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Abstract for fixing misplacedsubmodules However, the constraintgraphsareno
In this paper we dealwith arbitrary corvex and concave rectilinear longeracgyclic aftertheiraugmentationesultingin alongerrunningtime
module packingusingthe Transitve ClosureGraph (TCG) representa-for packing(O(m?) time, wherem is thenumberof modules).
tion. The geometrianeaningof modulesaretransparento TCG andits ~ Wu et al. in [15] handledrectilinearmodulesusingthe B*-tree rep-
inducedoperationswhich makesTCG anidealrepresentatioffior floor- resentationA rectilinearmodulecaneasilybe representedsingB*-tree
planning/placementith arbitraryrectilinearmodules Wefirst partitiona by partitioningthe moduleinto a setof rectangularsubmodules.How-
rectilinearmoduleinto asetof submodulesndthenderive necessargnd ever, they haveto re-partitionarectilineamodulewhenevertherectilinear
sufficient conditionsof feasibleTCG for the submodules.Unlike most moduleis rotated.Besidesthey needa post-processintp adjustsubmod-
previous works that processeachsubmoduleindividually andthus need ules to maintainthe shapesof rectilinearmodules. Panget al. [13] ex-
postprocessingo fix deformedrectilinearmodulesour algorithmtreats tendedthe O-treerepresentatioto handlerectilinearmodules.Recently

a setof submodulesisa whole andthusnot only canguarantee¢he fea- Maetal. [9] usedCBL to dealwith the placemengbutmentconstrainand
sibility of eachperturbedsolutionbut alsocaneliminatethe needof the extendedhe methodto dealwith L/T-shapednodules.

post processingon deformedmodules,implying bettersolutionquality 1 o  Our Contrib ution
andrunningtime. Experimentaresultsshov that our TCG-basedalgo- In this paper we dealwith arbitrary convex and concave rectilinear

rithm is capableof handlingvery complex instancesfurther, it is very p <. :

L ; i : modulepackingusingthe transitive closuregraph(TCG) representation.
efficient andresultsin betterareautilization thanpreviouswork. We first partitiona rectilinearmoduleinto a setof submodulesndthen
1 Intr oduction derive necessarwandsufiicient conditionsof feasibleTCGsfor the sub-

. L ; . modules. The geometricrelationshipof modules/submoduleis trans-
o éﬁ.ﬁgchh;noéfe%ﬁgpﬁggieSﬂ%%%%q&?pg’pﬁ?g%r';'}?(gﬁgg'iB%ﬁddr'éaun;gg'fc parentto TCG and its inducedoperationsjmplying that ary violation

of the topologyof a rectilinearmodulsduring perturbationcaneasilybe
IP modulesbecomepopular This trend makesthe numberof modules ; oty
increasesignificantly and often modulesare not rectangular Therefore, detectedUnlike mostpreviousmethodsthatprocessachsubmoduldn

it is desirableto considerthe placementor arbitrarily shapedectilinear 3:\é'guoadLyaﬁggﬁﬂﬁaﬂfggggségi%?essusgr]ggém fg‘;omi(gfecgﬂﬂetﬁﬂ@ﬁg{
modulesto o_pt|m|2e3|||con areauttilization. only canguaranteehe feasibility of eachperturbedsolution,but alsocan
1.1 Previous Work eliminatethe needof the postprocessingn deformedmodules,imply-
Placement/floorplanningith rectilinearmoduleshasbeerextensively ing bettersolution quality andrunningtime. In particular our packing
studiedn theliterature[1, 2, 3,4,7,11,15,16]. Leein [7] representedr- gchemetakesonly O(m?) time, comparedto O(m?®) time for the se-
bitrarily shapedectilinearmoduleswith asetof four linearprofileswhich quencepair basednethodfor arbitraryshapednodulespresentedn [1].
describethe contoursof a moduleviewed from four sides. They mini- A|l thesepropertiesnakeTCGanidealrepresentatiofor dealingwith the
mizedsilicon sizeby performinga bounded?D contoursearchingalgo- floorplan/placemerdesigrwith rectiIinearmoduIes.ExPerimentatesults
rithm ontheprofile of adesign Dueto thehigh compleﬂt?/ for Qomputln? shaw thatour TCG-basedhlgorithmis capableof handlingvery comple
theprofiles,theapproachs limited to theplacemenproblemwith asmall instancesfurther, it is very efficient andresultsin betterareautilization
numberof modules. _ N . (averagedeadspace= 5.44%)thanthe previouswork [16] (averagedead
Unlike the work in [7], mostprevious works partitioneda rectilinear space= 7.65%).
moduleinto asetof rectangulasubmodulesindoperatednthesubmod- * The remainderof this paperis organizedas follows. Section2 for-

ulesundersomeconstraintsnducedfrom theoriginal rectilinearmodule. my|atesthe floorplan/placementesignproblemwith rectilinearmodules.
Thereare a few existing partition basedapproachesising well-known  Section3 reviews the TCG representationSection4 presentshe feasi-
representationsBSG [2, 4, 11], sequenceair [1, 3, 16], B*-tree [15], ple TCG andpackingalgorithmfor convex andsomeconcave rectilinear
O-tree[13], andCBL [9]. modules. Section5 introducesthe perturbationalgorithmfor rectilinear

KangandDai in [2] proposedh BSG-basednethodto packL-shaped, modules Sectioné extendsTCG to dealwith generatectilinearmodules.

