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Abstract
Weextendin thispapertheconceptof theP-admissiblefloorplanrep-

resentationto thatof theP*-admissibleone.A P*-admissiblerepresen-
tationcanmodelthemostgeneralfloorplans.Eachof thecurrentlyexist-
ing P*-admissiblerepresentations,SP, BSG,andTCG,hasits strengths
aswell asweaknesses.Weshow theequivalenceof thetwo mostpromis-
ing P*-admissiblerepresentations,TCGandSP, andintegrateTCGwith
a packingsequence(partof SP)into a new representation,calledTCG-
S. TCG-Scombinestheadvantagesof SPandTCGandat thesametime
eliminatestheir disadvantages.With thepropertyof SP, fasterpacking
andperturbationschemesarepossible. Inheritednice propertiesfrom
TCG, the geometricrelationsamongmodulesaretransparentto TCG-
S (implying fasterconvergenceto a desiredsolution),placementwith
positionconstraintsbecomesmucheasier, and incrementalupdatefor
costevaluationcanbe realized. Thesenice propertiesmake TCG-Sa
superiorrepresentationwhich exhibits an elegantsolutionstructureto
facilitatethesearchfor a desiredfloorplan/placement.Extensive exper-
imentsshow thatTCG-Sresultsin thebestareautilization, wirelength
optimization,convergencespeed,and stability amongexisting works
andis veryflexible in handlingplacementwith specialconstraints.

Categoriesand SubjectDescriptors
J.6 [COMPUTER-AIDED ENGINEERING]: Computer-aided de-

sign(CAD)

GeneralTerms
Algorithms

1 Intr oduction
As technologyadvances,thecircuit sizein modernVLSI designin-

creasesdramatically. To handlethe increasingdesigncomplexity, hier-
archicaldesignsandIP modulesarewidely usedto optimizeareaand
timing for designconvergence.Further, theneedto integrateheteroge-
neoussystemsor specialmodulesimposessomeplacementconstraints,
e.g., the boundary-moduleconstraintwhich requiressomemodulesto
be placedalong the chip boundariesfor shorterconnectionsto pads,
thepreplaced-moduleconstraintwhich pre-assignsmodulesto specific
positions,etc. Thesetrendsmake floorplanning/placementmuchmore
importantthanever, andit is of particularsignificanceto considerthe
floorplanning/placementwith variousconstraints.To copewith these
challenges,it is desiredto develop an efficient andeffective floorplan
representationthatcanmodelthegeometricrelationsamongregularas
well asconstrainedmodules.

Many floorplanrepresentationshave beenproposedin theliterature,
e.g., slicing tree [13], normalizedPolish expression(NPE) [18], Se-
quencePair (SP)[10], Bounded-SlicelineGrid (BSG) [12], O-tree[3],
B*-tree [1], Corner Block List (CBL) [4], Transitive ClosureGraph
(TCG) [8], andQ-sequence[15]. Unlike the traditional classification
of the slicing andnon-slicingstructures,we canalternatively classify
�
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theminto two categories,P*-admissibleandnon-P*-admissiblerepre-
sentations.A representationis saidto beP-admissibleif it satisfiesthe
following four conditions[10]: (1) thesolutionspaceis finite, (2) every
solution is feasible,(3) packingandcostevaluationcanbe performed
in polynomialtime,and(4) thebestevaluatedpackingin thespacecor-
respondsto anoptimalplacement.We extendin this papertheconcept
of the P-admissiblerepresentationto that of the P*-admissibleoneby
addingthefifth condition: (5) thegeometricrelationbetweeneachpair
of modulesis definedin the representation.With this condition,gen-
eralfloorplans/placementscanbemodeled.Therefore,a P*-admissible
representationcontainsa completestructurefor searchingfor an opti-
mal floorplan/placementsolution. Therefore,it is desirableto develop
aneffective andflexible P*-admissiblerepresentation.

Amongtheexisting popularrepresentations,SP, BSG,andTCG are
P*-admissiblewhile slicing tree, NPE, O-tree,B*-tree, CBL, and Q-
sequencearenot. TheslicingtreeandNPEareintendedfor slicingfloor-
plansonly. Sinceanoptimalplacementcouldbeanon-slicingstructure,
thetwo representationsarenotP-admissibleandthusnotP*-admissible
(i.e., violation of P*-admissibility Condition (4)). An O-treedefines
only one-dimensionalgeometricalrelationbetweencompactedmodules
andthuscanobtaintherelationin theotherdimensiononly afterpack-
ing (i.e., violation of Condition(5)). (NotethatO-treeis undefinedfor
someuncompactedplacementswhich maycorrespondto thebestsolu-
tions for wirelengthoptimization. Therefore,asfar aswirelengthopti-
mizationis concerned,O-treeis not evenP-admissiblesinceCondition
(4) is violated.)A B*-tree requiresaplacementto beleft and/orbottom
compacted.However, thespaceintendedfor placinga modulemaybe
occupiedby previously placedmodulesduring packing,resultingin a
mismatchbetweentheoriginal representationandits compactedplace-
ment. Therefore,it maynot befeasibleto find a compactedplacement
correspondingto the original B*-tree, and thus it is not P-admissible
(i.e., violation of Condition (2)). CBL andQ-sequencecanrepresent
only mosaicfloorplans,in which eachregion in the floorplancontains
exactlyonemodule.CBL andQ-sequencearenotP-admissiblebecause
it cannotguaranteeafeasiblesolutionafteraperturbation(i.e.,violation
of Conditions(2) and(4)). Non-P*-admissiblerepresentationsintrinsi-
cally have a smallersolutionspaceandlower packingcostsincetheir
correspondingfloorplanning/placementstructuresare more restricted
(e.g.,slicing structures[slicing tree,NPE],mosaicfloorplans[CBL, Q-
sequence],compactedplacements[O-tree, B*-tree], etc).

�
However,

lack of the definition on the geometricrelation betweeneachpair of
modules,the guaranteein the feasibility, and/orthe optimality of their
representationswould inevitably complicatefloorplansizingandplace-
mentwith constraints,leadto longerrunningtimes,and/orlower solu-
tion quality.

