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Abstract
We present in this paper an efficient, flexible, and effective data struc-

ture,B*-trees, for non-slicing floorplans. B*-trees are based on ordered
binary trees and the admissible placement presented in [1]. Inheriting
from the nice properties of ordered binary trees, B*-trees are very easy
for implementation and can perform the respective primitive tree op-
erations search, insertion, and deletion in only

�������
,
�������

, and
���
	��

times while existing representations for non-slicing floorplans need at
least

���
	��
time for each of these operations, where

	
is the number of

modules. The correspondence between an admissible placement and its
induced B*-tree is 1-to-1 (i.e., no redundancy); further, the transforma-
tion between them takes only linear time. Unlike other representations
for non-slicing floorplans that need to construct constraint graphs for
cost evaluation, in particular, the evaluation can be performed on B*-
trees and their corresponding placementsdirectlyandincrementally. We
further show the flexibility of B*-trees by exploring how to handle ro-
tated, pre-placed, soft, and rectilinear modules. Experimental results on
MCNC benchmarks show that the B*-tree representation runs about 4.5
times faster, consumes about 60% less memory, and results in smaller
silicon area than the O-tree one [1]. We also develop a B*-tree based
simulated annealing scheme for floorplan design; the scheme achieves
near optimum area utilization even for rectilinear modules.

1 Introduction
Due to the growth in design complexity, circuit sizes are getting

larger. To cope with the increasing design complexity, hierarchical de-
sign and IP modules are widely used. The trend makes module floor-
planning/placement much more critical to the quality of a VLSI design.

A fundamental problem to floorplanning/placement lies in the repre-
sentation of geometric relationship among modules. The representation
profoundly affects the operations of modules and the complexity of a
floorplan/placement design process. It is thus desired to develop an effi-
cient, flexible, and effective representation of geometric relationship for
floorplan/placement designs.
1.1 Previous Work

Floorplans can be divided into two categories, theslicing struc-
ture [12, 15] and thenon-slicing structure[1, 6, 9, 14]. A slicing struc-
ture can be represented by a binary tree whose leaves denote modules,
and internal nodes specify horizontal or vertical cut lines. Wong and
Liu proposed an algorithm for slicing floorplan designs [15]. They pre-
sented a normalized Polish expression to represent a slicing structure,
enabling the speed-up of its search procedure. However, this represen-
tation cannot handle non-slicing floorplans. Recently, researchers have
proposed several representations for non-slicing floorplans, such as se-
quence pair [6], bounded slicing grid (BSG) [9], and O-tree [1].

Onodera et al. in [11] used the branch-and-bound method to solve
the module placement problem. This approach has very high time com-
plexity and is thus feasible for only small problem sizes. Murata et
al. in [6] proposed the sequence-pair representation for rectangular mod-
ule placement. The main idea is to use a sequence pair to represent the
geometric relation of modules, place the modules on a grid structure,
and construct corresponding constraint graphs to evaluate cost. This
representation requires� 	�
�����	�� space to encode a sequence pair and�
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there are
�
	������

combinations in total, where
	

is the number of mod-
ules. Further, the transformation between a sequence pair and a place-
ment takes

���
	�����	��
time. Nakatake el al. in [9] presented a grid based

representation—BSG. The BSG structure utilizes a set of horizontal and
vertical bounded-length lines to cut the plane into rooms and represents
a placement by these lines and rooms. BSG incurs redundancies. Its
complexity is similar to that of the sequence pair. The sequence pair
and BSG were then extended to handle pre-placed modules and soft
modules in [2, 7, 8, 10].

Guo et al. in [1] proposed a tree based representation, calledO-trees.
The number of O-tree combinations is only

���
	�� � ���! ��#"$	�%�& '#� . Further,
the transformation between the representation and a floorplan takes only���
	��

time. However, the tree structure is irregular, and thus some prim-
itive tree operations, such as search and insertion, are not efficient. To
reduce the operation complexity, the tree is encoded by a sequence of� 	 bits and a permutation of

	�
(����	��
bits.
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Figure 1: (a) An admissible placement. (b) The (horizontal) B*-tree
representing the placement.

1.2 Our Contributions
To handle non-slicing floorplans, we propose in this paper an ordered

binary-tree based representation, calledB*-trees. Given anadmissible
placement[1], we can represent it by a uniquehorizontaland a unique
vertical B*-trees. (See Figure 1(b) for the horizontal B*-tree for the ad-
missible placement shown in Figure 1(a).) The admissible placement
here means that it is compacted and can neither move down nor move
left. Inheriting from the particular characteristics of the ordered binary
tree, the B*-tree has many advantages compared with other representa-
tions. We summarize the advantages of B*-tree as follows:) Based on ordered binary trees, the B*-tree is very fast and easy

for implementation. Since the number of branches in a B*-tree is
fixed (i.e., two branches), it can be implemented by either a static
data structure or a dynamic one. By using static memory, we
can search and insert a node in

