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Abstract

We extendin this papertheconcepbf the P-admissibléloorplanrep-
resentatiorio thatof the P*-admissibleone. A P*-admissiblerepresen-
tationcanmodelthemostgenerafloorplans.Eachof thecurrentlyexist-
ing P*-admissiblerepresentation§R BSG,andTCG, hasits strengths
aswell asweaknessedVe shav theequialenceof thetwo mostpromis-
ing P*-admissiblaepresentation§,CG andSR, andintegrateTCG with
apackingsequencépartof SP)into a new representatiom;alled TCG-
S TCG-Scombinegheadwantage®f SPandTCG andatthesametime
eliminatestheir disadwantages With the propertyof SR fasterpacking
and perturbationschemesre possible. Inheritednice propertiesfrom
TCG, the geometricrelationsamongmodulesare transparento TCG-
S (implying fasterconvergenceto a desiredsolution), placementwith
position constraintshecomesnuch easier and incrementalupdatefor
costevaluationcanbe realized. Thesenice propertiesmale TCG-Sa
superiorrepresentationvhich exhibits an elegant solution structureto
facilitatethe searchfor a desiredfloorplan/placementExtensve exper
imentsshawv that TCG-Sresultsin the bestareautilization, wirelength
optimization, corvergencespeed,and stability amongexisting works
andis very flexible in handlingplacementvith specialconstraints.

Categoriesand Subject Descriptors

J.6 [COMPUTER-AIDED ENGINEERING]: Computefaided de-
sign(CAD)

General Terms
Algorithms

1 Intr oduction

As technologyadwancesthe circuit sizein modernVLSI designin-
creasesiramatically To handlethe increasingdesigncompleity, hier
archicaldesignsand IP modulesare widely usedto optimizeareaand
timing for designcorvergence.Further the needto integrateheteroge-
neoussystemr specialmodulesmposessomeplacementonstraints,
e.g.,the boundary-moduleonstraintwhich requiressomemodulesto
be placedalong the chip boundariesfor shorterconnectiongto pads,
the preplaced-moduleonstraintwhich pre-assignsnodulesto specific
positions,etc. Thesetrendsmale floorplanning/placemermuchmore
importantthanever, andit is of particularsignificanceto considerthe
floorplanning/placemenwith variousconstraints. To copewith these
challengesit is desiredto develop an efficient and effective floorplan
representatiothat canmodelthe geometricrelationsamongregular as
well asconstrainednodules.

Mary floorplanrepresentationsave beenproposedn theliterature,
e.g., slicing tree [13], normalizedPolish expression(NPE) [18], Se-
quencePair (SP)[10], Bounded-Slicelingsrid (BSG)[12], O-tree[3],
B*-tree [1], CornerBlock List (CBL) [4], Transitve ClosureGraph
(TCG) [8], and Q-sequencégl5]. Unlike the traditional classification
of the slicing and non-slicing structureswe can alternatvely classify
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theminto two categories,P*-admissibleand non-P*-admissiblaepre-
sentations A representatioiis saidto be P-admissibléf it satisfieshe

following four conditiong[10]: (1) thesolutionspacds finite, (2) every

solutionis feasible,(3) packingand costevaluationcanbe performed
in polynomialtime, and(4) the bestevaluatedpackingin the spacecor-

respondgo anoptimal placementWe extendin this paperthe concept
of the P-admissibleaepresentationo that of the P*-admissibleone by

addingthefifth condition: (5) the geometricrelationbetweeneachpair

of modulesis definedin the representationWith this condition, gen-
eralfloorplans/placemenisanbe modeled.Therefore a P*-admissible
representatiorontainsa completestructurefor searchingor an opti-

mal floorplan/placemengolution. Therefore,it is desirableto develop

aneffective andflexible P*-admissiblerepresentation.

Amongthe existing popularrepresentation$SR BSG,andTCG are
P*-admissiblewnhile slicing tree, NPE, O-tree, B*-tree, CBL, and Q-
sequencarenot. TheslicingtreeandNPEareintendedor slicingfloor-
plansonly. Sinceanoptimalplacementouldbeanon-slicingstructure,
thetwo representationarenot P-admissiblendthusnot P*-admissible
(i.e., violation of P*-admissibility Condition (4)). An O-treedefines
only one-dimensionajeometricatelationbetweercompactednodules
andthuscanobtaintherelationin the otherdimensiononly after pack-
ing (i.e., violation of Condition(5)). (Notethat O-treeis undefinedfor
someuncompacteglacementsvhich may correspondo the bestsolu-
tions for wirelengthoptimization. Thereforeasfar aswirelengthopti-
mizationis concernedQ-treeis not even P-admissiblesinceCondition
(4) is violated.) A B*-tree requiresa placemento beleft and/orbottom
compacted However, the spaceintendedfor placinga modulemay be
occupiedby previously placedmodulesduring packing,resultingin a
mismatchbetweerthe original representatioandits compactedlace-
ment. Therefore,it may not be feasibleto find a compacteclacement
correspondingo the original B*-tree, andthusit is not P-admissible
(i.e., violation of Condition(2)). CBL and Q-sequence&anrepresent
only mosaicfloorplans,in which eachregion in the floorplan contains
exactly onemodule.CBL andQ-sequencarenot P-admissibldecause
it cannotguaranteafeasiblesolutionafteraperturbatior{i.e., violation
of Conditions(2) and(4)). Non-P*-admissibleepresentationmtrinsi-
cally have a smallersolution spaceand lower packingcostsincetheir
correspondingloorplanning/placemenstructuresare more restricted
(e.g.,slicing structuregslicing tree,NPE], mosaicfloorplans[CBL, Q-
sequence]compactedplacementdO-tree, B*-tree], etc)! However,
lack of the definition on the geometricrelation betweeneachpair of
modules the guaranteén the feasibility, and/orthe optimality of their
representationgould inevitably complicatefloorplansizingandplace-
mentwith constraintsjeadto longerrunningtimes, and/orlower solu-
tion quality.