T-shapedandsoft modulesby usin?as_tochast|(approachh_atcombmes Experimentalresultsare reportedin Section?, and concludingremarks
simulatedannealinganda geneticalgorithm. Nakatakeetal. in [11] han- aregivenin Section8.

dled pre-placedandrectilinearmodulesusingBSG. To handlea rectilin- L .

earmodule,they placedits submodule®neby oneuntil all submodules? Preliminaries

were packedat the right relatve positions. Then, the placedsubmod-  Rectilinearmodulescanbe classifiedinto two types: convex rectilin-

ulesweretreatedaspre-placednodules.KangandDai in [4] usedBSG ear modules and concave rectilinear modules. A rectilinearmoduleis

and sea_uencqaalr to solve the topology constrainednodulepackingfor  sajdto be convexif, for any two pointsin themodule they have a shortest
a specificclassof rectilinearmodules,namedordered convex rectilinear - Manhattarpathinsidethe module;the moduleis saidto be concave, oth-

modules, andextendedhemethodto handlearbitraryrectilinearmodules. erwise. Besidesamoduleis saidto besliceableif thereexistsa horizontal

Xu etal. in [16] exploredthe conditionsof feasiblesequenceairsfor or g vertical slicing on the moduleandthe slicing doesnot resultin two
L-shapedmodules. Atter all rectangulamodulesandsubmodulesvere separatsubmodulesotherwiseit is non-sliceable.

packeda postprocessingvasperformedo adjustmisplacedsubmodules

to fix theshape®f rectilinearmodules.However, they canonly dealwith Theorem1 All convex modules must be sliceable.
“mound-shaped'tectilinearmodules[1]. Kang and Dai in [3] derived

threenecessargndsuficient conditionsfor recoveringtheshape®f con-
vex rectilinearmodules.Similarly, they alsoneededh postprocessingo
recovertheoriginal shape®f rectilinearmodulesafterpacking.Recently As th liceablanodulesh in Ei 1 th .
FujiyoshiandMuratain [1] presentecinapproacho representectilinear AS the non-sliceablenoduleshown in Figurel, thereexist two separate
modulesusingsequencgair. They alsodervedanecessargndsuficient submodules, andb, resultingfrom slicingthemodulealongthevertical
conditionfor feasiblesequenceair for rectilinearmodules In particular boundg:}jrleﬁ.'l'he?jhtl)rtesg/lﬁnh_at_tarpathfor arbltéa:ypomtsm by andb,
they augmented constraingraphby addingconstrainedgedo maintain 'S OUts! et_l_emo ueéarl] thusit |sfacr?ncg/emo ule. di ¢
the feasibility of a sequencepair, without resortingto apostprocessingZ A rectilinear module b can further be partitioned into a set o

Corollary 1 All non-sliceable modules are concave modules.

ones{z1, z2,..., 2} by serially slicing the module vertically (hori-
*This work was partially supportedby the National Science Council of zontally), and eachzone:z; consistsof a setof rectangulals_ubmodl_]les
Taiwan ROC under Grant No. NSC-90-2215-E-009-TZL E-mail: {gis87808, {bi , bi, - - ., bi, } orderedfrom bottomto top (from left to right). Fig-

is85019 @cis.nctu.ed.tw; ywchang@cc.ee.ntu.adw. ure 1 shavs anon-sliceablaectilinearmodulewith four zones:y, 22, zs,



andz, by seriallyslicing alongverticalboundarieswherez; = {b1, 52},
Zy = {63}, Z3 = {b4}, and24 = {b5}

The numberlabeledbesideeachboundaryof the module gives the
lengthof theboundary Let W; (W;,), H; (H;;), Ai (A:;), and(X;,Y;)
((X,,Y:;)) denoterespectie width, height, area,andthe coordinateof
the bottom-left cornerof the moduled; (submoduleb;;). A placement
P is anassignmentf (X;,Y;), : = 1,...,m, for eachb; suchthatno
two modulesoverlap and the shapeof eachrectilinearmoduleis main-

tained.Thegoalof placementvith rectilinearmoduless to minimizethe
resultingarea(i.e.,theminimumboundingrectangleof P).

1 25 2
2 2
2| by 2
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Figure 1: A concae rectilinearmoduleconsistingof four zonesz1, z2, 23, z4, Where
21 = {61, bg},22 = {63},23 = {64},andz4 = {65}.
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3 Reviewof TCG ©

We first review the TCG representatiompresentedn [8]. TCG de- .
scribesthe geometricrelationsamong modulesbasedon two graphs, Figure2: (a)A placement(b) TCG.(c) AugmentedrCG (augmented”, andC.,).
namelya horizontal transitive closure graph C;, anda vertical transitive
closuregraph C,, in whichanoden; representamoduleb; andanedge
ni,n;)in Cy ﬁCv) denoteshatmoduled; is left to (belon) moduleb; . 4.1 FeasibleTCG

CG hasthefollowing threefeasibility properties[8]:
g yprop (8] We have shovnin theprevioussectiorthattherealwaysexistsaunique

1. Oy andC, areagclic. feasibleplacementorrespondingo a TCG for rectangulamodules.For
2. Eachpair of nodesmustbe connectedy exactly oneedgeeither rectilinearmodules,we mustalso maintaintheir original shapesiuring
inCy orin C,. placement. To identify feasibleTCG for rectilinearmodules,we intro-

o - - 1 ducethe concepiof transitive reduction edges of TCG. An edge(n;, n;)
3. Thetransitie closureof Cy (Cv) is equalto Ch (C) itself. is saidlto be a reduction edge if theredoosnot exist anotherpa?[hgrom n;
Figure 2(a) shavs a placementwith five modulesa, b, ¢, d, ande to n;, excepttheedge(n;, n;) itself; otherwisejt is a closure edge. For
whosewidths and heightsare (2, 1), (2, 2), (2.5, 2), (1.5,2), and(3.5, example,the edges(na, n.), (ns,n.), (nc,nq), and(nq,n.) in C, of
e O il ShosendnoFigure2(y) areredtonedgeaitle (1, ). 1, 1), (1, 1), and
- - : ; h » (np, n.) areclosureones. (Noteit is clearlaterthat both reductionand
(Cv) givesthewidth (height)of the correspondingnodule,andthe edge E:Iosure)ed esareessentiagor maintaininga feasibleTCG for perturba-
(ni,n;) in G (Cy) denotesthe horizontal(vertical) relationof b; and tion. We shall alsonotethat a key contrifution of TCG lies in the first
b;. Sincethereexists an edge(n., ny) in C, moduleb, is left to by. general graphrepresentatiowith the feasibility guaranteeluring pertue
Similarly, b, is below b, sincethereexistsanedge(na, n.) in C,. bationsg
For sliceablerectilinearmodules gachzonecontainsexactly onesub-

