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Abstract for fixing misplacedsubmodules However, the constraintgraphsareno
In this paper we dealwith arbitrary corvex and concae rectilinear longeragyclic aftertheiraugmentationresultingin alongerrunningtime
module packing using the Transitve ClosureGraph (TCG) representa-for packing(O(m?) time, wherem is thenumberof modules).
tion. Thegeometricmeaningof modulesaretransparento TCG andits ~ Wu etal. in [15] handledrectilinearmodulesusingthe B*-tree rep-
inducedoperationswhich makes TCG anideal representatioffor floor- resentationA rectilinearmodulecaneasilybe representedisingB*-tree
planning/placemenwith arbitraryrectilinearmodules Wefirst partitiona by partitioning the moduleinto a setof rectangularsubmodules.How-
rectilinearmoduleinto asetof submodulesindthenderive necessargnd ever, they haveto re-partitionarectilinearmodulewheneer therectilinear
sufiicient conditionsof feasibleTCG for the submodules.Unlike most moduleis rotated Besidesthey needa post-processintp adjustsubmod-
previous works that processeachsubmoduleindividually andthusneed ulesto maintainthe shapesf rectilinearmodules. Panget al. [13] ex-
postprocessingo fix deformedrectilinearmodules our algorithmtreats tendedthe O-treerepresentatioto handlerectilinearmodules.Recently
a setof submodulesasa whole andthusnot only canguaranteghe fea- Ma etal. [9] usedCBL to dealwith theplacemenabutmentconstrainend

sibility of eachperturbedsolutionbut alsocaneliminatethe needof the
post processingon deformedmodules,implying bettersolution quality
andrunningtime. Experimentalkesultsshav that our TCG-basedlgo-
rithm is capableof handlingvery comple instancesjurther, it is very
efficientandresultsin betterareautilization thanpreviouswork.

1 Intr oduction

As technologyadancesdesigncompleity is increasingata dramatic
pace.To handlesuchdesigncompleity, hierarchicaldesignandreuseof
IP modulesbecomepopular This trend makes the numberof modules
increasesignificantly and often modulesare not rectangular Therefore,
it is desirableto considerthe placemenfor arbitrarily shapedectilinear
modulesto optimizesilicon areautilization.

1.1 Previous Work

Placement/floorplanningith rectilinearmoduleshasbeenextensiely
studiedin theliterature[1, 2, 3,4, 7,11, 15, 16]. Leein [7] representedr-
bitrarilg shapedectilinearmoduleswith a setof four linearprofileswhich
describethe contoursof a moduleviewed from four sides. They mini-
mizedsilicon size by performinga bounded2D contoursearchingalgo-
rithm ontheprofile of adesign.Dueto thehigh comple<it?/ for computln?
theprofiles,theapproachs limited to the placemenproblemwith asmal
numberof modules.

Unlike the work in [7], mostprevious works partitioneda rectilinear
moduleinto a setof rectangulasubmodulesindoperatedn thesubmod-
ulesundersomeconstraintsnducedfrom the original rectilinearmodule.
Thereare a few existing partition basedapproachesising well-knowvn
representationsBSG [2, 4, 11], sequencepair [1, 3, 16], B*-tree [15],
O-tree[13], andCBL 59 .

KangandDai in [2] proposedh BSG-baseanethodto packL-shaped,
T-shapedandsoft modulesby usin?a stochasti@pproactthatcombines
simulatedannealinganda geneticalgorithm. Nakatale etal. in [11] han-
dled pre-placedandrectilinearmodulesusingBSG. To handlea rectilin-
earmodule,they placedits submodule®neby oneuntil all submodules
were pacled at the right relative positions. Then, the placedsubmod-
ulesweretreatedaspre-placednodules.KangandDai in [4] usedBSG
andsequenceair to solve the topology constrainednodulepackingfor
a specificclassof rectilinearmodules,namedordered convex rectilinear
modules, andextendedthemethodto handlearbitraryrectilinearmodules.

Xu etal. in [16] exploredthe conditionsof feasiblesequencgairsfor
L-shapedmodules. After all rectangulamodulesand submodulesvere
pacled,apostprocessingvasperformedo adjustmisplacedsubmodules
to fix theshape®f rectilinearmodules However, they canonly dealwith
“mound-shaped'ectilinearmodules[1]. Kang and Dai in [3] derived
threenecessargndsuficient conditionsfor recoveringthe shape®f con-
vex rectilinearmodules.Similarly, they alsoneededa postprocessingo
recover theoriginal shape®f rectilinearmodulesafterpacking.Recently
FujiyoshiandMuratain [1] presented@napproacho representectilinear
modulesusingsequenceair. They alsodervedanecessargndsuficient
conditionfor feasiblesequenceair for rectilinearmodules.In particulay
they augmented constrainigraphby addingconstrainiedgeso maintain
the feasibility of a sequencepair, without resortingto a postprocessing
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extendedthe methodto dealwith L/T-shapednodules.

1.2 Our Contribution

In this paper we deal with arbitrary corvex and concae rectilinear
modulepackingusingthe transitve closuregraph(TCG) representation.
We first partition a rectilinearmoduleinto a setof submodulesandthen
derive necessanand sufficient conditionsof feasibleTCGsfor the sub-
modules. The geometricrelationshipof modules/submoduleis trans-
parentto TCG and its inducedoperations,mplying that ary violation
of thetopologkyof a rectilinearmodulsduring perturbationcaneasilybe
detectedUnlike mostprevious methodghat proceseachsubmodulén-
dividually andthusneedpostprocessingo fix deformedrectilinearmod-
ules, our algorithm treatsa setof submodulesas a whole and thus not
only canguaranteghefeasibility of eachperturbedsolution,but alsocan
eliminatethe needof the postprocessingon deformedmodules,imﬁly-
ing bettersolution quality and runningtime. In particular our packing

schemetakes only O(m?) time, comparedto O(m?) time for the se-
guencepair basedmethodfor arbitraryshapednodulespresentedn [1].

All thesepropertiesnake TCG anidealrepresentatiofor dealingwith the
floorplan/placemerndesigrwith rectilinearmodules Experimentatesults
shav thatour TCG-basedlgorithmis capableof handlingvery comple

instancesfurther, it is very efficient andresultsin betterareautilization
(averagedeadspace= 5.44%)thanthe previous work [16] (averagedead
space= 7.65%).

