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Abstract
In this paper, we proposea transitive closuregraph-basedrep-

resentationfor generalfloorplans,calledTCG, andshow its superior
properties.TCGcombinestheadvantagesof popularrepresentations
suchassequencepair, BSG, andB*-tree. Like sequencepair and
BSG, but unlike O-tree,B*-tree, and CBL, TCG is P-admissible.
Like B*-tree,but unlikesequencepair, BSG,O-tree,andCBL, TCG
doesnot needto constructadditionalconstraintgraphsfor the cost
evaluationduring packing,implying fasterruntime. Further, TCG
supportsincrementalupdateduringoperationsandkeepsthe infor-
mationof boundarymodulesaswell as the shapesandthe relative
positionsof modulesin therepresentation.Moreimportantly, thege-
ometricrelationamongmodulesis transparentnot only to theTCG
representationbut alsoto its operations, facilitatingtheconvergence
to adesiredsolution.All thesepropertiesmakeTCGaneffectiveand
flexible representationfor handlingthegeneralfloorplan/placement
designproblemswith variousconstraints.Experimentalresultsshow
thepromiseof TCG.

1 Intr oduction
Due to the increasein designcomplexity, circuit size is getting

larger in modernVLSI design.To handlethedesigncomplexity, hi-
erarchicaldesignand reuseof IP modulesbecomepopular, which
makesfloorplanning/placementmuchmoreimportantthanever. The
majorobjectiveof floorplanning/placementis toallocatethemodules
of a circuit into a chip to optimizeits areaandtiming. Therealiza-
tion of floorplanning/placementrelieson a representationwhichde-
scribesgeometricrelationsamongmodules.Therepresentationhas
agreatimpactonthefeasibilityandcomplexity of floorplandesigns.
Thus,it is of particularsignificanceto developanefficient,effective,
andflexible representationfor floorplan/placementdesigns.
1.1 Previous Work

Floorplanscanbeclassifiedinto two categories,theslicingstruc-
ture[10], [16] andthenon-slicingstructure[1], [2], [3], [6], [7], [8],
[9], [11], [12], [15]. A slicing structurecanbe obtainedby recur-
sively cuttingrectangleshorizontallyor vertically into smallerrect-
angles;it is a non-slicingstructure,otherwise.Ottenfirst proposed
a binary-treerepresentationfor slicing floorplandesign[10]. Wong
and Liu later in [16] presenteda normalizedPolish expressionto
representa slicing floorplan. The slicing structurehasseveral ad-
vantagessuchassmallersolutionspace,implying fasterruntimefor
floorplandesign.However, mostof realdesignsarenon-slicing.Re-
searchersin [11], [15] attemptedto extend the tree representation
to thenon-slicingfloorplanswith specialtopologies,e.g.,thewheel
structure.�
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For the generalnon-slicingstructure,Ohtsuki in [8] useda pair
of (horizontaland vertical) directedacyclic graphs,namedpolar
graphs, to representa topologicalplacement.A similar representa-
tion, namedadjacencygraphs[13], wasalsowidely used.Recently,
Onoderaet al. in [9] useda branch-and-boundmethodto exhaus-
tively searchan optimal solutionfor moduleplacement.Sincethe
methodis quitetime-consuming,thesizeof tractablemodulesis lim-
ited.

Recently, thereismuchworkin theliteratureonnon-slicingfloor-
plan representations,e.g.,sequencepair [6], BSG[7], O-tree [2],
B*-tree [1], andCBL [3]. Murataet al. in [6] usedtwo sequences
of permutations,namelysequencepair, to representthe geometric
relationsof modulesfor non-slicingfloorplandesign.They defined
the P-admissiblesolutionspace, which satisfiesthe following four
requirements:(1) the solutionspaceis finite, (2) every solution is
feasible,(3) packingandcostevaluationcanbe performedin poly-
nomial time, and(4) thebestevaluatedpackingin thespacecorre-
spondsto an optimalplacement[6]. Sequencepair is P-admissible
and is flexible for generalfloorplan/placementdesign;however, it
is harderto handlethe floorplan/placementproblemswith position
constraints,e.g.,boundarymodules,pre-placedmodules,rangecon-
straints,etc. Further, two constraintgraphsneedto be constructed
for costevaluationfor eachperturbation,consuminga significantly
larger run time. TangandWong[14] recentlypresentedanefficient
packingscheme,calledFAST-SP, to evaluatethecostof a sequence
pair by computingits commonsubsequence. Nakatakeet al. in [7]
proposedaflexible boundedslicinggrid representation,calledBSG.
BSGis alsoP-admissible.However, BSGitself hasmany redundan-
ciessincetherecould be multiple representationscorrespondingto
onepacking,implying a largersolutionspaceandthuslongersearch
time to find anoptimalsolution.