. L 2l
Givena TCG, a placementan be obtainedin O(m") time by per module. Therefore given a sliceablerectilinearmoduled; with p rect-

forming awell-known longest path algorithm[6] on TCG, wherem is the | bmoduled, i — by slicing by, f left iah
numberof modules. To facilitate theimplementatiorof the longestpath angfu arsbu moaule b2t g hL il slicing o ro”(‘j eft to right
algorithm,thetwo closuregraphscanbe augmentedsfollows. For each (OF from bottomto top) alongthe vertical (horizontal)boundariesye can
closuregraph,weintroducetwo speciaihodesthesourcen, andthesink constructa setof reductionedges(ns,, ns,,,), 5 = 1,...,p — 1, and
n;, bothwith zeroweights andconstrucedgedrom n, to eachnodewith correspondinglosureedgesn Cy, (C.,) sinceby; F by, (by, L by, ;).
in-degreeequalto zeroaswell asfrom eachnodewith out-degreeequal ; = 1 ... p — 1. (SeeFigures3(i) and (j) for an illustration.) To

to zeroto n;. Figure2(c) shovs theaugmented CG for the TCG shavn maintainthe shapeof a rectilinearmodule,we musttreatthe setof re-
in Figure2(b). _ _ duction and closureedgesas a whole, andkeepthe edges(ns;, ne,,, ),
Let Ln(ni) (Lo (n:)) denotethe weight of thelongestpathfrom n, ; — 1, _ 1 asthereductiononesduringprocessingi.e., a reduc-
to n; in theaugmented’;, (C,). Lh(mg] (L (n:)) canbedeterminedy tion edgeis not allowedto bechangednto a closureone). Thereforethe
performingthesinglesourcdongestpathalgorithmontheaugmented’, TCG for rectilinearmodulesmustsatisfythefollowing constraint:

(Cy) inO(m?) time,wherem is numberof modules Thecoordinate( X ;, e Inseparability Constraint: For vertical (horizontal)slicing, the set
Y;) of amoduleb; is glvenbyéLh(m,), L, (ni)). Further thecoordinates of reductionand closureedgesfor a rectilinearmodule mustbe
of all modulesaredeterminedn thetopologicalorderin Cj, (C,). Since allin Cy, (C,) (i.e.,thereexistsno edgebetweemodesn;,'sin C,
the respectie width andheightof the placemenfor the given TCG are (Ch)). Furthereveryedge(ns, , mo. . ), 5 = 1., p— P emains
Lp(n:) andL, (n;), theareaof theplacements givenby Ly, (n:) L, (n:). asareductionone R T ’
Sinceeachmodulehasa uniquecoordinateafter packing,thereexists a )

uniqueplacementorrespondingo ary TCG. Figures3(a)—(h)shav eight possiblesituationsof rectilinearmodule

by afte(; rotation a%dfli%. IAsfshcwnbin Fig(]jttj)resl3(a)—(dl)((e)—(h)),bz71 ]

: T by, andb,, aresubmodule®f b, obtainedby slicing alongits vertical

4 TC_:G fo SllgeabIeRectlllnear MOd_u_IeS N (h:brizontaf’l)boundariesForthesituationsh(wnin Figures3(a)—(d)((e)—
In this sectionwefirstintroducenecessargndsufiicientconditionsof (h)), the correspondingd CGis illustratedin Figure3(i) ((j)).

feasibleTCG for sliceablerectilinearmodules.We thenpresenthe TCG ~ * The inseparabilityconstraintwill be violatedif ary reductionedge

packingalgorithmfor sliceablerectilinearmodules.(We will presenthe (ny,, ns,,,) becomesa closureedge (i.e., there exists anotherpath

TCG propertiedor non-sliceableectilinearmodulesn Section6.) < My, Mgy ooy Ny, b,,, > frOMng, tony,,, ). Figured(a)shavsafea-

sible TCG for therectilinearmoduleb, with thesubmodules, , by, , be,

1 The transitve closureof a directedacyclic graphG is definedasthe graph andits correspondingplacement. In contrast,the TCG shown in Fig-
G' = (V,E'), whereE' ={(n;, n;): thereis apathfrom noden; tonoden; in ure 4(b) violatesthe inseparabilityconstraint,in which the edge(ns,,
G3}. ny,) In C, becomesa closure one since there exists anotherpath <
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Figure3: (a)—(h)Eight situationsof the submodule$or therectilinearmoduleb;. (i) The S
subgraptof C, andC',, for therectilinearmodulesshavnin (a)—(d). (j) The subgraptof C',
andC,, for therectilinearmodulesshavnin (e)—(h). 3|j5
M,
15 2
O—>e
Ny, Na, Ny, > from ny, t0 ny,. In this case the rectilinearmoduleb, Mo, ng
is dividedinto two sincethe sul?)m_oduleéb2 andby, areinterleavedwith 25
anothemoduled,, resultingin anillegal placement. r'1:'b3
For the TCG shown in Figure4(c), thereexist two paths< ny,, na, 2 2
ny, > and < np,, np,, np, > from ny, to ny, in C,. Supposethat .
Hq > Hs,. by will bedividedinto two piecesbecauséq andb,, are c Ma

insertecbetweerb,, andby, simultaneouslyand H is largerthan Hy, . “
Sameas[13, 17], we canresole it by expandingbs, to connectwith b,
becauset doesnot causeproblemsfor somepracticalapplicationg(but

wastesomesilicon areas). Flgure4: (a) A feasibleTCG for arectilinearmoduleb, andits correspondigplacement.