�������
time while the O-tree needs���
	*�

time. Note that an O-tree is irregular and its number of
branches is unpredictable (see Figure 2(b)); thus, it incurs higher
operation complexity and/or significant encoding cost.) The B*-tree is very flexible for handling the floorplanning prob-
lems with various types of modules (e.g., hard, pre-placed, soft,
and rectilinear modules)directlyandefficiently. In contrast, other
representation cannot handle some special modules well. To
deal with soft modules using sequence pair, for example, pre-
vious work in [8] transformed it to the convex problem (which is
NP-hard [13]), processed the soft modules, and then transformed
back to the sequence pair.) B*-trees do not need to construct constraint graphs for area cost
evaluation. In contrast, the sequence pair and O-tree representa-
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tionsrequireencodingmodulesequencesfor treeoperationsand
constructingconstraintgraphsfor costcomputation. Note that
thecomplexity of theoperationson a binarytreeis smallerthan
thatonaconstraintgraph.Besides,wecanalsosavethetimefor
constructinga constraintgraph,which takeslinear time for both
theO-treeandthesequencepair.) Theareacostafterexchangingtwo modulescanberecomputed
incrementallyon a B*-tree. Specifically, themodulesaheadthe
exchangedmodulesin thedepth-firstsearch(DFS)of a B*-tree
remainedunchanged.Therefore,we needto consideronly the
modulesbehindtheexchangedonesfor costupdate.) Except for handlingsoft modules,we only needto transform
from a B*-tree to its correspondingplacementduring process-
ing, which takesonly linear time. In contrast,O-treesneedto
transformbetweena representationandits placement;sequence
pairsonly needto transformfrom arepresentationto aconstraint
graph,but it takes

���
	�����	��
time.) Like the O-tree,thereareonly
���
	+� � ���! �� "$	 %�& ' � combinations

for aB*-treewhile asequencepairhas
�
	�� � �

combinations.
Wesummarizetheadvantagesanddisadvantagesof theaforementioned
representationsin Table1.

Represent. Advantages(a) andDisadvantages(d)
a1.efficient
a2.flexible to dealwith hard,pre-placed,soft,and

rectilinearmodules,etc
a3.smallerencodingcost

Binary a4.canoperateonthetreedirectly, noneedto do
tree transformationduringprocessing

a5.canevaluateareacostincrementally
a6. transformationbetweenrepresentationandplacement

takeslineartime
d1. canhandleonly theslicingstructure
a1.canhandlenon-slicingstructure
a2.veryflexiblein representation
d1. time-consuming

Sequence d2. thesolutionspaceis large
pair/ d3. sequenceencodingcostis high
BSG d4. harderto transformbetweenasequencepairanda

placement
d5. sequencepair cannothandlesoftmodulesdirectly
d6. BSGincursredundancies
a1.canhandlenon-slicingstructure
a2. thesolutionspaceis smaller
a3. transformationbetweenrepresentationandplacement

takesonly lineartime
a4.encodedby fewerbits thansequencepairandBSG

O-tree d1. lessflexible thanBSG/sequencepair in representation
d2. treestructureis irregular, harderfor implementation
d3. needto encodeandoperateonmodulesequence
d4. needto transformbetweenthetreeandits placement

duringprocessing
d5. insertingpositionsarelimited,mightdeviatefrom the

optimalduringsolutionperturbation
a1.canhandlenon-slicingstructure
a2.binary-treebased,efficient
a3.flexible to dealwith hard,pre-placed,soft,and

rectilinearmodules,etc
a4.smallerencodingcost

B*-tree a5.exceptfor handlingsoftmodules,only needto transform
from a treeto its placementduringprocessing,which
takesonly lineartime

a6.canevaluateareacostincrementally
a7. thesolutionspaceis smaller
d1. lessflexible thanBSG/sequencepair in representation

Table1: Representationcomparison.

Thequality of a representationcanbe evaluatedbasedon threecri-
teria:flexibility, efficiency, andeffectiveness.Weshow theflexibility of
theB*-treerepresentationby applyingit tohandlehard,pre-placed,soft,
andrectilinearmodules.To exploretheefficiency andeffectiveness,we
comparedwith theO-tree[1] which is thefastestrepresentationfor non-
slicing floorplansin the literature.We implementedthesameiterative,
deterministicalgorithmusedin [1]. (The work in [1] considersonly

hardmodules.)Experimentalresultsbasedon theMCNC benchmarks
usedin [1] show that theB*-tree runsabout4.5 timesfaster, consumes
about60% lessmemory, andresultsin smallersilicon areasthan the
O-tree. We alsodevelopa B*-tree basedsimulatedannealingscheme
for floorplandesign;theschemeachievesnearoptimumareautilization
evenfor rectilinearmodules.

The remainderof this paperis organizedasfollows. Section2 for-
mulatesthe floorplanning/placementproblem. Section3 proposesthe
B*-tree representation.Section4 presentsour approachesfor handling
hard,pre-placed,soft, andrectilinearmodules.Section5 describesour
algorithm.Finally, experimentalresultsarereportedin Section6.

2 ProblemDefinition
Let ,.-0/�1 %�2 1 �!243(3�3�2 1 ��5 beasetof

	
rectangularmodules,and 687 ,9 7 , and :;7 bethewidth, height,andareaof 147 2 �=<?>@<?	