For tree-basedmethods,Guo et al. in [2] first proposedthe O-
treerepresentationfor a left andbottomcompactedplacement.In
an O-tree,a nodedenotesa moduleandan edgedenotesthe hori-
zontaladjacency relationof two modules. EachO-treeis encoded
by a pair of strings,denotingthe DFS traversalorder of the tree.
The placementafteranO-treepackingmight not be compacted.A
sequenceof compactionoperationsalongthe � and/or � directions
maybe neededto makeall modulescompactedto the left andbot-
tom, possiblyresultingin a mismatchbetweenthe original repre-
sentationandits placement.Changet al. recentlyin [1] presented
a binary tree-basedrepresentationfor a left andbottomcompacted
placement,calledB*-tree,andshowedits superiorpropertiesfor op-
erations. In a B*-tree, a nodedenotesa module,the left child of
a noderepresentsthe lowestadjacentmoduleon the right, andthe
right child representsthevisible moduleabove andwith thesame�
coordinate.Similar to O-tree,the representationcould be changed
afterpackingsincethespaceintendedfor placinga modulemaybe
occupiedby apreviouslyplacedmodule.Therefore,givenanO-tree
or a B*-tree, it maynot befeasibleto find a placementcorrespond-
ing to its original representation,andthusthey arenotP-admissible.
Although the operationsof the tree-basedrepresentationsaremore
efficientandtheirsolutionspacesaresmallerthansequencepairand
BSG,thegeometricrelationof any pairof modulescannotbederived
directlyfrom therepresentations,unlessthecorrespondingnodesare
siblingsor lineal relatives. Even for the nodesthat arelineal rela-
tivesor siblings,thegeometricrelationdefinedby therepresentation



mightbechangedafterpacking.Hence,it maybeharderfor thetree-
basedrepresentationsto handlesomeproblemswith relativeposition
constraints,suchasboundaryandrangeconstraints,etc.

Figure1(a) shows a placement,and Figures1(b) and (c) show
anO-treeencodedby ���
	����������������������������	����������� andaB*-tree
correspondingto the placement,respectively. For O-treesandB*-
trees,wecannotderiveany geometricrelationbetweentwo modules
from therepresentationsunlessthetwo nodesaresiblingsor on the
samepath.For example,eventhoughmodule� is adjacentto module� , wecannotderive any geometricrelationfrom therepresentations.
Also,wedonotknow whichnodesrepresentthetopandrightbound-
arymodulesfrom therepresentations.
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Figure1: (a)A placement.(b) O-tree.(c) B*-tree.

Recently, Hong et al. in [3] proposeda cornerblock list (CBL)
representationfor non-slicingfloorplans. Like sequencepair and
BSG,but unlike the tree-basedrepresentations,CBL canrepresent
generaluncompactednon-slicingfloorplans.CBL hassmallerfea-
siblesolutionspaceanda fasterpackingscheme;however, it is not
P-admissiblesinceit cannotguaranteeafeasiblesolutionin eachper-
turbation,andmany infeasiblesolutionsmaybegeneratedbeforea
feasiblesolutionis found.
1.2 Our Contribution

We proposein this papera transitive closuregraph-basedrepre-
sentationfor non-slicingfloorplans,namedTCG, andshow its supe-
rior properties.TCG usesa horizontalanda vertical transitive clo-
suregraphsto describethehorizontalandverticalrelationsfor each
pair of modules.It combinestheadvantagesof sequencepair, BSG,
andB*-tree. Like sequencepairandBSG,butunlikeO-tree,B*-tree,
andCBL, TCG satisfiesthe four propertiesof P-admissibility[6]:
(1) its solutionspaceis � �"! $# andthusfinite, where � is thenum-
berof modules,(2) it guaranteesa uniquefeasiblepackingfor each
representation(notethatthetree-basedandtheCBL representations
do not guaranteethis property),(3) packingandcostevaluationcan
beperformedin %&� � #  time, and(4) thebestevaluatedpackingin
thesolutionspacecorrespondsto anoptimumplacement.Like B*-
tree,but unlikesequencepair, BSG,O-tree,andCBL, TCGdoesnot
needto constructadditionalconstraintgraphsfor the cost evalua-
tion duringpacking,implying fasterruntime.Further, TCGsupports
incrementalupdateduringoperations,andkeepstheinformationof
boundarymodulesaswell as the shapesandthe relative positions
of modulesin the representation.More importantly, the geometric
relationamongmodulesis transparentnot only to the TCG repre-
sentationbut alsoto its operations(i.e., theeffectof anoperationon
the changeof the geometricrelationis known before packing),fa-
cilitating fasterconvergenceto a desiredsolution. All theseproper-
tiesmakeTCG aneffective andflexible representationfor handling
the generalfloorplan/placementdesignproblemswith variouscon-
straintssuchasboundaryconstraints,etc.Experimentalresultsshow
thepromiseof TCG. For areaoptimization,TCG achievedaverage
improvementsof 2.22%,2.04%, 1.18%, and 3.54%, comparedto
O-tree,enhancedO-tree,B*-tree, andCBL, respectively. Optimiz-
ing wirelength,TCG obtainedrespective averageimprovementsof
3.56%and3.18%,comparedto O-treeandenhancedO-tree. (Note
thatB*-tree andCBL do not reportthe resultsfor optimizingwire-
lengthalone.) The runtimerequirementsof TCG aremuchsmaller
thanO-treeandB*-tree,andarecomparableto enhancedO-tree.We
summarizein Table1 the propertiesof several recentlypublished
representationsfor non-slicingfloorplans.