Theexisting P*-admissiblaepresentation§P BSG,andTCG, have
their own distinct propertiesas well as commonones. Nevertheless,
researchertendto favor SP over BSG becauseBSG incurs mary re-
dundanciesand thus a much larger solution space,implying a longer
runningtimeto searctor agoodsolution. Thereforewe shallfocuson
SPandTCG. Both SPandTCG areconsideredrery flexible representa-
tionsandconstructconstraintgraphsto evaluatetheir packingcost. SP
consistf two sequenceef modules(I'y, I'_), whereI'y (I'_) speci-
fiesthemoduleorderingfrom top-left (bottom-left)to bottom-right(top-
right). Hence,I'_ correspondso the orderingfor packingmodulesto
thebottom-leftdirectionandthuscanbe usedto guidemodulepacking.

LGeneralityfrom the mostgeneralto the leastgeneral:generalfloorplan -
compactedloorplan> mosaicfloorplans slicingfloorplan.



However, like mostexisting representationge.g., NPE, BSG, O-tree,
B*-tree, CBL, Q-sequence)the geometricrelationsbetweenmodules
arenot transpaentto the operationsof SP(i.e., the effect of anopera-
tion on the changeof modulerelationis not clearbeforepacking),and
thuswe needto constructconstrainigraphsfrom scratchaftereachper
turbationto evaluatethepackingcost;this deficieny makesSPharderto
corvergeto adesiredsolutionandto handleplacementvith constraints
(e.g.,boundarymodules pre-placednodulesgtc).

TCG consistsof a horizontaltransitve closuregraphC}, to define
the horizontalgeometricrelationsbetweenmodulesand a vertical one
C, for verticalgeometricrelations. Contrastto SR, the geometricrela-
tionsbetweermmodulesaretransparento TCG aswell asits operations,
facilitating the corvergenceto a desiredsolution. Further TCG sup-
portsincrementalupdateduring operationsand keepsthe information
of boundarymodulesaswell asthe shapesandthe relative positionsof
modulesin therepresentationNeverthelesslike SP. constraintgraphs
arealsoneededor TCG to evaluateits packingcost,andunlike SR we

needto performextraoperationgo obtainthemodulepackingsequence.

Therefore aninterestingquestionarises:|s it possibleto develop a
representatiothat cancombinethe advantageof SPand TCG andat
thesametime eliminatetheir disadwantages®e answetthis questiorin
affirmation by shaving the equivalenceof TCG andSP andintegrating
theminto TCG-S= (C}, Cy, '_). Theorthogonakombinatiorleadsto
arepresentatiowith atleastthefollowing advantages:

e With the property of SR faster O(mlgm)-time packing
and O(m)-time perturbationschemesare possiblefor a P*-
admissiblerepresentationwherem is the numberof modules.
(Note thata lineartime packingschemas possiblefor the tree-
basedepresentationgut they canrepresenbnly morerestricted
compactedloorplans.)

e Inheritedfrom TCG, thegeometricrelationsamongmodulesare
transparento TCG-S,implying fastercorvergenceto a desired
solution.

e Inherited from TCG, placementwith position constraintsbe-
comesmucheasier

e TCG-Scansupportincrementalipdatefor costevaluation.

Thesenice propertiesmake TCG-S an effective, efficient, andflexible
representatiorExtensve experimentsasecn a setof commonlyused
MCNC benchmarkshawv that TCG-Sresultsin the bestareautiliza-
tion, wirelengthoptimization,convergencespeedandsolutionstability
amongexisting works.

To shaw the flexibility of TCG-S,we alsoconsidemplacementwith
preplacecandboundarymodules.For placementvith pre-placednod-
ules,Murataetal. [11] proposedan adaptationalgorithmto transform
an infeasible SP with preplacedmodulesinto a feasibleone. How-
ever, the processincurs expensve computations. For placementwith
the boundary-modul&onstraint,TangandWongin [16] andMa et al.
in [9] handlecthis problemusing SPandCBL, respectiely. However,
they cannotguarantee feasiblesolutionin eachperturbatiorandtheir
final placementsLai etal. in [6] gave the feasibility conditionsfor SP
with boundarymodulesand transformedan infeasiblesolutioninto a
feasibleone.However, the methodis very complex, andmary rulesare
neededo copewith the constraints

We presentin this paperthe methodsfor handlingplacementwith
preplacedand boundarymodules. Differentfrom the previous works
on boundarymodulesthat cannotguarantee feasiblesolutionor need
to transformaninfeasiblesolutioninto a feasibleone, TCG-Scaneas-
ily maintainthe feasibility during eachperturbation.We comparecur
work with [6] on placementwith boundarymodules. (Note that there
are no commonbenchmarkcircuits for this constraint.) Experimental
resultsshav that TCG-Sresultsin smallerareaghan[6].

The remainderof this paperis organizedasfollows. Section2 for-
mulateghefloorplan/placemerndesignproblem.Section3 compare SP
andTCG. Section4 presentghe procedureso build the TCG-Sfrom a
placementand constructthe placemenfrom a TCG-S. Section5 gives
the operationgo perturba TCG-S. Section6 presentour methodsto
handleplacementvith boundaryandpreplacednodules.Experimental
resultsarereportedn Section?. Finally, we give concludingremarksin
Section8.