, respectively.
The aspectratio of 1 7 is given by

9 7 / 6 7 . Let A4B 7 � and A4B�CED be the
minimum andmaximumaspectratios,i.e.,

9 7 " 6 7=FHG A4B 7 � 2 AIB�CED$J . A
placementK?-H/ �ML 7 2�N 7 �4O��=<P>Q<R	 5 is anassignmentof therectangu-
lar modules1I7 ’s with thecoordinatesof theirbottom-leftcornersbeing
assignedto

�ML 7 2SN 7 � ’s so that no two modulesoverlap. We considerin
this paperfour kindsof modules:hard,pre-placed,soft, andrectilinear
modules. A hardmoduleis not flexible in its shapebut free to rotate.
A pre-placedmoduleis inflexible in both its shapeandcoordinate.It
mustbe locatedat a fixedposition. A soft moduleis freeto move and
changeits shapewithin the range G AIB 7 � 2 A4B�CED$J . A rectilinearmodule
hasan arbitraryshape.Usually, thegoalof placement/floorplanningis
to minimizetheareaandwirelengthinducedby theassignmentof 1I7 ’s,
whereareais typically measuredby thefinal enclosingrectangleof K
andwirelengththesummationof all modulecenter-to-centerintercon-
nections.It will beclearlaterthattraditionalapproachesfor wirelength
optimizationreadilyapply to theB*-tree representation.We shall thus
focusonareaoptimizationin thispaper.

3 Representations
In this section,we shallfirst introducetheO-treerepresentation[1]

sincewewill adopttheconceptof theadmissibleplacementfor O-trees
and follow someof its notations. Then,we shall presentthe B*-tree
representation.
3.1 The O-treeRepresentation

An O-treeis inducedfrom anadmissibleplacementdefinedin [1]. A
placementis saidto beadmissibleif andonly if nomodulecanshift left
or downwith othermodulesbeingfixed;i.e.,all modulesarecompacted
in both

L
and N directions.SeeFigure2(a)for anadmissibleplacement.

An O-tree is an orderedtree structurewith an arbitrary number
of branches(children) for each node. (Figure 2(b) shows the O-
tree for the placementshown in Figure 2(a).) As shown in Fig-
ure 2(b), the branchesare irregular; for example, node

	 % has
only one child while

	�T
has four. The irregular structure com-

plicates tree operationsand incurs sequenceencoding. For exam-
ple, the O-tree given in Figure 2(b) is encodedby the two tu-
ple

�MU$U;�4U$U;�$�IUV�4U;�$�IU$U$U#UV�#�!�$�4U#UV�!� 2 1 T 1�W41EX�1 %�% 1EY�1 % T 1 % 1 � 1EZ�1�[\1 ' 1E] � ob-
tainedby theDFSontheO-tree.
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Figure2: (a) An admissibleplacement.(b) The O-treefor theplace-
mentshown in (a).

The floorplandesignalgorithmpresentedin [1] is deterministicby
perturbingan O-treesystematically. The perturbationprocedureis to
deletea modulefrom the O-tree,andtheninsert it into the bestposi-
tion basedonits evaluation.Dueto theirregularstructure,thecandidate



positionsfor insertinganodearelimited to theexternalnodes(seeFig-
ure3) to facilitatetheupdateof theencodingtuple. Insertinganodeto a
positionotherthanexternalpositionsmakestheupdateof theencoding
tupledifficult andtime-consuming.Theinflexibility might causetheO-
treeto deviatefrom theoptimalduringsolutionperturbations,andthus
inevitably limit the quality of a floorplandesign. We considerthis in-
flexibility amajordrawbackof theO-treerepresentation.It will beclear
in thenext subsectionthatthisdeficiency canbefixedby usingB*-trees.
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Figure3: Theinternalandexternalinsertionpositions.To facilitatethe
updateof theencodingtuple,O-treesallow anodeto beinsertedonly at
theexternalpositions.

3.2 The B*-TreeRepresentation
Given an admissibleplacementK , we canrepresentit by a unique

(horizontal)B*-tree ^ . (SeeFigure1(b)for theB*-treerepresentingthe
placementshown in Figure1(a).) A B*-tree is an orderedbinary tree
whoseroot correspondsto themoduleon thebottom-leftcorner. Simi-
lar to theDFSprocedure,weconstructtheB*-tree ^ for anadmissible
placementK in a recursive fashion:Startingfrom the root, we first re-
cursively constructthe left subtreeandthenthe right subtree.Let _`7
denotethesetof moduleslocatedon theright-handsideandadjacentto1 7 . The left child of the node

	 7 correspondsto the lowestmodulein_ 7 that is unvisited.Theright child of
	 7 representsthemodulelocated

above andadjacentto 147 , with its
L

-coordinateequalto that of 1I7 and
its N -coordinatelessthanthatof thetop boundaryof themoduleon the
left-handsideandadjacentto 1 7 , if any.

TheB*-tree keepsthegeometricrelationshipbetweentwo modules
asfollows. If node

	Va
is the left child of node

	 7 , module 1 a mustbe
locatedon theright-handsideandadjacentto module 1I7 in theadmissi-
bleplacement;i.e.,

L a - L 7�bc6�7 . Besides,if node
	 a

is theright child
of
	 7 , module1 a mustbelocatedaboveandadjacentto module1 7 , with

the
L

-coordinateof 1 a equalto thatof 1 7 ; i.e.,
L;a - L 7 . Also, sincethe

rootof ^ representsthebottom-leftmodule,the
L

- and N -coordinatesof
themoduleassociatedwith theroot

�MLed�f�f�g 2�N d�f�f�g�� - �MU 2 U!� .
As shown in Figure1, we make

	 T
the root of ^ since 1 T is on the

bottom-leftcorner. Constructingthe left subtreeof
	�T

recursively, we
make

	 W theleft child of
	 T

. Sincetheleft child of
	 W doesnotexist, we

thenconstructtheright subtreeof
	 W (which is rootedby

	 X ). Thecon-
structionis recursively performedin the DFS order. After completing
theleft subtreeof

	eT
, thesameprocedureappliesto theright subtreeof	�T

. Figure1(b)illustratestheresultingB*-treefor theplacementshown
in Figure1(a).Theconstructiontakesonly lineartime.