Theremainderof thispaperisorganizedasfollows. Section2 for-
mulatesthefloorplan/placementdesignproblem.Section3 presents
the proceduresto derive a TCG from a placementandconstructa
placementfrom a TCG. Section4 introducesthe operationsto per-
turb a TCG.Experimentalresultsarereportedin Section5. Finally,
weconcludeourwork anddiscussfutureresearchdirectionsin Sec-
tion 6.

2 ProblemDefinition
Let '(�*)+�-,+	.� # 	�/0/1/0	 ��243 be a set of � rectangularmodules

whosewidth, height, and areaare denotedby 576 , 896 , and :;6 ,�=<?>@<?� . Eachmoduleis free to rotate. Let ��� 6 	�� 6  denote
thecoordinateof thebottom-leftcornerof rectangle� 6 , �A<B>C<D� ,
on a chip. A placementE is an assignmentof ���F6G	���6  for each��6 ,�4<D>H<B� , suchthatnotwomodulesoverlap.Thegoalof floorplan-
ning/placementis to minimizethearea(i.e., theminimumbounding
rectangleof E ) andwirelength(i.e.,thesummationof half bounding
box of interconnections)inducedby aplacement.

3 Transitive Closure Graph (TCG)
The transitiveclosureof a directedacyclic graph I is definedas

thegraph I4JF�K� LM	ON4JP , where N4JF�4) ( Q 6 , Q�R ): thereis a pathfrom
nodeQF6 to nodeQ R in I43 . TheTransitiveClosureGraph(TCG) rep-
resentationdescribesthegeometricrelationsamongmodulesbased
on two graphs,namelyahorizontaltransitiveclosuregraph S
T and
avertical transitiveclosuregraph S
U . In this section,wefirst intro-
ducethe procedurefor constructingS
T and S
U from a placement.
Then,we describehow to packmodulesfrom TCG. In thelastsub-
section,wediscussthepropertiesandthesolutionspaceof TCG.
3.1 From a placementto its TCG

For two non-overlappedmodules��6 and � R , ��6 is saidto behor-
izontally (vertically) relatedto �OR , denotedby � 6WV �XR ( � 6ZY �XR ), if� 6 is on theleft (bottom)sideof �XR andtheirprojectionson the � ( � )
axis overlap. (Note that two modulescannothave both horizontal
andvertical relationsunlessthey overlap.) For two non-overlapped
modules��6 and � R , ��6 is saidto be diagonallyrelatedto � R if ��6 is
on theleft sideof �XR andtheirprojectionson the � andthe � axesdo
notoverlap.In aplacement,everytwo modulesmustbearoneof the
threerelations: horizontalrelation, vertical relation, anddiagonal
relation. To simplify theoperationson geometricrelations,we treat
adiagonalrelationfor modules��6 and � R asahorizontalone,unless
thereexistsachainof verticalrelationsfrom ��6 ( � R ), followedby the
modulesenclosedwith therectangledefinedby thetwo closestcor-
nersof � 6 and �OR , andfinally to �OR ( � 6 ), for which we make � 6[Y �XR
( � R Y ��6 ).

Figure2(a)showsaplacementwith fivemodules� , � , � , � , and �
whosewidthsandheightsare(6, 4), (4, 6), (7, 4), (6, 3) and(3, 2),
respectively. In Figure2(a), � V � , � Y � , andmodule� isdiagonally
relatedto module� . Thereexistsachainof verticalrelationsformed
by modules� , � , and � betweenthetwo modules� and � (i.e., � Y �
and � Y � ). Therefore,wemake� Y � . Also,module� is diagonally
relatedto module� . However, theredosenotexist achainof vertical
relationsbetweenmodules� and � , andthuswemake� V � .

TCGcanbederivedfrom aplacementasfollows. For eachmod-
ule � 6 in aplacement,we introduceanode Q 6 with theweightbeing
the width (height) in S
T ( S
U ). If ��6 V � R , we constructa directed
edgefrom node Q 6 to node Q\R (denotedby ( Q 6 , Q\R )) in S T . Simi-
larly, we constructa directededge( QF6 , Q R ) in S
U if ��6 Y � R . Given
a placementwith � modules,we needto performthe above pro-
cess�"� �^]_�-X`�a timesto captureall thegeometricrelationsamong
modules(i.e., S T and S U have �"� �K]b�-X`�a edgesin total).