N (b) A TCG that violatesthe inseparabilityconstraintand its correspondig placement. (c)
4.2 PaCklng Expandingsubmodulé, to atutwith b, . (In thefigures,aquadraticnodecorrespondso a
To maintainthe shapeof arectilinearmodulewithout resortingto post stubmodulevhile aroundonecorrespondto arectangulamodule.)
processingwe mustalso modify the packingalgorithmfor rectangular
modulisdesckribegn Section3. IFigudreS iIILIJstratestgeIdifferencebe-
tweenthepackingdor arectangulaandarectilinearmodules Figure5(a . . :
ShONSZigieenTC%With fourre%tilinearmodulesba,bb,bc, andb%,wh((er% edgesinto the augmented”s, (C) to make Fin(ny;) = Fin(ns,y,),
by is a non-rectangulamodulewhoseshapeis illustratedin Figure5(b). 7 = 1,...,p — 1, exceptthe edgesemanatingfrom n.. éSe_e Fig-
FiguresSﬁc) and(d) shav anincorrectpackingresultingfrom theoriginal ure 6(b).) After determininga topologicalorder for the nodesin the
packingalgorithmanda correctpacking respectiely. nen augmented”; (C,), we remove the addededgesand then com-
To makea packingfor a rectilinear module correct, the coordinate pute the X (Y") coordinatesof the modulesin the topological order
of its submodulemustbe determinechot onI% by the longestpathfrom We associateeachnoden; a c-value, c;, to book-keepthe X' (Y') co-
the sourceof the inducedTCG, but also by the relative positionsto the ordinateof the module/submodule during the computationon the aug-
other submodulesof the samemodule. Let r(b;,b;) denotethe rel- mentedCs (Cy,). The coordinatef the modules/submodulesre com-
ative differenceof the positionsbetweenthe submodules,, andb,,; Putedasfollows. For eachnoden; in the augmentedjraph, we make
bib,) = Xy, — Xy, (r(bi,b;) = Yo — Ys,) for horizontal (ver- cs = 0 for the sourcen. andc; = —1 for ary othernoden;. We
’“_( e U) b; bi i,b5) Toj by ’ thenrelax the c-value of a noden; in the augmented”;, (C,) as fol-
tical) slicing. For the example shown in Figure 5(b), r(b1,b2) = 2, lows. For eachnoden; € F..:(n:), we makec; = max{c;,c; + W}
r(bi,bs) = L, r(be,b1) = =2, 7(bz,b3) = —1, r(bs,br) = —1,and (o; = max{c,,c; + H;}). However, whenary noden;, of asubmodule
r(bs,b2) = 1. Supposewe have packedb,, atY,, = 2. To keepthe p,. of arectilinearmoduleis encountereahelocationof the submodule
(eltie posiionshetiueernybmatlesyt, (V) Mustemuala (1) SCe isgivenby e, = max{es, max,=i,._ s {er, +r(by,b)}). Thentne
by T 7(03,02) = = by T1(03,01)=1). R [P S i
givesa correctpackingwhile Figure5(c) doesnot. As mentionedn Sec- valuesof othersu‘bmodu(lje_sé] S’ﬁ = IL A a.“.‘dﬂsgé L areglvben bg
fion 3, all modulesshouldbe packedin thetopologicalorderin C, (C.,). b; = ¢b: +r(bi, b;) accordingo therelative positionsbetweersubmod-
To processa non-rectangulamodule,further, the ancestor®f the nodes ulesb; andb; beforerelaxingns, .
associatedvith its submoduleshouldhave all beenprocessedandthe Figure 6(a) shavs the augmentedC, for the C, shown in Fig-
descendantsf thosenodesshouldnot be processedintil the coordinatesure 5(a). We first add the edges(na, ny,) and (n., ny,) to the aug-
og agthegubr?oFQUleQ?/e beendr(]eterlggned.qu @(ﬁtm}?le,acc(:j(_)rdlngtof mentedC, to make Fi,(ns,) = Fin(ny,) = Fin(ns,) (SeeFig-
the Cy (Cv) of Figure 5(a), we shoulddeterminethe Y* coordinatesof ¢ 6(b)). (Note that we do not add edges(n., ny,) and (ns, ns;)

modulesh, andb. beforeprocessindhe non-rectangulamoduleb,, and _; p ; ’
@ 9 ; sy y since they sourcefrom n..) After obtaininga topological order say
moduleby shouldnot be processedintil all Y3,’s,: = 1,...,3, arede- < Moy e, My b, d, My, Tnys Mz >, OF the new augmented”, , we re-

termined.In contrastjf we determinghe Y coordinatesn theorderYs, , mwetheadde(bdgesanéétartto computetheY coordinatesor all nodes

B:/ah?]/aoﬁn};b;%@’egtd)}?w we may needto adjustYa if thesubmoduleé, bhas_e(_bnlthet(%pologi_calprderr] _(sheeh:igu(rjes?](c)—(%)). FigLIJre6(c) shaws
; 1 ) the initial configuration,in which all nodeshave the c-value —1" except

To obtainthe packingorderof submoduleswe modify theaugmentedy, o, . “— g Figure 6(d) illustratesthe configurationafter relaxingthe
Cy and €, before applying the topological sort algorithm to find the \54es, 1" andn,. We thenstartto processny, . Sincens, corre-
ordering. Let the fan-in (fan-out) of a noden;, denotedby Fin(n:) spondsto a submoduleof the rectilinearmoduleb, first encountere@nd
(Fout(n:)), be the nodesn;’s with edges(n;,n;) ((n:,n;)). Given thereexistsno edgeamongnodesns, , ny,, andns,, we shallfirst deter
a rectilinearmodule b, with submodulesh,,, : = 1,...,p, by slic- minec;, (seeFigure6(e))andthencomputers, andcsy, (seeFigure6(f))
ing by alongits vertical (horizontal)boundarieswe introduceadditional beforerelaxing ny, to maintainthe relative positionsof the rectilinear
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FlgureS: (@) A TCG. (b) Therectilinearmoduleb;, consistf threesubmodule$s, , be.,,

andby, . (c) An incorrectpackingresultingfrom the original packingprocedure(d) A correct
packing.(Notethatthis packingis suboptimalwe will shav in nextsectionhow to perturbthe
TCGto obtainanoptimalpacking.)

