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Abstract
In this paper, we deal with arbitrary convex andconcave rectilinear

modulepackingusing the Transitive ClosureGraph(TCG) representa-
tion. Thegeometricmeaningsof modulesaretransparentto TCG andits
inducedoperations,which makesTCG an ideal representationfor floor-
planning/placementwith arbitraryrectilinearmodules.Wefirst partitiona
rectilinearmoduleinto asetof submodulesandthenderive necessaryand
sufficient conditionsof feasibleTCG for the submodules.Unlike most
previous works that processeachsubmoduleindividually andthusneed
postprocessingto fix deformedrectilinearmodules,our algorithmtreats
a setof submodulesasa wholeandthusnot only canguaranteethe fea-
sibility of eachperturbedsolutionbut alsocaneliminatethe needof the
post processingon deformedmodules,implying bettersolution quality
andrunningtime. Experimentalresultsshow that our TCG-basedalgo-
rithm is capableof handlingvery complex instances;further, it is very
efficient andresultsin betterareautilization thanpreviouswork.

1 Intr oduction
As technologyadvances,designcomplexity is increasingatadramatic

pace.To handlesuchdesigncomplexity, hierarchicaldesignandreuseof
IP modulesbecomepopular. This trend makes the numberof modules
increasesignificantly, andoften modulesarenot rectangular. Therefore,
it is desirableto considertheplacementfor arbitrarily shapedrectilinear
modulesto optimizesiliconareautilization.
1.1 Previous Work

Placement/floorplanningwith rectilinearmoduleshasbeenextensively
studiedin theliterature[1, 2, 3,4,7, 11, 15, 16]. Leein [7] representedar-
bitrarily shapedrectilinearmoduleswith asetof four linearprofileswhich
describethe contoursof a moduleviewed from four sides. They mini-
mizedsilicon sizeby performinga bounded2D contoursearchingalgo-
rithm ontheprofileof adesign.Dueto thehighcomplexity for computing
theprofiles,theapproachis limited to theplacementproblemwith asmall
numberof modules.

Unlike the work in [7], mostprevious works partitioneda rectilinear
moduleinto asetof rectangularsubmodulesandoperatedonthesubmod-
ulesundersomeconstraintsinducedfrom theoriginal rectilinearmodule.
Thereare a few existing partition basedapproachesusing well-known
representations:BSG [2, 4, 11], sequencepair [1, 3, 16], B*-tree [15],
O-tree[13], andCBL [9].

KangandDai in [2] proposeda BSG-basedmethodto packL-shaped,
T-shaped,andsoft modulesby usinga stochasticapproachthatcombines
simulatedannealinganda geneticalgorithm.Nakatake et al. in [11] han-
dledpre-placedandrectilinearmodulesusingBSG.To handlea rectilin-
earmodule,they placedits submodulesoneby oneuntil all submodules
were packed at the right relative positions. Then, the placedsubmod-
ulesweretreatedaspre-placedmodules.KangandDai in [4] usedBSG
andsequencepair to solve the topologyconstrainedmodulepackingfor
a specificclassof rectilinearmodules,namedordered convex rectilinear
modules, andextendedthemethodto handlearbitraryrectilinearmodules.

Xu et al. in [16] exploredtheconditionsof feasiblesequencepairsfor
L-shapedmodules.After all rectangularmodulesandsubmoduleswere
packed,apostprocessingwasperformedto adjustmisplacedsubmodules
to fix theshapesof rectilinearmodules.However, they canonly dealwith
“mound-shaped”rectilinearmodules[1]. Kang and Dai in [3] derived
threenecessaryandsufficientconditionsfor recoveringtheshapesof con-
vex rectilinearmodules.Similarly, they alsoneededa postprocessingto
recover theoriginalshapesof rectilinearmodulesafterpacking.Recently,
FujiyoshiandMuratain [1] presentedanapproachto representrectilinear
modulesusingsequencepair. They alsoderivedanecessaryandsufficient
conditionfor feasiblesequencepair for rectilinearmodules.In particular,
they augmentedaconstraintgraphby addingconstraintedgesto maintain
the feasibility of a sequencepair, without resortingto a postprocessing
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for fixing misplacedsubmodules.However, theconstraintgraphsareno
longeracyclic aftertheiraugmentation,resultingin a longerrunningtime
for packing( �
	����� time,where� is thenumberof modules).

Wu et al. in [15] handledrectilinearmodulesusingthe B*-tree rep-
resentation.A rectilinearmodulecaneasilyberepresentedusingB*-tree
by partitioning the moduleinto a setof rectangularsubmodules.How-
ever, they haveto re-partitionarectilinearmodulewhenever therectilinear
moduleis rotated.Besides,they needapost-processingto adjustsubmod-
ules to maintainthe shapesof rectilinearmodules. Panget al. [13] ex-
tendedtheO-treerepresentationto handlerectilinearmodules.Recently,
Ma etal. [9] usedCBL to dealwith theplacementabutmentconstraintand
extendedthemethodto dealwith L/T-shapedmodules.
1.2 Our Contrib ution

In this paper, we deal with arbitrary convex andconcave rectilinear
modulepackingusingthe transitive closuregraph(TCG) representation.
We first partition a rectilinearmoduleinto a setof submodulesandthen
derive necessaryandsufficient conditionsof feasibleTCGsfor the sub-
modules. The geometricrelationshipof modules/submodulesis trans-
parentto TCG and its inducedoperations,implying that any violation
of the topologyof a rectilinearmodulsduringperturbationcaneasilybe
detected.Unlike mostpreviousmethodsthatprocesseachsubmodulein-
dividually andthusneedpostprocessingto fix deformedrectilinearmod-
ules, our algorithm treatsa set of submodulesas a whole and thus not
only canguaranteethefeasibility of eachperturbedsolution,but alsocan
eliminatethe needof the postprocessingon deformedmodules,imply-
ing bettersolutionquality and running time. In particular, our packing
schemetakes only �
	�� � � time, comparedto �
	��  � time for the se-
quencepair basedmethodfor arbitraryshapedmodulespresentedin [1].
All thesepropertiesmakeTCGanidealrepresentationfor dealingwith the
floorplan/placementdesignwith rectilinearmodules.Experimentalresults
show thatour TCG-basedalgorithmis capableof handlingvery complex
instances;further, it is very efficient andresultsin betterareautilization
(averagedeadspace= 5.44%)thanthepreviouswork [16] (averagedead
space= 7.65%).

The remainderof this paperis organizedas follows. Section2 for-
mulatesthefloorplan/placementdesignproblemwith rectilinearmodules.
Section3 reviews the TCG representation.Section4 presentsthe feasi-
ble TCG andpackingalgorithmfor convex andsomeconcave rectilinear
modules.Section5 introducesthe perturbationalgorithmfor rectilinear
modules.Section6 extendsTCGto dealwith generalrectilinearmodules.
Experimentalresultsare reportedin Section7, andconcludingremarks
aregivenin Section8.