As shown in Figure2(b), for eachmodule��6 , >Ccd)+� , � , � , � , ��3 ,
weintroduceanodeQF6 in S
T andalsoin S
U . For eachnodeQF6 in S
T
( S
U ), >Hce)+� , � , � , � , ��3 , weassociatethenodewith aweightequalto
thewidth (height)of thecorrespondingmodule��6 . Since��f V ��g , we
constructa directededge( Q f , Q g ) in S T . Similarly, we constructa
directededge( QFf , Q�h ) in S
U since��f Y ��h . Thisprocessis repeated
until all geometricrelationsamongmodulesaredefined.As shown
in Figure2(b),eachtransitiveclosuregraphhasfivenodes,andthere
aretotally 10 edgesin S
T and S
U (four in S
T andsix in SiU� . From
theTCGrepresentationshownin Figure2(b),weknow thatmodule�



Representation SP[6] FAST-SP[14] BSG[7] O-tree[2] B*-tree [1] CBL [3] TCG

Is P-admissible? Yes Yes Yes No No No Yes
NeedSequenceencoding? Yes Yes No Yes No Yes No
Constructconstraintgraphsfor packing? Yes No Yes Yes No Yes No
Evaluatecostdirectlyon representation? No No No No Yes No Yes
Geometricrelationis transparentto its operations? No No No No No No Yes
Boundaryinformationonrepresentation? No No No No No No Yes
Runtimefor packing Amortized Amortized Amortized Amortizedj4kPl #-m j4knlporqForqHl m j4knl #-m j4knl m j4kPl m j4kPl m j4kPl #-m

Table1: Propertiesof representations.Here,
l

is thenumberof modulesin aplacement.

isabovemodule� becausethereexistsadirectededge( QFg , QFs ) in S
U ;
noticethat this relationcannotbe directly derived from the O-tree
andB*-tree shown in Figure1. Further, wealsoknow directly from
the TCG that module � is right to module � while the relationship
is not known to O-treeandB*-tree until modulesareplaced. For
boundaryinformation,we know that modules� , � and � ( � and � )
are on the left (right) boundarysincethe in-degrees(out-degrees)
of QFf , QFh and QFs ( QFg and QFt ) arezeroin S
T . Similarly, it is easyto
know from S U thatmodules� and � ( � and � ) areonthebottom(top)
boundary. Therefore,thefloorplan/placementdesignwith boundary
constraintscanbe handledeasilyby checkingthedegreeof a node
duringeachperturbation.
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Figure2: (a)A placementin achip. (b) TCG.

3.2 From a TCG to its placement
We have introducedhow to derive a TCG from its placementin

theprevioussection.Wenow presentthepackingmethodfor aTCG.
Given a TCG, its correspondingplacementcan be obtainedin%&� � #  timeby performingawell-known longestpathalgorithm[5]

on the TCG, where � is the numberof modules.To facilitate the
implementationof thelongestpathalgorithm,weaugmentthegiven
two closuregraphsasfollows. (Note that theTCG augmentationis
performedonly for packing.It will beclearlaterthatsuchaugmenta-
tion is notneededfor otheroperationssuchassolutionperturbation.)
We introducetwo specialnodeswith zeroweightsfor eachclosure
graph,thesourceQHw andthesink QFx , andconstructanedgefrom QHw
to eachnodewith in-degreeequalto zero,andalsofrom eachnode
with out-degreeequalto zeroto QFx . Figure3 shows theaugmented
TCGfor theTCGshown in Figure2(b).

Let yCTz� QF6$ ( y�U{� QF6� ) bethelengthof thelongestpathfrom QHw toQ 6 in theaugmentedS T ( S U ). y T � Q 6  ( y U � Q 6  ) canbedetermined
by performingthesinglesourcelongestpathalgorithmon theaug-
mentedS
T ( S
U ) in %&� � #  time, where � is numberof modules.
Thecoordinate( �F6 , ��6 ) of amodule��6 is givenby ( yCTz� QF6� , y�U{� QF6� ).
Sincetherespectivewidth andheightof theplacementfor thegiven
TCG are y�T�� Q�x  and yCU�� QFxG , theareaof theplacementis given byy T � Q x Xy U � Q x  .
3.3 Propertiesof TCG

TheTCGhasthefollowing properties:

Property 1 (TCGFeasibilityConditions)
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1. S T and S U areacyclic.