TheexistingP*-admissiblerepresentations,SP, BSG,andTCG,have
their own distinct propertiesas well as commonones. Nevertheless,
researcherstend to favor SPover BSG becauseBSG incurs many re-
dundanciesand thus a much larger solution space,implying a longer
runningtime to searchfor agoodsolution.Therefore,weshallfocuson
SPandTCG.BothSPandTCGareconsideredveryflexible representa-
tionsandconstructconstraintgraphsto evaluatetheir packingcost. SP
consistsof two sequencesof modules

���
	��
�����
, where

��	
(
���

) speci-
fiesthemoduleorderingfrom top-left(bottom-left)to bottom-right(top-
right). Hence,

� �
correspondsto the orderingfor packingmodulesto

thebottom-leftdirectionandthuscanbeusedto guidemodulepacking.

�
Generalityfrom the mostgeneralto the leastgeneral:generalfloorplan �

compactedfloorplan � mosaicfloorplan � slicingfloorplan.



However, like most existing representations(e.g., NPE, BSG, O-tree,
B*-tree, CBL, Q-sequence),the geometricrelationsbetweenmodules
arenot transparent to theoperationsof SP(i.e., theeffect of anopera-
tion on thechangeof modulerelationis not clearbeforepacking),and
thuswe needto constructconstraintgraphsfrom scratchaftereachper-
turbationto evaluatethepackingcost;thisdeficiency makesSPharderto
convergeto a desiredsolutionandto handleplacementwith constraints
(e.g.,boundarymodules,pre-placedmodules,etc).

TCG consistsof a horizontaltransitive closuregraph ��� to define
the horizontalgeometricrelationsbetweenmodulesanda vertical one��� for verticalgeometricrelations.Contrastto SP, thegeometricrela-
tionsbetweenmodulesaretransparentto TCG aswell asits operations,
facilitating the convergenceto a desiredsolution. Further, TCG sup-
ports incrementalupdateduring operationsandkeepsthe information
of boundarymodulesaswell astheshapesandtherelative positionsof
modulesin the representation.Nevertheless,like SP, constraintgraphs
arealsoneededfor TCG to evaluateits packingcost,andunlike SP, we
needto performextraoperationsto obtainthemodulepackingsequence.

Therefore,an interestingquestionarises:Is it possibleto develop a
representationthat cancombinethe advantagesof SPandTCG andat
thesametimeeliminatetheirdisadvantages?Weanswerthisquestionin
affirmationby showing theequivalenceof TCG andSP, andintegrating
theminto TCG-S=

� ��� � � � �
� � � . Theorthogonalcombinationleadsto
a representationwith at leastthefollowing advantages:

� With the property of SP, faster � �����! ��"� -time packing
and � ���"� -time perturbationschemesare possiblefor a P*-
admissiblerepresentation,where

�
is the numberof modules.

(Note thata linear-time packingschemeis possiblefor the tree-
basedrepresentations,but they canrepresentonly morerestricted
compactedfloorplans.)� Inheritedfrom TCG, thegeometricrelationsamongmodulesare
transparentto TCG-S,implying fasterconvergenceto a desired
solution.� Inherited from TCG, placementwith position constraintsbe-
comesmucheasier.� TCG-Scansupportincrementalupdatefor costevaluation.

Thesenice propertiesmake TCG-San effective, efficient, andflexible
representation.Extensiveexperimentsbasedonasetof commonlyused
MCNC benchmarksshow that TCG-S resultsin the bestareautiliza-
tion, wirelengthoptimization,convergencespeed,andsolutionstability
amongexistingworks.

To show the flexibility of TCG-S,we alsoconsiderplacementwith
preplacedandboundarymodules.For placementwith pre-placedmod-
ules,Murataet al. [11] proposedanadaptationalgorithm to transform
an infeasibleSP with preplacedmodulesinto a feasibleone. How-
ever, the processincurs expensive computations.For placementwith
theboundary-moduleconstraint,TangandWong in [16] andMa et al.
in [9] handledthis problemusingSPandCBL, respectively. However,
they cannotguaranteea feasiblesolutionin eachperturbationandtheir
final placements.Lai et al. in [6] gave the feasibility conditionsfor SP
with boundarymodulesand transformedan infeasiblesolution into a
feasibleone.However, themethodis very complex, andmany rulesare
neededto copewith theconstraints.

We presentin this paperthe methodsfor handlingplacementwith
preplacedandboundarymodules. Different from the previous works
on boundarymodulesthatcannotguaranteea feasiblesolutionor need
to transforman infeasiblesolutioninto a feasibleone,TCG-Scaneas-
ily maintainthe feasibility duringeachperturbation.We comparedour
work with [6] on placementwith boundarymodules. (Note that there
areno commonbenchmarkcircuits for this constraint.) Experimental
resultsshow thatTCG-Sresultsin smallerareasthan[6].

The remainderof this paperis organizedasfollows. Section2 for-
mulatesthefloorplan/placementdesignproblem.Section3 comparesSP
andTCG.Section4 presentstheproceduresto build theTCG-Sfrom a
placementandconstructtheplacementfrom a TCG-S.Section5 gives
the operationsto perturba TCG-S.Section6 presentsour methodsto
handleplacementwith boundaryandpreplacedmodules.Experimental
resultsarereportedin Section7. Finally, wegiveconcludingremarksin
Section8.

2 Problem Definition
Let #%$'&)( � � ( � �+*!*!*!� (-,/. bea setof

�
rectangularmoduleswhose

width, height,andareaaredenotedby 021 , 341 , and 561 , 798;:�8 � . Let��< 1 �>= 1 � (
��<@?1 �A=B?1 � ) denotecoordinateof thebottom-left(top-right)corner

of module( 1 , 7/8C:�8 � , onachip. A placementD is anassignmentof��< 1 �>= 1 � for each(-1 , 7/8C:�8 � , suchthatno two modulesoverlap.The
goalof floorplanning/placementis to optimizea predefinedcostmetric
suchasacombinationof thearea(i.e., theminimumboundingrectangle
of D ) and/orthe wirelength(i.e., the summationof half boundingbox
of interconnections)inducedby theassignmentof ( 1 ’son thechip.