2 Preliminaries
Rectilinearmodulescanbe classifiedinto two types: convex rectilin-

ear modules and concave rectilinear modules. A rectilinearmodule is
saidto beconvex if, for any two pointsin themodule,they have ashortest
Manhattanpathinsidethemodule;themoduleis saidto beconcave, oth-
erwise.Besides,amoduleis saidto besliceable if thereexistsahorizontal
or a vertical slicing on themoduleandtheslicing doesnot result in two
separatesubmodules;otherwise,it is non-sliceable.

Theorem1 All convex modules must be sliceable.

Corollary 1 All non-sliceable modules are concave modules.

As thenon-sliceablemoduleshown in Figure1, thereexist two separate
submodules� � and � � resultingfrom slicing themodulealongthevertical
boundaries.TheshortestManhattanpathfor arbitrarypointsin � � and � �
is outsidethemodule,andthusit is a concave module.

A rectilinear module � can further be partitioned into a set of
zones ��� ��� � ����������� ����� by serially slicing the module vertically (hori-
zontally), andeachzone ��� consistsof a setof rectangularsubmodules
��� ��� � � � � ��������� � � ! � orderedfrom bottomto top (from left to right). Fig-
ure1 shows a non-sliceablerectilinearmodulewith four zones� ��� � � , �  ,



and �#" by seriallyslicingalongverticalboundaries,where � �%$ ��� ��� � � � ,
� � $ ���  � , �  $ ��� " � , and � " $ ����&�� .

The numberlabeledbesideeachboundaryof the modulegives the
lengthof theboundary. Let ' � ( ' �)( ), * � ( * �)( ), + � ( + �,( ), and 	�- � �/. � �
( 	�- �)( �/. �)( � ) denoterespective width, height,area,andthe coordinateof
the bottom-left cornerof the module ��� (submodule���)( ). A placement0

is an assignmentof 	�-1� �/. �2� , 3 $546��������� � , for each ��� suchthat no
two modulesoverlapand the shapeof eachrectilinearmoduleis main-
tained.Thegoalof placementwith rectilinearmodulesis to minimizethe
resultingarea(i.e., theminimumboundingrectangleof

0
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Figure1: A concave rectilinearmoduleconsistingof four zones7 ��8 7 � , 7:9 , 7<; , where7 �>=@?BA/��8CAD��E , 7 �F=@?�A 9 E , 7B9 =@?�A ; E , and 7:; =@?�AHG�E .

3 Review of TCG
We first review the TCG representationpresentedin [8]. TCG de-

scribesthe geometricrelationsamongmodulesbasedon two graphs,
namelya horizontal transitive closure graph IKJ anda vertical transitive
closure graph IML , in whicha nodeN � representsa module� � andanedge
	�N � � NPOQ� in IKJ ( IML ) denotesthatmodule � � is left to (below) module �/O .
TCGhasthefollowing threefeasibility properties [8]:

1. I J and I L areacyclic.
2. Eachpair of nodesmustbe connectedby exactly oneedgeeither

in I J or in I L .

3. Thetransitive closureof I J ( I L ) is equalto I J ( I L ) itself.
�

Figure 2(a) shows a placementwith five modules R , � , S , T , and U
whosewidths andheightsare(2, 1), (2, 2), (2.5, 2), (1.5, 2), and(3.5,
1.5),respectively. Figure2(b)shows theTCG $ 	2IKJ � IML#� corresponding
to theplacementof Figure2(a). Thevalueassociatedwith a nodein IKJ
( IML ) givesthewidth (height)of thecorrespondingmodule,andtheedge
	�N � � NPOQ� in IKJ ( IML ) denotesthe horizontal(vertical) relation of � � and
�/O . Sincethereexists an edge 	�NWV � NYX:� in IKJ , module ��V is left to ��X .
Similarly, � V is below �BZ sincethereexistsanedge 	�N V � N[Z�� in I L .

Given a TCG, a placementcan be obtainedin �
	�� � � time by per-
formingawell-known longest path algorithm [6] onTCG,where� is the
numberof modules.To facilitatethe implementationof the longestpath
algorithm,thetwo closuregraphscanbeaugmentedasfollows. For each
closuregraph,we introducetwo specialnodes,thesourceNY\ andthesinkN[] , bothwith zeroweights,andconstructedgesfrom N \ to eachnodewith
in-degreeequalto zeroaswell asfrom eachnodewith out-degreeequal
to zeroto N[] . Figure2(c) shows theaugmentedTCG for theTCG shown
in Figure2(b).

Let ^%JP	�NY�H� ( ^ L 	�N[�2� ) denotethe weight of the longestpath from N[\
to N � in theaugmentedIKJ ( IML ). ^%JP	�N � � ( ^_L`	�N � � ) canbedeterminedby
performingthesinglesourcelongestpathalgorithmontheaugmentedI J
( IML ) in �
	�� � � time,where� is numberof modules.Thecoordinate( - � ,. � ) of a module��� is givenby ( ^aJP	�N[�H� , ^ L 	�NY�H� ). Further, thecoordinates
of all modulesaredeterminedin thetopologicalorderin IKJ ( IML ). Since
the respective width andheightof the placementfor the given TCG are
^%Jb	�N[]D� and ^_Lc	�N[]D� , theareaof theplacementis givenby ^aJP	�N[]C�C^_L`	�NY]C� .
Sinceeachmodulehasa uniquecoordinateafter packing,thereexists a
uniqueplacementcorrespondingto any TCG.

4 TCG for SliceableRectilinear Modules
In thissection,wefirst introducenecessaryandsufficientconditionsof

feasibleTCG for sliceablerectilinearmodules.We thenpresenttheTCG
packingalgorithmfor sliceablerectilinearmodules.(We will presentthe
TCGpropertiesfor non-sliceablerectilinearmodulesin Section6.)

�
The transitive closureof a directedacyclic graph d is definedas the graphdae[fhg�iYjDkKe�l , where kmebf �

( n � , n O ): thereis a pathfrom node n � to node n O indm� .
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Figure2: (a)A placement.(b) TCG.(c) AugmentedTCG (augmentedwyx and wYz ).

