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Abstract

In this paper we proposea transitive closuregraph-basedep-
resentatiorfor generafloorplans,calledTCG, andshow its superior
propertiesTCG combinegheadvantage®f popularrepresentations
suchassequenceair, BSG, and B*-tree. Like sequenceair and
BSG, but unlike O-tree, B*-tree, and CBL, TCG is P-admissible.
Like B*-tree, but unlike sequenceair, BSG,O-tree,andCBL, TCG
doesnot needto constructadditionalconstraintgraphsfor the cost
evaluationduring packing,implying fasterruntime. Further TCG
supportsincrementalupdateduring operationsand keepsthe infor-
mation of boundarymodulesaswell asthe shapesandthe relative
positionsof modulesin therepresentatiorMore importantly thege-
ometricrelationamongmodulesis transparentot only to the TCG
representatiobut alsoto its operations facilitating the corvergence
to adesiredsolution.All thesepropertiesnakeTCG aneffective and
flexible representatiofor handlingthe generalfloorplan/placement
designproblemswith variousconstraintsExperimentatesultsshow
thepromiseof TCG.

1 Intr oduction

Dueto the increasein designcompleity, circuit sizeis getting
largerin modernVLSI design.To handlethe designcompleity, hi-
erarchicaldesignand reuseof IP modulesbecomepopular which
makedloorplanning/placemembhuchmoreimportantthanever. The
majorobjectie of floorplanning/placemeirid to allocatethemodules
of a circuit into a chip to optimizeits areaandtiming. Therealiza-
tion of floorplanning/placememelieson a representatiowhich de-
scribesgeometricrelationsamongmodules.The representatiohas
agreatimpactonthefeasibility andcompleity of floorplandesigns.
Thus,it is of particularsignificanceto developanefficient, effective,
andflexible representatiofor floorplan/placemerdesigns.

1.1 Previous Work

Floorplanscanbeclassifiednto two cateyories theslicing struc-
ture[10], [16] andthenon-slicingstructure1], [2], [3], [6], [7]. [8].
[9], [11], [12], [15]. A slicing structurecanbe obtainedby recur
sively cuttingrectanglesorizontallyor vertically into smallerrect-
angles;it is a non-slicingstructure otherwise.Ottenfirst proposed
a binary-treerepresentatioffor slicing floorplandesign[10]. Wong
and Liu laterin [16] presentech normalizedPolish expressionto
represent slicing floorplan. The slicing structurehasseveral ad-
vantagesuchassmallersolutionspacejmplying fasterruntimefor
floorplandesign.However, mostof realdesignsarenon-slicing.Re-
searchersn [11], [15] attemptedo extendthe tree representation
to the non-slicingfloorplanswith specialtopologiese.g.,thewheel
structure.
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For the generalnon-slicingstructure Ohtsukiin [8] useda pair
of (horizontaland vertical) directedagyclic graphs,namedpolar
graphs to represent topologicalplacement.A similar representa-
tion, namedadjacencygraphs[13], wasalsowidely used.Recently
Onoderaet al. in [9] useda branch-and-boundhethodto exhaus-
tively searchan optimal solutionfor moduleplacement.Sincethe
methods quitetime-consumingthesizeof tractablenoduless lim-
ited.

Recentlythereis muchworkin theliteratureonnon-slicingfloor-
plan representations.g., sequenceair [6], BSG[7], O-tree[2],
B*-tree[1], andCBL [3]. Murataet al. in [6] usedtwo sequence
of permutationspamelysequenceair, to representhe geometric
relationsof modulesfor non-slicingfloorplandesign. They defined
the P-admissiblesolution space which satisfiesthe following four
requirements:(1) the solutionspaceis finite, (2) every solutionis
feasible,(3) packingandcostevaluationcanbe performedin poly-
nomial time, and(4) the bestevaluatedpackingin the spacecorre-
spondgto anoptimal placemen{6]. Sequenceairis P-admissible
andis flexible for generalfloorplan/placementdesign; however, it
is harderto handlethe floorplan/placemenproblemswith position
constraintse.g.,boundarymodules pre-placednodulesrangecon-
straints,etc. Further two constraintgraphsneedto be constructed
for costevaluationfor eachperturbationconsuminga significantly
largerruntime. TangandWong [14] recentlypresentedhn efficient
packingschemecalledFASTSR, to evaluatethe costof a sequence
pair by computingits commonsubsequere. Nakatakeet al. in [7]
proposed flexible boundedslicing grid representatiorcalledBSG.
BSGis alsoP-admissibleHowever, BSGitself hasmary redundan-
ciessincetherecould be multiple representationsorrespondingo
onepacking,implying a largersolutionspaceandthuslongersearch
time to find anoptimalsolution.

