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Abstract there arg(n!)? combinations in total, where is the number of mod-

We presentin this paper an efficient, flexible, and effective data stuules. Further, the transformation between a sequence pair and a place-
ture, B*-trees for non-slicing floorplans. B*-trees are based on ordergent take€)(n g n) time. Nakatake el al. in [9] presented a grid based
binary trees and the admissible placement presented in [1]. Inherit@esentation—BSG. The BSG structure utilizes a set of horizontal and
from the nice properties of ordered binary trees, B*-trees are very e¢gyical bounded-length lines to cut the plane into rooms and represents
for implementation and can perform the respective primitive tree @pplacement by these lines and rooms. BSG incurs redundancies. Its
erations search, insertion, and deletion in oflif1), O(1), andO(r) complexity is similar to that of the sequence pair. The sequence pair
times while existing representations for non-slicing floorplans neediad BSG were then extended to handle pre-placed modules and soft
leastO(n) time for each of these operations, wheres the number of modulesin [2, 7, 8, 10]. )
modules. The correspondence between an admissible placement and {10 et al. in [1] proposed a tree based representation, cateees
induced B*-tree is 1-to-1 (i.e., no redundancy); further, the transforriére number of O-tree combinations is oitn!22"~2 /n'®). Further,
tion between them takes only linear time. Unlike other representatithestransformation between the representation and a floorplan takes only
for non-slicing floorplans that need to construct constraint graphs dgin) time. However, the tree structure is irregular, and thus some prim-
cost evaluation, in particular, the evaluation can be performed on Bite tree operations, such as search and insertion, are not efficient. To
trees and their corresponding placemelitsctly andincrementally We  reduce the operation complexity, the tree is encoded by a sequence of
further show the flexibility of B*-trees by exploring how to handle r@x bits and a permutation ef[1g n] bits.
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 (b @

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. T)Z @ @ m
. il

1 Introduction L ] QD 0

Due to the growth in design complexity, circuit sizes are getting
larger. To cope with the increasing design complexity, hierarchical de- Do
sign and IP modules are widely used. The trend makes module floor- 6 @@ @@
planning/placement much more critical to the quality of a VLSI design. ° by 1

A fundamental problem to floorplanning/placement lies in the repre- b @ @
sentation of geometric relationship among modules. The representation Z
profoundly affects the operations of modules and the complexity of a @ ®)
floorplan/placement design process. Itis thus desired to develop anf lire 1: (a) An admissible placement. (b) The (horizontal) B*tree

cient, flexible, and effective representation of geometric relationship ting the ol t
floorplan/placement designs. representing the placement.

1.1 Previous Work I

Floorplans can be divided into two categories, #iieing struc- 1.2 Our Cont”_bt_‘t'ons L
ture [12, 15] and thenon-slicing structurdd, 6, 9, 14]. A slicing struc- __To handle non-slicing floorplans, we propose in this paper an ordered
ture can be represented by a binary tree whose leaves denote mofiilagy-tree based representation, caliéetrees Given anadmissible
and internal nodes specify horizontal or vertical cut lines. Wong &cemenfl], we can represent it by a unigherizontaland a unique
Liu proposed an algorithm for slicing floorplan designs [15]. They pkertical B*-trees. (See Figure 1(b) for the horizontal B*-tree for the ad-
sented a normalized Polish expression to represent a slicing sfrudiiifsible placement shown in Figure 1(a).) The admissible placement
enabling the speed-up of its search procedure. However, this reprdig-means that it is compacted and can neither move down nor move
tation cannot handle non-slicing floorplans. Recently, researchers lgftelnheriting from the particular characteristics of the ordered binary
proposed several representations for non-slicing floorplans, such aeg-the B*-tree has many advantages compared with other representa-
guence pair [6], bounded slicing grid (BSG) [9], and O-tree [1]. tions. We summarize the advantages of B*-tree as follows:

Onodera et al. in [11] used the branch-and-bound method to solves Based on ordered binary trees, the B*-tree is very fast and easy
the module placement problem. This approach has very high time com-  for implementation. Since the number of branches in a B*-tree is
plexity and is thus feasible for only small problem sizes. Murata et fixed (i.e., two branches), it can be implemented by either a static
al. in[6] proposed the sequence-pair representation for rectangular mod- data structure or a dynamic one. By using static memory, we
ule placement. The main idea is to use a sequence pair to represent the can search and insert a nodeii1) time while the O-tree needs
geometric relation of modules, place the modules on a grid structure, O(n) time. Note that an O-tree is irregular and its number of
and construct corresponding constraint graphs to evaluate cost. This pranches is unpredictable (see Figure 2(b)); thus, it incurs higher
representation requires: [lg n| space to encode a sequence pair and  gperation complexity and/or significant encoding cost.

*This work was partially supported by the National Science Council of Tai- o The B*—_tree IS very flexible for handling the floorplanning prob-
wan under Grant No. NSC-89-2215-E-009-055. E-méis87512, ywchang, lems with various types of modules (e.g., hard, pre-placed, soft,
gis85815, gis8867555@cis.nctu.edu. tw. and rectilinear modulesjrectlyandefficiently 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
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tionsrequireencodingmodulesequencefor treeoperationsand
constructingconstraintgraphsfor costcomputation. Note that
the compleity of the operationson a binarytreeis smallerthan
thatona constraingraph.Besideswe canalsosave thetime for
constructinga constraingraph,which takeslinear time for both
the O-treeandthe sequenceair.

The areacostafterexchangingtwo modulescanbe recomputed
incrementallyon a B*-tree. Specifically the modulesaheadhe
exchangednodulesin the depth-firstsearch(DFS) of a B*-tree
remainedunchanged.Therefore,we needto consideronly the
modulesbehindthe exchangednesfor costupdate.

Exceptfor handling soft modules,we only needto transform
from a B*-tree to its correspondingplacementduring process-
ing, which takesonly lineartime. In contrast,O-treesneedto

hardmodules.)Experimentafesultsbasedon the MCNC benchmarks
usedin [1] shawv thatthe B*-tree runsabout4.5timesfaster consumes
about60% lessmemory andresultsin smallersilicon areasthanthe
O-tree. We alsodevelop a B*-tree basedsimulatedannealingscheme
for floorplandesignithe schemechiezesnearoptimumareautilization
evenfor rectilinearmodules.

The remainderof this paperis organizedasfollows. Section2 for-
mulatesthe floorplanning/placemerdroblem. Section3 proposeghe
B*-tree representationSectiond4 presentour approachefor handling
hard, pre-placedsoft, andrectilinearmodules.Section5 describeour
algorithm.Finally, experimentaresultsarereportedn Section6.

2 Problem Definition
Let B = {b1, b2, ...,bn } beasetof n rectangulamodulesandw;,
h;, anda; bethewidth, height,andareaof b;, 1 < i < n, respectiely.

transformbetweera representatioandits placementsequence The aspectratio of b; is given by h;/w;. Let rpn andrya. bethe

pairsonly needto transformfrom arepresentatioto aconstraint
graph,butit takesO(nlg n) time.

Like the O-tree,thereareonly O(n!22"~2 /n'-5) combinations
for aB*-tree while asequencgair has(n!)? combinations.

We summarizeéheadwantagesinddisadwantage®f theaforementioned

representations Tablel.