4.1 FeasibleTCG
Wehaveshown in theprevioussectionthattherealwaysexistsaunique

feasibleplacementcorrespondingto a TCG for rectangularmodules.For
rectilinearmodules,we mustalsomaintaintheir original shapesduring
placement.To identify feasibleTCG for rectilinearmodules,we intro-
ducetheconceptof transitive reduction edges of TCG.An edge 	�N[� � N O �
is saidto bea reduction edge if theredoesnot exist anotherpathfrom NY�
to NcO , excepttheedge 	�N � � NcO6� itself; otherwise,it is a closure edge. For
example,the edges 	�N V � NWZ�� , 	�N X � N[Z�� , 	�N[Z � NW{Q� , and 	�NW{ � N[|�� in I L of
Figure2(b) arereductionedgeswhile 	�NWV � N { � , 	�NWV � N | � , 	�N[X � N { � , and
	�N[X � NY|�� areclosureones. (Note it is clearlater that both reductionand
closureedgesareessentialfor maintaininga feasibleTCG for perturba-
tion. We shall alsonote that a key contribution of TCG lies in the first
general graphrepresentationwith thefeasibility guaranteeduringpertur-
bations.)

For sliceablerectilinearmodules,eachzonecontainsexactly onesub-
module. Therefore,given a sliceablerectilinearmodule ��X with } rect-
angularsubmodules��XH~ , 3 $�4Q��������� } , by slicing ��X from left to right
(or from bottomto top)alongthevertical(horizontal)boundaries,wecan
constructa setof reductionedges	�N[X ( � N[X (H� � � , � $�46��������� }�� 4 , and
correspondingclosureedgesin I J ( I L ) since � X (�� � X (H� � ( � X (�� � X (H� � ),
� $�46��������� }�� 4 . (SeeFigures3(i) and (j) for an illustration.) To
maintainthe shapeof a rectilinearmodule,we must treat the setof re-
ductionandclosureedgesasa whole, andkeepthe edges	�N[X ( � NYX (H� � � ,
� $�4Q��������� }�� 4 , asthereductiononesduringprocessing(i.e., a reduc-
tion edgeis not allowedto bechangedinto a closureone).Therefore,the
TCGfor rectilinearmodulesmustsatisfythefollowing constraint:� Inseparability Constraint: For vertical (horizontal)slicing, theset

of reductionand closureedgesfor a rectilinearmodulemust be
all in IKJ ( I L ) (i.e., thereexistsnoedgebetweennodesNYX2~ ’s in I L
( IKJ )). Further, everyedge	�NYX ( � N[X (H� � � , � $�4Q��������� }m� 4 , remains
asa reductionone.

Figures3(a)–(h)show eight possiblesituationsof rectilinearmodule� X after rotation and flip. As shown in Figures3(a)–(d)((e)–(h)), � X � ,��X � and ��X 9 aresubmodulesof ��X , obtainedby slicing along its vertical
(horizontal)boundaries.For thesituationsshown in Figures3(a)–(d)((e)–
(h)), thecorrespondingTCG is illustratedin Figure3(i) ((j)).

The inseparabilityconstraintwill be violated if any reductionedge
( N X ( , N X (D� � ) becomesa closure edge (i.e., there exists anotherpath� N[X ( � N[� , ����� , N[� , N[X (H� ��� from N[X ( to NYX (H� � ). Figure4(a)showsafea-
sibleTCGfor therectilinearmodule ��X with thesubmodules��X � � ��X � � ��X 9
and its correspondingplacement. In contrast,the TCG shown in Fig-
ure 4(b) violates the inseparabilityconstraint,in which the edge( N X 9 ,N[X � ) in I L becomesa closureone since there exists anotherpath

�
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Figure3: (a)–(h)Eight situationsof thesubmodulesfor therectilinearmodule AC� . (i) The
subgraphof w�x and wyz for therectilinearmodulesshown in (a)–(d).(j) Thesubgraphof wyx
and wYz for therectilinearmodulesshown in (e)–(h).

N[X 9 � N { � N[X � � from N[X 9 to N[X � . In this case,the rectilinearmodule ��X
is dividedinto two sincethesubmodules� X � and � X 9 areinterleavedwith
anothermodule��{ , resultingin anillegalplacement.

For the TCG shown in Figure4(c), thereexist two paths
� N[X 9 , N { ,N X � � and

� N X 9 � N X � � N X � � from N X 9 to N X � in I L . Supposethat*1{ � * X � . � X will be divided into two piecesbecause��{ and � X � are
insertedbetween��X � and ��X 9 simultaneously, and * { is larger than *
X � .
Sameas[13, 17], we canresolve it by expanding��X � to connectwith ��X �
becauseit doesnot causeproblemsfor somepracticalapplications(but
wastesomesiliconareas).

4.2 Packing
To maintaintheshapeof a rectilinearmodulewithout resortingto post

processing,we mustalso modify the packingalgorithm for rectangular
modulesdescribedin Section3. Figure 5 illustratesthe differencebe-
tweenthepackingsfor arectangularandarectilinearmodules.Figure5(a)
showsagivenTCGwith four rectilinearmodules,� V � � X � ��Z , and �B{ , where��X is a non-rectangularmodulewhoseshapeis illustratedin Figure5(b).
Figures5(c)and(d) show anincorrectpackingresultingfrom theoriginal
packingalgorithmanda correctpacking,respectively.

To make a packing for a rectilinearmodulecorrect, the coordinate
of its submodulemustbe determinednot only by the longestpath from
the sourceof the inducedTCG, but alsoby the relative positionsto the
other submodulesof the samemodule. Let �c	�� � � �/O#� denotethe rel-
ative differenceof the positionsbetweenthe submodules��X2~ and ��X ( ;
��	���� � � O � $ - X ( ��- X ~ ( ��	���� � � O � $�. X ( � . X ~ ) for horizontal (ver-
tical) slicing. For the example shown in Figure 5(b), �c	�� � � � � � $�� ,
��	�� ��� �  � $�4 , �c	�� �#� � � � $ � � , ��	�� �#� �  � $ � 4 , ��	��  � � � � $ � 4 , and
��	��  � � � � $�4 . Supposewe have packed ��X 9 at . X 9 $5� . To keepthe
relative positionsbetweensubmodules,. X � ( . X � ) mustequal3 (1) since. X 9P� ��	��  � � � � $�� � 4�$ � ( . X 9c� ��	��  � � � � $¡4 ). Therefore,Figure5(d)
givesa correctpackingwhile Figure5(c)doesnot. As mentionedin Sec-
tion 3, all modulesshouldbepacked in thetopologicalorderin IKJ ( IML ).
To processa non-rectangularmodule,further, theancestorsof thenodes
associatedwith its submodulesshouldhave all beenprocessed,and the
descendantsof thosenodesshouldnot beprocesseduntil thecoordinates
of all the submoduleshave beendetermined.For example,accordingto
the I J ( I L ) of Figure5(a), we shoulddeterminethe . coordinatesof
modules� V and �BZ beforeprocessingthenon-rectangularmodule ��X , and
module � { shouldnot be processeduntil all . XH~ ’s, 3 $¢4Q���������<� , arede-
termined.In contrast,if we determinethe . coordinatesin theorder . X � ,. { , . V , . Z , . X 9 , and . X � , we mayneedto adjust . { if thesubmodule��X �
cannotbepackedat . X � .