The remainderof this paperis organizedas follows. Section2 for-
mulatesthefloorplan/placemerdesignproblemwith rectilinearmodules.
Section3 reviews the TCG representationSection4 presentghe feasi-
ble TCG andpackingalgorithmfor corvex andsomeconcae rectilinear
modules. Section5 introducesthe perturbationalgorithmfor rectilinear
modules.Section6 extendsTCG to dealwith generarectilinearmodules.
Experimentalresultsare reportedin Section7, and concludingremarks
aregivenin Section8.

2 Preliminaries

Rectilinearmodulescanbe classifiedinto two types: convex rectilin-
ear modules and concave rectilinear modules. A rectilinearmoduleis
saidto be convex if, for ary two pointsin themodule they have ashortest
Manhattarpathinsidethe module;the moduleis saidto be concave, oth-
erwise.Besidesamoduleis saidto bedliceableif thereexistsahorizontal
or a vertical slicing on the moduleandthe slicing doesnot resultin two
separatsubmodulesptherwisejt is non-sliceable.

Theorem1 All convex modules must be dliceable.
Corollary 1 All non-sliceable modules are concave modules.

As the non-sliceablanoduleshavn in Figure1, thereexist two separate
submodule$; andb- resultingfrom slicingthemodulealongthevertical
boundariesThe shortesManhattarpathfor arbitrarypointsin b; andb-
is outsidethe module,andthusit is a concae module.

A rectilinear module b can further be partitioned into a set of
zones{zi, z2, ..., 2p} by serially slicing the module vertically (hori-
zontally), and eachzonez; consistsof a setof rectangularsubmodules
{bs;,bi,,...,b;, } orderedfrom bottomto top (from left to right). Fig-
ure 1 shavs anon-sliceableectilinearmodulewith four zoneszi, 22, 23,



andzs by seriallyslicing alongverticalboundarieswherez; = {b1, b2},
29 = {bg}, Z3 = {b4}, andzs = {b5}

The numberlabeledbesideeachboundaryof the module gives the
lengthof theboundary Let W; (W), H; (H;;), Ai (A;;), and(X;,Y:)
((Xz-j Y, )) denoterespectie width, height,area,andthe coordinateof
the bottom-left cornerof the modulebd; (submoduleb;;). A placement
P is anassignmentf (X;,Y;), ¢ = 1,..., m, for eachb; suchthatno
two modulesoverlap andthe shapeof ea hrectilinearmoduleis main-
tained.The goalof placementvith rectilinearmoduless to minimizethe
resultingarea(i.e., theminimumboundingrectangleof P).
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Figure 1: A concae rectilinearmoduleconsistingof four zonesz1, z2, z3, z4, Where
z1 = {b1,ba}, z2 = {b3}, 23 = {ba},andz4 = {bs}.

3 Reviewof TCG

We first review the TCG representatiopresentedn [8]. TCG de-
scribesthe geometricrelationsamong modulesbasedon two graphs,
namelya horizontal transitive closure graph C}, anda vertical transitive
closure graph C,, in whichanoden; representamoduleb; andanedge
(ni,n;)in Cy ﬁC”) denoteshatmoduleb; is left to (belov) moduled;.
TCG hasthefollowing threefeasibility properties [8]:

1. Cy andC, areagyclic.

2. Eachpair of nodesmustbe connectedy exactly one edgeeither
inCp, orin Cy.

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

Figure 2(a) shavs a placementwith five modulesa, b, ¢, d, ande
whosewidths and heightsare (2, 1), (2, 2), (2.5, 2), (1.5, 2), and (3.5,

@
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Figure2: (a) A placement(b) TCG. (c) AugmentedT CG (augmented”, andC,,).

4.1 FeasibleTCG

Wehave shavnin theprevioussectiorthattherealwaysexistsaunique
feasibleplacementorrespondingo a TCG for rectangulamodules.For
rectilinearmodules,we mustalso maintaintheir original shapesduring
placement. To identify feasibleTCG for rectilinearmodules,we intro-
ducethe conceptof transitive reduction edges of TCG. An edgegni, n;)
is saidto be areduction edge if theredoesnot exist anothempathfrom n;
to n;, excepttheedge(n;, n;) itself; otherwise,t is a closure edge. For
example,the edges(nq, nc), (ns, ne), (ne, na), and (nq, ne) in C, of

1.5),respectiely. Figure2(b) shavsthe TCG = (Ch, C'y) correspondingrigyre 2(b) are reductionedgeswhile (na, na), (na,ne), (np,nq), and

to the placemenof Figure2(a). The valueassociateavith a nodein C,
(C,) givesthewidth (height)of the correspondingnodule,andthe edge
(ni,nj) in Ch (C,) denotesthe horizontal(vertical) relation of b; and
b;. Sincethereexists an edge(nq,,ns) in Cr, moduleb, is left to by.
Similarly, b, is below b, sincethereexistsanedge(ng, nc) in C,.

Given a TCG, a placementcan be obtainedin O(m?) time by per
forming awell-known longest path algorithm [6] on TCG, wherem is the
numberof modules. To facilitatethe implementatiorof the longestpath
algorithm,the two closuregraphscanbe augmentedsfollows. For each
closuregraph,we introducetwo specialnodesthe sourcen, andthesink
n¢, bothwith zeroweights,andconstruciedgedrom n, to eachnodewith
in-degreeequalto zeroaswell asfrom eachnodewith out-deggreeequal
to zeroto n;. Figure2(c) shavs theaugmented CG for the TCG shavn
in Figure2(b).

Let Ly (n:) (Lv(ns;)) denotethe weight of the longestpath from n,
to n; in theaugmented’y, (C»). Lh(ni%(Lv(ni)) canbedeterminedy
performingthesinglesourcdongestpathalgorithmon theaugmented;,
(C») in O(m?) time,wherem is numberof modules Thecoordinateg( X;,

Y;) of amoduleb; is given byéLh(ni), L, (n;)). Further thecoordinates
e

of all modulesaredeterminedn the topologicalorderin C}, (C,). Since
the respectie width and heightof the placemenfor the given TCG are
Ly, (n:) andL, (n¢), theareaof theplacements givenby Ly, (n) Ly, (n¢).
Sinceeachmodulehasa uniquecoordinateafter packing,thereexists a
uniqueplacementorrespondingo ary TCG.

