing fi

and f j . Thecostd
�
fi 4 f j � is thesumof thelengthof netsfi , f j , andni j .

We performreductionfrom the clusteringproblem[5]. Let thefinite
setX of theclusteringproblembethesetof nodesFI . Let thedistance
betweenany pair

�
xi 4 x j � of X be d

�
fi 4 f j � asdescribedabove. Then

it is easyto seethat thereexistsa partitionof X into 5 k2 6 disjoint sets
suchthat the total distanceis 7 B if f thereis a decomposition whose
total wire lengthis 7 B.

Since the fanin ordering problem is a hard problem, we utilize
heuristicsto solve it. The two heuristicsthat we useare angle or-
dering and furthest-pairordering. In both heuristics,we look for a
linearorderFIs � �

fs1 4 fs2 4 ����� 4 fsk � of FI . ThennodesNI arecreated
by pairingnodesin FIs in this linearorder.

In angle ordering, we traversethe faninsof noden in a counter
clockwisedirection to form a circular order. The two consecutive
faninsin this traversalthatarefurthestapartin termsof lineardistance
form theendpointsof thefinal linearorder. Theremainingnodesare
orderedin the counterclockwisemanner. For the exampleshown in
Figure4(c), the counterclockwisetraversalgives the following cir-
cular order:

�
f1 4 f2 4 f3 4 f4 4 f5 4 f6 4 f7 4 f8 4 f1 4 �8�9� � . The two consecutive

faninsthatarefurthestapartin termsof lineardistanceare f1 and f8.
Hencethesetwo nodesform thetwo endpointsof thelinearorder, and
this linearorderis therefore

�
f1 4 f2 4 f3 4 f4 4 f5 4 f6 4 f7 4 f8 � . Theanglede-

compositionof theexampleof Figure4(c) is shown in Figure5(a).
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Figure5: (a) Angle orderingsolution.(b) Furthestpair orderingsolu-
tion.

In furthestpair ordering,we iteratively pair faninnodes(i.e. nodes
in FI) until thereareno morenodesto pair. In eachiteration,we first
find the fanin f f ; FI that is furthestaway from noden in termsof
lineardistance.Wethenpair node f f with thefaninnode fg ; FI that
is closestto f f in termsof lineardistance.Nodes f f and fg form the
inputsto anew 2-inputnode in NI . Theresultof furthestpairordering
for theexample givenin Figure4(c) is shown in Figure5(b).

For eachnode,we performtechnology decompositionusingboth
the angleorder and the furthestpair order and computethe cost of
eachorder in termsof total net lengths. The costof an order is the
sum of the length of the fanin netsand the new nets(i.e. the total
lengthof thenetsin Figures5(a)and5(b)).

5.2 Technology Mapping

After technology decomposition, the original Boolean network is
transformedinto a network consistingexclusively of primitive gates.
This network is calledthesubjectgraph. Thegatesin the library are
alsodecomposedusing the sameprimitive gates,and eachsuchde-
composedgateis calleda patterngraph. Technology mappingis the
processof covering the subjectgraphwith the patterngraphswhile
minimizinganobjectivefunction.Forareaminimization,theobjective
function is the total areaof the mapped circuit. For delayminimiza-
tion, the objective function is the total delay of the mappedcircuit.
If the subjectgraphis a tree,technologymappingwith the objective
functionof areaminimizationcanbesolvedoptimally usingdynamic
programming[7].

Wedescribeour areaanddelayminimizationalgorithmsbelow:

5.2.1 Area and Wire-Length Minimization

In our approach, we decomposethe subjectgraphinto treesanduse
dynamicprogrammingto solve it. The dynamic programming based
algorithmconsistsof two steps:theforwardpropagationstepto com-
putethecostof a bestmatchandto storeit on thenode,andtheback-
wardtracingstepto constructthematch.
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Figure4: (a) NodeN to bedecomposed.(b) Decompositionof N into ANDs andORs.(c) NodeN0 beforetwo-stepdecomposition. (d) Node
N0 andits two-stepdecompositionsolution.