2 Problem Definition

Let B = {b1, b2, ..., b } beasetof m rectangulamoduleswhose
width, height,andareaaredenotecby W;, H;, andA;,1 < ¢ < m. Let
(4, v:) (=}, y;)) denotecoordinateof the bottom-left(top-right)corner
of moduleb;, 1 <1 < m, onachip. A placemenf is anassignmenof
(zi,y:) for eachb;, 1 < i < m, suchthatnotwo modulesoverlap. The
goal of floorplanning/placemeris to optimizea predefineccostmetric
suchasacombinatiorof thearea(i.e.,theminimumboundingrectangle
of P) and/orthe wirelength(i.e., the summationof half boundingbox
of interconnectionsinducedby the assignmenof b;’s on the chip.

3 P*-admissible Representations

In thissectionwe first review thetwo P*-admissibleepresentations,
TCG andSR thenshaw theirequivalence andcomparetheir properties.
3.1 Reviewof TCG and SP

TCG describeghe geometricrelationsbetweenmodulesbasedon
two graphsnpamelyahorizontaltransitiveclosue graphCj, andaverti-
cal transitiveclosue graph C,, in whichanoden; representa module
b; andanedge(n;,n;) in Cp, (C,) denoteshatmoduleb; is left to (be-
low) moduleb;. TCG hasthefollowing threefeasibility properties[8]:

1. C, andC, areagyclic.

2. Eachpair of nodesmustbe connectedy exactly oneedgeeither
in Cp, orin C,.

3. Thetransitive closureof Cy, (C,) is equalto Cy, (C,) itself.2

Figure1(a) shavs a placementwvith seven modulesa, b, ¢, d, e, f,
and g 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), respectiely. Figure1(c) shavs the
TCG = (Ch, C,) correspondindo the placemenbf Figure1(a). The
valueassociateavith anodein C}, (C,) givesthewidth (height)of the
correspondingnodule,andthe edge(n;, n;) in C (C,) denoteshe
horizontal (vertical) relation of b; andb;. Sincethereexists an edge
(ne,ng) in Cx, moduleb, is left to b,. Similarly, b, is belav b, since
thereexistsanedge(na, ny) in Cy.

SP uses a pair of sequences(I'y,I'_) to representa floor-
plan/placementwhereI'; andI'— give two permutationsof module
names.The geometricrelationof modulescanbe derived from an SP
asfollows. Moduleb,, is left (right) to moduleb, if a appearsdefore
(after)d in bothT" andI"_. Moduleb, is belon (abose) moduleb if
b appeardefore(after) a in 'y anda appeardefore(after)b in I'—_.
Figure1(b) shawvs the correspondin@gP Sincea is beforeg in bothI'¢
andI'_, moduleb, is left to moduleb,. Similarly, b, is belov b, since
ais afterbin T'y andbeforeb inT'_.

| (cbfedag, abcdegf)

Figurel: (a) A placement(b) ThecorrespondingPof (a). (c) Thecorresponding CG
of (a).

3.2 Equivalenceof SPand TCG

Liketherelationsbetweeraskewedslicingtree[13] andanNPE[18]
for slicing floorplansaswell asO-treeandB*-tree for non-slicingfloor-
plans, TCG andSPareequialent.

We cantransformbetweenTCG and SPasfollows: Let the fan-in
(fan-ou) of a noden;, denotedby Fi,(n;) (Fout(ni)), be the nodes
n;'swith edges(n;, n;) ((ni, nj)). Givena TCG, we canobtaina se-
quencel'y by repeatedlyextractinga noden; with F;,(n;) = @ in
Chy and Foui(n;) = 0 in Cy, andthendeletingthe edges(n;, n;)’s

2The transitie closureof a directedagyclic graphG is definedasthe graph
G' = (V,E'), whereE’ ={(n;, n;): thereis a pathfrom noden; to noden;
in G}.



((nj,nq)’'s) from Cy (Cy) until no nodeis left in Cp, (Cy). Similarly,
we cantransforma TCG into anothersequencd™_ by repeatedlyex-
tractingthe noden; with Fj,(n;) = @ bothin C, andC}, andthen
deletingthe edgeq(n;, n;)’s from both C, andC,, until no nodeis left
in Cp andC,. GivenanSP= (I',I'_), we canobtaina uniqueTCG
= (Ch, C,) from the two constraintgraphsof the SPby removing the
source sink, andassociate@dges.For example,the SPof Figuresl1(b)
is equivalentto the TCG of Figuresl(c).

3.3 ComparisonbetweenTCG and SP

Although TCG and SP are equivalent, their propertiesandinduced
operationsare significantly different. (Similar situationsare alsowith
skewedslicingtrees/NPESandO-trees/B*-trees.BothSPandTCGare
consideredrery flexible representationandconstructconstraingraphs
to evaluatetheir packingcost. I'_ of an SP correspondso the order
ing for packingmodulesto the bottom-left direction and thus can be
usedfor guiding modulepacking. However, like mostexisting repre-
sentationsthe geometricrelationsamongmodulesare not transparent
to the operationf SP(i.e., the effect of anoperationon the changeof
modulerelationis not clearbeforepacking),andthuswe needto con-
structconstraintgraphsfrom scratchafter eachperturbatiorto evaluate
the packingcost; this deficiengy makes SP harderto cornvergeto a de-
siredsolutionandto handleplacementvith constraintge.g.,boundary
modules pre-placednodulesgtc).