4 TCG for SliceableRectilinear Modules

In this sectionwefirstintroducenecessargndsuficient conditionsof
feasibleTCG for sliceablerectilinearmodules.We thenpresenthe TCG
packingalgorithmfor sliceablerectilinearmodules.(We will presenthe
TCG propertiesfor non-sliceableaectilinearmodulesn Section6.)

IThe transitive closureof a directedacgyclic graphG is definedasthe graph
G’ = (V, E'), whereE' ={(n;, n;): thereis a pathfrom noden; to noden; in
G}

(ny, ne) areclosureones. (Noteit is clearlater that both reductionand
closureedgesare essentialor maintaininga feasibleTCG for perturba-
tion. We shall alsonotethat a key contritution of TCG lies in the first
general graphrepresentatiomith the feasibility guaranteeluring pertur
bations.)

For sliceablerectilinearmodules gachzonecontainsexactly onesub-
module. Therefore,given a sliceablerectilinearmoduleb, with p rect-
angularsubmodules,;, i = 1,...,p, by slicing b, from left to right
(or from bottomto top) alongthevertical (horizontal)boundarieswe can
constructa setof reductionedges(ns, , ns,,,), 3 = 1,...,p — 1, and
correspondinglosureedgesn Cj, (Cy) sinceby; F by, ., (bs; L b, ),
j = 1,...,p — 1. (SeeFigures3(i) and (j) for an illustration.) To
maintainthe shapeof a rectilinearmodule,we musttreatthe setof re-
ductionand closureedgesasa whole, andkeepthe edges(nbj )M 4q ),

= 1,...,p — 1, asthereductiononesduring processingi.e., a reduc-
tion edgeis notallowedto be changednto a closureone). Thereforethe
TCG for rectilinearmodulesmustsatisfythe following constraint:

e Inseparability Constraint: For vertical (horizontal)slicing, the set
of reductionand closureedgesfor a rectilinear module mustbe
allin Cy, (C,) (i.e., thereexistsno edgebetweemodesny,'sin C,

(Cw)). Furtheyeveryedge(ny; , ., ), 5 = 1,...,p—1, remains
asareductionone.

Figures3(a)—(h)shav eight possiblesituationsof rectilinearmodule
by after rotationandflip. As shawn in Figures3(a)—(d)((e)—(h)), bs, .
by, andby, aresubmodulef b,, obtainedby slicing alongits vertical
Ehorizontzfl)boundariesForthesituationssho/vn in Figures3(a)—(d)((e)-
h)), thecorresponding@ CG s illustratedin Figure3(i) ((j)).

The inseparabilityconstraintwill be violated if ary reductionedge
(ns;, mw,,,) becomesa closure edge (i.e., there exists anotherpath

< nbj,n;, oo Ny, My, > fromng; tony, ). Figured(a)shavs afea-
sible TCG for therectilinearmoduleb, with thesubmodule$y, , by, , bs,
and its correspondingplacement. In contrast,the TCG shavn in Fig-
ure 4(b) violates the inseparabilityconstraint,in which the edge(ne,,

np,) IN C, becomesa closure one since there exists anotherpath <
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Figu re 3: (a)—(h)Eightsituationsof the submodulesor the rectilinearmoduleby . (i) The

subgraptof C, andC,, for therectilinearmodulesshown in (a)—(d). (j) Thesubgraptof C,
andC, for therectilinearmodulesshavnin (e)—(h).

Ny, , N, Ny, > frOM mp, 10 np, . In this case the rectilinearmoduleb,
is dividedinto two sincethesuﬁmodule&b2 andb,, areinterleavedwith
anothemoduleb,, resultingin anillegal placement.

For the TCG shawn in Figure4(c), thereexist two paths< ne,, n4,
ny, > and< np,, Ny, My, > from ng, to ng, in C,. Supposethat
Hy > Hy,. by will be divided into two piecesbecauseéy andby, are
insertedbetweenb,, andb,, simultaneouslyand Hy is largerthan Hy,, .
Sameas[13, 17], we canresole it by expandingby., to connectwith by,
becauset doesnot causeproblemsfor somepracticalapplications(but
wastesomesilicon areas).

4.2 Packing

To maintainthe shapeof arectilinearmodulewithoutresortingto post

processingwe mustalso modify the packingalgorithm for rectangular

modulesdescribedin Section3. Figure5 illustratesthe differencebe-
tweenthe packinggfor arectangulaandarectilinearmodules Figure5(a)
shavs agiven TCG with four rectilinearmodulesp,,, by, b., andbg, where
by, is anon-rectangulamodulewhoseshapeés illustratedin Figure5(b).
Figures5(c) and(d) shav anincorrectpackingresultingfrom the original
packingalgorithmanda correctpacking,respectiely.
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Flgure4: (a) A feasibleTCG for arectilinearmoduleb, andits correspondinglacement.
(b) A TCG that violatesthe inseparabilityconstraintand its correspondingplacement. (c)

Expandingsubmodulébs,, to atutwith b, . (In thefigures,a quadrationodecorrespondso a

submodulevhile aroundonecorrespond$o arectangulamodule.)

edgesinto the augmentedC;, (Cy) to malke Fi,(ns;) = Fin(ne,,,),
j = 1,...,p — 1, except the edgesemanatingfrom ns. (SeeFig-
ure 6(b).) After determininga topological order for the nodesin the
nenv augmentedC;, (C,), we remove the addededgesand then com-

To male a packingfor a rectilinear module correct, the coordinate pute the X (Y) coordinatesof the modulesin the topological order

of its submodulemustbe determinecdhot onIK by the longestpath from
the sourceof the inducedTCG, but also by the relative positionsto the
other submodulesof the samemodule. Let r(b;,b;) denotethe rel-
ative differenceof the positions betweenthe submodulesh,; and by ;
r(bi,b;) = Xp, — X, (r(bi,b5) = Ys; — Y3,) for horizontal (ver
tical) slicing. For the example shavn in Figure 5(b), r(b1,b2) = 2,
r(b1,b3) = 1, r(b2,b1) = —2, r(b2,b3) = —1, r(b3,b1) = —1, and
r(bs,b2) = 1. Supposewe have pacled by, atY,, = 2. To keepthe
relative positionshetweensubmodulesYy, (Y3,) mustequal3 (1) since
Yy, +7(b3, b2) = 241 = 3 (Yo, +r(b3, b1) = 1). ThereforeFigure5(d)
givesa correctpackingwhile Figure5(c) doesnot. As mentionedn Sec-
tion 3, all modulesshouldbe pacled in thetopologicalorderin C}, (C,).