Theforwardpropagationsteptraversesthetreesin topologicalorder
from primaryinputsto primaryoutputssuchthatoptimummatchesfor
all faninsof a node n arefound beforea matchfor n is found. Let a
matchm at a noden usea gateg from the library. Also let nm be the
new nodefor matchm. Let FI �$> f1 4 f2 4 ����� 4 fk ? be the faninsof nm.
We recursively definethe fanin wire costwI

�
nm � of matchm as the

total lengthof the fanin netsof nm plus the fanin wire costof all its
fanins. Formally, wI

�
nm �@� ∑ fi A FI wI

�
nfi � 1 l

�
nfi � , wherenfi is the

nodeof the bestmatchat fi and l
�
nfi � is the lengthof its net. Note

that net nfi is a two-terminalnet, since the network being mapped
consistsof primitive gateswhich are2-inputgates,andwe operateon
treedecompositionsof this network. Essentially, wI

�
nm � is the total

wire lengthof all netsin themapped circuit rootedatnodenm.
Similarly, we recursively definethe area costa

�
m� of matchm as

the areaof g plus the total areaof all its fanin matches. The total
costc

�
m� of matchm is thenthe weightedsumof the areacostof m

and the sumof the fanin wire costof m plus the lengthof net n, or
c
�
m��� a

�
m� 1 α

�
wI
�
m� 1 l

�
n��� , whereα is a user-definedweighting

variable.
Figure6 illustratesthesedefinitions.The fanin wire costof match

m is thesumof thewire lengthsof netsw1, w2, w3, andthefaninwire
costsof thematchesof f1, f2, and f3. Theareacostof matchm is the
sumof theareaof g andtheareacostsof thematchesfor f1, f2, f3.

matchm using gateg

n

f1
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f1

f2

nm

w1 w2
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w3

Figure6: Definition of CostElements.

In orderto computethecostof amatch,thepositionof thenew node
corresponding to thematchneedsto becomputed(i.e. thenodewhich
shown in thedottedline in Figure6). As in technology decomposition,
wecouldre-runglobalplacementonall nodesin thedesign(including
the new node). However, this is too time consumingandso we use
the local placementalgorithmdescribedin Section3 to estimatethe
positionof thenew node.

After acertainnumberof nodeshavebeenmatched,theincremental

globalplacement algorithmis run on theentirecircuit. Justasin tech-
nologydecomposition, theuserdefinedparameterβ is usedhere.Dur-
ing the whole technologymapping algorithm,the incrementalglobal
placementalgorithmis calledat mostβ times.

Duringtechnology mapping,notall nodesaremappedwhencalling
globalplacement.TheunmappednodesareNAND/NOR andinverter
nodes. Beforecalling global placement, theseNAND/NOR and in-
verternodesare temporarilymappedinto NAND/NOR and inverter
gatesin the library. The temporarilymappednetwork is then incre-
mentallyplaced.As in technology decomposition,all cellsarescaled
to matchavailableplacementareato minimizeoverlap.

5.2.2 Delay Minimization

For delayminimization,weintegratethedelaymapping algorithmde-
velopedby Touati [18] with global placement.Like areaminimiza-
tion, this algorithmdecomposesthe subjectgraphinto treesanduse
dynamicprogrammingto find a goodmapping.

Whenconsideringa matchm with gateg at noden, thearrival time
of n is not computed. Rather, a piece-wiselinear function f is com-
puted. This is bestexplainedby an example. Let g be a gatewith 2
inputpins.Thedelaymodelfrom bothinput pinsof g is characterized
by α

�
1� , β

�
1� , andα

�
2� , β

�
2� , whereα is theinterceptandβ theslope

of the delay model usedin this paper, as shown in Figure7(a) and
(b). Assumingthearrival timesat fanin1 and2 areA

�
1� andA

�
2� re-

spectively, themaximumdelayvaluesfor all loadvaluesareshown in
Figure7(c),which is a piece-wiselinearfunctionfor all possibleload
valuesfor matchm [18]. Eachmatchatn is thereforecharacterizedby
apiece-wiselinearfunction.Thebestmatchatn is apiece-wiselinear
functionwhich is computedby takingtheminimumof thepiece-wise
linear functionsof all matchesat n. The bestgateto implementn is
selectedonly whentheloadat theoutputof n is known, which occurs
during thebackward traversalphaseof thedynamicprogrammingal-
gorithm.

Thelocal andglobalplacementalgorithmsareinterleavedwith the
delaymappingalgorithmin a similar fashionasin the areamapping
algorithm.