For tree-basednethods,Guo et al. in [2] first proposedhe O-
treerepresentatioffior a left and bottom compactedplacement.In
an O-tree,a nodedenotesa moduleand an edgedenotegshe hori-
zontal adjaceny relationof two modules. EachO-treeis encoded
by a pair of strings,denotingthe DFS traversal order of the tree.
The placemengfter an O-treepackingmight not be compacted A
sequenc®f compactionoperationsalongthe =z and/ory directions
may be neededo makeall modulescompactedo the left andbot-
tom, possiblyresultingin a mismatchbetweenthe original repre-
sentationandits placement.Changet al. recentlyin [1] presented
a binary tree-basedepresentatioffior a left and bottom compacted
placementcalledB*-tree,andshavedits superiompropertiesor op-
erations. In a B*-tree, a nodedenotesa module, the left child of
a noderepresentshe lowestadjacentmoduleon the right, andthe
right child representshe visible moduleabove andwith the samer
coordinate. Similar to O-tree,the representatiorould be changed
after packingsincethe spacdantendedfor placinga modulemay be
occupiedby apreviously placedmodule.ThereforegivenanO-tree
or aB*-tree, it may not befeasibleto find a placementorrespond-
ing to its original representatiorandthusthey arenot P-admissible.
Although the operationof the tree-basedepresentationare more
efficientandtheir solutionspacesresmallerthansequencgairand
BSG,thegeometriaelationof ary pairof modulescannotederived
directlyfrom therepresentationsinlesghe correspondingrodesare
siblingsor lineal relatives. Evenfor the nodesthat arelineal rela-
tivesor siblings,thegeometriaelationdefinedby therepresentation



mightbechangedfterpacking.Hencejt maybeharderfor thetree-
basedepresentation® handlesomeproblemswith relative position
constraintssuchasboundaryandrangeconstraintsetc.

Figure 1(a) shavs a placementand Figures1(b) and (c) shav
anO-treeencodedy (7, =) = (0011001101, abcde) andaB*-tree
correspondindo the placementrespectiely. For O-treesand B*-
treeswe cannotderive ary geometriaelationbetweertwo modules
from therepresentationgnlessthe two nodesaresiblingsor on the
samepath.For example eventhoughmoduleb is adjacento module
d, we cannotderive ary geometriaelationfrom therepresentations.
Also, we donotknow whichnodegepresenthetopandright bound-
ary modulesrom therepresentations.
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Figurel: (a)A placement(b) O-tree.(c) B*-tree.

Recently Hong et al. in [3] proposeda cornerblock list (CBL)
representatiorior non-slicingfloorplans. Like sequencepair and
BSG, but unlike the tree-basedepresentationsZBL canrepresent
generaluncompactedhon-slicingfloorplans. CBL hassmallerfea-
sible solutionspaceanda fasterpackingschemehowever, it is not
P-admissiblesinceit cannoguaranteafeasiblesolutionin eachper
turbation,andmary infeasiblesolutionsmay be generatedeforea
feasiblesolutionis found.

1.2 Our Contribution

We proposein this papera transitive closuregraph-basedepre-
sentatiorfor non-slicingfloorplans namedTCG, andshaw its supe-
rior properties. TCG usesa horizontaland a vertical transitive clo-
suregraphsto describehe horizontalandverticalrelationsfor each
pair of modules.Ilt combineghe advantage®f sequenceair, BSG,
andB*-tree. Like sequenc@airandBSG,but unlike O-tree B*-tree,
and CBL, TCG satisfiesthe four propertiesof P-admissibility[6]:

(1) its solutionspaces (m!)* andthusfinite, wherem is the num-
berof modules(2) it guaranteea uniquefeasiblepackingfor each
representatiofnotethatthe tree-base@ndthe CBL representations
do notguaranteghis property),(3) packingandcostevaluationcan
be performedin O(m?) time, and(4) the bestevaluatedpackingin
the solutionspacecorresponds$o anoptimumplacementLike B*-
tree,but unlike sequenceair, BSG,O-tree,andCBL, TCG doesnot
needto constructadditional constraintgraphsfor the cost evalua-
tion duringpacking,implying fasterruntime. Further TCG supports
incrementalipdateduring operationsandkeepsthe information of
boundarymodulesaswell asthe shapesandthe relative positions
of modulesin the representationMore importantly the geometric
relationamongmodulesis transparentot only to the TCG repre-
sentatiorbut alsoto its operations(i.e., theeffect of anoperationon
the changeof the geometricrelationis known before packing),fa-
cilitating fastercorvergenceto a desiredsolution. All theseproper
tiesmakeTCG an effective andflexible representatiofior handling
the generalfloorplan/placemendesignproblemswith variouscon-
straintssuchasboundaryconstraintsetc. Experimentaftesultsshav
the promiseof TCG. For areaoptimization, TCG achie/ed average
improvementsof 2.22%,2.04%, 1.18%, and 3.54%, comparedto
O-tree,enhanced-tree,B*-tree, and CBL, respectiely. Optimiz-
ing wirelength, TCG obtainedrespectie averageimprovementsof
3.56%and 3.18%,comparedo O-treeandenhanced-tree. (Note
that B*-tree and CBL do not reportthe resultsfor optimizingwire-
lengthalone.) The runtimerequirement®f TCG aremuchsmaller
thanO-treeandB*-tree, andarecomparabléo enhance®-tree.We
summarizein Table 1 the propertiesof several recently published
representation®r non-slicingfloorplans.

Theremaindenf thispapelis organizedasfollows. Sectiorn2 for-
mulatesthe floorplan/placemerdesignproblem. Section3 presents
the procedurego derive a TCG from a placementand constructa
placemenfrom a TCG. Section4 introducegshe operationgo per
turb a TCG. Experimentatesultsarereportedin Section5. Finally,
we concludeour work anddiscusdutureresearchdirectionsin Sec-
tion 6.

2 Problem Definition

Let B = {b1,b2,...,bm} be a setof m rectangulamodules
whosewidth, height, and areaare denotedby W;, H;, and A;,
1 < i < m. Eachmoduleis freeto rotate. Let (z;, y;) denote
the coordinateof the bottom-leftcornerof rectanglé;, 1 < i < m,
onachip. A placementP is anassignmenof (z;, y;) for eachbz,
1 <1 < m, suchthatnotwo modulesoverlap. Thegoalof floorplan-
ning/placemenis to minimizethearea(i.e., theminimumbounding
rectangleof P) andwirelength(i.e.,thesummatiorof half bounding
box of interconnectionsinducedby a placement.

3 Transitive Closure Graph (TCG)
Thetransitiveclosure of a directedagyclic graphG is definedas
thegraphG' = (V, E'), where E' ={(ni, n;): thereis a pathfrom
noden; tonoden; in G}. TheTransitiveClosure Graph(TCG) rep-
resentatiordescribeghe geometricrelationsamongmodulesbased
ontwo graphsnamelya horizontaltransitiveclosuregraph C;, and
averticaltransitiveclosuregraphC,. In this section,wefirst intro-
ducethe procedurefor constructingCy, andC, from a placement.
Then,we describenow to packmodulesfrom TCG. In thelast sub-
sectionwe discusghe propertiesandthe solutionspaceof TCG.

3.1 Fromaplacementto its TCG

For two non-overlappedmodulesh; andb;, b; is saidto be hor-
izontally (vertically) relatedto b;, denotedby b; + b; (b; L b;), if
b; is ontheleft (bottom)sideof b; andtheir projectionsonthey ()
axis overlap. (Note thattwo modulescannothave both horizontal
andvertical relationsunlessthey overlap.) For two non-overlapped
modulesb; andb;, b; is saidto be diagonallyrelatedto b, if b; is
ontheleft sideof ; andtheirprojectionsonthe s andthey axesdo
notoverlap.In aplacementevery two modulesmustbearoneof the
threerelations: horizontalrelation vertical relation, and diagonal
relation To simplify the operation®n geometriaelationswe treat
adiagonalrelationfor modulesh; andb; asahorizontalone,unless
thereexistsa chainof verticalrelationsfrom b; (b;), followed by the
modulesenclosedwvith therectangledefinedby thetwo closestcor
nersof b; andb;, andfinally to b; (b;), for whichwe makeb; L b,
(b; Lb).