3 P*-admissibleRepresentations
In thissection,wefirst review thetwo P*-admissiblerepresentations,

TCGandSP, thenshow theirequivalence,andcomparetheirproperties.
3.1 Review of TCG and SP

TCG describesthe geometricrelationsbetweenmodulesbasedon
two graphs,namelyahorizontaltransitiveclosuregraph ��� andaverti-
cal transitiveclosure graph ��� , in whichanodeEF1 representsamodule( 1 andanedge

� E 1 � EHG � in ��� ( � � ) denotesthatmodule( 1 is left to (be-
low) module(>G . TCGhasthefollowing threefeasibilityproperties[8]:

1. ��� and � � areacyclic.
2. Eachpair of nodesmustbeconnectedby exactlyoneedgeeither

in ��� or in � � .
3. Thetransitive closureof ��� ( � � ) is equalto ��� ( � � ) itself.

�
Figure1(a)shows a placementwith seven modulesI , ( , J , K , L , M ,

and N whosewidths and heightsare (3.5, 1.5), (2, 2.5), (2, 3.5), (3,
2), (1.5, 1.5), (5, 1.5), and(1, 2), respectively. Figure1(c) shows the
TCG $ � ��� � � � � correspondingto theplacementof Figure1(a). The
valueassociatedwith a nodein ��� ( � � ) givesthewidth (height)of the
correspondingmodule,and the edge

� EF1 � E G � in ��� ( ��� ) denotesthe
horizontal(vertical) relation of (+1 and ( G . Sincethereexists an edge� EPO � EPQ � in ��� , module (-O is left to (RQ . Similarly, (-O is below (+S since
thereexistsanedge

� EPO � EFS � in � � .
SP uses a pair of sequences

��� 	 �T� � �
to representa floor-

plan/placement,where
�
	

and
���

give two permutationsof module
names.The geometricrelationof modulescanbe derived from an SP
asfollows. Module (-O is left (right) to module (+S if I appearsbefore
(after) ( in both

� 	
and

� �
. Module (-O is below (above) module (-S if( appearsbefore(after) I in
�
	

and I appearsbefore(after) ( in
���

.
Figure1(b)shows thecorrespondingSP. SinceI is beforeN in both

��	
and

� �
, module (-O is left to module (RQ . Similarly, (-O is below (+S sinceI is after ( in

� 	
andbefore( in

� �
.
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Figure1: (a)A placement.(b) ThecorrespondingSPof (a). (c) ThecorrespondingTCG
of (a).

3.2 Equivalenceof SPand TCG
Liketherelationsbetweenaskewedslicingtree[13] andanNPE[18]

for slicingfloorplansaswell asO-treeandB*-treefor non-slicingfloor-
plans,TCGandSPareequivalent.

We cantransformbetweenTCG andSPasfollows: Let the fan-in
(fan-out) of a node EF1 , denotedby V�1XW � EF1 � ( V
YTZ\[ � EF1 � ), be the nodesE G ’s with edges

� E G � EF1 � (
� EF1 � E G � ). Givena TCG, we canobtaina se-

quence
� 	

by repeatedlyextracting a node E 1 with V 1]W � E 1 � $_^ in��� and V YTZ\[ � E 1 � $_^ in � � , and then deletingthe edges
� E 1 � E`G � ’s�

The transitive closureof a directedacyclic graph a is definedasthegrapha ?cbedgfchAi�?kj , where
i�?
bml

( n 1 , n G ): thereis a pathfrom node n 1 to node n G
in amo .



(
� E G � EF1 � ’s) from � � ( ��� ) until no nodeis left in � � ( ��� ). Similarly,

we cantransforma TCG into anothersequence
� �

by repeatedlyex-
tracting the node E 1 with V 1]W � E 1 � $p^ both in � � and ��� , and then
deletingtheedges

� E 1 � E`G � ’s from both ��� and � � until no nodeis left
in ��� and ��� . GivenanSP $ ����	��
�����

, we canobtaina uniqueTCG$ � ��� � � � � from the two constraintgraphsof theSPby removing the
source,sink,andassociatededges.For example,theSPof Figures1(b)
is equivalentto theTCGof Figures1(c).
3.3 ComparisonbetweenTCG and SP

Although TCG andSPareequivalent, their propertiesandinduced
operationsaresignificantlydifferent. (Similar situationsarealsowith
skewedslicingtrees/NPE’sandO-trees/B*-trees.)BothSPandTCGare
consideredvery flexible representationsandconstructconstraintgraphs
to evaluatetheir packingcost.

���
of an SPcorrespondsto the order-

ing for packingmodulesto the bottom-left direction and thus can be
usedfor guiding modulepacking. However, like mostexisting repre-
sentations,the geometricrelationsamongmodulesarenot transparent
to theoperationsof SP(i.e., theeffect of anoperationon thechangeof
modulerelationis not clearbeforepacking),andthuswe needto con-
structconstraintgraphsfrom scratchaftereachperturbationto evaluate
thepackingcost; this deficiency makesSPharderto converge to a de-
siredsolutionandto handleplacementwith constraints(e.g.,boundary
modules,pre-placedmodules,etc).

Contrastto SP, thegeometricrelationsamongmodulesaretranspar-
ent to TCG aswell as its operations,facilitating the convergenceto a
desiredsolution. Further, TCG supportsincrementalupdateduringop-
erationsandkeepsthe informationof boundarymodulesaswell asthe
shapesandtherelative positionsof modulesin therepresentation.Un-
like SP, nevertheless,we needto performextra operationsto obtainthe
modulepackingsequenceandanadditional� ��� � � timeto findaspecial
typeof edges,calledreductionedges, in ��� ( � � ) for someoperations.
(Wewill definetheedgeslater.)