2. Each pair of nodesmustbeconnectedby exactlyoneedgeei-
ther in S T or in S U .

3. Thetransitiveclosureof SiT ( S
U ) is equalto S
T ( S
U ) itself.

Property1 ensuresthata module� 6 cannotbeboth left andright
to (below andabove) anothermodule� R in a placement.Property2
guaranteesthatno two modulesoverlapsinceeachpair of modules
have exactly oneof the horizontalor vertical relation. Property3
is usedto eliminateredundantsolutions. It guaranteesthat if there
existsa pathfrom QF6 to Q R in oneclosuregraph,the edge( QF6 , Q R )
mustalsoappearin thesameclosuregraph.For example,thereexist
two edges( Q 6 , Q\R ) and( Q�R , Q�� ) in S T , which meansthat � 64V �XR
and � R V � � , and thus ��6 V � � . If the edge( QF6 , Q � ) appearsinS U insteadof in S T , ��� is not only left to � 6 but alsoabove � 6 . The
resultingareaof thecorrespondingplacementmustbelargeror equal
to thatwhentheedge( QF6 , Q � ) appearsin S
T . Figure4 illustratesthis
phenomenon.In Figure4(a),thereexistsapathfrom QFf to Q�s in ��U ,
which consistsof ( Q�f , QFh ) and( Q�h , QFs ). Thus, the edge � QFf�	�QFs�
mustalsobelongto S U . If theedge( Q f , Q s ) appearsin S T instead
of in S
U asshown in Figure4(c), theresultingareaof theplacement
mustbe larger or equalto theconfigurationof Figures4(a)and(b).
Property3 eliminatessucha redundancy.

Basedonthepropertiesof TCG,wehavethefollowing theorems.

Theorem1 There exists a unique placementcorresponding to a
TCG.

Theorem2 Thesizeof thesolutionspacefor TCGis � ��!  # , where� is thenumberof modules.

Theorem3 TCGis P-admissible.

4 Floorplanning Algorithm
Wedevelopasimulatedannealingbasedalgorithm[4] usingTCG

for non-slicingfloorplan design. Given an initial solution repre-
sentedby a TCG, the algorithmperturbsthe TCG to obtaina new
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Figure4: Examplesof the TCG feasibility. (a) A feasibleTCG. (b) The
placementcorrespondingto theTCG shown in (a). (c) A non-TCG.(d) The
placementcorrespondingto thenon-TCGshown in (c).

TCG.To ensurethecorrectnessof thenew TCG,asdescribedin the
previoussection,thenew TCGmustsatisfytheaforementionedthree
feasibility properties.To identify feasibleTCG for perturbation,we
introducethe conceptof transitivereductionedgesof TCG in the
following section.
4.1 Transitive ReductionEdges

An edge � QF6O	�Q R  is saidto bea reductionedgeif theredoesnot
exist anotherpath from Q�6 to Q R , except the edge � QF6G	�Q R  itself;
otherwise,it is aclosureedge. For example,in the S U of Figure4(a),
the edges� Q�f�	�QFh� , � QFg�	�QFh� , � QFh�	�QFs� , and � Q�g�	OQ�t� are reduction
edgeswhile � Q f 	�Q s  and � Q g 	�Q s  areclosureonessincethereexist
respectivepaths �DQFf{	�QFh�	�QFs�� and �DQFg�	OQ�h�	�QFs�� from Q�f to QFs
andfrom QFg to QFs .

Since TCG is formed by directed acyclic transitive closure
graphs,given an arbitrarynode QF6 in onetransitive closuregraph,
there exists at least one reduction edge � Q 6 	�Q�R- , where Q\R�c���X� xO� QF6� . Here, we definethe fan-in (fan-out) of a node QF6 , de-
notedby

� 60� � Q 6  (
� �X� x � Q 6  ), asthenodesQ�R ’s with edges� Q�R�	OQ 6 

( � QF6O	�Q R  ). For nodesQ � 	�QF��c ���X� xO� QF6  , theedge � QF6O	�Q �  cannot
be a reductionedgeif Q � c ���X� xO� QF�P . Hence,we remove those
nodesin

���X� xX� QF6$ that are fan-outsof others. The edgesbetweenQ 6 andthe remainingnodesin
� �X� x � Q 6  are reductionedges. For

the S U shown in Figure4(a),
� �X� x � Q f &��)�Q h 	�Q s 3 . Since Q s be-

longsto
���X� xO� QFh� , edge� Q�f�	�Q�s� is aclosureedgewhile � QFf�	�QFh� is

a reductionone.

Lemma 1 Given an arbitrary node Q 6 in one transitive closure
graph, for nodesQF��	�Q � c � �X� x � Q 6  , the edge � Q 6 	OQ��� cannotbe
a reductionedgeif Q � c ���X� xX� QF�P .
Theorem4 Givena node Q 6 in S T or S U , it takes %&� � #  time to
finda reductionedge� QF6G	�Q R  , where � is thenumberof modules.

4.2 Solution Perturbation
Weapplythefollowing four operationsto perturbaTCG:� Rotation: Rotateamodule.� Swap: Swaptwo nodesin bothof S
T and S
U .� Reverse: Reversea reductionedgein S T or S U .� Move: Moveareductionedgefromonetransitiveclosuregraph

( S
T or S
U ) to theother.
RotationandSwapdo not changethetopologyof a TCG while Re-
verseandMovedo. To maintainthepropertiesof theTCGafterper-
forming the ReverseandMove operations,we mayneedto update
theresultinggraphs.Wedetailthefour operationsasfollows.