To obtainthepackingorderof submodules,we modify theaugmentedIKJ and IML before applying the topological sort algorithm to find the
ordering. Let the fan-in (fan-out) of a node N � , denotedby £ �,¤ 	�N � �
( £y¥:¦ ] 	�N[�H� ), be the nodes N O ’s with edges 	�N O � NY�2� ( 	�N[� � N O � ). Given
a rectilinear module ��X with submodules��XH~ , 3 $§4Q��������� } , by slic-
ing ��X alongits vertical (horizontal)boundaries,we introduceadditional
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Figure4: (a)A feasibleTCG for a rectilinearmodule AC� andits correspondingplacement.
(b) A TCG that violatesthe inseparabilityconstraintand its correspondingplacement. (c)
ExpandingsubmoduleAC� � to abut with AC� � . (In thefigures,aquadraticnodecorrespondsto a
submodulewhile a roundonecorrespondsto a rectangularmodule.)

edgesinto the augmentedIKJ ( IML ) to make £ � ¤ 	�N[X ( � $ £ � ¤ 	�NYX (H� � � ,
� $§46��������� }ª� 4 , except the edgesemanatingfrom N \ . (SeeFig-
ure 6(b).) After determininga topological order for the nodesin the
new augmentedIKJ ( IML ), we remove the addededgesand then com-
pute the - ( . ) coordinatesof the modulesin the topological order.
We associateeachnode N[� a S -value, S�� , to book-keep the - ( . ) co-
ordinateof the module/submodule3 during the computationon the aug-
mentedIKJ ( IML ). The coordinatesof the modules/submodulesarecom-
putedas follows. For eachnode N � in the augmentedgraph,we makeS \ $¬« for the source N \ and S � $ � 4 for any other node N � . We
then relax the S -value of a node N � in the augmentedIKJ ( IML ) as fol-
lows. For eachnode NPO®¯£ ¥:¦ ]<	�N � � , we make S/O $±°³²�´ ��SCO � S � � ' � �
( S/O $µ°³²#´ ��SCO � S � � * � � ). However, whenany node N[X2~ of a submodule
��X2~ of a rectilinearmoduleis encountered,the locationof thesubmodule
is givenby S X ~ $h°³²#´ ��S X ~ �/°³²#´ OB¶ �/· ¸ ¸ ¸ · � · O6¹¶ � ��S X ( � �c	�� O � ���2�<�6� . Then,the
S -valuesof othersubmodules�/O ’s, � $º46��������� } and ��»$ 3 , aregivenby
S X ( $ S X ~ � ��	���� � � O � accordingto therelativepositionsbetweensubmod-
ules �CO and � � beforerelaxing N[XH~ .

Figure 6(a) shows the augmentedIML for the IML shown in Fig-
ure 5(a). We first add the edges 	�N[V � N[X � ) and 	�N Z � N[X � � to the aug-
mented IML to make £ �,¤ 	�N[X � � $ £ �,¤ 	�N[X � � $ £ � ¤ 	�N[X 9 � (see Fig-
ure 6(b)). (Note that we do not add edges 	�NY\ � N X � ) and 	�N[\ � N X 9 �
since they sourcefrom N[\ .) After obtaining a topological order, say� N[\ � NWZ � N V � N[X � � N { � N[X � � N[X 9 � N ] � , of thenew augmentedI L , we re-
movetheaddededgesandstartto computethe . coordinatesfor all nodes
basedon thetopologicalorder. (seeFigures6(c)–(g)).Figure6(c) shows
the initial configuration,in which all nodeshave the S -value � 4 except
that S \ $¼« . Figure6(d) illustratesthe configurationafter relaxing the
nodesN \ , N Z , and NWV . We thenstart to processN[X � . Since N[X � corre-
spondsto a submoduleof therectilinearmodule ��X first encounteredand
thereexistsno edgeamongnodesN X � , N X � , and N X 9 , we shallfirst deter-
mine S X � (seeFigure6(e))andthencomputeS X � and S X 9 (seeFigure6(f))
beforerelaxing N[X � to maintain the relative positionsof the rectilinear
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Figure5: (a)A TCG.(b) TherectilinearmoduleA � consistsof threesubmodulesA � � , A � � ,
and A � 9 . (c) An incorrectpackingresultingfrom theoriginalpackingprocedure.(d) A correct
packing.(Notethatthispackingis suboptimal;wewill show in next sectionhow to perturbthe
TCG to obtainanoptimalpacking.)

module ��X . Here, S�X � $Á°³²#´ ��S�X � � �c	�� � � � � � � S�X 9�� �c	��  � � � � � S�X � � $
°³²#´ � � � �`�B� � 46�<« � $¼4 , S X � $ S X � � �c	�� ��� � � � $54 � �@$Â� , and
S�X 9 $ S�X � � ��	�� � � �  � $¡4 � 4Ã$µ� . WethenrelaxthenodeNYX � , resulting
in S { $ °³²#´ ��S { � S�X � � *
X � � $ °³²#´ � �`��4 � ��� ÄÅ$hÆc� Ä � . Therelaxation
processcontinuesfor thenodesN { , N[X � , N[X 9 , andfinally N[] , resultingin
the final configurationshown in Figure6(g), in which all . coordinates
have beendetermined.

Theorem2 Given a feasible TCG for a sliceable rectilinear module, the
packing scheme proposed above gives a feasible placement in �
	�� e � �
time, where � e is the number of rectangular modules and submodules.

It shouldbe notedthat the sequencepair-basedpackingschemepre-
sentedin [1] needs�
	�� e  � time.