Note that a B*-tree canalsobe constructedby transformingan O-
treeto abinarytree,underseveraladditionalconstructionrulesfor some
specialmoduleplacementsto makethe theoremto bepresentedbelow
hold. However, constructinga B*-tree in this way is not asefficient as
theaforementionedprocedure.

Wehave thefollowing lemmawhich leadsto Theorem1.

Lemma 1 For a module1 7 in anadmissibleplacement,thecorrespond-
ing node

	 7 in its inducedB*-treehasa uniqueparent if
	 7 is not the

root.

Theorem1 There is a 1-to-1 correspondencebetweenan admissible
placementandits inducedB*-tree.

In otherwords,for anadmissibleplacement,wecanconstructa unique
B*-tree,andviceversa.Thenicepropertyof the1-to-1correspondence

betweenan admissibleplacementandits inducedB*-tree preventsthe
searchspacefrom beingenlargedwith duplicatesolutions.

4 Operationson Modules
We adoptthecontourdatastructurepresentedin [1] to facilitatethe

operationson modules. The contourstructureis a doubly linked list
for modules,describingthecontourcurve in thecurrentcompactiondi-
rection. A horizontalcontour(seeFigure4) canbeusedto reducethe
runningtime for finding the N -coordinateof a newly insertedmodule.
Without thecontour, therunningtime for placinga new modulewould
be linear to thenumberof modules.By maintainingthecontourstruc-
ture,however, the N -coordinateof a modulecanbe computedin

�������
time [1]. Figure4 illustrateshow to updatethehorizontalcontourafter
insertinganew module.
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Figure4: Adding a new moduleon top, wesearchthehorizontalcon-
tour from left to right andupdateit with the top boundaryof the new
module.

To copewith rotatedmodules,when insertinga deletednodeinto
a B*-tree, we canperformtheoperationtwice at eachpositionto find
a bettersolution,onefor theoriginal orientation,andthe otherfor the
rotatedone.In thefollowing, weshalldiscussthefloorplanningproblem
with pre-placed,soft,andrectilinearmodules.
4.1 Pre-placedModules

Intuitively, if thereexistsa pre-placedmodulewhich cannotbe lo-
catedon its fixed positionsduring compaction,we would discardthis
solution. Unfortunately, this approachis not effective. A betterap-
proachis to changeaninfeasiblesolutionto befeasible.Therefore,we
handlethesituationin thisway: if thereexistsapre-placedmodulethat
cannotbelocatedonits fixedpositionsduringcompaction,weexchange
thepre-placedmodulewith anothersothatthepre-placedmodulecanbe
locatedon its fixedpositions.Therearetwo subproblemsto besolved:
(1) how to choosethemodulethat swapswith the pre-placedmodule,
and(2) how to locatethepre-placedoneonits fixedposition.

We saya moduleto beahead(behind) anotherif its bottom-left
L

-
coordinateis smaller(larger) thanthatof another. Similarly, a module
is lower (higher) thananotherif its bottom-left N -coordinateis smaller
(larger) thanthatof another. A coordinate(

L 2IN ) dominatesanotherco-
ordinate(

L�h 2�N h ), denotedby
�ML 2�N �=ij�ML�h 2�N h�� , iff

Lci0Leh
and N i N h .

Let 1 7 beapre-placedmodule,(
L�k7 2SN k7 ) denoteits fixedcoordinate,andl 7 -m/\1 a!O��ML k7 2�N k7 ��in�ML;a 2�N a�� 5 . If therearemodulesaheador lower

than 1 7 so that 1 7 cannotbe placedat (
L�k7 , N k7 ), we would exchange1 7

with themodulein
l 7 that is mostcloseto (

L k7 2IN k7 ).
To identify themodulesin

l 7 , wefirst traceback̂ fromthenode
	 7

until detectinga node
	 a

whosecorrespondingmodule1 a is dominated
by (

L k7 2�N k7 ). We add
	 a

into
l 7 . Then,we tracedown the subtreeof	 a

andaddall modulesdominatedby (
L�k7 2SN k7 ) into

l 7 . Notethatwhen
we tracedown the subtreeof

	 a
, oncewe find a node

	�o
that is not

dominatedby (
L�k7 2SN k7 ), all the nodesin the subtreeof

	�o
will not be

dominatedby (
L k7 2�N k7 ). After

l 7 is determined,themodulethatis most
closeto (

Lpk7 2�N k7 ) is chosenfor exchange.
Figure5(a)shows a placementwith a pre-placedmodule 1 ] andits

fixedposition(
L�k] , N k] ). 1�] cannotbeplacedat(

L�k] 2�N k] ) sincetheposition
hasbeenoccupiedby module1 � . Therefore,we mustchoosea module
for exchangewith 1�] . Following theaforementionedprocedure,wehave
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Figure5: (a)A placementwith apre-placedmodule.(b) Place1 ] at its
fixedposition(

Lpk] 2�N k] ).

l ] -q/�1 %�2 1 �#5 . Since1 � is mostcloseto (
L k] 2�N k] ), weexchange

	 � and	 ] in ^ andtransform ^ to its correspondingplacement.Figure5(b)
shows the resultingexchangeof 1 � and 1�] , with 1�] beingplacedat its
fixedposition(

Lpk] 2�N k] ). Notethat,to save theexecutiontime,wedo not
identify all feasiblemodules(e.g., 1 T ) for theexchange.