moduleb,. Here,cy, = max{cs, + r(b2,b1),cp, + r(bs,b1),cp, } = Cpy= mex{ 2-1,2-2, 0} Chp™ 1+2=3

max{2 — 2,2 — 1,0} = 1, ¢cp, = ¢, + r(b1,b2) =1+ 2 = 3, and 1= T e 1e1=2

cy, = ¢y, +r(b1,bs) = 14+ 1 = 2. Wethenrelaxthenoden, , resulting Cd 226;{2, 1+3.5}

in cq = max{cq, co; + Hp, } = max{2,1 4 3.5 = 4.5}. Therelaxation @ © ) ©

procesontinuedfor the nodesng, ns,, nw,, andfinally n,, resultingin
Lhasggzle?%gilgynﬁéggshwn in Figure6(g), in whichall ¥ Coord'”ateSFigure 6: An examplecomputationof ¥ coordinates. (a) The augmentedZ,, for the
: C, shavnin Figure5(a). (b) Thenew augmented”, afteraddingthe edges(n., ns, ) and

Theorem?2 Given a feasible TCG for a siceable rectilinear module, the (e 7b1) o makeFiy (ny,) = Fin(ns;) = Fin(ny;). A possibletopologicalorder
’ in the new augmented”, is givenas< ns,ne¢, na, Ny, Nd, by, Nby, Nt >. (C) The

; ; ; ; 12
paCk| ng SCheme_ proposed above gives a feasible placement in O(m c-valuesof the initial configuration. (d) The c-valuesafter relaxingthe nodesn 5, n, and
time, wherem' is the number of rectangular modules and submodules.  n.. (e) Beforerelaxingns, , we needto computecs, , ¢, , andey, . ¢y, = max{ce, +
. ) r(ba,b1),coy + r(ba,b1),co,} = 1. () co, = coy + 7(b1,b2) = 3 andcy, =
It shouldbe notedthatthe sequenceairbasedpackingschemepre- c, +r(b1,bs) = 2. () Thefinal configuratiorafterrelaxingn, , na, ne,, ny,, andny.
sentedn [1] needsD(m"®) time.

5 Algorithm - - . .

Our algorithmis basedon simulatedannealing[5]. Given aniinitial ¢ ES{ﬁIriSSF“p- Flip arectilinearmoduleabouttheaxisparallefto its
solutionrepresentetly aTCG, we perturbthe TCGto obtainanew TCG. ; : -
The perturbationcontinuesto searchfor a “good” configurationuntil a o Twirl: Rotatearectilinearmodule.
p;edefilnedermir&atlioncoyditiorrllis satisfiedf. To en?]urethle COVreCt(?EISSNotethatRotation Swap,Reverse,andMove arefirst introducedin [8]
of rectilinearmodulepacking,the new TCG for eachrectilinearmodule |, ,: ' ! . - 2 2y
mustsatisfythe TCG easibil?tyconditionsdescribedn Section3 andthe Which canbe p(‘er_formedn respectre 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. resultinggraphafter performingary of theseoperationsna TCGis still

: PP aTCG.
5.1 Rﬁﬂuctlon_ EdgeL%egt'f'ca&on i itvecl h Rotation, Swap, PerpendiculaFlip, and Parallel Flip do not change
_RecalithatTCGis formedby directedagyclic transitve closuregraphs. thatopologyof TCG, andthustheinseparabilityconstrainwill notbevi-

Given an arbltrary_nodeni in one transitve closuregraph,theremsts olated,either However, Revere,Move, TranspositionaMove, and Twirl
at leastonereductionedge(ni, n; ), wheren; € Fou:(n:i). For nodes will. We thusmay needto updateTCG after performingRevere, Move,
nk,m € Foui(n:), theedge(n;, nx) cannotbeareductionedgeif nx € TranspositionaMove, and Twirl. Further in orderto satisfythe insepa-
Fout(n:). Hence we remove thosenodesin F..:(n;) thatarefan-outsof rability constraintwe needfeasibility detectionduringthe operation.We
others. The edgesbetweenn; andthe remainingnodesin F,.;(n;) are firstdetailtheoperationsn thefollowing.
reductionedges.For the Cj, of Figure5(a), Fout(n.) = {na,ns,,na}. 5.2.1 Rotation
Sinceny, andng belongto Fou:(n.), edges(n., ny, ) and(n., nq) are To rotatea rectangular module b;, we only needto exchangethe weights
closureedgeswhile (n.,n,) is a reductionone. The time compleity of thecorrespondingiodesz; in Cy, andC,.
for finding sucha reductionedgeis O(m'?), wherem’ is the numberof
rectangulamodulesandsubmodule$8].
5.2 Solution Perturbation

We applythefollowing eightoperationgo perturba TCG: 522 Swap

* Rotation: Rotatearectangulamodule. To swapnodesn; andn; of two rectangulamodulesh; andb;, we only

e Swap: Swaptwo nodesassociatedvith two rectangulamodules needto exchangehenodes:; andn; in bothC;, andC,.
in bothC}, and C,.

¢ Reverse: Reverseareduction edgein Cj, or C,.

e Move: Move a reduction edge from onetransitive closuregraph
(Ch or Cy) to theother 523 Reverse

[ ] TranSpOSitional Move: Move areduction ed%e from onetransitve The Ra/e.rseoperation'e/erseshe directionof areduction edge(n“ n])
closuregraph(C', or C,) to the other andthentransposeéhe two in atransitize closuregraph,wheren; andn; arenotassociateith two
nodesassociateavith the edge.It is clearlaterthatthis operation submodule®f the samerectilinearmodule. For two modulesh; andb,,
is differentfrom performingMove andthenReverse. bi F b, (b: L b;)if thereexistsareductionedge(n;, n;)in Cy, (C.); after

e Perpendicular Flip: Flip arectilinearmoduleaboutthe axis per reversingthe edge(n;, n;), we have the new geometricrelationd; + &;
pendiculatto the cutlinesfor obtainingits submodules. (b; L b).

Lemmal Theinseparability constraint of a TCG will not be violated for
the Rotation operation.

Lemma2 Theinseparability constraint of a TCG will not be violated for
the Swap operation.