4.2.1 Rotation
To rotatea module ��6 , we only needto exchangetheweightsof the
correspondingnode Q 6 in S T and S U . Figure 5(b) shows the re-
sulting S T , S U , andplacementafterrotatingthemodule� shown in
Figure5(a). Notice that theweightsassociatedwith thenode QFt inSiT and SiU havebeenexchanged.

4.2.2 Swap
To swaptwo nodesQ 6 and Q�R , weonly needto exchangetwo nodes
in both S
T and S
U . Figure5(c) shows the resulting S
T , SiU , and
placementafterswappingthenodesQ f and Q g shown in Figure5(b).
Notice that the nodesQFf and QFg in both SiT and S
U have beenex-
changed.

4.2.3 Reverse
TheReverseoperationreversesthedirectionof a reductionedge( Q 6 ,Q�R ) in a transitive closuregraph,whichcorrespondsto changingthe
geometricrelationof the two modules��6 and � R . For two modules� 6 and �OR , � 6CV �OR ( � 6[Y �XR ) if thereexistsa reductionedge( Q 6 , Q\R )
in S
T ( S
U ); afterreversingtheedge � QF6G	�Q R  , wehave thenew geo-
metricrelation �XR V � 6 ( �XR Y � 6 ). Therefore,thegeometricrelation
amongmodulesis transparentnotonly to theTCGrepresentationbut
alsoto theReverseoperation(i.e., theeffectof suchanoperationon
thechangeof thegeometricrelationis known beforepacking);this
propertycanfacilitatetheconvergenceto adesiredsolution.

To reversea reductionedge( Q 6 , Q�R ) in a transitive closuregraph,
we first deletethe edgefrom thegraph,andthenaddtheedge( Q R ,Q 6 ) to the graph. For eachnode QF�pc � 61� � Q\R���p)�Q�R�3 and Q � c���X� xX� Q�6���@)�QF6 3 in thenew graph,weshallcheckwhethertheedge� QF��	�Q �  exists in thenew graph.If thegraphcontainstheedge,we
do nothing; otherwise,we needto add the edgeto the graphand
deletethe correspondingedges� Q � 	�QF�� (or � QF�$	�Q �  ) in the other
transitiveclosuregraph,if any, tomaintainthepropertiesof theTCG.

Figure5(d) shows the resulting S
T , S
U , andplacementafter re-
versingthereductionedge� Q h 	�Q s  of the S U shown in Figure5(c).
In the S
U of Figure 5(d),

� 61��� QFs�W�B)�QFs�3���)�QFf�	�QFg�	�QFs�3 and� �X� x � Q h ��p)�Q h 37��)�Q h 3 . For eachnode QF��c � 60� � Q s ��p)�Q s 3
and QF�9c ���X� xX� QFh�
��)�QFh�3 , we checkwhetherthe edge � Q � 	�QF�P
exists. Sincetheedge � QFs+	�QFh� wasjust addedto SiU andtheedges
( Q�g , Q�h ) and � QFf{	�QFh� alreadyexist in SiU of Figure5(c),we do not
needto addthethreeedgesto S
U . Neitherdo weneedto updatetheS T of Figure5(c). Notice thatby reversingthe reductionedge( Q h ,QFs ) in the S
U , we transformtherelation ��h Y ��s into ��s Y ��h in the
resultingplacementof Figure5(d).

To maintainthe propertiesof a TCG, we canonly reversea re-
ductionedge.For example,if we reverseaclosureedge( QF6 , Q � ) as-
sociatedwith thetwo reductionedges( QF6 , Q R ) and( Q R , Q � ), a cycle��QF6X	�Q R 	�Q � 	�QF6�� is formed,andthusthe resultinggraphsareno
longera TCG. Further, for eachedgeintroducedin a transitive clo-
suregraph,we remove its correspondingedgefrom theothergraph.
Therefore,thereis alwaysexactly onerelationbetweeneachpair of
modules.

4.2.4 Move
TheMove operationmovesa reductionedge� Q�6X	�Q R  in a transitive
closuregraphto the other, which correspondsto switchingthe ge-
ometricrelationof the two modules��6 and � R betweena horizontal
relation and a vertical one. For two modules��6 and � R , ��6 V � R
( � 6[Y �XR ) if thereexistsa reductionedge( Q 6 , Q�R ) in S T ( S U ); after
moving the edge � QF6G	�Q R  to SiU ( S
T ), we have the new geometric
relation � 6
Y �OR ( � 6�V �OR ). Therefore,thegeometricrelationamong
modulesis alsotransparentto theMoveoperation.