We associateeachnoden; a c-value, ¢;, to book-keepthe X (Y) co-
ordinateof the module/submodulé during the computationon the aug-
mentedC}, (Cy). The coordinateof the modules/submodulegre com-
putedasfollows. For eachnoden; in the augmentedyraph,we make
¢s = 0 for the sourcen, and¢; = —1 for ary othernoden;. We
thenrelax the c-value of a noden; in the augmented’;, (C,) asfol-

lows. For eachnoden; € F,u:(n;), we make ¢; = max{c;,c; + W;}
(¢; = max{c;, c; + H;}). However, whenary noden,, of asubmodule
by, of arectilinearmoduleis encounteredthe locationof the submodule
isgivenby cp;, = max{cy,;, max;=1,...,p,ji{cs; +7(bj,bi)}}. Then,the
c-valuesof othersubmodule$;’s,j = 1,...,p andj # i, aregivenby
cb; = cp; +1(bs, bj) accordingto therelative positionsbetweersubmod-

To processa non-rectangulamodule,further, the ancestor®f the nodes ulesb; andb; beforerelaxingny, .

associateavith its submoduleshouldhave all beenprocessedandthe

Figure 6(a) shawvs the augmentedC, for the C, shown in Fig-

descendantsf thosenodesshouldnot be processedintil the coordinatesure 5(a). We first add the edges(na, ns,) and (n., ns,) to the aug-

of all the submoduledhave beendetermined.For example,accordingto
the C}, (C,) of Figure5(a), we shoulddeterminethe Y coordinatesof
modulesh, andb. beforeprocessinghe non-rectangulamoduleb,, and
modulebg shouldnot be processedintil all Y3,’s,7 = 1,..., 3, arede-
termined.In contrastjf we determingheY” coordinatesn theorderYs, ,
Yy, Ya, Yo, Vg, andYs,, we may needto adjustYy if thesubmoduleh,,
cannotbe pacl3ed atYy, .

To obtainthe packingorderof submodulesye modify theaugmented

Cp, and C, before applying the topological sort algorithmto find the
ordering. Let the fan-in (fan-out) of a noden;, denotedby Fj,(n;)
(Fout(n;)), be the nodesn;’s with edges(n;, n;) ((ns,n;)). Given
a rectilinear module b, with submodu?esbbi, i = 1,...,p, by slic-
ing by alongits vertical (horizontal)boundarieswe introduceadditional

mentedC, to make Fi,(ny,) = Fin(ny,) = Fin(ne,) (seeFig-
ure 6(b)). (Note that we do not add edges(ns, ns,) and (ng, n,)
since they sourcefrom n,.) After obtaininga topofogical order say

Mg, N, Na, Moy , Ndy Mbsy , Mg , Tt >, Of the new augmented”,, we re-
mwetheaddeobdgesan Startto computetheY coordinategor all nodes
basedbn the topologicalorder (seeFigures6(c)—(%)). Figure6(c) shavs
the initial configuration,in which all nodeshave the c-value —1 except
thatcs = 0. Figure 6(d) illustratesthe configurationafter relaxing the
nodesns, n., andn,. We thenstartto processn;,. Sinceny, corre-
spondgo a submoduleof the rectilinearmoduleb, first encountere@nd
thereexists no edgeamongnodesny, , ne,,, andng,, we shallfirst deter
minecy, (seeFigure6(e))andthencomputecy, andcey, (seeFigure6(f))
beforerelaxing ny, to maintainthe relative positionsof the rectilinear
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Flgure5: (@) A TCG. (b) Therectilinearmoduleby, consistsof threesubmodule$s, , be., ,

andby, . (€) An incorrectpackingresultingfrom the original packingprocedure(d) A correct
packing.(Notethatthis packingis suboptimalwe will shawv in next sectionhow to perturbthe
TCGto obtainanoptimalpacking.)

moduleby. HE‘I’(:.‘,C(,1 = max{cb2 + T(b2, b1), Cps + T(bs, b1), Cbl} = Cpy= max{ 2-1, 2-2, 0} Cpy= 1+42=3

max{2 —-2,2 — 1,0} =1cpy = cCo; + T(bl,bz) =142 =3, and 1= e Cpg= 1+1=2

cpy = Cp; +7(b1,b3) = 1+1 = 2. Wethenrelaxthenoden,, , resulting Cd ZTx(2, 1435

in cq = max{cq, cv, + Hyp, } = max{2,1+ 3.5 = 4.5}. Therelaxation @ © ) @

processcontinuesfor the nodesng, ns, , nbﬁ , andfinally n;, resultingin
thefinal configurationshawn in Figure6(g), in which all ¥ Coord'nateSFigure 6: An examplecomputationof Y coordinates. (a) The augmentedC, for the

have beendetermined. C', shavnin Figure5(a). (b) The new augmented”,, afteraddingthe edges(n., ny, ) and

Theorem2 Given a feasible TCG for a sliceable rectilinear module, the (e>™s1) 1o Male Fin(ny, ) = Fin(ne,) = Fin(ns;). A possibletopologicalorder
X . X . 12y In the new augmented”, is givenas < ns, Nic, a; by » Td, by » Tpg, Tt >. (c) The
packing scheme proposed above gives a feasible placement in O(m'®) ._yajiesof the initial configuration. (d) The c-valuesafter relaxingthe nodesn,, n., and
time, where m/' isthe number of rectangular modules and submodules. .. (e) Beforerelaxingny, , we needto computecs, , cby, andcyg . ¢y, = max{cey, +
T‘(bQ,bl),CbS + T(b37b1),cb1} =1.(f) Cby = Cby; + r(b1,b2) = 3 aﬁdcb3 =

It shouldbe notedthat the sequenceair-basedpackingschemepre- ¢, + (b1, b3) = 2. (g) Thefinal configuratiorafterrelaxingry, , 7a, 14y , nyg, aNdn,.

sentedn [1] needsD(m’®) time.