! Figure2(a)shavsa placementvith five moduless, b, ¢, d, ande
whosewidthsandheightsare(6, 4), (4, 6), (7, 4), (6, 3) and(3, 2),
respectrely. In Figure2(a),a - b, a L ¢,andmodulee is diagonally
relatedto moduleb. Thereexistsa chainof verticalrelationsformed
by modulese, ¢, andb betweerthetwo modules andb (i.e.,b L ¢
andc L e). Thereforewemakeb L e. Also, modulee is diagonally
relatedto moduled. However, theredosenotexist achainof vertical
relationsbetweermodules: andd, andthuswe makee + d.

TCG canbederived from a placemengsfollows. For eachmod-
ule b; in aplacementwe introducea noden; with theweightbeing
the width (height)in C}, (C,). If b; F b;, we constructa directed
edgefrom noden; to noden; (denotedby (n;, n;)) in Cp. Simi-
larly, we constructa directededge(n;, n;) in C, if b; L b;. Given
a placementwith m modules,we needto performthe above pro-
cessn(m — 1)/2 timesto captureall thegeometricelationsamong
moduleg(i.e.,C» andC, have m(m — 1)/2 edgesn total).

As shavnin Figure2(b), for eachmoduleb;, : € {a, b, ¢, d, e},
we introduceanoden; in C, andalsoin C,,. For eacmoden inCh,
(Cv),1 €{a,b,c,d, e}, weassociatehenodewith aweightequalto
thewidth (height)of thecorrespondingnoduleb;. Sinceb, + by, we
constructa directededge(n., ny) in Cr. Similarly, we constructa
directededge(n,, n.) in C, sinceb, L b.. Thisprocesss repeated
until all geometricrelationsamongmodulesaredefined. As shovn
in Figure2(b), eachtransitive closuregraphhasfive nodesandthere
aretotally 10 edgesn Cj, andC, (fourin C, andsixin C,). From
theTCGrepresentatioshavnin Figure2(b),weknow thatmodulee



| 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
NeedSequencencoding? Yes Yes No Yes No Yes No
Constructtonstraingraphsfor packing? Yes No Yes Yes No Yes No
Evaluatecostdirectly on representation? No No No No Yes No Yes
Geometriaelationis transparento its operations? No No No No No No Yes
Boundaryinformationon representation? No No No No No No Yes
Runtimefor packing Amortized Amortized | Amortized | Amortized
O(m?2) | O(mlglgm) | O(m?) O(m) O(m) O(m) O(m?)
Tablel: Propertienf representationddere,m is thenumberof modulesin a placement.
. . . . Ny
isabosemoduleb becaus¢hereexistsadirectededge(ns, n.) in Cy;
notice that this relation cannotbe directly derived from the O-tree 2
andB*-tree showvnin Figurel. Further we alsoknow directly from Ne My
the TCG that moduled is right to modulea while the relationship
is not known to O-treeand B*-tree until modulesare placed. For 2
boundaryinformation,we know thatmodulesa, ¢ ande (b andd)
are on the left (right) boundarysincethe in-degrees(out-degrees)
of ny, n. andn. (n, andng) arezeroin Cj,. Similarly, it is easyto n, 6
know from C,, thatmodules: andb (e andd) areonthebottom(top)
boundary Therefore the floorplan/placemerdesignwith boundary
constraintan be handledeasilyby checkingthe degreeof a node 0% g

duringeachperturbation.

2 3
| ne Ny
e Ne
3 6
C d Ny
nc./
7 4
b
a o4 6
> na6 o N, Cvrb

(@ (b)

Figure?2: (a) A placementn achip. (b) TCG.

3.2 FromaTCG to its placement

We have introducedhow to derive a TCG from its placemenin
theprevioussection.We now presenthepackingmethodfor aTCG.

Given a TCG, its correspondinglacementcan be obtainedin
O(m?) time by performingawell-known longestpathalgorithm[5]
on the TCG, wherem is the numberof modules. To facilitate the
implementatiorof thelongestpathalgorithm,we augmenthegiven
two closuregraphsasfollows. (Notethatthe TCG augmentatiotis
performeddnly for packing.It will beclearlaterthatsuchaugmenta-
tionis notneededor otheroperationsuchassolutionperturbation.)
We introducetwo specialnodeswith zeroweightsfor eachclosure
graph,thesourcen. andthesink n;, andconstructanedgefrom n,
to eachnodewith in-degreeequalto zero,andalsofrom eachnode
with out-deggreeequalto zeroto n.. Figure3 showvsthe augmented
TCGfor the TCG shavnin Figure2(b).