For both SPandTCG, thepackingschemeby applyingthe longest
pathalgorithmis time-consumingsinceall edgesin theconstraintgraphs
areprocessed,eventhoughthey arenotonthelongestpath.As shown in� � of Figure1(c), if weaddasourcewith zeroweightandconnectit to
thosenodeswith zeroin-degree,the

<
coordinateof eachmodulecanbe

obtainedbyapplyingthelongestpathalgorithmontheresultingdirected
acyclic graph. Therefore,we have

< Q $rqtsvuH& < ?O , < ? S , < ?w , < ?x , < ? y . .
However, if weplacemodulesbasedonthesequence

���
andmaintaina

horizontalanda verticalcontours,denotedby z6� and z � respectively,
for theplacedmodules,thenumberof nodesneedto beconsideredcan
bereduced.Let z9� ( z � ) bea list of modules( 1 ’s for which thereexists
no module ( G with

= G|{ =B?1 (
< Gt{ <@?1 ) and

<@?G { <@?1 (
=}?G { =}?1 ). For the

placementof Figure1(a), for example, z9�~$���( w � (+��� and z � $��(-Q � ( x � ( y � ()� � ( w � . Supposewe have packed the modules(RO , (+S , ( w ,( x , and ( y basedon the sequence
� �

. Then, the resultinghorizontal
contourz9��$��C( w � ( y � ( x � . Keepingz6� , weonly needto traversethe
contourfrom ( y , thesuccessorof ( y , to thelastmodule ( x , which have
horizontalrelationswith (RQ (sincethereareedges

� E y � EPQ � and
� E x � EPQ �

in ��� ). Thus,we have
< Q�$ <@?x . Packingmodulesin this way, we only

needto consider
< y

and
< x

, andcanget rid of the computationfor a
maximumvalue,leadingto a fasterpackingscheme.Wewill show later
how to applya balancedbinarytreeto implementthecontouroperation
to geta loglinear-timepackingscheme.

4 The TCG-S Representation
CombiningTCG $ � � � � ��� � andSP $ ����	��
�����

, we develop a
representation,calledTCG-S $ � ��� � � � �
� � � , which usesa horizontal
anda vertical transitive closuregraphsaswell asa packingsequence� �

to representa placement. In this section,we first introducehow
to construct

���
, ��� , and ��� from a placement.Then,we proposean� �����! ��"� -timepackingschemefor TCG-S,where

�
is thenumberof

modules.
4.1 From a placementto TCG-S

In this subsection,we first extract
� �

from a placement,and then
construct��� and ��� accordingto

���
.

For two non-overlappedmodules(+1 and ( G , (+1 is saidto behorizon-
tally (vertically) relatedto ( G , denotedby (-1���( G ( (+1���( G ), if (+1 is left
to (below) (AG andtheir projectionson the

=
(
<

) axis overlap. For two
non-overlappedmodules( 1 and (>G , ( 1 is saidto bediagonallyrelatedto

( G if (+1 is left to ( G andtheir projectionson the
<

andthe
=

axesdo not
overlap. To simplify the operationson geometricrelations,a diagonal
relationfor modules( 1 and (AG is treatedasa horizontaloneunlessthere
exists a chainof vertical relationsfrom ( 1 ( (>G ), followed by the mod-
ulesoverlappedwith therectangledefinedby thetwo closestcornersof( 1 and (>G , andfinally to (>G ( ( 1 ), for which it is consideredas ( 1 �%(>G
( (>G���( 1 ).

Givena placement,
� �

canbeextractedbasedon theprocedurede-
scribedin [10]. For example,the

���
for theplacementof Figure2(a)

is ��I}(-J-K}L+N`Me� . After extracting
���

, we canconstruct � � and ���
basedon

� �
. For eachmodule ( 1 in

� �
, we introducea node E 1 with

theweightbeing ( 1 ’s width (height)in ��� ( � � ). Also, for eachmodule(+1 before ( G in
���

, we introduceanedge
� EF1 � E G � in ��� ( ��� ) if (+1
��( G

( (+1��e( G ). As shown in Figures2(b), for thefirst two modules( O � ( S in� �
, weintroducethenodesEFO and EFS in ��� ( � � ) andassigntheweights

astheirwidths(heights).Also, we constructa directededge
� EPO � EFS � in� � sincemodule(RO is before(-S and (RO���(+S . Theprocessrepeatsfor all

modulesin
���

, resultingin theTCG-Sshown in Figure2(b). We have
thefollowing theorem.

Theorem1 There existsa TCG-Scorrespondingto a placement.
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Figure2: (a)A placement.(b) ThecorrespondingTCG-Sof (a).

4.2 From TCG-S to a placement
In this subsection,we proposean � �����! ��"� -time packingscheme

basedon
� �

aswell asa horizontalanda verticalcontoursz9� and z � ,
where

�
is the numberof modules. The basicidea is to processthe

modulesbasedonthesequencedefinedin
� �

, andthenpackthecurrent
moduleto a cornerformed by two previously placedmodulesin z9�
( z6� ) accordingto thegeometricrelationsdefinedin � � and ��� .

We detail thepackingschemeasfollows. Recallthat z6� ( z � ) is a
list of modules( 1 ’s for which thereexists no module (AG with

= G { = ?1
(
< G�{ < ? 1 ) and

< ?G { < ? 1 (
= ?G { = ?1 ). ( z9� ( z�� ) consistsof modulesalong

the top (left) boundaryof a placement.)We cankeepthemodules(+1 ’s
in z9� ( z � ) in a balancedbinarysearchtree(e.g.,thered-blacktree[2])� � (

� � ) in theincreasingorderaccordingto their right (top)boundaries.
For easierpresentation,we adda dummymodule (+� ( ( [ ) to z6� ( z � )
to denotethe left (bottom)boundarymoduleof a placement.We have(+����( 1 and ( [ ��( 1 , �@( 1 . Let

��< ? � �A= ?� � $ ���B�
��� and
��< ? [ �>= ?[ � $ �����
��� .z9� ( z � ) consistsof (-� ( ( [ ) initially, andsodoesthecorresponding