To reversea reductionedge(n;, n;) in atransitve closuregraph,we
first deletethe edgefrom the graph,andthenaddthe edge(n;, n;) to the
graph.For eachnoden;, € Fi,(n;)U{n;} andn; € Fou:(n:)U{n;}in
thenew graph,we shallcheckwhethertheedge(ny, n;) existsin thenew
graph.If thegraphcontainsthe edge we do nothing;otherwise we need
to addthe edgeto the graphand deletethe correspondingdge(nx, n:)

or (n;,nx) in the othertransitive closuregraph,if ary, to maintainthe
propertieof the TCG.

5.2.4 Move

The Move operationmovesa reduction edge(n;, n;) in atransitve clo-

suregraphto theother wheren; andn; arenotassociatedavith two sub-
modulesof the samerectilinearmodule. Move switchesthe geometric
relationof thetwo modulesh; andb; betweera horizontalrelationanda
verticalone.For two modulesh; andb;, b; - b; (b; L b;) if thereexistsa
reductionedge(n;, n;) in Cj (C.,); aftermoving theedge(n;, n;) to C,

(Cr), we have thenew geometriaelationd; L b; (b; F b;).

To move a reductionedge(n;, n;) from atransitve closuregraphG
to the other G’ in a TCG, we first delete(n;, n;) from G andthenadd
(ns, nj) to G'. Similar to the Reverseoperation,for eachnoden; €
Fin(n:) U {n;} andn; € Fou(n;) U {n;}, we shall checkwhether
the edge(nx, n;) existsin G'. If G’ containsthe edge,we do nothing;
otherwise we needto addthe edgeto G’ and deletethe corresponding
edge(nx,n;) or (ng, nx) in G, if ary, to maintainthe propertiesof the
TCG.

5.2.5 Transpositional Move

The TranspositionaMove operationremoves a reduction edge(n;, n;)
from a transitve closuregraph,and add an edge(n;, nlg to the other
wheren; andn; arenotassociatewith two submodule®f thesamerec-
tilinear module. TranspositionaMove switchesthe geometriarelationof
thetwo modulesh; andb; betweera horizontalrelationandaverticalone
andchangeshe orderingof thetwo modulesh; andb; in theirgeometric
relation. For two modulesb; andb;, b; + b; (b; L b;) if thereexists
areductionedge(n;, n;) in Cy (Cy); aftertranspositionallymoving the
(ebdg}_e(bni, n;) to C, (Ch), we have the new geometricrelationb; L b;
! To transpositionallymove a reductionedge(n;, n;) from a transitve
closuregraphG to the otherG’ in a TCG, we first delete(n;, n;) from
G andadd(n;, n;) to G'. Similarto the Move operation for eachnode
ni € Fin(n;)U{n;}andn; € Fou:(ni) U {n;}, weshallcheckwhether
the edge(nx, n;) existsin G'. If G’ containsthe edge,we do nothing;
otherwise we needto addthe edgeto G’ and deletethe corresponding
_?_(ég%;e(nk,nl) or (n;,ng) 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 submoduledy chang-
ing the differenceof relative positionsfrom r(b;,b;) to Wy, — Wy, —
r(bs, b;) (Hy, — Hp; — r(bi, b;)) for horizontal(vertical) cutlines,where

1,7 = 1,...,pandy # i. Figure7(b) shavs the resultingC, Cy,
and placementafter perpendicularlyflipping the rectilinear module b;.
T(bl,bs) = 1, T(b17b2) = 2, T(bQ,bl) = —2, T(bQ,bg) = —1,

r(bs,b1) = —1, andr(bs,b2) = 1 in Figure 7(b) while r(b;,bs) =
T(b17b2) = T(bQ,bl) = T(b27b3) = T(bg,bl) = T(b37b2) =01In Flg-
ure7(a).

SincePerpendiculaFlip changenly 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 isthe number of submodules
in the rectilinear module.

Lemma 3 Theinseparability constraint of a TCG will not be violated for
the Perpendicular Flip operation.
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Initial configuration of TCG
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by
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Flgure 7. Examplesof perturbations.(a) The initial TCG (C and C.,) andits corre-
spondingplacement.(b) TheresultingTCG and placementfter perpendicularlyflipping the
rectilinearmoduleb;, shavnin (a). (c) TheresultingTCG andplacemenafterparallelflipping
therectilinearmoduleb showvn in (b). (d) TheresultingTCG andplacemenéfter twirling the
rectilinearmoduleb by —90° shawvnin (c).

5.2.7 Parallel Flip
TheParallelFlip operatiorflips arectilinearmoduleb;, abouttheaxispar
allel to the cut linesfor obtainingits submodule®y swappingthe nodes

ny, andne,_, ., k = 1,...,|p/2], in both C, andC,. Givenarec-
tilinear moduleb;, consistingof submodules,,, : = 1,...,p, formed
by vertical (horizontal)cuts(i.e., by; + by, (bs, L bs;,,)), thereex-
ist reductionedges(ns,, ns,,,) andtheir correspondinglosureedgesn
Cr (Cy), wherey = 1,...,p — 1. After swappingthe nodesn;, and
Ny, 410k = 1,...,[p/2], inbothof C, andC,, we have the new re-
ductionedges(ns,, ny,_, ) andtheir correspondinglosureedgesin Ci
(Cv), implying by, F bs,_, (by, L by,_,), wherel =p,... 2.

Figure 7(c) shows the resultingC,, C,, andplacemengfter parallel
flipping therectilinearmoduleb, of Figure7(b). Notice thatafter swap-
ping the nodesn;, andns, in both C, andC, of Figure?Sb), we in-
troducethe new edges(ny,, ns,), (nv,, ns,), and(ny,, ny,) IN C, of
Figure7(c),implying b Lby andby L bs.