A nice propertyof the B*-tree lies in the incrementalcostupdate.
The DFSorderof ^ beforethe exchangeis (

	�T 2 	 W 2 	 X , 	 %�% 2 	 Y 2 	 % T ,	 % 2 	 � 2 	 Z , 	 [ 2 	 ' 2 	 ] ). Thepositionsof 1 T 2 1�W 2 1EX 2 1 %�% 2 1�Y 2 1 % T , and 1 %
remainunchangedaftertheexchangesincethey arein thefront of 1 � in
the DFS order. Therefore,we do not needto recomputethe areacost
from scratch.
4.2 Soft Modules

With its areabeingfixed,thewidthandheightof asoftmoduleis free
to bechangedunderits aspectratioconstraint.Ourmethodfor handling
soft modulesconsistsof two stages:thefirst stagepicksa soft module
for processing(deletingandinsertinga nodeassociatedwith themod-
ule), andthesecondstageadjuststheshapesof theothersoft modules.
To inserta node,mostexisting work triesall possiblecombinationsof
widthsandheights.To avoid the time-consumingprocessof trying all
possiblecombinations,weshallfind thebestshapedirectly.
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Figure6: (a)An admissibleplacement.(b) TheverticalB*-treerepre-
sentingtheplacement.

To compactalongthe N direction,we introducethevertical B*-tree^er , andcall theB*-treedescribedin Section3.2thehorizontalB*-tree,
denotedby ^�s . Given an admissibleplacementK , we canconstructa
uniquê�r . Let t 7 denotethesetof moduleslocatedaboveandadjacent
to 1 7 . Theconstructionis similar to constructinga ^ s describedin Sec-
tion 3.2with theonly differencein direction.Theleft child of thenode	 7 correspondsto theleftmostmodulein tu7 that is unvisited.Theright
child of

	 7 representsthemodulelocatedontheright-handsideandad-
jacentto 1 7 , with its N -coordinateequalto thatof 1 7 andits

L
-coordinate

lessthanthat of the right boundaryof the modulebelow andadjacent
to 1 7 , if any. Figure6(b) gives the vertical B*-tree for the admissible
placementshown in Figure6(a).

After insertinganodeassociatedwith asoftmodule,wecomputeits
surplusspacein the

L
and N directionsfor stretchingits widthandheight

underits aspectratio constraint.Let vxw7 ( v�y7 ) denotethesetof mod-
ulesaffectedby shifting the soft module 1 7 in the horizontal(vertical)
directionand1 7 itself. (Notethatwecanshift amoduleeitherupor right
in an admissibleplacement.)The modulesin v=w7 arethoseassociated

with thenodesin theleft subtreeof 1I7 in ^�s and 1I7 itself. Themodules
in v�y7 canbesimilarly definedin ^�r .

Let G N 7{z B 7 � 2SN 7{z B�CED$J ( G L 7{z B 7 � 2 L 7|z B�CED$J ) be the rangeon the vertical
(horizontal)contourthatcouldbeaffectedby pushing1I7 forwardin the
horizontal(vertical)direction.WehaveN 7{z B}CED - ~��$��/ N#� b 9 � O 1 � F v w7 5 (1)N 7|z B 7 � - ~����p/ N#� O 1 � F v w7 5 (2)

and L 7|z B�CED - ~��#�;/ L � bc6 � O 1 � F v y7 5 (3)L 7{z B 7 � - ~����p/ L � O 1 � F v y7 5!3 (4)

Let �L���� ( �N ��� ) bethemaximum
L

( N ) coordinateon thevertical(hor-
izontal) contourin the range �47�- G N 7|z B 7 �*2�N 7{z B}CED J ( G L 7|z B 7 ��2 L 7{z B�CED J ),
and � w �
>M� ( � y �
>M� ) denotethedistancebetween�L ��� ( �N ��� ) andthemaxi-
mum

L
( N ) coordinateon thevertical(horizontal)contour. Also, let

�=�7
(
���7 ) bethesetof modulesontheright-hand(upper)sideof 1 7 andtheir

vertical (horizontal)boundariesoverlapwith the interval G N 7 2SN 7 b 9 7 J
( G L 7 2 L 7�bq6�7�J ), L �7 -j~����p/ L a O 1 a F �=�7 5 ( N �7 -j~����p/ N a O 1 a F � �7 5 )
denotetheminimum

L
( N ) coordinateof themodulesin

� �7 (
���7 ), and� w �
>M� - � � w �
>M� b L �78� L 7 � 6�7 2 >M��� �7R�-��� w �
>M� 2 otherwise2