� �
(
� � ). To packa module (>G in

� �
, we traversethe modules(+� ’s in

� �
(
� � ) from its root,andgo to theright child if ()�/��( G ( ()�/��( G ) andthe

left child if ( � ��( G ( ( � �C( G ). Theprocessis repeatedfor the newly
encounteredmoduleuntil a leaf nodeis met. Then, (AG is connectedto
theleaf node,and

< G9$ <@?� (
= G/$ =}?� ), where( � is thelastmodulewith( � ��( G ( ( � ��( G ) in thepath. After ( G is insertedinto

� � (
� � ), every

successor(+� with
<@?� 8 <@?G (

=B?� 8 =}?G ) in
� � (

� � ) is deletedsince (+� is no
longerin thecontour. (Notethattheorderingof nodesin

� � (
� � ) canbe

obtainedby depth-firstsearch.)This processrepeatsfor all modulesin� �
. Wehave 0�$ <@?� ( 3�$ =}?� ) if ( � is themodulein theresulting

� �
(
� � ) with thelargestvalue,where 0 ( 3 ) denotesthewidth (height)of

theplacement.Wehave thefollowing theoremsandlemmas.

Theorem2 There existsa uniqueplacementcorrespondingto a TCG-
S.

Lemma 1 For each module(+1 in
���

, (-1 mustbeplacedadjacentto the
right (top)boundaryof somemodule(AG in z9� ( z � ) during thepacking.
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Figure3: Thepackingschemefor theTCG-Sof Figure2(b).

Lemma 2 Givena module( 1 in � � to beplaced,if (>G¡ �z9� � z � � , (AG6�( 1 ( (>G4�2( 1 ), and (>G hasthe largest
<@?G (

=}?G ), anymodule()�� ¢z9� � z � �
with

< ? � � < ?G (
= ?� � = ?G )) cannothavetherelation ( � �£(-1 ( ( � ��(-1 ).

Theorem3 The proposed scheme correctly packs all modules in� �����! ��"� time, where
�

is thenumberof modules.

Figures3 shows thepackingschemefor theTCG-Sof Figure2(b).� � (
� � ) consistsof ( � ( (+[ ) initially. To packthefirst module ( O in

���
,

we traverse
� � (

� � ) from theroot (+� ( ( [ ) andinsertit to theright child
of (+� ( ( [ ) since (-����(RO ( ( [ ��(-O ). Therefore,the first module (-O in���

is placedat thebottom-leftcorner(i.e.,
��< O �>= O � $ ���}�
�¤�

) since ( �
( (+[ ) is the lastmodulethat is horizontally(vertically) relatedto ( O and<@?� $ � (

=}?[ $ � ). (Notethat
� ?� (

� ?� ) in Figures3(a)denotesa balanced
binary searchtreeafter (-O is insertedinto

� � (
� � ).) Similarly, to pack

thesecondmodule (-S in
� �

, we traverse
� � from the root (-� andthen

its right child since ( � ��( S . Then, ( S is insertedto the left child of ( O
since (+�¡��(-O . Because(-� is the lastmodulewith (+�¡��(-S in thepath,< S¡$ <@?� $ �

. Similarly, we traverse
� � from the root ( [ andthenits

right child (RO since(-O¡��( [ . Then, (-S is insertedto theright child of (-O
in
� � since ( O �¥(+S . Therefore,

= S�$ = ?O $�7 * ¦ because( O is the last
modulewith ( O �§( S in thepath. Theresultingbalancedbinarysearch
treesafter performingtree rotations

� ?� , � ?� are shown in Figure 3(b)
(see[2] for the rotation operationsfor keepinga tree balanced). As
shown in Figure3(c),after ( w is inserted,(+S in

� � is deletedsince (+S is
thesuccessorof ( w and

<@?S 8 <@?w (i.e., ( S is nolongerin thecontour).The
resulting

� ?� and
� ?� areshown in Figure3(c). Theprocessis repeated

for all modulesin
� �

.
Accordingto thispackingscheme,if thecoordinateof amodule( 1 in���
is changed,we only needto recomputethecoordinatesof modules

after (+1 in
���

sincethecoordinatesof modulesbefore(+1 donotchange.

5 Floorplanning Algorithm
We develop a simulatedannealingbasedalgorithm [5] by using

TCG-Sfor generalfloorplandesign.Givenan initial TCG-S,thealgo-
rithm perturbstheTCG-Sinto a new TCG-Sto find a desiredsolution.
To ensurethecorrectnessof thenew ��� and � � , they mustsatisfythe
threefeasibilityconditionsgivenin Section3.1.To identify feasible���
and � � for perturbation,we describetheconceptof reductionedges in
thefollowing subsection.
5.1 ReductionEdge

An edge
� EF1 � E G � is said to be a reductionedge if theredoesnot

exist anotherpathfrom Ec1 to E G , excepttheedge
� EF1 � E G � itself; other-

wise,it is aclosure edge, for someoperations.In Figure2(b), for exam-
ple, edges

� EFO � EPQ � , � E x � EPQ � , and
� E y � EPQ � arereductionedgeswhile� EFS � E Q � and

� E w � E Q � areclosureones.With
���

, we canfind a setof
reductionedgesin � ���"� time (where

�
is thenumberof modules),a

significantimprovementfrom � ��� � � time usingTCGalone[8].
GivenanarbitrarynodeEF1 in a transitiveclosuregraph � � ( ��� ), we

canfind all thenodesE`G ’s that form reductionedges
� E 1 � E`G � ’s usinga

Linear Scanmethodasfollows. First, we extract from
� �

thosenodesE G ’s in V
YTZ¨[ � EF1 � of ��� ( ��� ) andkeeptheiroriginalorderingin
���

. Let
the resultingsequencebe © . Thefirst node E � in © and Ec1 mustform
a reductionedge

� E 1 � Ec� � . Then,we continueto traverse© until a nodeE � with
� E
� � E � � not in ��� ( � � ) is encountered.

� E 1 � E � � mustalsobea

reductionedge.Startingfrom EF� , wecontinuethesameprocessuntil no
nodeis left in © .