ParallelFlip needdo performthe Swapoperation|p/2] times,where

p is the numberof submodulesn a rectilinearmodule,and eachSwap

operationguaranteeto perturbinto a uniquefeasibleTCGin O(1) time.
We have thefollowing theoremandlemma.
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Theorem5 TCG is closed under the Parallel Flip operation, and such Os

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

%15

b>
b3

Lemma4 Theinseparability constraint of a TCG will not be violated for
the Parallel Flip operation.

c

Na

5.2.8 Twirl

The Twirl operationrotatesa rectilinearmoduleb, by exchangingthe
weightsof the correspondingiodesn;,, ¢ = 1,...,p, in C, andC,,
and transpositionallymaoving the reductionedges(ns;, np;,,), J =
1,...,p— 1, fromatransitive closuregraphto the other Givenarectilin-
earmoduleb, consistingof submodules,, obtainedoy vertical(horizon-
tal) cuts(i.e., by; + by, (bs; L by, ,,)); afterexchangingthe weights
andtranspositionallymoving thereductionedgeswe rotatetherectangu-
lar submodule$y,, : = 1,...,p, andmakebs,, L by,_, (bs, F by,_,),
l =

G

b,

by

Dyeey 2.

Figure 7(d) shavs theresultingCh, C,, andplacemengftertwirling
the b, of Figure 7(c). To transpositionallymove the reductionedge
(ny, , ns, ) from C, to Cy,, we firstremove thereductionedge(ns, , ny,)
from C,, andadd(ns,, ns, ) to C. Since{ny, } U Fin(ne,) = {ns, } Figure8: Examplef perturbationgcontinuedrom Figure7). (e) Theresulting
and {ns, } U Fout(ns,) = {ns, } in Cy, for eachnoden; € {ns,} TCG and placememaftermoving'the reductionedge(na, ny, ) from the_Qv of
andn; € {ns, }, we shallcheckwhetherthe edge(ns, n;) exists. Since Figure 7$]d) todOh._ (f)dThe resultlnngCG r?ngplaﬁeme_naftertrgnsposﬂlonally
the edge (ns,, ny, ) is alreadyaddedduring the transpositionamove, movingthereductionedge(rna, ny, ) from theC, shavnin (€)t0 .

we do nothing. Similarly, to transpositionallynove the reductionedge

(ny,, ns, ) fromthenew C,, tothenew Cj,, weremove thereductionedge . -

(nb,, ne,) from the new C, andadd (ns,,ns,) to thenew C,. Since 6 TCG for Non-SliceableRectilinear Modules
{ne,} U Fin(ne,) = {ne,} and{ns,} U Four(ns,) = {ns,,ns,} in Dueto the pa(jzelimit, we briefly give the ideaon how to dealwith
the new C, and (ns,, ns,) is alreadyadded,we only needto add the non-sliceablegectilinearmodules.For a non-sliceableectilinearmodule,

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

edge(ns,,ny,). Finally, we exchangethe weightsof eachnoden,,, eachzonemaycontainmorethanonesubmoduleThereforeto maintain
i = 1,2,3,in C, andC, of Figure7(c). Figure7(d) illustratesthere- theshapeof arectilinearmodule we needto keeptherelative positionsof
sulting TCG. thesubmodulesn azoneaswell asbetweerzones.Givenanon-sliceable

~ TheTwirl operatiomeedso performrespectie RotateandTransposi- rectilinearmoduleb;, with p zonesby slicing b, from left to right (or from
tional Move p andp — 1 times,andeachRotateandTranspositionaMove bottomto top) alongvertical (horizontal)boundariesfor eachpair of sub-

operationguaranteeso perturbinto a feasibleTCG in respectie 0(1) modulesby, andby; in differentzoneswith by, left to (below) by, we
andO(m"?) times,wherep is the numberof submodulesn arectilinear introduceanedge(ns,, s, ) in Cx (C). Also, for eachpair of submod-
moduleandm’ is the numberof rectangulamodulesand submodules.ulesbs; andby; inazonewith by, belaw (left to) b, , 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 submodulesin a

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

5.3 Feasibility Detection

To maintainthe shapeof a rectilinearmodule, TCG mustsatisfythe
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
(n,, n;), theinseparabilityconstrainwill be violatedif ny, € Fin(ni) U
{n:} andny, € Fou(n;) U {n;}, where|l — k| = 1, since(ny,, ny, )
would becomea closureedge. Since Twirl consistsof the Rotateand
TranspositionaMove operationsthe inseparabilityconstraintwill notbe
violatedif theinseparabilityconstrainis satisfiedor eachTranspositional
Move operation. By doing the feasibility detectionduring the Reverse,
Move, or TranspositionaMove operationwe canguaranteghat the re-
sulting TCGiis still a TCG for rectilinearmodule. We thushave the fol-
lowing theorem.

Theorem7 Theinseparability constraint of a TCG is not 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(na, ns,) from C, shown in Figure 7(d) to Cj. Since
{na}NFin(na)={na, n.} and{ny, }NFous(ns, )={ns, } in Cr, weshall
checkthe edge(n., ns, ) for the inseparabilityconstraint. The insepara-
bility constraintwill not be violatedbecausé. andb;, arenotadjacent
submodule®f the samerectilinearmodule. Figure8(f) shovstheresult-
ing Cr, C,, andplacemengfter transpositionallymoving the edge(n.,
ny,) from the C, of Figure8(e)to Cy. Since{ns,} N Fin(ns,)={ns, }
and{n.} N Fou:(na)={na, ns, } in Cx, weshallcheck(ny, , ny, ) for the
constraint.Sinceb,, andb,, arenotadjacensubmodulesthe insepara-
bility constrainwill notbeviolated.

(ms;, np, ) in C,, (Cr). Similarto theinseparabilityconstrainfor sliceable
rectilinearmodulesfor two submodules,, andb,; in adjacenzoneswe
mustguarante¢hatthecorrespondingdge(ns, , ny, ) is areductionedge
during perturbationto maintainthe shapeof a rectilinearmodule. Let
s(bi, b;) denotethe spacingoetweertwo submodules;, andby; in thex
(y) directionif by, & by, (bs, L by;). For example,s(bi, bs) = 2 since
b2 L by andtheir spacingin they directionis 2. To preventsubmodules
from beingdeformedby othermodulesfor every pair of submodule$y,
andb,; thatdo not alut or arenot in adjacenzoneswe needto impose
thefollowing constraint:

e Dimension Constraint: W, + ... + W, < s(bi,b;) (Hs +

.+ Hy < s(bi,by)) if there exists another path <
N,y Ny oo, Ny, N, > from ny, 10 n; in additionto the edge
(m;, my, ).