Contrastto SR, the geometricrelationsamongmodulesaretranspar
entto TCG aswell asits operationsfacilitating the corvergenceto a
desiredsolution. Further TCG supportsncrementalupdateduring op-
erationsandkeepsthe informationof boundarymodulesaswell asthe
shapesandthe relative positionsof modulesin the representationUn-
like SR neverthelessye needto performextra operationgo obtainthe
modulepackingsequencandanadditionalO(m?) timeto find aspecial
type of edgescalledreductionedees in C}, (C,) for someoperations.
(Wewill definetheedgedater)

For both SPandTCG, the packingschemeby applyingthe longest
pathalgorithmis time-consuminginceall edgesn theconstraingraphs
areprocessediventhoughthey arenotonthelongestpath.As shavnin
C}, of Figurel(c), if we adda sourcewith zeroweightandconnecit to
thosenodeswith zeroin-degree thex coordinateof eachmodulecanbe
obtainedby applyingthelongestpathalgorithmontheresultingdirected
agyclic graph. Therefore,we have z, = max{z;, =}, =,, Ty, T.}.
However, if we placemoduleshasednthesequenc& - andmaintaina
horizontalanda vertical contours,denotedvy R;, and R, respectiely,
for the placedmodulesthe numberof nodesneedto be consideredan
bereducedLet Ry, (R,) bealist of modulesh;’s for which thereexists
no moduleb; with y; > y; (z; > z;) andz} > =z (y; > y;). Forthe
placemenbf Figure1(a), for example,R, =< b.,by > andR, =<
bg,bq, be, by, b >. Supposewe have paclked the modulesb,, by, b,
bq, andb. basedon the sequencd’_. Then, the resultinghorizontal
CONtourRy, =< be, be,bg >. KeepingRy,, we only needto traversethe
contourfrom b., the successoof b., to thelastmoduleb,, which have
horizontalrelationswith b, (sincethereareedgegn., ny) and(nq, ny)
in Cp,). Thus,we have z, = ;. Packingmodulesin this way, we only
needto considerz. andz,4, andcangetrid of the computationfor a
maximumvalue,leadingto afastermpackingschemeWe will shaw later
how to applyabalancedinarytreeto implementthe contouroperation
to getaloglineartime packingscheme.

4 The TCG-S Representation

CombiningTCG = (Cy,C,) andSP= (I'y,I'_), we develop a
representatiorzalledTCG-S= (C}, Cy,I'-), which usesa horizontal
and a vertical transitve closuregraphsaswell asa packingsequence
T'_ to representa placement. In this section,we first introducehow
to constructl'_, C}, andC, from a placement.Then,we proposean
O(mlg m)-time packingschemédor TCG-S,wherem is thenumberof
modules.

4.1 Fromaplacementto TCG-S

In this subsectionwe first extractT'_ from a placementandthen
constructCy, andC, accordingoI'_.

For two non-overlappedmodulesh; andb;, b; is saidto be horizon-
tally (vertically) relatedto b;, denotedoy b; - b; (bs L b;), if b; is left
to (belaw) b; andtheir projectionson the y (z) axis overlap. For two
non-oserlappedmodulesh; andb;, b; is saidto bediagonally relatedto

b; if b; is left to b; andtheir projectionson the z andthey axesdo not
overlap. To simplify the operationson geometricrelations,a diagonal
relationfor modulesh; andb; is treatedasa horizontaloneunlessthere
exists a chainof vertical relationsfrom b; (b;), followed by the mod-
ulesoverlappedwith therectangledefinedby thetwo closestcornersof
b; andb;, andfinally to b; (b;), for which it is consideredasb; L b;
(b; L b;).

Givenaplacement]'— canbe extractedbasedon the procedurede-
scribedin [10]. For example,the ' for the placemenbf Figure2(a)
is < abcdegf >. After extractingI'—, we canconstructCy and C,
basedonI'_. For eachmoduleb; in I'_, we introducea noden; with
theweightbeingb;’s width (height)in C}, (C,). Also, for eachmodule
b; beforeb; in I'_, we introduceanedge(n;, n;) in Cy (Cv) if b; F b;
(b; L b;). As shawn in Figures2(b), for thefirst two modulesb,, by in
T'_, weintroducethenodesn, andny in Cy, (C,) andassigrtheweights
astheirwidths (heights).Also, we constructa directededge(ng, ns) in
C, sincemoduleb,, is beforeb, andb,, L b,. Theprocesgepeatdor all
modulesin I'_, resultingin the TCG-Sshawn in Figure2(b). We have
thefollowing theorem.

Theorem1 Thek existsa TCG-Scorrespondingo a placement.

A r:abcdegf
5 35

Figure2: (a) A placement(b) Thecorrespondind CG-Sof (a).

4.2 From TCG-Sto aplacement

In this subsectionwe proposean O(m lg m)-time packingscheme
basednI'_ aswell asahorizontalanda verticalcontoursR;, andR,,
wherem is the numberof modules. The basicideais to processthe
moduleshasednthesequenceéefinedin I, andthenpackthecurrent
moduleto a cornerformed by two previously placedmodulesin Ry,
(Ry) accordingto thegeometriarelationsdefinedin C, andC,.