Represent.] Advantagega)andDisadwantage$d)

al. efficient

a2.flexible to dealwith hard,pre-placedsoft,and
rectilinearmodulesgtc

a3.smallerencodingcost

a4.canoperateonthetreedirectly, noneedto do
transformatiorduringprocessing

ab. canevaluateareacostincrementally

ab.transformatiorbetweerrepresentatioandplacement
takeslineartime

d1.canhandleonly theslicing structure

al.canhandlenon-slicingsiructure

a2.veryflexiblein representation

dI.fime-consuming

d2. thesolutionspacss large

d3. sequencencodingcostis high

d4. harderto transformbetweera sequencgair anda
placement

d5. sequenceair cannothandlesoft modulesdirectly

d6. BSGincursredundancies

al.canhandlenon-slicingsiructure

a2.thesolutionspaceds smaller

a3.transformatiorbetweerrepresentatioandplacement
takesonly lineartime

a4.encodedy fewer bits thansequenc@airandBSG

d1.Tessflexible thanBSG/Sequencpair in representation

d2. treestructureis irregular harderfor implementation

d3. needto encodeandoperateon modulesequence

d4. needto transformbetweerthetreeandits placement
duringprocessing

d5. insertingpositionsarelimited, might deviate from the
optimalduringsolutionperturbation

al.canhandlenon-slicingstructure

a2.binary-treebasedefficient

a3.flexible to dealwith hard,pre-placedsoft,and
rectilinearmodulesgtc

a4.smallerencodingcost

ab. exceptfor handlingsoft modulespnly needto transform
from atreeto its placementluring processingwhich
takesonly lineartime

ab.canevaluateareacostincrementally

a7.thesolutionspacds smaller

d1.Tessflexible thanBSG/sequencpair in representation

Binary
tree

Sequence
pair/
BSG

O-tree

B*-tree

Tablel: Representationomparison.

The quality of arepresentatioganbe evaluatedbasedon threecri-
teria: flexibility, efficiency, andeffectiveness We show theflexibility of
theB*-treerepresentatiohy applyingit to handlehard,pre-placedsoft,
andrectilinearmodules.To explorethe efficiency andeffectvenessye
comparedvith the O-tree[1] whichis thefastestepresentatiofor non-
slicing floorplansin the literature. We implementedhe sameiterative,
deterministicalgorithmusedin [1]. (Thework in [1] considersonly

minimum and maximumaspectatios,i.e., h; /wi € [Fmin, 'maz]. A
placement? = {(z;, yi)|1 <1 < n} isanassignmentf therectangu-
lar modulesh;’s with the coordinate®f their bottom-leftcornersbeing
assignedo (z;, y;)’'s sothatno two modulesoverlap. We considerin
this paperfour kinds of modules:hard, pre-placedsoft andrectilinear
modules A hardmoduleis not flexible in its shapebut free to rotate.
A pre-placednoduleis inflexible in bothits shapeand coordinate. It
mustbe locatedat a fixed position. A soft moduleis free to move and
changeits shapewithin the range[rmin, rmaz]. A rectilinearmodule
hasan arbitraryshape.Usually, the goal of placement/floorplanninig
to minimizethe areaandwirelengthinducedby theassignmenof b;'s,
whereareais typically measuredy thefinal enclosingrectangleof P
andwirelengththe summationof all modulecenterto-centerintercon-
nections.lt will beclearlaterthattraditionalapproachefor wirelength
optimizationreadily apply to the B*-tree representationWe shall thus
focuson areaoptimizationin this paper

3 Representations

In this section,we shallfirst introducethe O-treerepresentatiofil ]
sincewe will adoptthe concepbf theadmissibleplacementor O-trees
and follow someof its notations. Then, we shall presentthe B*-tree
representation.
3.1 The O-treeRepresentation

An O-treeis inducedrom anadmissiblegplacementlefinedin [1]. A
placements saidto beadmissibldf andonly if no modulecanshift left
or downwith othermodulesbeingfixed;i.e., all modulesarecompacted
in bothz andy directions.SeeFigure2(a)for anadmissiblegplacement.