6 Experimental Results

Thelibrary weuseis theMSU standardcell library [14]. Wemodified
thelibrary basedonresistancesandcapacitancesobtainedfrom SPICE
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characterizations(using the 0 E 1µm processtechnologydescribedin
Section2). WeuseDOMINO [2] asourdetailplacementtool. Routing
is doneusing the WARP [1] router from CADENCE. Although our
0 E 1µ technologyhasasmany as8 layersof metal,weonly use4 layers
for signal routing purposes.We assumeall other layersareusedfor
routingof power andglobalsignals.

Twenty-five of thelargecircuits in the1991MCNC benchmarkset
are selectedfor all experiments. Pin locationsare determineduni-
formly at random. A small initial placementsquareis usedfor each
circuit. The sizeis thenexpandedduring routing to allow all netsto
besuccessfully routed.

Theexperimentalsetupis asfollows. For areaandwire-lengthmin-
imization, we ran areaoptimizationon our benchmark circuits using
script.rugged in SIS[14]. Thenwe performedtechnology decompo-
sition and technologymappingusingSIS andthe proposedscheme.
Sincewe decomposeour subjectgraphinto treesbeforetechnology
mapping, wecompareour resultswith thecorresponding algorithmin
SIS.The parametersα andβ usedin the experimentsare0 E 1 and10
respectively. For delayminimization,we ran delay optimizationon
our circuitsusingscript.delayin SISandusingour proposed scheme.
The SISalgorithmswe comparedour work againstutilized the same
optionsaswereutilized by our algorithm.

Sincewe addressthetiming closureproblem,we first show (in Ta-
ble 2) thedelayof thecircuitsusingthewire-loadmodel of Section2
andtheactualdelayof thesecircuitsobtainedafterdetailrouting.This
experimentillustratestheseverity of thetiming closureproblemusing
traditionallogic synthesis.The total delayis the delayof the critical
path. The interconnectdelayis the total delay(includingwire delay)
minusthe total delay(excludingwire delay). In this table,a negative
number meansthat the actualnumberis smallerthan the estimated
one. As seenfrom this table, the wire-loadmodel (the columnsla-
beled“Wire”) over-estimatestheactualdelayin somecasesandunder-
estimatesit in others.For theexampledalu, theerror in theestimated
interconnect delay is as high as 57% and the error in the estimated
totaldelayis 11%.Theaverageerrorin theestimatedinterconnectde-
lay is 29E 0% andtheaverageerror in theestimatedtotal delayis 4%.
Theseaveragesarecomputedusingtheabsolutevaluesof theerrorsof
all circuits. For theproposedapproach(thecolumnslabeled“PILS”),
exceptfor dalu, theestimatedinterconnect delayis smallandtheesti-
matedtotal delayis within 1% of theactualdelay. This tablesshows
theeffectivenessof our integratedapproach.

Table3 reportsthe delaycomparisonbetweentechnologydepen-
dentoptimizationminimizing areausingSISversusour approach.In
addition to the advantageof not having to estimatenet lengths(and
therebysolving the Timing Closureproblemas shown in Table 2),
our schemeexhibits a significantreductionin interconnect delay as
seenfrom Table3. For the exampledalu, this translatesinto a 23%
reductionin total delay. Using our scheme,the averagereductionin
interconnect delayis 12%,andtheaveragereductionin total delayis
8%.

Table2: Estimateddelayvs actualdelayusingwire-loadmodeland
our approach.

Interconnect Delay TotalDelay
Name Wire PILS Wire PILS

C1908 F 4% 0% 0% 0%
C2670 8% F 2% 1% 0%
C3540 26% 2% 3% 0%
C432 41% F 6% 5% F 1%
C499 F 3% F 8% 0% F 1%
C880 F 52% F 4% F 3% 0%
b9 F 29% 0% F 2% 0%
dalu 57% F 34% 11% F 8%
k2 44% 0% 7% 0%

Ave 29% 6% 4% 1%

The improvement in interconnect delay of our methodis accom-
paniedby a small penaltyin active area,asshown in Table3. The
averagepenaltyin active areais 10%.

Table3: Resultsof areaandwire-lengthminimization.