As anexampleshown in ��� of Figure2(b), we areto extractall re-
ductionedgesemanatingfrom E w . Wefirst find ©�$��CE x � E y � EPQ � Ec�ª�
by extractingnodesin V YTZ\[ � E w � basedon thesequencein

� �
. E w and

thefirst nodeE x in © form a reductionedge
� E w � E x � . Traversing © , we

have anotherreductionedge
� E w � E y � sinceedge

� E x � E y � is not in � � .
Startingfrom E y , wesearchthenext nodeE with

� E y � E � not in ��� . We
find node Ec� , implying that

� E w � Ec� � is alsoa reductionedge. There-
fore, we have found all reductionedgesemanatingfrom E w : � E w � E x � ,� E w � E y � , and

� E w � E � � . (Note that
� E w � E Q � is not a reductionedgebe-

causewe found
� E y � EFQ � in ��� duringtheprocessing.)

Theorem4 Givena node E 1 in ��� ( � � ), theLinear Scanmethodfinds
all reductionedgesemanatingfrom E 1 in � ���«� time, where

�
is the

numberof modules.

5.2 Solution Perturbation
We extendthe four operationsRotation, Swap, Reverse, andMove

presentedin [8] to perturb � � and ��� . During eachperturbation,we
mustmaintainthethreefeasibilitypropertiesfor ��� and � � . Unlike the
Rotationoperation,Swap,Reverse,andMove maychangetheconfigu-
rationsof ��� and � � andthustheir properties.Further, we alsoneedto
maintain

���
to conformto thetopologicalorderingof thenew ��� and��� .

5.2.1 Rotation
To Rotatea module ( 1 , we exchangethe weightsof the corresponding
node E 1 in ��� and � � . Sincethe configurationsof ��� and � � do not
change,sodose

� �
. Figure4(a)shows theresultingTCG-Safterrotat-

ing themodule N shown in Figure2(b). Notice that thenew
���

is the
sameasthatin Figure4(a).
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Figure4: Four typesof perturbation.(a) TheresultingTCG-Safterrotatingthemodule®A¯
shown in Figure 2(b). (b) The resultingTCG-S after swappingthe nodes°`± and ° ¯

shown in (a). (c) TheresultingTCG-Safterreversingthereductionedge²X°`³¨´µ°B¶
· shown in
(b). (d) TheresultingTCG-Saftermoving thereductionedge ²X°`¸�´µ°B¶T· from the ¹cº of (c)
to ¹�» .
5.2.2 Swap
Swapping E 1 and E`G doesnot changethetopologiesof ��� and � � , ex-
ceptthatnodesE 1 and E`G in both ��� and � � areexchanged.Therefore,
weonly needto exchange( 1 and (>G in

� �
. Figure4(b)shows theresult-

ing TCG-Safter swappingthe nodesE w and E Q shown in Figure4(a).
Noticethatthemodules( w and (-Q in

� �
in Figure4(b) areexchanged.

5.2.3 Reverse
Reversechangesthegeometricrelationbetween( 1 and (>G from ( 1 �"(>G
( ( 1 �¼(>G ) to (>Gª�~( 1 ( (>G4�¼( 1 ). To reversea reductionedge( E 1 , EHG ) in
onetransitive closuregraph,we first deletethe edge( Ec1 , E G ) from the
graph,andthenaddtheedge( E G , Ec1 ) to thegraph.To keep � � and ���
feasible,for eachnodeEc�� «V 1]W � E`G ��½ &)EHG¤. and E �  "V YTZ¨[ � E 1 �¨½ &vE 1 .
in thenew graph,we have to keeptheedge

� Ec� � E � � in thenew graph.



If theedgedoesnotexist in thegraph,we addtheedgeto thegraphand
deletethecorrespondingedge

� Ec� � E � � (or
� E � � Ec� � ) in theothergraph.

To make
� �

conformto thetopologicalorderingof thenew ��� and � � ,
wedelete( 1 from

� �
andinsert ( 1 after (>G . For eachmodule(+� between(+1 and ( G in

���
, we shallcheckwhethertheedge

� EF1 � Ec� � exists in the
samegraph. We do nothingif the edge

� E 1 � Ec� � doesnot exist in the
samegraph;otherwise,wedelete(+� from

� �
andinsertit afterthemost

recentlyinsertedmodule.
Figure4(c) shows theresultingTCG-Safterreversingthe reduction

edge
� E x � E y � of the ��� in Figure4(b). Sincethereexists no module

between( x and ( y in
� �

, we only needto delete( x from
� �

andinsert
it after ( y , andtheresulting

� �
is shown in Figure4(c).

5.2.4 Move
Move changesthe geometricrelationbetween(+1 and ( G from (-19�;( G
( ( 1 ��(>G ) to ( 1 ��(AG ( ( 1 �£(AG ). To moveareductionedge( E 1 , E`G ) from a
transitiveclosuregraph¾ to theother ¾ ? , wedeletetheedgefrom ¾ and
thenaddit to ¾ ? . Similarto Reverse,for eachnodeEc�� "V 1]W � E 1 �R½ &vE 1 .
and E �  «V
YTZ\[ � E G �¤½ &vE G . in ¾ ? , wemustmovetheedge

� Ec� � E � � to ¾ ?
if the thecorrespondingedge

� E � � EF� � (or
� EF� � E � � ) is in ¾ . Sincethe

operationchangesonly the edgesin ��� or � � but not the topological
orderingamongnodes,

� �
remainsunchanged.

Figure4(d) shows the resultingTCG-Safter moving the reduction
edge

� E O � E y � from ��� to � � in Figure4(c). Notice that the resulting� �
is thesameasthatin Figure4(c).
For theaboveoperations,RotationandMovedonotchangethetopo-

logical orderingof
� �

while Swap andReverseneedrespective � � 7 �
and � ���«� timesto maintainthe topologicalorderingof

���
, where

�
is thenumberof modules.We have thefollowing theorem.

Theorem5 TCG-Sis closedunder the Rotation,Swap,Reverse, and
Moveoperations.

In particular, it sufficesto applythefour perturbationsto explorethe
wholesolutionspace.Extendingthesimilar work by [17] for TCG,we
have thefollowing theorem.