We detail the packingschemeasfollows. Recallthat Ry, (R,) is a
list of modulesb;’s for which thereexists no moduleb; with y; > y;
(z; > x;) andz; > x; (y; > yi). (Ra (Ry) consistof modulesalong
thetop (left) boundaryof a placement.)We cankeepthe modulesh;’s
in Ry, (R,) in abalancedinarysearchree(e.g.,thered-blackiree[2])
Ty, (Ty) in theincreasingorderaccordingo theirright (top) boundaries.
For easierpresentationwe add a dummymoduleb; (b:) to R (Ry)
to denotethe left (bottom)boundarymoduleof a placement.We have
bs F b; andb; L b;, Vb;. Let(z),y.) = (0,00) and(z}, ;) = (00, 0).
Ry, (R,) consistsof bs (b) initially, andso doesthe correspondind’,
(Tv). To packa moduleb; in T'_, we traversethe modulesby’s in T},
(T%) fromits root, andgo to theright child if b; F b; (b, L b;) andthe
left child if b L b; (bx F b;). The processs repeatedor the newly
encounterednoduleuntil aleaf nodeis met. Then,b; is connectedo
theleafnode,andz; = z;, (y; = y,), whereb, is thelastmodulewith
by - b; (bp L b;) in thepath. After b; is insertedinto T3, (1), every
successob; with ] < xg (y; < y;-) in T, (T.,) is deletedsinced; is no
longerin thecontour (Notethatthe orderingof nodesn T3, (T,) canbe
obtainedby depth-firstsearch.)This procesgepeatdor all modulesin
I'_. Wehare W =z, (H = y,) if b, is themodulein theresultingT},
(T) with thelargestvalue,whereW (H) denoteghewidth (height)of
the placementWe have thefollowing theoremsandlemmas.

Theorem2 The existsa uniqueplacementorrespondingo a TCG-
S.

Lemmal For eacdh moduleb; in T'_, b; mustbe placedadjacentto the
right (top) boundaryof somemoduleb; in Ry, (R,) during the padking.
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Figu re3: Thepackingscheméor the TCG-Sof Figure2(b).

Lemma 2 Givenamoduleb; inT'_ tobeplaced,f b; € Ry (R,),b; L
b; (b; F bs), andb; hasthelargestz’; (y;), anymoduleby € Ry (Ry)
withz}, > @} (y}, > y;)) cannothavetherelationby + b; (bx L bs).

Theorem 3 The proposed scheme correctly padks all modulesin
O(mlgm) timg whee m is thenumberof modules.

Figures3 shaws the packingschemefor the TCG-Sof Figure2(b).
Ty (Ty) consistof b, (b:) initially. To packthe first moduleb, in T'—,
we traverseTy, (T,) from therootb, (b:) andinsertit to theright child
of bs (by) sincebs + b, (b; L b,). Thereforethe first moduleb, in
I'_ is placedat the bottom-leftcorner(i.e., (x4, o) = (0,0)) sinceb,
(b¢) is the lastmodulethatis horizontally (vertically) relatedto b, and
xy = 0 (y; = 0). (NotethatT}, (T,) in Figures3(a)denotesa balanced
binary searchtreeafterb,, is insertedinto T3, (7,).) Similarly, to pack
the secondmoduled,, in I'_, we traverseT}, from therootb, andthen
its right child sinceb, F by. Then,b, is insertedto the left child of b,
sinceb; L b,. Becausé; is thelastmodulewith b, F b in the path,
zp = x5 = 0. Similarly, we traverseT,, from therootb; andthenits
right child b, sinceb, L b;. Then,b, is insertedto theright child of b,,
in T, sinceb, L by,. Thereforey, = y, = 1.5 becausé, is thelast
modulewith b, L by in the path. Theresultingbalancedinary search
treesafter performingtree rotationsT},, T, are shavn in Figure 3(b)
(see[2] for the rotation operationsfor keepinga tree balanced). As
shavn in Figure3(c), afterb, is inserted p, in T}, is deletedsinceby is
thesuccessoof b, andz}, < z, (i.e.,b, is nolongerin thecontour).The
resultingTy, andT;, areshavn in Figure3(c). The processs repeated
for all modulesn T'—.

Accordingto this packingschemeif thecoordinateof amoduleb; in
I'_ is changedwe only needto recomputehe coordinateof modules
afterb; in I'— sincethe coordinate®f modulesheforeb; donotchange.

5 Floorplanning Algorithm

We develop a simulatedannealingbasedalgorithm [5] by using
TCG-Sfor generalfloorplandesign. Givenaninitial TCG-S,the algo-
rithm perturbsthe TCG-Sinto a new TCG-Sto find a desiredsolution.
To ensurethe correctnes®f the new Cj, andC,, they mustsatisfythe
threefeasibility conditionsgivenin Section3.1. To identify feasibleC’,
andC,, for perturbationwe describethe conceptof reductionedgesin
thefollowing subsection.
5.1 ReductionEdge

An edge(n;,n;) is saidto be a reductionedee if theredoesnot
exist anothemathfrom n; to n;, exceptthe edge(n;, n;) itself; other
wise, it is a closue edge, for someoperationsln Figure2(b), for exam-
ple, edges(nq, ng), (n4, ng), and(n., ny) arereductionedgeswhile
(ns,ng) and(ne, ny) areclosureones. With I'_, we canfind a setof
reductionedgesin O(m) time (wherem is the numberof modules) a
significantimprovementfrom O(m?) time usingTCG alone[8].