� y �
>�� - � � y �
>�� b N �7 � N 7 � 9 7 2 >M�����7 �-q�� y �
>�� 2 otherwise3
We have

6 7 -��� � 6 7 b � w �
>M� 2 >M� AIB 7 � < C ���� �{���!� � 7 �{�
¡ < AIB�CED¢ C �d�£@�(¤ 2 >M� C �� � ���*�!� � 7 ��� ¡¦¥ A4B 7 �¢ C �d £p§S¨ 2 >M� C �� � ���*�!� � 7 ��� ¡¦© A4B�CED 2
9 7p- �ª� ª

� 9 7;b � y �
>M� 2 >M� A B 7 � < � s �M���V« � 7��{� ¡C � < A B�C�D¬ :;7MA B 7 �*2 >M� � s �M���V« � 7��{� ¡C � ¥ A B 7 �¬ : 7 A4B}CED 2 >M� � s �M��� « � 7��{� ¡C � © A4B�CED 3
Modifying the shapeof a module,we changeits width first, then

changeits heightaftercompactingalongthe N direction,andcompact
along the

L
directionat last. Changingwidth andheightat the same

time maycauseconfusionastheremaybesurplusspacein bothof theL
and N directions.
After changingtheshapeof theinsertedsoftmodule,wethenchange

thoseof othersoftmodules.Wefirst computethesurplusspacein the
L

and N directionsfor eachsoftmodule.Insteadof computingthesurplus
spacefrom thecontour, we find thespacebetweenthesoft moduleand
its neighboringones.After insertinga soft module 1I7 , we computethe
surplusspaceof asoftmodule1 a in the

L
and N directionsfrom

�=�a
and���a

respectively.
Let ­ w �{®¯� (­ y �{®¯� ) bethesurplusspaceof 1 a in thehorizontal(verti-

cal)direction,and �L ( �N ) bethemaximum
L

( N ) coordinateonthevertical
(horizontal)contour. Wehave

­ w �{®¯� - � L �a � LVa � 6 a 2 >��°� �a �-q��L � L a � 6 a 2 otherwise2
­ y �{®!� - � N �a � N a � 9;a 2 >M��� �a �-±��N � N a � 9Va 2 otherwise3

Substituting� w �
>M� for ­ w �{®!� and � y �
>M� for ­ y �{®!� , we canobtainthe
new 6 a and

9 a
similar to theequationsshown above.

Similar to theprocessingof theinsertedsoftmodule,wechangethe
widths andheightsof the soft modulesoneat a time. After changing
their widths,we compactin theverticaldirection.Thenwecontinueto
changetheirheightsandcompactin thehorizontaldirectionat last.
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Figure7: Fourcasesof anL-shapedmoduleafterrotation.Eachis par-
titionedinto two partsby slicing it alongthemiddleverticalboundary.

4.3 Rectilinear Modules
We canpartition a rectilinearmoduleinto several rectangularsub-

modulesby slicing from left to right alongeachverticalboundary. We
first considerL-shapedmodulesandthenextendto generalrectilinear
modules.

An L-shapedmodule1�² canbepartitionedinto two rectangularsub-
modulesby slicing 1\² alongits middleverticalboundary. As shown in
Figure7, 1 % and 1 � arethesub-modulesof 1�² , andwesay 1 % 2 1 � F 1�² .
During placement,we mustguaranteethat thetwo sub-modules1 % and1 � abut, and 1 ² maintainsits original shape. To ensurethat the left
sub-module1 % andthe right sub-module1 � of 1�² abut, we imposethe
following locationconstraint (LC for short)for 1 % and 1 � :³µ´

: Keep1 � as 1 % ’s left child in theB*-tree.

Sincemodulesareplacedin theDFS order, keeping1 � as 1 % ’s left
child in the B*-tree guaranteesthat 1 % and 1 � areplacedin sequence.
The

³u´
relation ensuresthat the

L
-coordinateof 1 � ’s left boundary

equalsthat of 1 % ’s right boundary. For example,the two setsof sub-
modules1 % 2 1 � and 1�Z 2 1�[ shown in Figure8(a)abut. Thesub-modules1�Z and1�[ areplacedatthecorrectpositionswhile 1 % and 1 � arenotsince1 % and 1 � do notconformto theiroriginalL shape.Wesay 1 % and 1 � to
be mis-aligned. To slove themis-alignedproblem,we mustadjusttheN coordinateof 1 % or 1 � . For the 1 % and 1 � shown in Figure8(a), for
example, 1 % mustbe pulled up until the N coordinateof 1 % ’s top (bot-
tom) boundaryequalsthatof 1 � ’s for theL shapeshown in Figure7(a)
(Figure7(d)).

b1

0

1

2

b2

b3
b4 b2

b1

1

0

2

b3

b4

LC relations
(a) (b)

Figure8: Supposethat 1 %42 1 � and 1 Z 2 1 [ aretwo setsof sub-modules
correspondingto two L-shapedmodules. (a) A placementin which1 % 2 1 � and 1�Z 2 1E[ abut. However, 1 % and 1 � aremis-aligned. (b) Their
correspondingnodesin the B*-tree keepthe

³µ´
relationbetween1 %

and 1 � (aswell as 1�Z and 1�[ ).
For eachL-shapedmodule,therearefour orientationsafterrotation,

asshown in Figure7. Wheneverwe performa rotationon anL-shaped
module,we mustrepartitionit into two sub-modulesandmaintainthe
LC relationbetweenthem.SeeFigure7 for thesub-modulesafterrepar-
titioning.