5 Algorithm
Our algorithm is basedon simulatedannealing[5]. Given an initial

solutionrepresentedby aTCG,weperturbtheTCGto obtainanew TCG.
The perturbationcontinuesto searchfor a “good” configurationuntil a
predefinedterminationcondition is satisfied. To ensurethe correctness
of rectilinearmodulepacking,the new TCG for eachrectilinearmodule
mustsatisfytheTCGfeasibilityconditionsdescribedin Section3 andthe
inseparabilityconstraintpresentedin Section4.1. To identify a feasible
TCGfor perturbation,weneedto identify reductionedges.
5.1 ReductionEdgeIdentification

RecallthatTCGis formedbydirectedacyclic transitiveclosuregraphs.
Given an arbitrary node N[� in one transitive closuregraph,thereexists
at leastonereductionedge 	�NY� � N O � , where N O Ç£y¥:¦ ] 	�N[�D� . For nodes
NYÈ � N[É_�£ ¥:¦ ]<	�N � � , theedge 	�N � � NYÈ�� cannotbea reductionedgeif NYÈÊ
£ ¥:¦ ]:	�N[ÉË� . Hence,we remove thosenodesin £ ¥:¦ ]:	�N � � thatarefan-outsof
others. The edgesbetweenN[� andthe remainingnodesin £Y¥B¦ ] 	�NY�H� are
reductionedges.For the IKJ of Figure5(a), £ ¥:¦ ]:	�N Z � $ ��NWV � N[X � � N { � .
Since N[X � and N { belongto £y¥:¦ ] 	�N V � , edges	�NWZ � NYX � � and 	�NWZ � N { � are
closureedgeswhile 	�N Z � NWVÌ� is a reductionone. The time complexity
for finding sucha reductionedgeis �
	�� e � � , where � e is thenumberof
rectangularmodulesandsubmodules[8].
5.2 Solution Perturbation

Weapplythefollowing eightoperationsto perturba TCG:� Rotation: Rotatea rectangularmodule.� Swap: Swap two nodesassociatedwith two rectangularmodules
in both I J and I L .� Reverse: Reversea reduction edge in I J or I L .� Move: Move a reduction edge from onetransitive closuregraph
( I J or I L ) to theother.� Transpositional Move: Move a reduction edge from onetransitive
closuregraph( I J or I L ) to theother, andthentransposethe two
nodesassociatedwith theedge.It is clearlater that this operation
is differentfrom performingMove andthenReverse.� Perpendicular Flip: Flip a rectilinearmoduleaboutthe axis per-
pendicularto thecut linesfor obtainingits submodules.
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Figure 6: An examplecomputationof Í coordinates. (a) The augmentedw z for thewyz shown in Figure5(a). (b) Thenew augmentedwyz afteraddingtheedgesÎ ÏcÐ 8 Ï � ��Ñ andÎ Ï�Ò 8 Ï � � Ñ to make Ó ~ Ô Î Ï � � Ñ = Ó ~ Ô Î Ï � � Ñ = Ó ~ Ô Î Ï � 9 Ñ . A possibletopologicalorder
in the new augmentedwYz is given as ÕÖÏ�× 8 ÏcÐ 8 Ï�Ò 8 Ï � � 8 Ï�Ø 8 Ï � � 8 Ï � 9 8 Ï`ÙÅÚ . (c) TheÛ -valuesof the initial configuration. (d) The Û -valuesafter relaxing the nodes Ï × , Ï Ð , andÏ Ò . (e) Beforerelaxing Ï � � , we needto computeÛ � � 8 Û � � , and Û � 9 . Û � � =�ÜKÝ:ÞQ? Û � �Mßà Î AD��8DA/� Ñ 8 Û � 9 ß à Î A 9 8DA/� Ñ 8 Û � � E1= �

. (f) Û � � = Û � � ß à Î A/��8CAH� Ñ =Çá and Û � 9 =Û � �Wß à Î AC��8DA 9 Ñ = �
. (g) Thefinal configurationafterrelaxing Ï � � 8 Ï�Ø 8 Ï � � 8 Ï � 9 , and Ï�Ù .

� Parallel Flip: Flip arectilinearmoduleabouttheaxisparallelto its
cut lines.� Twirl: Rotatea rectilinearmodule.

Note thatRotation,Swap,Reverse,andMove arefirst introducedin [8],
which canbeperformedin respective �
	 4 � � �
	 4 � � �
	�� e � � , and �
	�� e � �
times,where � e is thenumberof modulesandsubmodules.Further, the
resultinggraphafterperformingany of theseoperationson a TCG is still
a TCG.

Rotation,Swap, PerpendicularFlip, andParallel Flip do not change
thetopologyof TCG,andthustheinseparabilityconstraintwill notbevi-
olated,either. However, Revere,Move, TranspositionalMove, andTwirl
will. We thusmay needto updateTCG after performingRevere,Move,
TranspositionalMove, andTwirl. Further, in orderto satisfythe insepa-
rability constraint,we needfeasibility detectionduringtheoperation.We
first detail theoperationsin thefollowing.

5.2.1 Rotation
To rotatea rectangular module � � , we only needto exchangetheweights
of thecorrespondingnodesN � in IKJ and IML .

Lemma 1 The inseparability constraint of a TCG will not be violated for
the Rotation operation.

5.2.2 Swap
To swapnodesN � and NcO of two rectangularmodules� � and �CO , we only
needto exchangethenodesN � and NPO in both IKJ and IML .

Lemma 2 The inseparability constraint of a TCG will not be violated for
the Swap operation.

5.2.3 Reverse
TheReverseoperationreversesthedirectionof a reduction edge( N[� , N O )
in a transitive closuregraph,whereN � and NcO arenotassociatedwith two
submodulesof the samerectilinearmodule. For two modules� � and �/O ,� � � �CO ( � � � �/O ) if thereexistsareductionedge( N � , NcO ) in IKJ ( IML ); after
reversingtheedge 	�N[� � N O � , we have thenew geometricrelation � O � ���
( � O � ��� ).



To reversea reductionedge( N[� , N O ) in a transitive closuregraph,we
first deletetheedgefrom thegraph,andthenaddtheedge( N O , N[� ) to the
graph.For eachnodeNYÈâ�£ � ¤ 	�NcOQ��ã
��NPO�� and N[É��£ ¥B¦ ]<	�N � ��ã
��N � � in
thenew graph,weshallcheckwhethertheedge	�NYÈ � N[É�� existsin thenew
graph.If thegraphcontainstheedge,we do nothing;otherwise,we need
to addthe edgeto the graphanddeletethe correspondingedge 	�NYÈ � N[É��
or 	�N É � N È � in the other transitive closuregraph,if any, to maintainthe
propertiesof theTCG.

5.2.4 Move
TheMove operationmovesa reduction edge 	�N � � NcO6� in a transitive clo-
suregraphto theother, where N[� and N O arenot associatedwith two sub-
modulesof the samerectilinearmodule. Move switchesthe geometric
relationof thetwo modules��� and � O betweena horizontalrelationanda
verticalone.For two modules��� and � O , ��� � � O ( ��� � � O ) if thereexistsa
reductionedge( N � , NcO ) in IKJ ( IML ); aftermoving theedge 	�N � � NcO6� to IML
( IKJ ), we have thenew geometricrelation � � � �CO ( � � � �/O ).