Let Ly (n;) (Lv(n:)) bethelengthof thelongestpathfrom . to
n; in theaugmented’, (C). Ln(n:) (L.(n:)) canbedetermined
by performingthe single sourcelongestpathalgorithmon the aug-
mentedC}, (C,) in O(m?) time, wherem is numberof modules.
Thecoordinatgz;, y;) of amoduleb; is givenby (L (n;), L, (n;)).
Sincetherespectie width andheightof the placemenftor thegiven
TCGare Lx(n;) andL,(n;), theareaof the placements given by
Lh(nt)Lv(nt)
3.3 Propertiesof TCG

TheTCG hasthefollowing properties:

Property 1 (TCG FeasibilityConditions)

@ (b)

Figure3: AugmentedICG. (a) Augmented”', . (b) Augmented”, .

1. Cy andC, areacyclic.

2. Eadh pair of nodesmustbe connectedy exactly oneedgeei-
therin C, orin C,.

3. Thetransitiveclosureof Cj, (C,) is equalto Cy, (C») itself

Propertyl ensureshata moduleb; cannotbe bothleft andright
to (belov andabove) anothemoduled; in a placementProperty2
guaranteethatno two modulesoverlap sinceeachpair of modules
have exactly one of the horizontalor vertical relation. Property3
is usedto eliminateredundansolutions. It guarantee¢hatif there
existsa pathfrom n; to n; in oneclosuregraph,the edge(n;, n;)
mustalsoappeain thesameclosuregraph.For example thereexist
two edges(n;, n;) and(n;, nx) in Cy, which meansthatb; + b;
andb; F b, andthusb; + by. If the edge(n;, nx) appearsn
C, insteadof in C},, by is notonly left to b; but alsoabove b;. The
resultingareaof thecorrespondinglacemenimustbelargeror equal
tothatwhentheedge(n;, nx) appearén Cj,. Figure4 illustratesthis
phenomenonin Figure4(a),thereexistsa pathfrom n, to n. in ¢,
which consistsof (na, n.) and(n., n.). Thus,the edge(na, ne)
mustalsobelongto C,. If theedge(n,, n.) appearsn C, instead
of in C, asshownin Figure4(c), theresultingareaof theplacement
mustbe larger or equalto the configurationof Figures4(a)and(b).
Property3 eliminatessucha redundang.

Basednthepropertieof TCG, we havethefollowing theorems.

Theorem1 Ther exists a unique placementcorrespndng to a
TCG.

Theorem?2 Thesizeof the solutionspacefor TCGis (m!)?, where
m is thenumberof modules.

Theorem3 TCGis P-admissible

4 Floorplanning Algorithm

We developasimulatedannealingasedalgorithm[4] usingTCG
for non-slicing floorplan design. Given an initial solution repre-
sentedby a TCG, the algorithm perturbsthe TCG to obtaina new
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Figure4: Examplesof the TCG feasibility. (a) A feasibleTCG. (b) The
placementorrespondingo the TCG showvnin (a). (¢) A non-TCG.(d) The
placementorrespondingo the non-TCGshownin (c).

TCG. To ensurehecorrectnessf thenew TCG, asdescribedn the
previoussection thenew TCG mustsatisfytheaforementionethree
feasibility properties.To identify feasibleTCG for perturbationwe
introducethe conceptof transitivereductionedgesof TCG in the
following section.

4.1 Transitive Reduction Edges

An edge(n;, n;) is saidto beareductionedgeif theredoesnot
exist anotherpath from n; to n;, exceptthe edge(n;, n;) itself;
otherwisejt is aclosureedge For example,in theC, of Figure4(a),
the edges(na, n.), (ns, ne), (ne, ne), and(ny, nq) arereduction
edgeswhile (nq, n.) and(ns, n.) areclosureonessincethereexist
respectie paths< ng, ne, n. > and< ny, ne, n. > fromn, ton.
andfrom ny to n..