An O-treeis an orderedtree structurewith an arbitrary number
of branches(children) for eachnode. (Figure 2(b) shavs the O-
tree for the placementshown in Figure 2(a).) As shown in Fig-
ure 2(b), the branchesare irregular; for example, node n; has
only one child while ny, 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 (0010011010110000111100117 b0b7b3b11b9b10b1b2b3b4b5b6) ob-
tainedby the DFSonthe O-tree.
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Figure2: (a) An admissibleplacement.(b) The O-treefor the place-
mentshavnin (a).

The floorplandesignalgorithmpresentedn [1] is deterministicby
perturbingan O-tree systematically The perturbationprocedureis to
deletea modulefrom the O-tree,andtheninsertit into the bestposi-
tion basednits evaluation.Dueto theirregularstructurethecandidate



positionsfor insertinga nodearelimited to the externalnodeg(seeFig-
ure3) to facilitatethe updateof theencodinguple. Insertinganodeto a
positionotherthanexternalpositionsmakeshe updateof the encoding
tupledifficult andtime-consumingTheinflexibility might causeheO-
treeto deviate from the optimalduring solutionperturbationsandthus
inevitably limit the quality of a floorplandesign. We considerthis in-
flexibility amajordravbackof the O-treerepresentationt will beclear
in thenext subsectiothatthis deficieny canbefixedby usingB*-trees.

® @ external node
O internal node

Figure3: Theinternalandexternalinsertionpositions.To facilitatethe
updateof theencodinguple,O-treesallow anodeto beinsertedonly at
theexternalpositions.

3.2 The B*-TreeRepresentation

Given an admissibleplacement”, we canrepresenit by a unique
(horizontal)B*-treeT'. (SeeFigurel(b)for theB*-treerepresentinghe
placemenshown in Figurel(a).) A B*-tree is an orderedbinary tree
whoseroot correspond$o the moduleon the bottom-leftcorner Simi-
lar to the DFS procedurewe constructhe B*-tree 7" for anadmissible
placementP in arecursve fashion: Startingfrom the root, we first re-
cursively constructthe left subtreeandthenthe right subtree.Let R;
denotethe setof moduledocatedon theright-handsideandadjacento
b;. Theleft child of the noden; correspondso the lowestmodulein
R; thatis unvisited. Theright child of n; representshemodulelocated
above andadjacento b;, with its z-coordinateequalto that of 4, and
its y-coordinatdessthanthatof thetop boundaryof the moduleon the
left-handsideandadjacento b;, if ary.

The B*-tree keepsthe geometriarelationshipbetweenwo modules
asfollows. If noden; is the left child of noden;, moduleb; mustbe
locatedon theright-handsideandadjacento moduleb; in theadmissi-
ble placementi.e.,z; = x; + w;. Besidesjf noden; is theright child
of n;, moduleb; mustbelocatedabore andadjacento moduleb;, with
the z-coordinateof b; equalto thatof b;; i.e.,z; = x;. Also, sincethe
rootof T representthebottom-leftmodule thez- andy-coordinate®f
themoduleassociateavith theroot (= oor, Yroot) = (0,0).

As shawn in Figure 1, we makeng theroot of T' sinceb, is on the
bottom-leftcorner Constructingthe left subtreeof n, recursvely, we
maken~ theleft child of ng. Sincetheleft child of n; doesnotexist, we
thenconstructheright subtreeof n; (whichis rootedby ng). Thecon-
structionis recursvely performedin the DFS order After completing
theleft subtreeof ng, the sameprocedureppliesto theright subtreeof
no. Figurel(b)illustratestheresultingB*-treefor theplacemenshavn
in Figurel(a). Theconstructiortakesonly lineartime.

Note thata B*-tree canalsobe constructedy transformingan O-
treeto abinarytree,underseveraladditionalconstructiorrulesfor some
specialmoduleplacementso makethe theoremto be presentedelon
hold. However, constructinga B*-tree in this way is not asefficient as
theaforementionegrocedure.

We have thefollowing lemmawhich leadsto Theoremi.

Lemmal Foramoduleb; in anadmissibleplacementthecorresporl-

ing noden; in its inducedB*-treehasa uniqueparentif n; is notthe
root.