To move a reductionedge( N � , NcO ) from a transitive closuregraph ä
to the other ä e in a TCG, we first delete( N � , NPO ) from ä andthenadd
( N[� , N O ) to ä e . Similar to the Reverseoperation,for eachnode N È 
£ �,¤ 	�N � �mãå��N � � and N[Éæº£ ¥:¦ ]<	�NcO6�Kãå��NcO�� , we shall checkwhether
the edge 	�NyÈ � N[É�� exists in ä e . If ä e containsthe edge,we do nothing;
otherwise,we needto add the edgeto ä e anddeletethe corresponding
edge 	�NYÈ � N[ÉË� or 	�NYÉ � NYÈ�� in ä , if any, to maintainthe propertiesof the
TCG.

5.2.5 Transpositional Move
The TranspositionalMove operationremovesa reduction edge 	�N � � NcO6�
from a transitive closuregraph,and add an edge 	�NcO � N � � to the other,
whereN � and NPO arenotassociatedwith two submodulesof thesamerec-
tilinear module.TranspositionalMove switchesthegeometricrelationof
thetwo modules� � and �CO betweenahorizontalrelationandaverticalone
andchangestheorderingof thetwo modules� � and �/O in their geometric
relation. For two modules��� and � O , ��� � � O ( ��� � � O ) if thereexists
a reductionedge( N[� , N O ) in I J ( I L ); after transpositionallymoving the
edge 	�N � � NcOQ� to IML ( IKJ ), we have the new geometricrelation �CO � � �
( �/O � � � ).

To transpositionallymove a reductionedge( N � , NcO ) from a transitive
closuregraph ä to the other ä e in a TCG, we first delete( N � , NPO ) from
ä andadd( NcO , N � ) to ä e . Similar to theMove operation,for eachnode
NYÈç�£y� ¤[	�N O �`ã1��N O � and N[É>�£y¥:¦ ] 	�N[�2��ãç��N[�D� , weshallcheckwhether
the edge 	�NyÈ � N[É�� exists in ä e . If ä e containsthe edge,we do nothing;
otherwise,we needto add the edgeto ä e anddeletethe corresponding
edge 	�N È � N É � or 	�N É � N È � in ä , if any, to maintainthe propertiesof the
TCG.

Wehave thefollowing theorem.

Theorem3 TCG is closed under the Transpositional Move operation,
and such an operation takes �
	�� e � � time, where � e is the number of
modules and submodules.

5.2.6 Perpendicular Flip
The PerpendicularFlip operationflips a rectilinearmodule ��X aboutthe
axisperpendicularto thecut linesfor obtainingits submodulesby chang-
ing the differenceof relative positionsfrom ��	�� � � �COQ� to 'èX2~é� 'èX ( �
��	���� � � O � ( * X ~b��* X ( �ê��	���� � � O � ) for horizontal(vertical)cut lines,where
3 � � $ë46��������� } and �Â»$ 3 . Figure 7(b) shows the resulting IKJ , IML ,
and placementafter perpendicularlyflipping the rectilinearmodule ��X .
��	�� � � �  � $ì4 , ��	�� � � � � � $§� , ��	�� � � � � � $ � � , �c	�� � � �  � $ � 4 ,
��	��  � � � � $ � 4 , and ��	��  � � � � $¬4 in Figure 7(b) while ��	�� ��� �  � $
��	�� � � � � � $ ��	�� � � � � � $ �c	�� � � �  � $ �c	��  � � � � $ �c	��  � � � � $í« in Fig-
ure7(a).

SincePerpendicularFlip changesonly the relative positionsof each
pair of submodules,the topologyof TCG remainsthesameafter theop-
eration.We have thefollowing theoremandlemma.

Theorem4 TCG is closed under the Perpendicular Flip operation, and
such an operation takes �
	î} � � time, where } is the number of submodules
in the rectilinear module.

Lemma 3 The inseparability constraint of a TCG will not be violated for
the Perpendicular Flip operation.
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(c) bbParallel Flip 

(d) bbTwirl 

(a) Initial configuration of TCG

Figure7: Examplesof perturbations.(a) The initial TCG ( w�x and w z ) and its corre-
spondingplacement.(b) The resultingTCG andplacementafterperpendicularlyflipping the
rectilinearmodule AC� shown in (a). (c) TheresultingTCGandplacementafterparallelflipping
therectilinearmodule A shown in (b). (d) TheresultingTCG andplacementaftertwirling the
rectilinearmodule A by ñyòBó�ô shown in (c).

5.2.7 Parallel Flip
TheParallelFlip operationflips arectilinearmodule� X abouttheaxispar-
allel to thecut lines for obtainingits submodulesby swappingthenodes
N[X ! and N[XËõ�ö ! � � , ÷ $546���������Ìø }bù �#ú , in both IKJ and I L . Given a rec-
tilinear module � X consistingof submodules� X ~ , 3 $û4Q��������� } , formed
by vertical (horizontal)cuts(i.e., ��X (ê� ��X (H� � ( ��X (ê� ��X (D� � )), thereex-
ist reductionedges( NYX ( , N[X (H� � ) andtheir correspondingclosureedgesin
IKJ ( IML ), where � $�46��������� }�� 4 . After swappingthe nodesNYX ! and
N[XËõ�ö ! � � , ÷ $º46���������Ìø }Wù �#ú , in bothof IKJ and IML , we have thenew re-
ductionedges( N[XHü , N[XHü ö � ) andtheir correspondingclosureedgesin IKJ
( IML ), implying ��XHü � ��XHü ö � ( ��XHü � ��XHü ö � ), where ý $ } ���������<� .

Figure7(c) shows the resulting I J , I L , andplacementafter parallel
flipping the rectilinearmodule ��X of Figure7(b). Notice thatafterswap-
ping the nodesN[X � and N[X 9 in both IKJ and I L of Figure7(b), we in-
troducethe new edges( NYX � , N[X � ), ( NYX � , N[X 9 ), and ( N[X � , N[X 9 ) in IML of
Figure7(c), implying � � � � � and � � � �  .

ParallelFlip needsto performtheSwapoperation ø }bù �#ú times,where} is the numberof submodulesin a rectilinearmodule,andeachSwap
operationguaranteesto perturbinto a uniquefeasibleTCG in �
	 4 � time.
Wehave thefollowing theoremandlemma.



Theorem5 TCG is closed under the Parallel Flip operation, and such
an operation takes �
	î}W� time, where } is the number of submodules in the
rectilinear module.

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

5.2.8 Twirl
The Twirl operationrotatesa rectilinearmodule ��X by exchangingthe
weightsof the correspondingnodesNYX2~ , 3 $þ4Q��������� } , in IKJ and IML ,
and transpositionallymoving the reduction edges 	�N[X ( � N[X (H� � � , � $
46��������� }�� 4 , from atransitiveclosuregraphto theother. Givenarectilin-
earmodule� X consistingof submodules� X ~ obtainedby vertical(horizon-
tal) cuts(i.e., � X (®� � X (H� � ( � X (®� � X (H� � )); after exchangingthe weights
andtranspositionallymoving thereductionedges,we rotatetherectangu-
lar submodules��XH~ , 3 $¢46��������� } , andmake ��XDü � ��XDü ö � ( ��XDü � ��XHü ö � ),
ý $ } ���������:� .