5 Algorithm - . . .
Our algorithmis basedon simulatedannealing[5]. Given aninitial ° Eﬂ{ﬁ]rigs':“p' Flip arectiineamoduleabouttheaxisparallelto its

solutionrepresentetly aTCG, we perturbthe TCGto obtainanew TCG. ; ) -

The perturbationcontinuesto searchfor a “good” configurationuntil a e Twirl: Rotatearectilinearmodule.

predefinedterminationconditionis satisfied. To ensurethe correctnessyote that Rotation, Swap, Reverse,and Move arefirst introducedin [8],

of rectilinearmodulepacking,the nev TCG for eachrectilinearmodule . : . 12 12
mustsatisfythe TCG easibil?tyconditionsdescribedn Section3 andthe which canbe performedin respectie O(1), O(1), O(m™), andO(m' ")

inseparabilityconstraintpresentedn Section4.1. To identify a feasible times,wherem’ is the numberof modulesandsubmodulesFurther the
TCG for perturbationyve needto identify reductionedges. resulgnggraphafterperformmgary of theseoperationona TCGis still

: P aTCG.

5.1 Reductlon_ Edgelden_tlflcat|on . . Rotation, Swap, PerpendiculaFlip, and Parallel Flip do not change

_RecallthatTCGis formedby directedagyclic transitve closuregraphs. {hetopologyof TCG, andthustheinseparabilityconstrainwill notbe vi-
Given an arbitrary noden; in onetransitve closuregraph,thereexists qated either However, Revere, Move, TranspositionaMove, and Twirl
at leastonereductionedge(n;, n;), wheren; € Fou:(n;). For nodes will. We thusmay needto updateTCG after performingRevere, Move,
ng,m € Fout(ns), theedge(ni, ny) cannotbeareductionedgeif ny € TranspositionaMove, and Twirl. Further in orderto satisfythe insepa-
F,.:(n;). Hence we remove thosenodesin F,,:(n;) thatarefan-outsof rability constraintwe needfeasibility detectionduring the operation.We
others. The edgesbetweenn; andthe remainingnodesin F,.(n;) are firstdetailtheoperationsn thefollowing.
reductionedges.For the C}, of Figure5(a), Fout(ne) = {na,ns,,n4}. 5.2.1 Rotation
Sinceny, andng belongto Fout(n.), edges(n., ny, ) and(n., nq) are To rotatearectangular module b;, we only needto exchangethe weights
closureedgeswhile (n., n,) is a reductionone. The time compleity of thecorrespondingiodesn; in Cy, andC,.

- . . 2 ;.
for fmdm? suchareductionedgeis O(m™), wherem' is the numberof Lemmal Theinseparability constraint of a TCG will not be violated for

rectangu ampdulesandsubm_odule ]. the Rotati "
5.2 Solution Perturbation € Rotation operation.
We applythefollowing eightoperationgo perturba TCG: 522 Swap
* Rotation: Rotatea rectangulamodule. To swapnodesn; andn; of two rectangulamodulesh; andb;, we only

Swap: Swap two nodesassociatedvith two rectangulamodules needto exchangethenodesn; andn; in both Cy, andC,.
in bothC}, and C,.

e Reverse: Reverseareduction edge in Cj, or C,.

e Move: Move a reduction edge from onetransitve closuregraph
(Ch, or Cy) totheother 523 Reverse

e Transpositional Move: Move a reduction ed%e from onetransitve The Reverseoperationreversesthedirectionof a reduction edge(n;, n;)
closuregraph(Cy, or Cs) to the other andthentransposéhetwo in atransitive closuregraph,wheren; andn; arenotassociateavith two
nodesassociatedvith the edge.lt is clearlaterthatthis operation sybmoduleof the samerectilinearmodule. For two modulesb; andb;,
is differentfrom performingMove andthenReverse. bi F b (bi L b;) if thereexistsareductionedge(n;, n;) in Cj, (C.); after

e Perpendicular Flip: Flip arectilinearmoduleaboutthe axis per reversingthe edge(n;, n;), we have the new geometricrelationb; + b;

pendicularto the cutlinesfor obtainingits submodules. (b; L bs).

Lemma 2 Theinseparability constraint of a TCG will not be violated for
the Swvap operation.



To reversea reductionedge(n;, n;) in atransitve closuregraph,we
first deletethe edgefrom the graph,andthenaddthe edge(n;, n;) to the
graph.For eachnodeny, € Fi,(n;)U{n;} andn; € F,u:(n;)U{n;}in
thenew graph,we shallcheckwhethertheedge(ny, n;) existsin thenew
graph.If the graphcontainsthe edge we do nothing;otherwise we need
to addthe edgeto the graphanddeletethe correspondingdge(ny, n;)
or (n, n) in the othertransitve closuregraph,if ary, to maintainthe
propertiesof the TCG.

5.2.4 Move

The Move operationmavesa reduction edge(n;, n;) in atransitie clo-
suregraphto the other wheren; andn; arenotassociateavith two sub-
modulesof the samerectilinearmodtile. Move switchesthe geometric
relationof the two modulesh; andb; betweera horizontalrelationanda
verticalone.For two modulesh; andb;, b; - b; (b; L b;) if thereexistsa

reductionedge(n;, n;) in Cy (C,); aftermoving theedge(n;, n;) to C,
(Cr), we have thenen geometricrelationd; L b; (b; F b;).