Since TCG is formed by directed agyclic transitve closure
graphs,given an arbitrarynoden; in onetransitive closuregraph,
there exists at least one reduction edge (n;, n;), wheren; €
Fout(ni). Here,we definethe fan-in (fan-out) of a noden;, de-
notedby Fin(n:) (Fout(n:)), asthenodesn;’s with edgeqn;, n;)
((ni, ny)). For nodesny, n; € Four(ni), theedge(n;, nx) cannot
be a reductionedgeif nr € Fou:(n;). Hence,we remore those
nodesin F..:(n;) thatare fan-outsof others. The edgesbetween
n; andthe remainingnodesin F,.:(n;) arereductionedges. For
the C, shawvn in Figure4(a), Fout(na) = {nc,n.}. Sincen. be-
longsto Fou(n.), edge(nq, n.) is aclosureedgewnhile (nq, n.) is
areductionone.

Lemmal Given an arbitrary node n; in one transitive closure
graph, for nodesni,n; € Foui(n:), the edge(n;, nx) cannotbe

areductionedgeif nx € Foui(n).

Theorem4 Givena noden; in Cy or C,, it takesO(m?) timeto
findareductionedge(n;, n; ), where m is thenumberof modules.

4.2 Solution Perturbation
We applythefollowing four operationgo perturba TCG:

Rotation Rotatea module.
Swap Swaptwo nodesn bothof C, andC, .
Reverse Reverseareductionedgein Cy, or C,.

Move Moveareductionedgefrom onetransitive closuregraph
(Cy or C,) totheother

Rotationand Swapdo not changethe topologyof a TCG while Re-
verseandMove do. To maintainthepropertieof the TCG afterper

forming the Reverseand Move operationsywe may needto update
theresultinggraphs.We detailthefour operationsasfollows.

4.2.1 Rotation

To rotatea moduleb; , we only needto exchangethe weightsof the
correspondinghoden; in C, andC,. Figure 5(b) shows the re-
sultingCh, C», andplacementfterrotatingthe moduled shovnin
Figure5(a). Notice thatthe weightsassociatedvith thenodeng in
Cj, andC, have beenexchanged.

4.2.2 Swap

To swaptwo nodesn; andn;, we only needto exchangegwo nodes
in both C,, andC,,. Figure5(c) shows the resultingCy, C,, and
placemenafterswappinghenodes:, andn; shavnin Figure5(b).

Notice thatthe nodesn, andn; in both C;, andC, have beenex-

changed.

4.2.3 Reverse

TheReverseoperatiorreverseghedirectionof areductionedge(n;,
n;) in atransitive closuregraph,which correspondso changinghe
geometricrelationof the two modulesb; andb;. For two modules
b; andb;, b; - b; (b L b)) if thereexistsareductionedge(n;, n;)
in Cy, (C,); afterreversingthe edge(n;, n;), we have thenew geo-
metricrelationd; + b; (b; L b;). Thereforethe geometricrelation
amongmoduless transparentotonly to the TCG representatiohut
alsoto theReverseoperation (i.e., the effect of suchanoperationon
the changeof the geometricrelationis known before packing);this
propertycanfacilitatethe convergenceto a desiredsolution.

To reverseareductionedge(n;, n;) in atransitive closuregraph,
we first deletethe edgefrom the graph,andthenaddthe edge(n;,
n;) to the graph. For eachnoden; € Fi,(n;) U {n;} andn; €
Fout(ni) U {n;} in thenaw graph,we shallcheckwhethertheedge
(nk, ni) existsin the new graph. If the graphcontainsthe edge we
do nothing; otherwise,we needto add the edgeto the graphand
deletethe correspondingedges(nx, n;) (or (ny, nx)) in the other
transitive closuregraphjf any, to maintainthepropertieofthe TCG.

Figure5(d) shavstheresultingC, C,,, andplacemensfterre-
versingthereductionedge(n., n.) of theC,, shavnin Figure5(c).
In the C, of Figure 5(d), Fin(n.) U {n.} = {na,ns, n.} and
Fout(ne) U {n.} = {n.}. For eachnoden; € Fi,(n.) U {n.}
andn; € Foui(n.) U {n.}, we checkwhetherthe edge(ns, n:)
exists. Sincethe edge(n., n.) wasjust addedto C, andthe edges
(ns, nc) and(nq, n.) alreadyexist in C,, of Figure5(c), we do not
needto addthethreeedgego C, . Neitherdo we needto updatethe
Cy, of Figure5(c). Notice thatby reversingthe reductionedge(n.,
n.) in theC,, wetransformtherelationbd. L b. intob. L b, in the
resultingplacemenbf Figure5(d).