Figure7(d) shows the resulting I J , I L , andplacementafter twirling
the ��X of Figure 7(c). To transpositionallymove the reductionedge
	�N[X � � N[X � � from I L to IKJ , we first remove thereductionedge 	�N[X � � N[X � �
from IML , andadd 	�N[X � � N[X � � to IKJ . Since ��N[X � �ÿã�£ �,¤ 	�N[X � � $ ��N[X � �
and ��N[X � �çãª£ ¥:¦ ]<	�N[X � � $ ��N[X � � in IKJ , for eachnode NYÈÇ ��N[X � �
and N É  ��N X � � , we shall checkwhethertheedge 	�N È � N É � exists. Since
the edge 	�NYX � � N[X � � is alreadyaddedduring the transpositionalmove,
we do nothing. Similarly, to transpositionallymove the reductionedge
	�N X � � N X 9 � from thenew I L to thenew I J , weremove thereductionedge
	�N[X � � N[X 9 � from the new IML andadd 	�N[X 9 � N[X � � to the new IKJ . Since
��N[X 9 ��ã £��,¤Y	�N[X 9 � $ ��N[X 9 � and ��N[X � �Åã�£Y¥B¦ ] 	�NYX � � $ ��NYX � � NYX � � in
the new IKJ and 	�N[X 9 � NYX � � is alreadyadded,we only needto add the
edge 	�NYX 9 � N[X � � . Finally, we exchangethe weightsof eachnode NYX2~ ,3 $ 46�B�Ì�<� , in IKJ and IML of Figure7(c). Figure7(d) illustratesthe re-
sultingTCG.

TheTwirl operationneedsto performrespectiveRotateandTransposi-
tionalMove } and}ÿ� 4 times,andeachRotateandTranspositionalMove
operationguaranteesto perturbinto a feasibleTCG in respective �
	 4 �
and �
	�� e � � times,where} is thenumberof submodulesin a rectilinear
moduleand � e is the numberof rectangularmodulesandsubmodules.
Wehave thefollowing theorem.

Theorem6 TCG is closed under the Twirl operation, and such an op-
eration takes �
	�� e � }W� time, where } is the number of submodules in a
rectilinear module and � e 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
operations,only Reverse,Move, TranspositionalMove, andTwirl could
violate the constraints,which can easily be detectedduring perturba-
tion. Whenwe reversean edge( N[� � N O ) or move/transpositionallymove
( NcO � N � ), theinseparabilityconstraintwill beviolatedif N[X ü @£ �,¤ 	�N � �yã
��N � � and N[X !  £ ¥:¦ ]B	�NcOQ�>ã@��NPO�� , where

� ýy� ÷ � $ 4 , since 	�N[X ü � N[X ! �
would becomea closureedge. SinceTwirl consistsof the Rotateand
TranspositionalMove operations,theinseparabilityconstraintwill not be
violatedif theinseparabilityconstraintis satisfiedfor eachTranspositional
Move operation. By doing the feasibility detectionduring the Reverse,
Move, or TranspositionalMove operation,we canguaranteethat the re-
sultingTCG is still a TCG for rectilinearmodule. We thushave the fol-
lowing theorem.

Theorem7 The inseparability constraint of a TCG is not violated for the
Reverse, Move, Transpositional Move, or Twirl operation with the feasi-
bility detection.

Figure 8(e) shows the resulting IKJ , I L , and placementafter mov-
ing the edge 	�N V , N[X � ) from I L shown in Figure 7(d) to IKJ . Since
��NWVÌ���é£ � ¤ 	�NWV�� = ��N[V � N Z � and ��N[X � ���m£ ¥:¦ ]:	�NYX � � = ��NYX � � in IKJ , weshall
checktheedge 	�N Z � NYX � � for the inseparabilityconstraint.The insepara-
bility constraintwill not be violatedbecause� Z and ��X � arenot adjacent
submodulesof thesamerectilinearmodule.Figure8(f) shows theresult-
ing IKJ , IML , andplacementafter transpositionallymoving theedge 	�N[V ,
N[X 9 ) from the IML of Figure8(e) to IKJ . Since ��N[X 9 ����£ � ¤ 	�N[X 9 � = ��N[X 9 �
and ��N V ����£y¥:¦ ] 	�N V � = ��N V � N X � � in I J , weshallcheck 	�N X 9 � N X � � for the
constraint.Since � X � and � X 9 arenot adjacentsubmodules,the insepara-
bility constraintwill notbeviolated.
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Figure8: Examplesof perturbations(continuedfrom Figure7). (e)Theresulting
TCG andplacementafter moving the reductionedge g nPV�jDn X � l from the ��L of
Figure7(d) to � J . (f) The resultingTCG andplacementafter transpositionally
moving thereductionedgeg ncVcj2n X 9 l from the ��L shown in (e) to � J .

6 TCG for Non-SliceableRectilinear Modules
Due to the pagelimit, we briefly give the ideaon how to dealwith

non-sliceablerectilinearmodules.For a non-sliceablerectilinearmodule,
eachzonemaycontainmorethanonesubmodule.Therefore,to maintain
theshapeof arectilinearmodule,weneedto keeptherelativepositionsof
thesubmodulesin azoneaswell asbetweenzones.Givenanon-sliceable
rectilinearmodule��X with } zonesby slicing ��X from left to right (or from
bottomto top)alongvertical(horizontal)boundaries,for eachpairof sub-
modules��X2~ and ��X ( in differentzoneswith ��XH~ left to (below) ��X ( , we
introduceanedge 	�N[XH~ � N[X ( � in IKJ ( I L ). Also, for eachpair of submod-
ules��X2~ and ��X ( in azonewith ��X2~ below (left to) ��X ( , weintroduceanedge
	�N X ~ � N X ( � in I L ( I J ). Similarto theinseparabilityconstraintfor sliceable
rectilinearmodules,for two submodules��X2~ and ��X ( in adjacentzones,we
mustguaranteethatthecorrespondingedge	�N X ~ � N X ( � is areductionedge
during perturbationto maintainthe shapeof a rectilinearmodule. Let	 	�� � � �COQ� denotethespacingbetweentwo submodules��X2~ and ��X ( in the 

( � ) directionif ��XH~ � ��X ( ( ��XH~ � ��X ( ). For example, 	 	�� � � � � � $í� since
� � � � � andtheir spacingin the � directionis 2. To preventsubmodules
from beingdeformedby othermodules,for every pair of submodules��XH~
and ��X ( thatdo not abut or arenot in adjacentzones,we needto impose
thefollowing constraint:

� Dimension Constraint: 'è� � ����� � '@�� 	 	�� � � �/OQ� ( *1� ������ � * � � 	 	���� � � O � ) if there exists another path
�

NYX2~ � N[� ��������� NY� � N[X ( � from N[XH~ to N[X ( in addition to the edge
	�NYX2~ � N[X ( � .
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Figure9: (a) A non-sliceablerectilinearmodule. (b) Thecomponentsin wyx and w z for
therectilinearmoduleof (a).