1 25 2

2 2
2|by 2 oy
b m]

2 B | e s Y
le'z b2

21 % 23 G

(@

Figure9: (a) A non-sliceableectilinearmodule. (b) Thecomponentsn Cj, andC', for
therectilinearmoduleof (a).

As theexampleshown in Figure9, for eachpair of submodule#n dif-
ferent zones,we introducean edgein C} (seethe C}, of Figure 9(b)).
Also, for the submodule$,, andbs, in the samezonez,, we introduce
anedge(ns,, ns, ) in C,. To maintainthe shapeof the rectilinearmod-
ule, we mustguarante¢hatthe edgeqns, , ne, ), (ns,, s, ), (N, noy ),
and(ns,, ns, ) arereductionedgesduring perturbationlf ary of thefour



edgeshecomes closureedge the submodulesvill nolongerbein adﬂ'a-
centzonesin the resultingplacement.(SeeFigure4(b) for an example.)
Besides for submodule&g7 andb,, thatdo not abut or arenot in adja-
centzones,if thereexistsan addltlonalpath< an, N, ... ny, >
from np, to ny, in C,, the summationof H,, ..., cannot%elarger
thans(bi, b2) to avoid submodule$, andd,, from belng deformedby
modules,, ..., andb,.

Accordlngto the above discussionsall operationsntroducedn Sub-
section5.2 canbe appliedwith minor modificationsby consideringthe
inseparabilityandthe dimensionconstraints.

7 Experimental Results

Basedon the simulatedannealingmethod[5], we implementedthe
TCG-basedectilinearmoduleplacementlgorit musmgthe TCG rep-
resentationin the C++ programminglanguageon a 433 MHz SUN
SparcUlItra-60 workstationwith 1 GB memory The packages 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
experimentationthey combinedtwo (three)rectangulamodulesin the
MCNC benchmarkami49to form anL-shapedT-shapedjnodule.(Note
thatall previousworkson rectilinearmodulesgeneratedircuitsby them-
selveswithout making comparisonwith others. Therefore,mostof the
dataarenotavailableto us.)

# # # Xu etal. [16] TCG
Circuit of of | of Time Time
R L T area (sec) area | (sec)
ami49L 7 2T 7 0 37,39 [ 1200— 37,30 [ 203
ami4alT 6 20 | 1 39,43 NA 37,37 | 2073
ami49T 8 97 1 - - 37,40 991
ami492 18 | 10 | 3 - - 37,51 | 603
ami493 9 11 | 6 - - 37,61 | 620

Table 1: AreaandruntimecomparisondetweenXu et al. [16] (on SunSparc
Ultra | with 233 MHz) and TCG (on Sun SparcUItra60 with 433 MHz). (Note
that [16] doesnot reportruntimesfor ami49L and ami49LT. The runtime for
ami49L is takenfrom 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-
angular L- shaped T-shapedmodules(denotedby # of R, L, and T).
ami49L consistof 7 rectangulamodulesand21 L- shapednodulesand
ami49LT consistsof 6 rectangulamodules,20 L-shapedmodules,and

1 T-shapednodule? Thetotal areaof eachcircuit is shovn in Column
5. As shawn in the table, our methodachieved S|gn|f|cantl?/betterarea
utilization for ami4QL and ami49LT, comparedo Xu et al. [16]. Fur
ther, our methodis alsovery efficient (seeColumn 11 for the running
tlmes) Figure 10 shaws the placemenfor ami49LT. In additionto the
two circuitsusedin Xu et al. [16], we alsoconstructhreecircuits based
on ami49. Their configurationsarelistedin rows 3, 4, and5 of Table 1.
Theexperimentatesultsshav thatourTCG-basedilgorithmconsistently
obtainsgoodresults;the deadspacesreall smallerthan6%.

|

Fig urel0: Resultingplacemenbf ami49LT (area= 37.37mm?).

In additionto L-shapedandT-shapednoduleswe alsogeneratedwo
caseswith arbitrarily shapednodules,suchasH-, +-, Li-, stairshaped,
etc.,to shav the flexibility of our method.Our testcasesveregenerated

2|n additionalto the two modifiedami49benchmarlkcircuits, Xu etal. [16] also
experimentedn a small randomlygeneratedest casewith 2 rectangularand 4
L-shapedmodules. Unlike the two modified ami49 benchmarkcircuits that can
bere-generatedsincetheir modulelD’s aregivenin the paper) however, we are
unableto re-constructhe smallrandomlygeneratedestcase.Thereforewe focus
onthecomparisorwith thetwo modifiedami49benchmarlcircuits.

bz cutting a rectangleinto a setof modules. Figures11 (12)(a) andg))
shav the optimum placementand the resultingplacemenigenerate
our methodsyrespectiely. Thereare6 (22) rectangular2 (1) L- shaped
and9 (6) arbitrarily shapednodulesin Figure11 ( 12). The deadspace
is 9.375%(6.944%),andthe runnln?tlme is 1224(1409)sec. Note that
the testcasesaretwo of mostcomplex benchmarksver reportedin the

ity
gl

(b)

1
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-

@

Fig urell: (a) Theoptimalplacemen{area=64)(b) Theresultingplacemenof (a) (area
=70).

il
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I
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(b)

e

(@)

Figure 12: (a) The optimal placementarea=144). (b) The resulting placementof (a)
(area=154).

8 Concluding Remarks

We have presentech TCG-basedalgorithmto deal with rectilinear
modulepacking. TCG is the first general graphrepresentationvith the

feasibility guarantedor perturbations. We have derived necessaryand

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 representatiofior dealingwith the floor-
Ean/placemendeygnwnh rectilinear modules. Experimentalresults
ave shovn thatour methodis very flexible andeffective.
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