Theorem6 Giventwoarbitrary TCG-S’s © � and © � , wecanobtain © �
from © � by applyinga finite numberof Rotation,Swap,Reverse, and
Moveoperations,andviceversa.

6 Placementwith Constraints
In thissection,wedemonstratetheflexibility of TCG-Sby extending

it to handleplacementwith boundaryandpre-placedmodules.
6.1 TCG-S with Boundary Modules

Theplacementwith boundaryconstraintsis to placeasetof prespec-
ified modulesalongthedesignatedboundariesof a chip, which canbe
formulatedasfollows:

Definition 1 BoundaryConstraint:Givena boundarymodule( , it must
beplacedin oneof thefour sides:on theleft, on theright, at thebottom
or at thetop in a chip in thefinal packing.

TCG-S keepsthe following propertiesthat make placementwith
boundaryconstraintsmucheasierthanotherrepresentations.

Theorem7 If a module(-1 is placedalongtheleft (right) boundary, the
in-degree(out-degree)of thenode EF1 in � � equalszero. If a module(+1
is placedalongthebottom(top)boundary, thein-degree(out-degree)of
nodeE 1 in � � equalszero.

For eachperturbation,we can guaranteea feasibleplacementby
checkingwhethertheconditionsof boundarymodulesaresatisfied.We
discussthemodificationsfor thefour perturbationoperationsasfollows.

6.1.1 Rotation
SinceRotationdoesnot changemodulelocation,theoperationremains
thesameasbefore.

6.1.2 Swap
Wecanswaptwo nodesEPO and EFS if

1. (RO and (-S arenot boundarymodules,
2. (RO and (-S areboundarymodulesof thesametype,or
3. (RO is aboundarymoduleand (-S is not,and EFS satisfiesthebound-

aryconstraintof (-O .

6.1.3 Reverse
If (-O is aleft boundarymoduleor (+S is aright boundarymodule,thenthe
reductionedge

� E O � EFS � in ��� cannotbereversed.Similarly, we cannot
reversethe reductionedge

� E O � E S � in ��� if ( O is a bottomboundary
moduleor (-S is a topboundarymodule

6.1.4 Move
If (-O is a top boundarymoduleor (-S is a bottomboundarymodule,we
cannotmove thereductionedge

� EPO � EcS � from ��� to � � . Similarly, we
cannotmove thereductionedge

� E O � EFS � from ��� to ��� if ( O is a right
boundarymoduleor ( S is a left boundarymodule

We have thefollowing theorem.

Theorem8 TCG-Sis closedunder the Rotation,Swap,Reverse, and
Moveoperationswith boundaryconstraints.

6.2 TCG-S with Pre-placedModules
Theplacementwith pre-placedmodulesis to placeasetof prespeci-

fied modulesat thedesignatedlocationsof a chip,which canbeformu-
latedasfollows:

Definition 2 Pre-placedConstraint:Givena module( 1 with a fixedco-
ordinate

��< 1 �
= 1 � andanorientation,( 1 mustbeplacedat thedesignated
locationwith thesameorientationin thefinal packing.

Whethera pre-placedmoduleis packed at a correctlocationis not
known until packing.Also, changingthecoordinateof amodule( 1 may
affect thepackingfor othermodulesafter ( 1 in

� �
. Therefore,we may

needto modify aTCG-Sto guaranteea feasibleplacementwith thepre-
placedconstraintaftereachperturbation.

Given a TCG-S,modulesarepacked oneby onebasedon the se-
quenceof

� �
. A module ( 1 interactswith anothermodule (AG if (1) ( 1

overlaps(>G , (2) (>G���( 1 andtheirprojectionsonthe
=

axisoverlap,or (3)( G ��(-1 andtheirprojectionson the
<

axisoverlap.If (-1 interactswith a
pre-placedmodule ( G and ( G wasnot placed,EF1 and E G areswappedin
theTCG-Sto make (>G placedat thedesignatedlocation.If a pre-placed
module( 1 wasplacedandtheresultingplacementof ( 1 doesnot interact
with itself at thedesignatedlocation,we swap (+1 with thenode ( G right
after (+1 in

���
; otherwise,(+1 is placedat thedesignatedlocationif there

existsnomodulebehind( 1 in
� �

.

7 Experimental Results
Basedon a simulatedannealingmethod[5], we implementedthe

TCG-Srepresentationin theC++programminglanguageona433MHz
SUNSparcUltra-60workstationwith 1 GB memory. Thesourcecodeis
availableat http://cc.ee.ntu.edu.tw/¿ ywchang/research.html.Basedon
thefive commonlyusedMCNC benchmarkcircuits,we conductedfour
experiments:(1) areaoptimization,(2) wirelengthoptimization,(3) so-
lution convergencespeedandstability, and(4) placementwith boundary
constraints.In Table1, Columns2 and3 list therespective numbersof
modulesandnetsof thefive circuits.

For Experiment(1), the areaand runtime comparisonsamongSP,
O-tree,B*-tree, enhancedO-tree,CBL, andTCG arelisted in Table1.
As shown in Table1, TCG-Sachieves the bestareautilization for the
benchmarkcircuitsin veryefficient runningtimes.Figure6 (left) shows
theresultingplacementfor ami49with areaoptimization.

For Experiment(2), we estimatedthe wirelengthof a net by half
the perimeterof the minimum boundingbox enclosingthe net. The
wirelengthof a placementis givenby thesummationof thewirelengths
of all nets.As shown in Table2, TCG-Sachievesbetteraverageresults
in wirelengththanO-tree,enhancedO-tree,andTCGin smallerrunning
times. (Notethatwe did not comparewith B*-tree andCBL heresince
they did not reporttheresultson optimizingwirelengthalone.)