A rectilinearmoduleis convex if any two pointswithin themodule
canbeconnectedby theshortestManhattanpathwhichalsolies within
themodule;it is concaveotherwise.A convex module 1�¶ canbe par-
titionedinto asetof sub-modules1 %42 1 �$2I34343�2 1 � by slicing 1 ¶ from left
to right alongeachverticalboundary. Consideringthe

³u´
relation,we

keepthesub-module1 7 � % as 1 7 ’s left child in theB*-tree to ensurethat
they areplacedsideby sidealongthe

L
direction,where

�=<P>Q<R	 � � .
To ensurethat 1 % 2 1 � 243434342 1 � arenotmis-aligned,wemayneedto adjust
the N coordinatesof the sub-modules,like what we did for L-shaped
modules. For a concave module,we canfill the concave holesof the
moduleandmakeit convex. Then,the operationsremainthe sameas
thosefor aconvex module.

5 The Algorithm
Our floorplandesignalgorithmis basedon thesimulatedannealing

method[4]. Thealgorithmcanconsidernotonly hardmodules,but also

pre-placed,soft,andrectilinearones.
WeperturbaB*-tree(afeasiblesolution)to anotherB*-treeby using

thefollowing four operations.) Op1: Rotateamodule.) Op2: Moveamoduleto anotherplace.) Op3: Swaptwo modules.) Op4: Removeasoft moduleandinsertit into thebestinternalor
externalposition.

We havediscussedOp1in Section4. Op2deletesandinsertsamodule.
If thedeletednodeis associatedwith a rectangularmodule,we simply
deletethenodefrom theB*-tree. Otherwise,therewill beseveralnodes
associatedwith a rectilinearmodule,andwe treatthemasa wholeand
maintaintheir

³u´
relations.Op4deletesasoftmodule,triesall possible

internalandexternalpositions,insertsit into thebestposition,changes
its shapeand the shapesof the other soft modules(seeSection4.2).
Op2, Op3, andOp4 needto apply the � 	�·4¸ A�¹ and

l�¸�º{¸ ¹ ¸ operations
for insertinganddeletinga nodeto andfrom aB*-tree. We explain the
two operationsin thefollowing.
5.1 Deletion

Therearethreecasesfor thedeletionoperation.) Case1: A leafnode.) Case2: A nodewith onechild.) Case3: A nodewith two children.
In Case1, we simply deletethetarget leaf node.In Case2, we remove
the target nodeandthenplaceits only child at the positionof the re-
moved node.Thetreeupdatecanbe performedin

�������
time. In Case

3, we replacethetargetnode
	*g

by eitherits right child or left child
	�»

.
Thenwe move achild of

	�»
to theoriginalpositionof

	�»
. Theprocess

proceedsuntil thecorrespondingleafnodeis handled.It is obviousthat
sucha deletionoperationrequires

���M9��
time, where

9
is theheightof

the B*-tree. Note that in Cases2 and3, the relative positionsof the
modulesmight bechangedafter theoperation,andthuswe might need
to reconstructa correspondingplacementfor furtherprocessing.Also,
if thedeletednodecorrespondsto asub-moduleof a rectilinearmodule1 � , weshouldalsodeleteothersub-modulesof 1 � .
5.2 Insertion

Whenaddinga module,we may placeit aroundsomemodule,but
not betweenthe sub-modulesthat belongto a rectilinearmodule. We
definethreetypesof positionsasfollows.) Inseparableposition: A positionbetweentwo nodesassociated

with two sub-modulesof a rectilinearmodule.) Internalposition:A positionbetweentwo nodesin aB*-tree,but
is not aninseparableone.) Externalposition: A positionpointedby aNULL pointer.

Only internal and external positionscan be usedfor insertinga new
node. For a rectangularmodule,we caninsert it into an internalor an
externalpositiondirectly. For a rectilinearmodule 1 � consistingof the
sub-modules1 % 2 1 � 2I3434342 1 � orderedfrom left to right, thesub-modules
mustbeinsertedsimultaneously, and 1 7 � % mustbetheleft child of 1 7 to
satisfythe

³u´
relation.

The simulatedannealingalgorithmstartsby randomlychoosingan
initial B*-tree. Then it perturbsa B*-tree (a feasiblesolution) to an-
otherB*-tree basedon theaforementionedOp1–Op4until apredefined
“frozen” stateis reached.At last,we transformtheresultingB*-tree to
thecorrespondingfinal admissibleplacement.

6 Experimental Results
We implementedtwo algorithmsin theC++ programminglanguage

on a 200 MHz SUN SparcUltra-I workstationwith 256 MB memory.
Oneis the iterative, deterministicalgorithmusedin [1], andthe other
is theaforementionedsimulatedannealingalgorithm.Thedeterministic
oneis servedfor thepurposeof fair comparisonwith theO-treerepre-
sentationwhich is thefastestfor non-slicingfloorplansin theliterature.