Givenanarbitrarynoden; in atransitve closuregraphCy, (Cy), we
canfind all the nodesn;’s thatform reductionedges(n;, n;)’s usinga
Linear Scanmethodasfollows. First, we extractfrom I'_ thosenodes
n;’sin Foyut(n;) of Cy, (Cy) andkeeptheiroriginal orderingin I'—. Let
theresultingsequencée S. Thefirst nodens in S andn; mustform
areductionedge(n;, nt ). Then,we continueto traverseS until anode
n; with (ng, n;) notin C, (C,) is encountered(n;, n;) mustalsobea

reductionedge.Startingfrom n;, we continuethe sameprocessuntil no
nodeis leftin S.

As anexampleshown in C}, of Figure2(b), we areto extractall re-
ductionedgesemanatingrom n.. Wefirstfind S =< ngq, ne, ng, ny >
by extractingnodesin F,,.(n.) basedon the sequencén I'_. n. and
thefirstnoden, in S form areductionedge(n., nq). TraversingsS, we
have anothereductionedge(n., ne) sinceedge(ng, ne) is notin Ch.
Startingfrom n., we searctthenext noden with (n., n) notin Cj,. We
find nodeny, implying that (n., ny) is alsoa reductionedge. There-
fore, we have found all reductionedgesemanatingrom n.: (nc, n4),
(nc, ne), and(ne, nyg). (Notethat(n., ng) is notareductionedgebe-
causewe found (n., ng) in Cj, duringtheprocessing.)

Theorem4 Givenanoden; in C, (Cy), theLinear Scanmethodfinds
all reductionedges emanatingromn; in O(m) time, whee m is the
numberof modules.

5.2 Solution Perturbation

We extendthe four operationsRotation Swap Reverse and Move
presentedn [8] to perturbC}, andC,. During eachperturbationwe
mustmaintainthethreefeasibility propertiedor C, andC, . Unlike the
Rotationoperation Swap, Reverse andMove may changethe configu-
rationsof Cj, andC, andthustheir properties Further we alsoneedto
maintainI'_ to conformto the topologicalorderingof the new C}, and
Cy.

5.2.1 Rotation

To Rotatea moduleb;, we exchangethe weightsof the corresponding
noden; in Cp, andC,. Sincethe configurationsof C, andC,, do not

changesodosel'_. Figure4(a)shaws theresultingTCG-Safterrotat-

ing the moduleg shawvn in Figure2(b). Notice thatthenew I'_ is the

sameasthatin Figure4(a).

r :abcdegf

(b) Swap (n; ng v

r _:abgedcf
” n. 1an,
5' g

c "¢,
(c) Reverse (ry ng) (d)Move (n, ng)

Flgure4: Four typesof perturbation.(a) TheresultingTCG-Safterrotatingthe module
by shavn in Figure 2(b). (b) The resulting TCG-S after swappingthe nodesn. andng
shownin (a). (c) TheresultingTCG-Safterreversingthereductionedge(ng, n. ) shovnin
(b). (d) TheresultingTCG-Saftermoving thereductionedge(n,, n.) from the C, of (c)
toCh.

5.2.2 Swap

Swappingn; andn; doesnot changethe topologiesof C, andC,, ex-
ceptthatnodesn; andn; in bothC}, andC, areexchangedTherefore,
we only needto exchangeb; andb; in I'—. Figure4(b) shawvs theresult-
ing TCG-Safter swappingthe nodesn. andny shavn in Figure4(a).
Noticethatthemodulesh. andb, in T'_ in Figure4(b) areexchanged.

5.2.3 Reverse

Reversechangeshe geometricrelationbetweerb; andb; from b; + b;
(bs L b;) tob; F b; (b; L b;). Toreverseareductionedge(n;, n;) in
onetransitve closuregraph,we first deletethe edge(n;, n;) from the
graph,andthenaddthe edge(n;, n;) to thegraph.To keepC}, andC,
feasiblefor eachnoden;, € Fi,(n;)U{n;} andn; € F,u:(n;)U{n;}
in the new graph,we have to keepthe edge(n, n;) in the new graph.



If theedgedoesnotexist in thegraph,we addthe edgeto thegraphand
deletethe correspondingdge(nk, n;) (or (n;, nk)) in the othergraph.
TomakeI'- conformto thetopologicalorderingof thenew C, andC,,
we deleteb; from ' andinsertb; afterd;. For eachmoduleb, between
b; andb; in I'_, we shallcheckwhetherthe edge(n;, ) existsin the
samegraph. We do nothingif the edge(n;, nx) doesnot exist in the
samegraph;otherwisewe deleteb, fromI'_ andinsertit afterthemost
recentlyinsertedmodule.

Figure4(c) shavs theresultingTCG-Safter reversingthe reduction
ed@ (nq, ne) of the C, in Figure4(b). Sincethereexists no module
betweerb; andb. in I'_, we only needto deleteb, from I'_ andinsert
it afterb., andtheresultingl'_ is shavn in Figure4(c).

5.2.4 Move

Move changegshe geometricrelationbetweenb; andb; from b; + b;
(b; L b;)tob; L bj (b; - b;). Tomoveareductionedge(n;, n;) froma
transitve closuregraphG to theotherG’, we deletetheedgefrom G and
thenaddit to G’. Similarto Reverse for eachnodeny, € Fiy, (n;)U{n;}
andn; € F,y:(n;)U{n;}in G', we mustmove theedge(ny, n;) to G’
if thethe correspondingdge(nyg, n;) (or (ni, nk)) isin G. Sincethe
operationchangenly the edgesin Cj, or C, but not the topological
orderingamongnodesI'_ remainsunchanged.

Figure 4(d) shavs the resulting TCG-S after moving the reduction
ed@® (nq, ne) from C, to Cj, in Figure4(c). Notice that the resulting
T'_ isthesameasthatin Figure4(c).