In additionto theareaandtiming optimization,in Experiment(3),we
alsocomparedthe solutionconvergencespeedandstability amongSP,
TCG, andTCG-Sto eliminatethe possibleunfairnessdueto the non-
deterministicbehavior of simulatedannealing,which wereneglectedin
mostpreviousworks.(Notethatothertoolsarenotavailableto usfor the
comparative study.) We randomlyran SP, TCG, andTCG-Son ami49
ten timesbasedon thesameinitial placementwhoseareais 7 ��À\��� � .
The resultingareasareplottedasfunctionsof the runningtimes(sec).
Figures5(a), (b), and (c) show the resultingcurves of SP, TCG, and
TCG-S,respectively. To seethedetailedconvergencerates,we show in



# # Enhanced
of of SP O-tree B*-tree O-tree CBL TCG TCG-S

Circuit modules nets Area Time Area Time Area Time Area Time Area Time Area Time Area TimeÁ9Á9Â sec Á6Á9Â sec Á9Á9Â sec Á9Á9Â sec Á6Á9Â sec Á9Á9Â sec Á9Á9Â sec
apte 9 97 48.12 13 47.1 38 46.92 7 46.92 11 NA NA 46.92 1 46.92 1

xerox 10 203 20.69 15 20.1 118 19.83 25 20.21 38 20.96 30 19.83 18 19.796 5
hp 11 83 9.93 5 9.21 57 8.947 55 9.16 19 (66.14) (32) 8.947 20 8.947 7

ami33 33 123 1.22 676 1.25 1430 1.27 3417 1.24 118 1.20 36 1.20 306 1.185 84
ami49 49 408 38.84 1580 37.6 7428 36.80 4752 37.73 406 38.58 65 36.77 434 36.40 369

Table1: Area andruntimecomparisonsamongSP(on SunSparcUltra60), O-tree(SparcUltra 60), B*-tree (SparcUltra-I), enhancedO-tree(SparcUltra60), CBL (Sparc20), TCG
(SparcUltra60)andTCG-S(SparcUltra60)for areaoptimization.Thebestareasarein boldface.

Figures5 only thepotionswhoseareasaresmallerthan47
��� �

. As il-
lustratedin Figure5(c),TCG-Sconvergesvery fastto desiredsolutions,
andthe resultsarevery stable( 8§Ã¤Ä * ¦/��� � for all runs). In contrast,
the convergencespeedof SP is much slower than TCG-S and TCG,
and the resultingareasare often larger than 39

��� �
. Further, there

is a largevariancein its final solutions.Basedon theexperimentalre-
sults,we ranktheconvergencespeedfrom thefastestto theslowestand
thesolutionstability from themoststableto theleaststableasfollows:
TCG-S Å TCG Å SP. We notethat thestability andconvergencespeed
shouldbe very importantmetricsto evaluatethe quality of a floorplan
representationbecausethey reveal thecorrespondingsolutionstructure
for optimization.However, they wereoften ignoredin previousworks.
(Most previous works focus on the comparisonof solution spaceand
packingcomplexity. Nevertheless,wefind thatthesolutionstructurein-
ducedby arepresentationplaysanevenmoreimportantrolein floorplan
optimization.)

enhanced
O-tree O-tree TCG TCG-S

Circuit Wire Time Wire Time Wire Time Wire TimeÁ9Á sec Á6Á sec Á9Á sec Á9Á sec
apte 317 47 317 15 363 2 363 2

xerox 368 160 372 39 366 15 366 6
hp 153 90 150 19 143 10 143 4

ami33 52 2251 52 177 44 52 43 89
ami49 636 14112 629 688 604 767 579 570

Table2: WirelengthandruntimecomparisonsamongO-tree,enhancedO-tree,TCG,and
TCG-Sfor wirelengthoptimization.All ranonSunSparcUltra60.
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Figure5: Comparisonfor stability andconvergenceamongSP, TCG, andTCG-Sfor
ami49.

For the experimentswith boundarymodules,we comparedTCG-S
with theSP-basedmethodin [6] usingthesamedatageneratedby [6].
The secondcolumnof Table3 shows the numbersof the top, bottom,
left, andright modules,denotedby Æ � Æ � Æ #£Æ � Æ ÇÈÆ , and Æ z4Æ , respectively.
As shown in Table3, TCG-Sobtainssmallersiliconareasthan[6]. Fig-
ure 6 (right) shows the resultingplacementfor ami49 with boundary
modules.

8 Concluding Remarks
We have presentedtheTCG-Srepresentationfor generalfloorplans

by combiningtheadvantagesof two mostpromisingP*-admissiblerep-
resentationsTCG andSP, and at the sametime eliminating their dis-
advantages.We also have proposeda loglinear-time packingscheme

Figure 6: Resulting placementsof ami49 (1) left: area optimization (area ÉÊ-ËvÌ Ê-ÍRÎ Á9Á9Â ); (2) right: placementwith boundary modules being heavily shaded
( ²µÏ Ð�Ï ´RÏ Ñ�Ï ´TÏ Ò�Ï ´TÏ Ó�Ï ·FÉÔ² Ê ´ Ê ´µÕ\´ Ê · , areaÉ ÊRË\Ì Ö-ËR× Á9Á6Â ). Notethat thelightly shaded
regionsdenotedeadspaces.

Lai et al. [6] TCG-S
Circuit Ï Ð�Ï ´TÏ Ñ6Ï ´RÏ Ò�Ï ´TÏ Ó�Ï Area Time Area TimeÁ9Á9Â sec Á6Á9Â sec
apte 1, 1, 1, 1 46.92 15 46.92 3

xerox 1, 1, 1, 1 20.4 19 19.977 33
hp 1, 1, 1, 1 9.24 23 9.158 26

ami33 2, 2, 2, 2 1.21 290 1.190 238
ami49 3, 3, 2, 3 36.84 601 36.765 584

Table3: Areaandruntimecomparisonsbetween[6] (onPentium-II350)andTCG-S(on
SunSparcUltra60)for placementwith boundarymodules.

anda linear-time perturbationschemefor TCG-S.We note that these
schemescanalsobeappliedto mostexistingrepresentationssuchasSP
andBSG.Basedonour theoreticalstudyandextensive experiments,we
alsohave shown the superiorcapability, efficiency, stability, andflexi-
bility of TCG-Sfor floorplandesign.
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