Weperformedtwo setsof experiments:onewasbasedontheMCNC
benchmarkcircuitsusedin [1], andtheotheron someartificial rectilin-
earmodules.Table2 liststhenamesof thecircuits,thenumbersof mod-
ules,theruntimesper iteration for theiterative,deterministicalgorithm,
memoryrequirements,andchip areasfor the clusterrefinementalgo-
rithm [16], theO-tree,theB*-tree basedon theiterative algorithm.We
alsotestedthe total runtimesandareasresultedfrom usingtheB*-tree
basedsimulatedannealingalgorithm.Theresultsshow thattheB*-tree
achievedaveragespeedups(areareductions)of 458and4.5 (1.0%and



Iterative algorithm Simulatedannealing
Circuit # of Clusterrefinement O-tree B*-tree B*-tree

modules Time/ite.
�

Mem. Area
�

Time/ite. Mem. Area Time/ite. Mem. Area Tot. time Area
(sec) (MB) ( ¼½¼ � ) (sec) (MB) ( ¼½¼ � ) (sec) (MB) ( ¼½¼ � ) (sec) ( ¼�¼ � )

apte 9 224.0 NA 48.40 0.63 4.18 47.76 0.11 1.67 46.92 7 46.92
xerox 10 18.8 NA 20.30 1.68 4.31 20.18 0.39 1.78 20.06 25 19.83

hp 11 18.0 NA 9.58 1.09 4.21 9.49 0.21 1.67 9.17 55 8.95
ami33 33 603.0 NA 1.21 25.40 4.67 1.25 7.83 1.82 1.27 3417 1.27
ami49 49 1860.0 NA 37.70 154.71 5.28 38.60 39.24 1.94 37.43 4752 36.80
Comp. 458 NA 1.010 4.512 2.546 1.014 1.000 1.000 1.000 - 0.989

Table2: Comparisonsfor runtimeper iterationand memoryand arearequirementsamongclusterrefinement,O-tree,and B*-tree basedon
iterative algorithms(andoverall runtimesandareasfor theB*-tree basedsimulatedannealingalgorithm).NA: Not Available.

Circuit #Rectangularmodules #L-shapedmodules #T-shapedmodules Optimumarea Resultingarea Deadspace(%) Runtime(sec)
test1 5 5 0 100 100 0.00 373
test2 10 10 0 400 405 1.25 1625
test3 15 15 0 900 928 3.11 3578
test4 7 7 6 400 414 3.50 2584
test5 10 10 10 900 945 5.00 6834

Table3: Resultsfor rectilinearmodulesusingtheB*-treebasedsimulatedannealingmethod.

1.4%)overclusterrefinementandO-trees,respectively. Further, theB*-
treereducedtheaveragememoryrequirementby 60.4%,comparedwith
O-trees.Theresultsshow theefficiency andeffectivenessof theB*-tree
representation.

Note that the resultswere basedon hardmodulessincethe work
in [1] did notconsidersoft,pre-placed,or rectilinearmodules.Also, the
resultswereobtainedby optimizingareaalonefor boththeO-treeand
B*-tree. Theruntimesandareasfor clusterrefinementaredirectlytaken
from [1] whoseexperimentswereperformedona200MHz SUNSparc
Ultra-I workstationwith 512 MB memory;theconfigurationis almost
thesameasoursexceptthatourmachinehasonly 256MB memory.

Wealsotestedon severalcasesgeneratedby cuttinga rectangleinto
a setof rectangular, L-shaped,andT-shapedmodules.For thesecases,
the optimumareasaregiven by their original rectangles.The results
listedin Table3 show that theB*-tree basedsimulatedannealingalgo-
rithm obtainedtheoptimumareafor test1andnearoptimumareasfor
test2,test3,test4,andtest5with areasonly 1.25%,3.11%,3.50%,and
5.00%away from the optima, respectively. The runtimesfor achiev-
ing the resultsrangedfrom about6 minutesto 114minutes.Note that
the test casesare much more complicatedthan thoseusedin recent
work [2, 3, 17], andthealgorithmis muchmoreefficient. Figures9(a)
and(b) show theresultingplacementsfor ami49andtest5.

(a) (b)
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Figure9: (a)Placementof ami49(which consistingof only hardmod-
ules).Theshadedregionsrepresentdeadspaces.(b) Placementof test5
with 10rectangular, 10L-shaped,and10 T-shapedmodules.

7 Concluding Remarks
We have presentedthe B*-tree representationfor non-slicingfloor-

plansandshown its superiorefficiency, flexibility, andeffectiveness.A
key significanceof this work lies in minimizing the gap betweenthe
representationsfor slicing andnon-slicingfloorplans. Comparedwith
thebinarytreesfor slicing floorplans,existing representationsfor non-
slicingfloorplansaremuchharderfor implementationandoperationand
incurmorerestrictions.In contrast,B*-treesinheritmostniceproperties

from binarytreesandthusareverysimple,efficient,andflexible for ma-
nipulatingvarioustypesof modulesandconstraintsdirectly andincre-
mentally. More importantly, thepropertiesmakeB*-treesa promising
alternative to thefloorplandesignwith new, morecomplicatedconsider-
ationsinducedfrom thedeepsubmicrontechnology, suchasfloorplan-
ning with buffer moduleconsideration,etc. Researchin interconnect-
drivenfloorplanningusingB*-treesis ongoing.
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