Delay
Name Interconnect Total Area

C1908 F 3% F 1% 2%
C2670 F 32% F 13% 20%
C3540 F 33% F 9% 11%
C432 22% 13% 1%
C499 17% 16% 3%
C6288 46% 0% 2%
C880 F 1% F 0% 13%
apex6 F 45% F 27% 9%
cht F 24% F 28% 3%
dalu F 36% F 23% 19%
example F 6% F 7% 11%
frg2 18% 26% 20%
i5 F 27% F 31% 18%
i6 13% 3% 8%
i7 F 12% F 12% 14%
i8 F 1% 4% 15%
i9 F 2% F 5% 2%
pair F 40% F 25% 14%
rot F 28% F 3% 6%
term1 F 21% F 6% F 0%
ttt2 F 8% F 2% 11%
vda 5% F 7% 6%
x1 F 37% F 19% 8%
x3 F 43% F 36% 11%
x4 F 18% F 11% 15%

Ave F 12% F 8% 10%

Table4 shows the delaycomparisonbetweentechnology mapping
minimizing delayusingSIS versusour approachwhich includesthe
wire-plannedkernel extraction, wire-plannedduplication, and delay
optimizationin technology dependentalgorithmsdescribedabove. In
all experiments,γ is 20, i.e. theincrementalglobalplacement is called
after every 20 kernelshave beenextracted. The duplicationstepis



appliedafter the technology decomposition step. Again, we achieve
a significantreductionin interconnectdelayandtotal delay. Table4
also shows the areacomparisonof SIS and our delay minimization
scheme.As seenfrom this table,we achievea significantreductionin
areain additionto thedelayreduction. We save anaveragereduction
of 18%in area,24%in interconnectdelay, and18%in totaldelay. So,
in additionto minimizing Timing Closureproblems, our algorithmis
ableto reducetotal circuit delayaswell astotal circuit area.

Table4: Resultsof delayminimization.

Delay
Name Interconnect Total Area

C1908 1% 3% G 10%
C2670 G 19% G 7% G 21%
C3540 G 15% G 13% G 14%
C432 G 52% G 26% 4%
C499 16% 17% G 12%
C6288 4% G 5% G 9%
C880 G 49% G 24% G 17%
apex6 G 30% G 27% G 25%
cht G 52% G 45% G 36%
dalu G 12% G 13% G 18%
example2 G 33% G 24% G 27%
frg2 G 48% G 18% G 28%
i5 8% G 10% G 7%
i6 G 24% G 8% G 33%
i7 G 28% G 13% G 32%
i8 G 32% G 24% G 19%
i9 G 58% G 42% G 32%
pair G 20% G 3% G 10%
rot G 2% 9% G 11%
term1 G 34% G 10% G 14%
ttt2 G 33% G 21% G 14%
vda G 12% G 9% G 13%
x1 1% 6% G 14%
x3 G 33% G 28% G 12%
x4 G 41% G 35% G 26%

Ave G 24% G 15% G 18%

7 Conclusions

In thispaper, wehavepresentedanapproachthataddressesthetiming
closureproblemin IC design.Our approachintegratesboth technol-
ogy independentand technologydependent stepsof logic synthesis
with placement.We believe that successin integratinglogic synthe-
sisandplacementis dependenton theability to maintaina consistent
placement during logic synthesis which closelyapproximatesthe fi-
nal placement.We usedlocal andincrementalglobalplacementalgo-
rithmsto achieve thisgoal.

We have introducedwire-plannedkernel extraction,wire-planned
duplication,technologydecomposition, and technologymappingal-
gorithmsusingthis integratedflow. Our technology dependent algo-
rithmsincludebothareaanddelayminimization.

Thebenefitsof our approach are:H Themainresultof our paperis thedemonstrationof a significant
reductionin Timing Closureproblems.Timing closureresultsin tra-
ditional logic synthesis underestimatinginterconnectdelayby 29%on
average.Our schemereducesthis errorto 6%.

H All placementalgorithms(incrementalglobal, full global, and
local) utilize the samecore placementalgorithm, and the samenet
model.This helpsmaintaina consistentplacement during logic oper-
ations.H Additionally, our schemeresultsin averagereductions of about
12%in interconnectdelay, andabout8%in total circuit delayfor area
andwire-lengthminimization.This is accompaniedby anareapenalty
of 10%.H For delayoptimization,we achieve anaveragereductionof about
24% in interconnectdelay, andabout15% in total circuit delay. In
additionto this,areais reducedby 18%on average.
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