Fortheabove operationsRotationandMove do notchangehetopo-
logical orderingof I'_ while Swap and Reverseneedrespectie O(1)
andO(m) timesto maintainthe topologicalorderingof I'_, wherem
is the numberof modules We have thefollowing theorem.

Theorem5 TCG-Sis closedunderthe Rotation, Swap,Reverse and
Move opeiations.

In particular it suficesto applythefour perturbationgo explorethe
whole solutionspace.Extendingthe similar work by [17] for TCG, we
have thefollowing theorem.

Theorem6 Giventwo arbitrary TCG-S5S; and S22, wecanobtain .S,
from Sy by applyinga finite numberof Rotation, Swap,Reverse and
Move opeiations,andviceversa.

6 Placementwith Constraints

In this sectionwe demonstrat¢heflexibility of TCG-Shy extending
it to handleplacementvith boundaryandpre-placednodules.
6.1 TCG-Swith Boundary Modules

Theplacementvith boundaryconstraintss to placea setof prespec-
ified modulesalongthe designatedoundarief a chip, which canbe
formulatedasfollows:

Definition 1 BoundaryConstraint:Givena boundarymoduleb, it must
beplacedin oneof thefour sides:ontheleft, ontheright, at thebottom
or atthetopin a chip in thefinal pading.

TCG-S keepsthe following propertiesthat make placementwith
boundaryconstraintsnucheasierthanotherrepresentations.

Theorem 7 If amoduleb; is placedalongtheleft (right) boundarythe
in-dggree (out-dgyree) of thenoden; in C}, equalszeo. If a moduleb;
is placedalongthe bottom(top) boundarythein-degree (out-degree)of
noden; in C, equalszeo.

For eachperturbation,we can guaranteea feasible placementby
checkingwhetherthe conditionsof boundarymodulesaresatisfied We
discusghemodificationdor thefour perturbatioroperationsasfollows.
6.1.1 Rotation
SinceRotationdoesnot changemodulelocation,the operationremains
the sameasbefore.

6.1.2 Swap
We canswaptwo nodesn, andn, if
1. b, andb, arenotboundarymodules,
2. b, andb, areboundarymodulesof the sametype,or

3. b, isaboundarymoduleandb, is not,andn, satisfieshebound-
ary constrainiof b, .

6.1.3 Reverse

If b, isaleft boundarymoduleor b, is aright boundarymodule thenthe
reductionedge(na, np) in C, cannotbereversed.Similarly, we cannot
reversethe reductionedge(nq, ns) in C, if b, is a bottomboundary
moduleor by, is atop boundarymodule

6.1.4 Move
If b, is atop boundarymoduleor b, is a bottomboundarymodule,we
cannotmave thereductionedge(n,, ny) from Cj, to C,,. Similarly, we
cannotmove thereductionedge(n,, ) from C, to Cy, if b, is aright
boundarymoduleor by, is aleft boundarymodule

We have thefollowing theorem.

Theorem8 TCG-Sis closedunderthe Rotation, Swap,Reverse and
Move opeiationswith boundaryconstaints.

6.2 TCG-Swith Pre-placedModules

Theplacementvith pre-placednoduless to placea setof prespeci-
fied modulesat the designatediocationsof a chip, which canbeformu-
latedasfollows:

Definition 2 Pre-placedConstraint:Givena moduleb; with a fixedco-
ordinate(z;, ;) andan orientation,b; mustbe placedat thedesignated
locationwith the sameorientationin thefinal padking.

Whethera pre-placednoduleis pacled at a correctlocationis not
known until packing.Also, changingthe coordinateof amoduleb; may
affect the packingfor othermodulesafterd; in I'_. Thereforewe may
needto modify a TCG-Sto guarantea feasibleplacementvith the pre-
placedconstraint@aftereachperturbation.

Given a TCG-S, modulesare pacled one by one basedon the se-
quenceof I'_. A moduleb; interactswith anothermoduleb; if (1) b;
overlapsh;, (2) b; - b; andtheir projectionsonthey axisoverlap,or (3)
b; L b; andtheirprojectionsonthez axisoverlap.If b; interactswith a
pre-placednoduleb; andb; wasnot placed,n; andn; areswappedin
the TCG-Sto make b; placedatthe designatedocation.If apre-placed
moduleb; wasplacedandtheresultingplacemenbf b; doesnotinteract
with itself at the designatedocation,we swapb; with thenodeb; right
afterd; in I'_; otherwisep; is placedatthe designatedocationif there
existsno modulebehindb; inT'_.

7 Experimental Results

Basedon a simulatedannealingmethod[5], we implementedthe
TCG-Srepresentatiom the C++ programmindanguagena433MHz
SUN SparcUltra-60workstationwith 1 GB memory Thesourcecodeis
availableat http://cc.ee.ntu.edu.twdywchang/research.htmBasedon
thefive commonlyusedMCNC benchmarlcircuits, we conductedour
experiments;(1) areaoptimization,(2) wirelengthoptimization,(3) so-
lution convergencespeedandstability, and(4) placementwith boundary
constraints.In Table1, Columns2 and3 list the respectie numbersof
modulesandnetsof thefive circuits.

For Experiment(1), the areaand runtime comparisonamongSR
O-tree,B*-tree, enhanced-tree,CBL, and TCG arelistedin Table1.
As shavn in Table1, TCG-Sachievesthe bestareautilization for the
benchmarlcircuitsin very efficientrunningtimes. Figure6 (left) shavs
theresultingplacemenfor ami49with areaoptimization.