To maintainthe propertiesof a TCG, we canonly reversea re-
ductionedge.For example,if we reversea closureedge(n;, nx) as-
sociatedvith thetwo reductionedgeqn;, n;) and(n;, nx), acycle
< ni, nj,ng,n; > is formed,andthusthe resultinggraphsare no
longera TCG. Further for eachedgeintroducedin atransitive clo-
suregraph,we remove its correspondingdgefrom the othergraph.
Therefore thereis alwaysexactly onerelationbetweereachpair of
modules.

4.2.4 Move

TheMove operatiormovesareductionedge(n;, n;) in atransitive
closuregraphto the other which correspondso switchingthe ge-
ometricrelationof the two modulesh; andb; betweena horizontal
relation and a vertical one. For two modulesb; andb;, b; + b;
(b: L b;) if thereexistsa reductionedge(n;, n;) in Cy (C.,); after
moving the edge(n;, n;) to C, (Cr), we have the new geometric
relationd; L b; (b; F b;). Thereforethe geometricrelationamong
modulesds alsotransparento the Move operation.

To move a reductionedge (n;, n;) from a transitive closure
graph G to the other G’ in a TCG, we first deletethe edgefrom
G andaddit to G’. Similar to the Reverseoperationfor eachnode
nr € Fin(ni) U{n;} andn; € Fou:(n;) U {n;}, we shallcheck
whetherthe edge(nx, n;) existsin G'. If G’ containsthe edge we
do nothing;otherwise we needto addthe edgeto G’ anddeletethe
correspondingdge(n, n:) (or (n;, nx)) in G, if ary, to maintain
thepropertieof the TCG.
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Figure5: Fourtypesof perturbation(a) Theinitial TCG (€, andC',) and
placement.(b) The resulting TCG and placemengfter rotatingthe module
d shawvn in (a). (c) The resultingTCG and placementafter swappingthe
nodesn, andn; shovnin (b). (d) TheresultingTCG andplacementfter
reversingthe reductionedge(n., n.) shovnin (c). (e) TheresultingTCG
andplacementftermovingthereductionedge(ny, ne) from theC', of (d)
to Cp,.

Circuit | #of modules | #of /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 benchmarlcircuits.

O-tree enhance®-tree TCG
Circuit Wire Time Wire Time Wire Time
(mm) (sec) (mm) (sec) (mm) (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% | [ 000% [ - ]

Table4: wirelengthandruntimecomparisongmongO-tree(on SUN UI-
tra60), enhancedD-tree (on Sun Ultra60), and TCG (on Sun Ultra60) for
wirelengthoptimization.

Figure5(e)showstheresultingCh,, C,, andplacemenaftermov-
ing the reductionedge(ns, n.) in the C, of Figure 5(d) to Cj,.
In the Cp, shavn in Figure 5(e), Fin(ns) U {ns} = {ns} and
Fout(ne) U{n.} = {nq, n.}. Foreachnoden; € F;,(ns) U{ns}
andn; € Foui(nc) U {n.}, we checkwhethertheedge(ns, n:) ex-
istsin G',. Sincetheedge(ns, n.) wasjustaddedo C, andtheedge
(ns, ng) alreadyexistsin Cj, of Figure5(d), we needto do nothing
(exceptmoving thereductioredge(ns, n.) from C,, to C,). Neither
do we needto updateC,, (exceptremoving theedge(ns, n.)). No-
tice thatby moving thereductionedge(ns, n.) from C, to Cp, we
transforntherelationb, L b. intob, F b, in theresultingplacement
shavnin Figure5(e).

To maintainthe propertief a TCG, we canonly move a reduc-
tion edge.If wemoveaclosureedge(n;, nx) associatedith thetwo
reductionedgegn;, n;) and(n;, nx) in onetransitve closuregraph
to the other, thenthereexist a pathfrom n; to ny, in thetwo graphs,
implying thatb; + b, andb; L by, which givesa redundansolu-
tion. Further for eachedgeintroducedn atransitive closuregraph,
we remove its correspondingdgefrom the othergraph. Therefore,
thereis alwaysexactly onerelationbetweereachpair of modules.

Theorem5 TCG is closedunderthe rotation, swap,reverse and
move opemations, and ead of the opemtions takes respective
0O(1), 0(1), 0(m?), and O(m?) time, where m is the numberof
modulesn the placement.