As theexampleshown in Figure9, for eachpair of submodulesin dif-
ferent zones,we introducean edgein IKJ (seethe IKJ of Figure 9(b)).
Also, for thesubmodules��X � and ��X � in thesamezone � � , we introduce
anedge 	�N X � � N X � � in I L . To maintaintheshapeof the rectilinearmod-
ule, we mustguaranteethat theedges	�N[X � � N[X 9 � , 	�N[X � � NYX 9 � , 	�NYX 9 � N[X ; � ,
and 	�NYX ; � N[X G � arereductionedgesduringperturbation.If any of thefour



edgesbecomesa closureedge,thesubmoduleswill no longerbein adja-
centzonesin the resultingplacement.(SeeFigure4(b) for anexample.)
Besides,for submodules��X � and ��X � that do not abut or arenot in adja-
centzones,if thereexists an additionalpath

� N[X � � NY� ��������� N[� � N[X � �
from N[X � to N[X � in IML , the summationof *1� , ����� , *
� cannotbe larger
than 	 	�� ��� � � � to avoid submodules� X � and � X � from beingdeformedby
modules� � , ����� , and � � .

Accordingto theabove discussions,all operationsintroducedin Sub-
section5.2 canbe appliedwith minor modificationsby consideringthe
inseparabilityandthedimensionconstraints.

7 Experimental Results
Basedon the simulatedannealingmethod[5], we implementedthe

TCG-basedrectilinearmoduleplacementalgorithmusingthe TCG rep-
resentationin the C++ programminglanguageon a 433 MHz SUN
SparcUltra-60 workstationwith 1 GB memory. The packageis avail-
able at http://cc.ee.ntu.edu.tw/� ywchang/research.html.We compared
our methodwith that presentedin [16] basedon the samecircuits gen-
eratedby Xu et al. To generateL- andT-shapedrectilinearmodulesfor
experimentation,they combinedtwo (three)rectangularmodulesin the
MCNC benchmarkami49to form anL-shaped(T-shaped)module.(Note
thatall previousworkson rectilinearmodulesgeneratedcircuitsby them-
selveswithout makingcomparisonswith others. Therefore,mostof the
dataarenotavailableto us.)

# # # Xu et al. [16] TCG
Circuit of of of Time Time

R L T area (sec) area (sec)

ami49L 7 21 0 37,39
�:� ó�óQñ 37,30 203

ami49LT 6 20 1 39,43 NA 37,37 2073
ami491 8 19 1 - - 37,40 991
ami492 18 10 3 - - 37,51 603
ami493 9 11 6 - - 37,61 620

Table1: Area andruntimecomparisonsbetweenXu et al. [16] (on SunSparc
Ultra I with 233 MHz) andTCG (on SunSparcUltra60 with 433 MHz). (Note
that [16] doesnot report runtimesfor ami49L and ami49LT. The runtime for
ami49L is taken from its journal version[17], but [17] doesnot reportthe result
for ami49LT.) Theareaof all modulesin ami49is ����� ��������� �

.

Columns2, 3, and 4 in Table 1 list the respective numbersof rect-
angular, L-shaped,T-shapedmodules(denotedby # of R, L, and T).
ami49 L consistsof 7 rectangularmodulesand21L-shapedmodules,and
ami49 LT consistsof 6 rectangularmodules,20 L-shapedmodules,and
1 T-shapedmodule.

�
The total areaof eachcircuit is shown in Column

5. As shown in the table,our methodachieved significantlybetterarea
utilization for ami49 L andami49 LT, comparedto Xu et al. [16]. Fur-
ther, our methodis also very efficient (seeColumn 11 for the running
times). Figure10 shows the placementfor ami49 LT. In additionto the
two circuitsusedin Xu et al. [16], we alsoconstructthreecircuitsbased
on ami49. Their configurationsarelisted in rows 3, 4, and5 of Table1.
Theexperimentalresultsshow thatourTCG-basedalgorithmconsistently
obtainsgoodresults;thedeadspacesareall smallerthan6%.

Figure10: Resultingplacementof ami49 LT (area=�á���� á������ �
).

In additionto L-shapedandT-shapedmodules,we alsogeneratedtwo
caseswith arbitrarily shapedmodules,suchasH-, � -, � -, stair-shaped,
etc.,to show theflexibility of our method.Our testcasesweregenerated

�
In additionalto thetwo modifiedami49benchmarkcircuits,Xu etal. [16] also

experimentedon a small randomlygeneratedtest casewith 2 rectangularand 4
L-shapedmodules. Unlike the two modified ami49benchmarkcircuits that can
be re-generated(sincetheir moduleID’s aregiven in the paper),however, we are
unableto re-constructthesmallrandomlygeneratedtestcase.Therefore,we focus
on thecomparisonwith thetwo modifiedami49benchmarkcircuits.

by cutting a rectangleinto a setof modules.Figures11 (12)(a)and(b)
show the optimumplacementand the resultingplacementgeneratedby
our methods,respectively. Thereare6 (22) rectangular, 2 (1) L-shaped,
and9 (6) arbitrarily shapedmodulesin Figure11 ( 12). Thedeadspace
is 9.375%(6.944%),andthe runningtime is 1224(1409)sec. Note that
the testcasesaretwo of mostcomplex benchmarksever reportedin the
literature.

(a) (b)

Figure11: (a) Theoptimalplacement(area=64).(b) Theresultingplacementof (a) (area
= 70).

(a) (b)

Figure 12: (a) The optimal placement(area=144). (b) The resultingplacementof (a)
(area=154).

8 Concluding Remarks
We have presenteda TCG-basedalgorithm to deal with rectilinear

modulepacking. TCG is the first general graphrepresentationwith the
feasibility guaranteefor perturbations.We have derived necessaryand
sufficient conditionsof TCG for rectilinearmodules.Our algorithmnot
only canavoid infeasiblepackingduringperturbationbut alsocanelim-
inate the needof the post processingon deformedmodules. All these
propertiesmake TCG an ideal representationfor dealingwith the floor-
plan/placementdesignwith rectilinear modules. Experimentalresults
have shown thatourmethodis very flexible andeffective.
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