To move a reductionedge(n;, n;) from atransitve closuregraphG
to the otherG’ in a TCG, we first delete(n;, n;) from G andthenadd
(ni, n;) to G'. Similar to the Reverseoperation,for eachnoden;, €
Fin(n;) U {n;} andn; € Foui(n;) U {n;}, we shall checkwhether
the edge(ng, n;) existsin G’. If G’ containsthe edge,we do nothing;
otherwise,we needto addthe edgeto G’ and deletethe corresponding
$(égee(nk,m) or (n;,ng) in G, if ary, to maintainthe propertiesof the
5.2.5 Transpositional Move
The TranspositionaMove operationremaves a reduction edge(n;, n;)
from a transitive closuregraph,and add an edge (n; nz? to the other
wheren; andn; arenotassociateavith two submodulesf thesamerec-
tilinear module. TranspositionaMove switchesthe geometricrelationof
thetwo modulesh; andb; betweerahorizontalrelationandaverticalone
andchangeshe orderingof thetwo modulesh; andb; in their geometric
relation. For two modulesb; andb;, b; + b; (b; L b;) if thereexists
areductionedge(n;, n;) in Cp, (CUS; aftertranspositionallymoving the
?bdgf(bn;,nj) to C, (Ch), we have the new geometricrelationd; L b;

! To transpositionallymove a reductionedge(n;, n;) from atransitve
closuregraphG to the otherG’ in a TCG, we first delete(n;, n;) from
G andadd(n;, n;) to G'. Similar to the Move operation for eachnode
ng € Fin(n;)U{n;} andn; € F,u:(n;) U{n;}, weshallcheckwhether
the edge(n, n;) existsin G’. If G’ containsthe edge,we do nothing;
otherwise,we needto addthe edgeto G’ and deletethe corresponding
$(égee(nk,m) or (ni,nk) in G, if ary, to maintainthe propertiesof the

We have thefollowing theorem.

Theorem3 TCG is closed under the Transpositional Move operation,

and such an operation takes O(m/'?) time, where m’ is the number of
modules and submodules.

5.2.6 Perpendicular Flip
The PerpendiculaFlip operationflips a rectilinearmoduleb, aboutthe
axisperpendiculato the cutlinesfor obtainingits submodule®y chang-
ing the differenceof relative positionsfrom r(b;, b;) to W;, — Wy, —
r(bs, b;) (Ho, — Hp; — 7(bs, bj)) for horizontal(vertical) cutlines,where
i,j = 1,...,pandj # 4. Figure 7(b) shavs the resultingC},, C.,
and placementafter perpendicularlyflipping the rectilinearmodule b;.
’I‘(b1,b3) = 1, r(b1,b2) = 2, T(bz,b1) = -2, T(bQ,bs) = -1,
T'(b3,b1) = —1, andr(bg,b2) = 1 in Figure 7(b) while T‘(b1,b3) =
’r(bl,bz) = T(bz,bl) = T(bz,bg) = T(bg,b1) = T(bg,bz) = 0 in Fig-
ure7(a).

SincePerpendiculaFlip changesonly the relative positionsof each
pair of submodulesthe topologyof TCG remainsthe sameafterthe op-
eration.We have thefollowing theoremandlemma.

Theorem4 TCG is closed under the Perpendicular Flip operation, and

such an operation takes O(p?) time, where p is the number of submodules
in therectilinear module.

Lemma 3 Theinseparability constraint of a TCG will not be violated for
the Perpendicular Flip operation.
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Flgure 7: Examplesof perturbations.(a) The initial TCG (Cj, andC,,) andits corre-
spondingplacement.(b) The resultingTCG and placemenfter perpendicularlyflipping the
rectilinearmoduleb, shavnin (a). (c) TheresultingTCG andplacemenafterparallelflipping
therectilinearmoduleb shavn in (b). (d) TheresultingTCG andplacementftertwirling the
rectilinearmoduleb by —90° shavnin (c).

5.2.7 Parallel Flip

TheParallelFlip operatiorflips arectilinearmoduleb, abouttheaxispar

allel to the cut linesfor obtainingits submoduledy swappingthe nodes
N, andnbp_Hl, k=1,...,|p/2], in bothC} andC,. Givenarec-
tilinear moduled, consistingof submodules,, i = 1,...,p, formed
by vertical (horizontal)cuts(i.e., by, + by, ., (bo; L by, ,,)), thereex-

ist reductionedges(ny; , m,_, , ) andtheir correspondinglosureedgesin

Cr (Cy), wherej = 1,...,p — 1. After swappingthe nodesn,, and
Mo, iy k=10, Lp/2], in bothof C, andC,, we have the new re-
ductionedges(ny,, ny,_, ) andtheir correspondinglosureedgesin Cj

(Cy), implying by, & bs,_, (by, L by,_,), wherel =p,...,2.

Figure 7(c) shaws theresultingCy, C,, andplacementfter parallel
flipping the rectilinearmoduleb, of Figure7(b). Notice thatafter swap-
ping the nodesn;, andny, in both C, and C, of Figure7(b), we in-
troducethe new edges(ns, , ns,), (Mo, Nbg), aNd (1, Mp,) IN C, Of
Figure7(c),implying b, leg andby L bs.

ParallelFlip needdgo performthe Swap operation|p/2| times,where

p is the numberof submodulesn a rectilinearmodule,and eachSwap

operationguaranteefo perturbinto a uniquefeasibleTCGin O(1) time.
We have thefollowing theoremandlemma.



Theorem5 TCG is closed under the Parallel Flip operation, and such

an operation takes O(p) time, where p isthe number of submodulesin the
rectilinear module.

Lemma 4 Theinseparability constraint of a TCG will not be violated for
the Parallel Flip operation.

5.2.8 Twirl

The Twirl operationrotatesa rectilinearmodule b, by exchangingthe
weightsof the correspondingiodesny,;, ¢ = 1,...,p, in C, andC,,
and transpositionallymoving the reduction edges(ns,, ns,,,), § =
1,...,p— 1, from atransitive closuregraphto theother Givenarectilin-
earmoduleb, consistingof submodulesy, obtainedoy vertical (horizon-
tal) cuts(i.e., by; F bo,, (bs; L by;,,)); afterexchangingthe weights
andtranspositionallymoving thereductionedgesye rotatethe rectangu-
lar submodulesy,, ¢« = 1,...,p, andmake by, L by,_, (bs, F by,_,),

l=p,...,2.