5 Experimental Results

Basedon a simulatedannealingnethod[4], we implementedhe
TCG representatiorin the C++ programminglanguageon a 433
MHz SUN SparcUltra-60workstationwith 1 GB memory We com-
paredTCG with O-tree[2], B*-tree [1], enhanced-tree[12], and
CBL [3] basedon the five MCNC benchmarlkcircuits listed in Ta-
ble 2. Columns2, 3, 4, and5 of Table2 list therespectie numbers
of modules)/O pads nets,andpinsof thefive circuits.

The experimentsconsistof threeparts: areaoptimization,wire-
lengthoptimization andsimultaneousreaandwirelengthoptimiza-
tion. The areaof a placementis measureddy that of the mini-
mum boundingbox enclosingthe placement.The areaandruntime
comparisonamongO-tree[2], B*-tree [1], enhanced-tree[12],
CBL [3], andTCG arelistedin Table3. As shovnin Table3, TCG
achievesaveragamprovementf 2.22%,1.18%,2.04%,and3.54%
in areautilizationcomparedo O-tree B*-tree,enhance®-tree,and
CBL, respectiely. TheruntimesaresignificantlysmallerthanO-tree
andB*-tree, andcomparabldo the enhanced®-tree[12]. Figure6



O-tree B*-tree enhance®-tree CBL TCG
Circuit Area Time Area Time Area Time Area Time Area Time
(mm?) | (sec) || (mm?) | (sec) || (mm?) | (sec) || (mm?) | (sec) || (mm?) | (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% | - [ +204% [ - [ +354% | - [ 000% [ - |

Table3: AreaandruntimecomparisongmongO-tree(on SUN Ultra60), B*-tree (on SunUltra-1), enhanced-tree(on SunUltra60), CBL (on SunSparc

20),andTCG (on SunUItra60)for areaoptimization.

O-tree enhance®-tree CBL TCG

Circuit Area Wire Time Area Wire Time Area Wire Time Area Wire Time
(mm?) (mm) (sec) (mm?) (mm) (sec) (mm?) (mm) (sec) (mm?) | (mm) (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% | - [ +333% [ -134% [ - [ -045% | +5.98% [ - ][ 0.00% [ 0.00% [ - |

Table5: Area,wirelength andruntimecomparisong@mongO-tree(on SUN Ultra60),enhance®-tree(on SunUltra60),CBL (on SunSparc20),andTCG

(on SunUltra60)for simultaneousireaandwirelengthoptimization.

=l

Figure 6: Resultingplacementsof ami49for (1) left: optimizing area
alone (area= 36.77mm?2); (2) right: optimizing wirelngth alone (wire
= 604mm).

(left) shaws the resultingplacemenfor ami49with areaoptimiza-
tion.

For wirelength optimization, we estimatedthe wirelengthof a
netby half the perimeterof the minimum boundingbox enclosing
thenet. Thewirelengthof a placements given by the summatiorof
thewirelength=f all nets.Thecomparisonsvith thepreviousworks
arelistedin Table4. (NotethatB*-tree andCBL did notreportthe
resultson optimizingwirelengthalone.)As shavn in Table4, TCG
achievesaveragaeductionof 3.56%and3.18%in wirelength,com-
paredto the O-treeandthe enhance®-tree,respectiely. Figure6
(right) shawvs the resultingplacemenfor ami49with wirelengthop-
timization. For simultaneousreaandwirelengthoptimization,we
assignedhe sameweight for areaandwirelengthin the costfunc-
tion. Theresultsarelisted in Table5, which shows that ours are
slightly betterthanpreviousworks!

6 Concluding Remarks

We have presentedhe TCG representatiofor non-slicingfloor-
plansandshaown its superiorproperties. Experimentaresultshave

IWe excludedhe CBL resultsfor hpin Table3 andfor aptein Table5 in
thecomparisonsincethe CBL testcasesnay notbethe sameasothers.For
example,CBL reportsan areaof 66.14mm? for hp, which is aboutseven
timeslargerthanothers.

shavn that TCG is very effective in areaand wirelengthoptimiza-
tion. As revealedin the representation] CG keepsthe information
of boundarymodulesaswell asthe shapesandthe relatve posi-
tions of modules. ThesepropertiesmakeTCG a promisingchoice
for dealingwith the generaffloorplan/placemerproblemswith var
ious constraintssuchasboundaryconstraint. Researchalong this
directionis ongoing.
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