To move a reductionedge( Q�6 , Q R ) from a transitive closure
graph I to the other I4J in a TCG, we first deletethe edgefromI andaddit to I J . Similar to theReverseoperation,for eachnodeQ � c � 60�z� QF6G���)�QF6 3 and QF�[c ���X� xO� Q R ��_)�Q R 3 , we shall check
whethertheedge � Q � 	�QF�P exists in I J . If I J containstheedge,we
do nothing;otherwise,we needto addtheedgeto I J anddeletethe
correspondingedge � Q � 	OQ��n (or � QF�$	�Q �  ) in I , if any, to maintain
thepropertiesof theTCG.
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(a) initial configuration of TCGs

Figure5: Fourtypesof perturbation.(a)Theinitial TCG( ~ T and ~ U ) and
placement.(b) The resultingTCG andplacementafter rotatingthe module�

shown in (a). (c) The resultingTCG and placementafter swappingthe
nodes�zf and � g shown in (b). (d) The resultingTCG andplacementafter
reversingthe reductionedge

k � h�� � s m shown in (c). (e) The resultingTCG
andplacementaftermovingthereductionedge

k � g � � s m from the ~ U of (d)
to ~ T .

Circuit # of modules # of I/O pads # of nets # of pins
apte 9 73 97 214

xerox 10 107 203 696
hp 11 43 83 264

ami33 33 42 123 480
ami49 49 24 408 931

Table2: Thefive MCNC benchmarkcircuits.

O-tree enhancedO-tree TCG
Circuit Wire Time Wire Time Wire Time

(  ¡  ) (sec) (  ¡  ) (sec) (  ¡  ) (sec)

apte 317 47 317 15 363 2
xerox 368 160 372 39 366 15

hp 153 90 150 19 143 10
ami33 52 2251 52 177 44 52
ami49 636 14112 629 688 604 767

Comparison +3.56% - +3.18% - 0.00% -

Table4: WirelengthandruntimecomparisonsamongO-tree(on SUN Ul-
tra60), enhancedO-tree(on Sun Ultra60), andTCG (on Sun Ultra60) for
wirelengthoptimization.

Figure5(e)showstheresultingS T , S U , andplacementaftermov-
ing the reductionedge � QFg�	�QFs� in the S
U of Figure 5(d) to S
T .
In the SiT shown in Figure 5(e),

� 61�z� Q�g�Z�B)�QFg�3���)�QFg�3 and���X� xX� Q�s�z�9)�QFs-3Z�¢)�QFt�	�QFs�3 . For eachnode Q � c � 60�z� QFgXz�e)�QFg�3
and Q � c � �X� x � Q h H�@)�Q h 3 , wecheckwhethertheedge� QF�{	�Q � ) ex-
istsin I T . Sincetheedge� Q g 	OQ s  wasjustaddedto S T andtheedge
( Q�g , Q�t ) alreadyexists in S
T of Figure5(d), we needto do nothing
(exceptmoving thereductionedge� Q g 	OQ s  from S U to S T ). Neither
do we needto updateS
U (exceptremoving theedge � QFg�	�QFs� ). No-
tice thatby moving thereductionedge( Q g , Q s ) from S U to S T , we
transformtherelation��g Y ��s into ��g V ��s in theresultingplacement
shown in Figure5(e).

To maintainthepropertiesof a TCG,we canonly movea reduc-
tion edge.If wemoveaclosureedge( QF6 , Q � ) associatedwith thetwo
reductionedges( QF6 , Q R ) and( Q R , Q � ) in onetransitive closuregraph
to theother, thenthereexist apathfrom Q�6 to Q � in thetwo graphs,
implying that � 6ZV ��� and � 6�Y ��� , which givesa redundantsolu-
tion. Further, for eachedgeintroducedin a transitive closuregraph,
we remove its correspondingedgefrom theothergraph.Therefore,
thereis alwaysexactlyonerelationbetweeneachpairof modules.

Theorem5 TCG is closedunder the rotation, swap,reverse, and
move operations, and each of the operations takes respective%&�X���	�%&�X�-�	�%&� � #  , and %&� � #  time, where � is the numberof
modulesin theplacement.

5 Experimental Results
Basedonasimulatedannealingmethod[4], we implementedthe

TCG representationin the C++ programminglanguageon a 433
MHz SUNSparcUltra-60workstationwith 1 GB memory. Wecom-
paredTCG with O-tree[2], B*-tree [1], enhancedO-tree[12], and
CBL [3] basedon the five MCNC benchmarkcircuits listed in Ta-
ble 2. Columns2, 3, 4, and5 of Table2 list therespectivenumbers
of modules,I/O pads,nets,andpinsof thefivecircuits.