F?gure?(d) shaws the resultingC,, C,, andplacemengfter twirling
the b, of Figure 7(c). To transpositionallymove the reductionedge
(7, , ns, ) from C,, to C},, we first remove thereductionedge(ny, , np, )
from C,, andadd (ne,, n, ) t0 Ch. Since{ns, } U Fin(ns,) = {ne, }
and{ny, } U Fout(ne,) = {ne, } in Cy, for eachnoden; € {ny,}
andn; € {ns, }, we shallcheckwhetherthe edge(n, n;) exists. Since
the edge (ny,, 1y, ) is alreadyaddedduring the transpositionaimove,
we do nothing. Similarly, to transpositionallynove the reductionedge
(nb,, ney ) fromthenew C, tothenew Cj, weremove thereductionedge
(nby, 16y ) from the new C, andadd (ne,, s, ) to the new Cj. Since
{nbg} U Fin(nog) = {npg} and{np,} U Fout(ne,) = {mp,,m,} in
the nev Cj and (ny;, 7, ) is alreadyadded,we only needto addthe
edge(ns,, mp, ). Finally, we exchangethe weights of eachnodeny,,
i =1,2,3,in C, andC, of Figure7(c). Figure7(d) illustratesthere-
sultingTCG.

TheTwirl operatiomeedgo performrespectie RotateandTransposi-
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Ny n ny
1 %25 P25 &35
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b3
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Nc Ch Nc Cv Na

(f) Transpositionally move the eddena, Mb,) from Cv to Ch

Figure8: Examplesf perturbationgcontinuedrom Figure7). (e) Theresulting
TCG and placemeniafter moving the reductionedge(na, np, ) from the C, of

Figure7(d) to Cj. (f) TheresultingTCG and placementafter transpositionally
moving thereductionedge(n., ny, ) from the C,, shawvnin (e)to Cy,.

6 TCG for Non-SliceableRectilinear Modules

Due to the pagelimit, we briefly give the ideaon how to deal with
non-sliceableectilinearmodules.For a non-sliceableectilinearmodule,
eachzonemay containmorethanonesubmodule Therefore to maintain
theshapeof arectilinearmodule we needto keeptherelative positionsof
thesubmodulesn azoneaswell asbetweerrzones.Givenanon-sliceable
rectilinearmoduleb, with p zonesby slicing b, from left to right (or from

tional Move p andp — 1 times,andeachRotateand TranspositionaMove bottomto top) alongvertical (horizontal)boundariesfor eachpair of sub-
operationguaranteeso perturbinto a feasibleTCG in respectie O(1) modulesb,, andbe; in differentzoneswith by, left to (belaw) b, , we
andO(m'?) times,wherep is the numberof submodulesn arectilinear introduceanedge(ns, , ny, ) in C (Cv). Also, for eachpair of submod-
moduleandm’ is the numberof rectangulamodulesand submodules.Ulesbs; andby; in azonewith b,, belaw (left to) by, weintroduceanedge

We have thefollowing theorem.

Theorem6 TCG is closed under the Twirl operation, and such an op-
eration takes O(m'>p) time, where p is the number of submodules in a

rectilinear module and m/ is the number of rectangular modules and sub-
modules.

5.3 Feasibility Detection

To maintainthe shapeof a rectilinearmodule, TCG mustsatisfy the
inseparabilityconstraintfor eachrectilinearmodule. Among the eight
operationspnly Reverse,Move, TranspositionaMove, and Twirl could
violate the constraints,which can easily be detectedduring perturba-
tion. Whenwe reversean edge(n;, n;) or move/transpositionallynove
(nj,n;), theinseparabilityconstrainiwill beviolatedif ny, € F;,(n;) U
{ni} andny, € Four(nj) U {n;}, where|l — k| = 1, since(ny,, ns,,)
would becomea closureedge. Since Twirl consistsof the Rotateand
TranspositionaMove operationstheinseparabilityconstrainwill notbe

violatedif theinseparabilityconstrainis satisfiedor eachTranspositional

Move operation. By doing the feasibility detectionduring the Reverse,
Move, or TranspositionaMove operationwe canguaranteeghatthe re-
sulting TCG is still a TCG for rectilinearmodule. We thus have the fol-

lowing theorem.

Theorem7 Theinseparability constraint of a TCG isnot violated for the
Reverse, Move, Transpositional Move, or Twirl operation with the feasi-
bility detection.

Figure 8(e) shaws the resultingC},, C,, and placementafter mov-
ing the edge (n., ny,) from C, shown in Figure 7(d) to C. Since
{ne} N Fip (na)={na, nc} and{npy, } N Fout(ns, )={ns, } in Ch, weshall

checkthe edge(n,, ns, ) for the inseparabilityconstraint. The insepara-
bility constraintwill not be violatedbecauseé. andb,, arenotadjacent

submodule®f the samerectilinearmodule. Figure8(f) shavs theresult-
ing C}, C,, andplacementafter transpositionallymoving the edge(na,
ny,) from the C, of Figure8(e)to Cy. Since{nsg } N Fin(npg)={ms, }
and{n. } N Fout(na)={na, ns, } in Cr, we shallcheck(ny, , ny, ) for the

(m;, M0, ) IN Cy (Cr). Similarto theinseparabilityconstrainfor sliceable
rectilinearmodulesfor two submodule$,, andb,,j in adjacenzoneswe
mustguarante¢hatthe correspondingdge(ns, , np; ) is areductionedge
during perturbationto maintainthe shapeof a rectilinearmodule. Let
s(bs, b;) denotethe spacingbetweertwo submodule$, andby; inthex
(y) directionif by, F by, (bs, L by;). For example,s(b1,b2) = 2 since
b> L by andtheir spacingin they directionis 2. To preventsubmodules
from beingdeformedby othermodules for every pair of submoduley,
andbbj thatdo not akut or arenot in adjacentzoneswe needto impose
thefollowing constraint:

e Dimension Constraint: W, + ... + W, < s(bs,b;) (Hz +

.+ H, < s(b;,b;)) if there exists another path <
Mp; s Ny ey Ny, Np; > from my, t0 ny; in additionto the edge
(nbi:nbj)'

1 25 2

2 2
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Figure9: (a) A non-sliceablgectilinearmodule. (b) The componentsn C}, andC,, for
therectilinearmoduleof (a).