For Experiment(2), we estimatedthe wirelengthof a net by half
the perimeterof the minimum boundingbox enclosingthe net. The
wirelengthof a placements given by the summatiorof thewirelengths
of all nets.As shawvn in Table2, TCG-Sachievesbetteraverageresults
in wirelengththanO-tree enhance®-tree,andTCGin smallerrunning
times. (Notethatwe did not comparewith B*-tree andCBL heresince
they did notreportthe resultson optimizingwirelengthalone.)

In additionto theareaandtiming optimization,in Experiment(3)we
alsocomparedhe solutioncorvergencespeedand stability amongSR,
TCG, and TCG-Sto eliminatethe possibleunfairnessdueto the non-
deterministicoehaior of simulatedannealingwhich wereneglectedin
mostpreviousworks. (Notethatothertoolsarenotavailableto usfor the
comparatre study) We randomlyran SP TCG, and TCG-Son ami49
tentimesbasedon the sameinitial placementwhoseareais 102mm?.
Theresultingareasare plotted as functionsof the runningtimes(sec).
Figures5(a), (b), and (c) shav the resultingcurwes of SB TCG, and
TCG-S,respectiely. To seethe detailedcorvergencerates,we shav in



7 3 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 | Time
mm?2 | sec || mm? | sec || mm sec || mm2 | sec mm?> sec || mm sec || mm? sec ‘

apte 9 97 48.12 13 471 38 46.92 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

Tablel: Areaand runtime comparison@mongSP (on SunSparcUltra60), O-tree(SparcUltra 60), B*-tree (SparcUltra-1), enhanced-tree(SparcUltra60), CBL (Sparc20), TCG
(SparcUltra60)and TCG-S(SparcUltra60)for areaoptimization. The bestareasarein boldface.

Figuress only the potionswhoseareasaresmallerthan47 mm?. Asil-
lustratedn Figure5(c), TCG-Scorvergesvery fastto desiredsolutions,
andthe resultsarevery stable(< 37.5 mm? for all runs). In contrast,
the convergencespeedof SPis much slower than TCG-S and TCG,
and the resulting areasare often larger than 39 mm?. Further there
is a large variancein its final solutions. Basedon the experimentalre-
sults,we rankthe corvergencespeedrom thefastesto the slowestand
the solutionstability from the moststableto the leaststableasfollows:
TCG-S»> TCG > SR We notethatthe stability andcorvergencespeed
shouldbe very importantmetricsto evaluatethe quality of a floorplan
representatiobecausehey reveal the correspondingolutionstructure
for optimization. However, they were oftenignoredin previous works.
(Most previous works focus on the comparisonof solution spaceand
packingcompleity. Neverthelesswe find thatthe solutionstructurein-
ducedby arepresentatioplaysanevenmoreimportantrolein floorplan
optimization.)

enhanced
O-tree O-tree TCG TCG-S

Circuit Wire Time Wire Time Wire Time Wire Time
mm sec mm sec mm sec mm sec

apte 317 a7 317 15 363 2 363 2

XEerox 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: WirelengthandruntimecomparisoneamongO-tree enhance®-tree, TCG,and
TCG-Sfor wirelengthoptimization.All ranon SunSparcUltra60.

Area (mm?) SP Area(mn?)  TCG Area (Mn?)  TCG-S
a0 ER Y e g T T ]
46 46 46+ 4
45 45 45+ E
24 44 b i
23 43 b i
42 42 a2k 4
M i mk i
40 40 w0k J
39 39 0l i
38 38 38f B
37| STh w0 A arh, esmeeme—mie
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
(@) Runtime (sec) (b) Runtime (sec) (c) Runtime (sec)

Figu re5: comparisorfor stability and convergenceamongSP TCG, and TCG-Sfor
ami49.

For the experimentswith boundarymodules,we comparedlTCG-S
with the SP-basednethodin [6] usingthe samedatageneratedy [6].
The secondcolumn of Table 3 shavs the numbersof the top, bottom,
left, andright modules,denotecby |T'|, |B|, |L|, and|R|, respectiely.
As shavn in Table3, TCG-Sobtainssmallersilicon areaghan([6]. Fig-
ure 6 (right) shaws the resulting placementor ami49 with boundary
modules.

8 Concluding Remarks

We have presentedhe TCG-Srepresentatioffior generalfloorplans
by combiningthe advantage®f two mostpromisingP*-admissibleep-
resentationd CG and SP. and at the sametime eliminating their dis-
adwantages. We also have proposeda loglineartime packingscheme

Figure 6: Resulting placementsof ami49 (1) left: area optimization (area =
36.398mm?); (2) right: placementwith boundary modules being heasily shaded
«|Tl,|Bl,|L|,|R]) = (3,3,2,3), area= 36.765mm?). Notethatthelightly shaded
regionsdenotedeadspaces.

LCai etal. [6] TCG-S

Circuit | |T|,|B|,|L|, |R]| Area | Time Area | Time
mm?> | sec || mm® | sec

apte 11,11 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 2,2,2,2 121 290 1.190 238
ami49 3,323 36.84 | 601 36.765 | 584

Table3: Areaandruntimecomparisondetweer{6] (on Pentium-11350)andTCG-S(on
SunSparcUltra60)for placementvith boundarymodules.

and a lineartime perturbationschemefor TCG-S. We note that these
schemesganalsobe appliedto mostexisting representationsuchasSP
andBSG.Basedon our theoreticaktudyandextensve experimentswe
alsohave shawn the superiorcapability efficiency, stability, andflexi-

bility of TCG-Sfor floorplandesign.
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