The experimentsconsistof threeparts: areaoptimization,wire-
lengthoptimization,andsimultaneousareaandwirelengthoptimiza-
tion. The areaof a placementis measuredby that of the mini-
mumboundingbox enclosingtheplacement.Theareaandruntime
comparisonsamongO-tree[2], B*-tree [1], enhancedO-tree[12],
CBL [3], andTCG arelistedin Table3. As shown in Table3, TCG
achievesaverageimprovementsof 2.22%,1.18%,2.04%,and3.54%
in areautilizationcomparedto O-tree,B*-tree,enhancedO-tree,and
CBL, respectively. TheruntimesaresignificantlysmallerthanO-tree
andB*-tree, andcomparableto theenhancedO-tree[12]. Figure6



O-tree B*-tree enhancedO-tree CBL TCG
Circuit Area Time Area Time Area Time Area Time Area Time

(  ¡ 4£ ) (sec) (  ¡ 4£ ) (sec) (  ¡ 4£ ) (sec) (  Z ;£ ) (sec) (  Z ;£ ) (sec)

apte 47.1 38 46.92 7 46.92 11 NA NA 46.92 1
xerox 20.1 118 19.83 25 20.21 38 20.96 30 19.83 18

hp 9.21 57 8.947 55 9.16 19 - - 8.947 20
ami33 1.25 1430 1.27 3417 1.24 118 1.20 36 1.20 306
ami49 37.6 7428 36.80 4752 37.73 406 38.58 65 36.77 434

Comparison +2.22% - +1.18% - +2.04% - +3.54% - 0.00% -

Table3: AreaandruntimecomparisonsamongO-tree(on SUNUltra60),B*-tree (on SunUltra-I), enhancedO-tree(on SunUltra60),CBL (on SunSparc
20),andTCG (onSunUltra60)for areaoptimization.

O-tree enhancedO-tree CBL TCG
Circuit Area Wire Time Area Wire Time Area Wire Time Area Wire Time

(  Z  £ ) (  Z  ) (sec) (  ¡  £ ) (  Z  ) (sec) (  Z  £ ) (  Z  ) (sec) (  ¡  £ ) (  Z  ) (sec)

apte 51.92 320.7 47 51.95 320.7 14 - - NA 48.48 378.0 49
xerox 20.42 380.6 142 20.42 380.6 41 20.233 403.47 NA 20.42 385.0 114

hp 9.490 152.6 84 9.384 151.9 21 NA NA NA 9.490 151.8 59
ami33 1.283 51.31 2349 1.299 52.13 205 1.226 51.67 NA 1.237 50.29 939
ami49 39.55 688.7 15318 39.92 702.8 700 38.378 732.84 NA 38.20 663.1 3613

Comparison +2.87% -2.01% - +3.33% -1.34% - -0.45% +5.98% - 0.00% 0.00% -

Table5: Area,wirelength,andruntimecomparisonsamongO-tree(on SUNUltra60),enhancedO-tree(on SunUltra60),CBL (on SunSparc20),andTCG
(on SunUltra60)for simultaneousareaandwirelengthoptimization.

Figure 6: Resultingplacementsof ami49 for (1) left: optimizing area
alone (area ¤¦¥-§�¨ ©+© lAl # ); (2) right: optimizing wirelngth alone (wire¤7§-ª-« lAl

).

(left) shows the resultingplacementfor ami49with areaoptimiza-
tion.

For wirelengthoptimization,we estimatedthe wirelengthof a
net by half the perimeterof the minimum boundingbox enclosing
thenet.Thewirelengthof aplacementis givenby thesummationof
thewirelengthsof all nets.Thecomparisonswith thepreviousworks
arelisted in Table4. (NotethatB*-tree andCBL did not reportthe
resultson optimizingwirelengthalone.)As shown in Table4, TCG
achievesaveragereductionsof 3.56%and3.18%in wirelength,com-
paredto theO-treeandtheenhancedO-tree,respectively. Figure6
(right) showstheresultingplacementfor ami49with wirelengthop-
timization. For simultaneousareaandwirelengthoptimization,we
assignedthesameweight for areaandwirelengthin the costfunc-
tion. The resultsare listed in Table5, which shows that oursare
slightly betterthanpreviousworks.,
6 Concluding Remarks

We havepresentedtheTCG representationfor non-slicingfloor-
plansandshown its superiorproperties.Experimentalresultshave

, We excludedtheCBL resultsfor hp in Table3 andfor aptein Table5 in
thecomparisonssincetheCBL testcasesmaynotbethesameasothers.For
example,CBL reportsan areaof 66.14

lAl # for hp, which is aboutseven
timeslargerthanothers.

shown that TCG is very effective in areaandwirelengthoptimiza-
tion. As revealedin the representation,TCG keepsthe information
of boundarymodulesas well as the shapesand the relative posi-
tions of modules.ThesepropertiesmakeTCG a promisingchoice
for dealingwith thegeneralfloorplan/placementproblemswith var-
ious constraints,suchasboundaryconstraint. Researchalongthis
directionis ongoing.
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