As theexampleshavn in Figure9, for eachpair of submodulesn dif-
ferentzones,we introducean edgein C}, (seethe C}, of Figure 9(b)).
Also, for the submodule$,, andb, in the samezonez;, we introduce
anedge(ns,, ns, ) in Cy. To maintainthe shapeof the rectilinearmod-

constraint.Sinceb,, andby, arenot adjacensubmodulesthe insepara- ule, we mustguaranteg¢hatthe edges(ns, , nbs ), (1bs, b3 ), (Rbg M),

bility constrainwill notbeviolated.

and(n, , ns, ) arereductionedgesduring perturbation If ary of the four



edgesbecomes closureedge the submodulewvill nolongerbein adja- by cutting a rectangleinto a setof modules. Figures11 (12)(a)and(b)
centzonesin theresultingplacement.(SeeFigure4(b) for anexample.) shav the optimum placementand the resultingplacemenigeneratedy
Besidesfor submodules;,, andb,, thatdo notakut or arenotin adja- our methodsrespectiely. Thereare6 (22) rectangular2 (1) L-shaped,
centzones,if thereexists anadditionalpath < np,, Nz, ..., ny, s, > and9 (6) arbitrarily shapedmodulesin Figure11 ( 12). The deadspace
from ny, to np, in Cy, the summationof H,, ..., H, cannotbe larger is 9.375%(6.944%),andthe runningtime is 1224 (1409)sec. Note that
thans(b1,b2) to avoid submoduless, andb,, from beingdeformedby the testcasesaretwo of mostcomplex benchmarksver reportedin the

modulesh,, ..., andb,. literature.

Accordingto the a%cve discussionsall operationsntroducedin Sub-
section5.2 canbe appliedwith minor modificationsby consideringthe
inseparabilityandthe dimensionconstraints.

7 Experimental Results

Basedon the simulatedannealingmethod[5], we implementedthe
TCG-basedectilinearmodule placementlgorithmusingthe TCG rep-
resentationin the C++ programminglanguageon a 433 MHz SUN
SparcUItra-60 workstationwith 1 GB memory The packageis avail-
able at http://cc.ee.ntu.edu.t chang/research.htmlWe compared
our methodwith that presentedn [16] basedon the samecircuits gen-
eratedby Xu etal. To generatd- and T-shapedectilinearmodulesfor
experimentation they combinedtwo (three)rectangularmmodulesin the
MCNC benchmarkami49to form anL-shapedT-shapedmodule.(Note
thatall previousworksonrectilinearmodulesgenerateaircuitsby them-
selveswithout making comparisonsvith others. Therefore,mostof the
dataarenotavailableto us.)

F | 7 XU etal. [16] TCG

Circuit of of | of rime Time

R L T area (sec) area | (sec)

ami49L 7 21 0 37,39 | 1200— 37,30 203
ami4aLT 6 20 | 1 39,43 NA 37,37 | 2073
amidQl 8 19 1 - - 37,40 991
ami4Q2 18 | 10 3 - - 37,51 603
ami4Q3 9 11 6 - - 37,61 620

Table 1: Areaandruntime comparisondetweenXu et al. [16] (on Sun Sparc
Ultra | with 233 MHz) and TCG (on Sun SparcUItra60 with 433 MHz). (Note
that [16] doesnot report runtimesfor ami4QL and ami4QLT. The runtime for
ami4QL is taken from its journal version[17], but [17] doesnot reportthe result

for ami49LT.) Theareaof all modulesin ami49is 35.445mm?.

Columns2, 3, and4 in Table 1 list the respectre numbersof rect-
angulay L-shaped, T-shapedmodules(denotedby # of R, L, and T).
ami49L consistof 7 rectangulamodulesand21 L-shapedmodulesand
ami49LT consistsof 6 rectangulamodules,20 L-shapedmodules,and

1 T-shapedmodule? The total areaof eachcircuit is shavn in Column
5. As shown in the table, our methodachieved significantly betterarea
utilization for ami4QL andami4QLT, comparedo Xu etal. [16]. Fur

ther, our methodis also very efficient (see Column 11 for the running
times). Figure 10 shavs the placementfor ami49LT. In additionto the

two circuits usedin Xu et al. [16], we alsoconstructthreecircuits based
on ami49. Their confi?urationsarelisted in rows 3, 4, and5 of Table1.

Theexperimentaresultsshav thatour TCG-basedlgorithmconsistently
obtainsgoodresults;the deadspacesreall smallerthan6%.

Figure 10: Resultingplacementf ami4QLT (area= 37.37mm?).

In additionto L-shapedandT-shapednoduleswe alsogeneratedwo
caseswith arbitrarily shapedmodules,suchasH-, +-, LI-, stairshaped,

etc.,to shav the flexibility of our method.Our testcasesveregenerated

21n additionalto thetwo modifiedami49benchmarlcircuits, Xu etal. [16] also
experimentedon a small randomlygeneratedest casewith 2 rectangularand 4
L-shapedmodules. Unlike the two modified ami49 benchmarkeircuits that can
be re-generategsincetheir modulelD’s aregivenin the paper),howvever, we are
unableto re-constructhe smallrandomlygeneratedestcase.Therefore we focus
onthe comparisorwith thetwo modifiedami49benchmarlcircuits.

1

ity
i

(b)

ol

-

(a)

Fig urell: (a) Theoptimalplacemen{area=64)(b) Theresultingplacemenof (a) (area
=70).
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Figure 12: (a) The optimal placement(area=144). (b) The resulting placementof (a)
(area=154).

8 Concluding Remarks

We have presenteda TCG-basedalgorithm to deal with rectilinear
modulepacking. TCG is the first general graphrepresentationvith the
feasibility guarantedor perturbations. We have derived necessanand
sufficient conditionsof TCG for rectilinearmodules. Our algorithmnot
only canavoid infeasiblepackingduring perturbationbut alsocanelim-
inate the needof the post processingon deformedmodules. All these
propertiesmake TCG an ideal representatiorior dealingwith the floor-
ﬁlan/placemendesignwith rectilinear modules. Experimentalresults

ave shawvn thatour methodis very flexible andeffective.
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