Theoreml1 There is a 1-to-1 correspamdencebetweeran admissible
placemengndits inducedB*-tree

In otherwords,for anadmissibleplacementye canconstrucia unique

betweenan admissibleplacementndits inducedB*-tree preventsthe
searchspacefrom beingenlagedwith duplicatesolutions.

4 Operationson Modules

We adoptthe contourdatastructurepresentedh [1] to facilitatethe
operationson modules. The contourstructureis a doubly linked list
for modulesdescribingthe contourcurve in the currentcompactiordi-
rection. A horizontalcontour(seeFigure4) canbe usedto reducethe
runningtime for finding the y-coordinateof a newly insertedmodule.
Without the contour the runningtime for placinga nev modulewould
be linearto the numberof modules.By maintainingthe contourstruc-
ture, however, the y-coordinateof a modulecanbe computedn Ogl)
time [1]. Figure4 illustrateshow to updatethe horizontalcontourafter
insertinganew module.

horizontal contour

newly
added |~ : _____
module =l — | old contour
I
I new contour
by b3 b b |
: :
T I’jXVertical
bo : contour
b —
0 b jl
b, |

Figure4: Adding a new moduleon top, we searclthe horizontalcon-
tour from left to right and updateit with the top boundaryof the new
module.

To copewith rotatedmodules,wheninsertinga deletednodeinto
a B*-tree, we canperformthe operationtwice at eachpositionto find
a bettersolution,onefor the original orientation,andthe otherfor the
rotatedone.n thefollowing, we shalldiscusghefloorplanningoroblem
with pre-placedsoft,andrectilinearmodules.

4.1 Pre-placedModules

Intuitively, if thereexists a pre-placednodulewhich cannotbe lo-
catedon its fixed positionsduring compactionwe would discardthis
solution. Unfortunately this approachis not effective. A betterap-
proachis to changeaninfeasiblesolutionto be feasible. Thereforewe
handlethesituationin thisway: if thereexistsa pre-placednodulethat
cannotbelocatedonits fixedpositionsduringcompactionywe exchange
thepre-placednodulewith anothesothatthe pre-placednodulecanbe
locatedon its fixed positions. Therearetwo subproblemsgo be solved:
(1) how to choosethe modulethat swapswith the pre-placednodule,
and(2) how to locatethe pre-placedneonits fixed position.

We saya moduleto be ahead(behind anotherif its bottom-leftz-
coordinatds smaller(larger) thanthat of another Similarly, a module
is lower (higher) thananotheiif its bottom-lefty-coordinates smaller
(larger) thanthatof another A coordinatex, y) dominatesanotherco-
ordinate(z’, y'), denoteddy (=, y') > (2, y'), iff z > 2’ andy > y'.
Letd; beapre placednodule (xt VY 7y denotéits fixed coordinateand

D; = {b;|(«],y]) > (x;,y;)}. If therearemodulesaheador lower
thanb; sothatb; cannotbe placedat (xt ,yf) we would exchangeb;

with themodulein D, thatis mostcloseto (a:t LY H.
Toidentifythemodulesn D;, wefirsttraceback? from thenoden;
until detectinga noden; whosecorrespondingnoduleb; is dominated

by (:::z Y 7). We addn; into D;. Then,we tracedown the subtreeof

n; andaddall modulesdominatedoy (a:l. Y] 7Yinto D;. Notethatwhen
we tracedown the subtreeof n;, oncewe find a noden; thatis not

dominatedby (a:ﬂ ,yt 7y, all the nodesin the subtreeof n; will not be
domlnatedny (xt Y . After D; is determinedthe modulethatis most

closeto (xl VY. 7Y is choserfor exchange.

Figure5(a) shavs a placementvith a pre-placednodulebs andits
fixedposition(z/ .y ). bs cannobeplacedat(z{, y!) sincetheposition
hasbeenoccupiedby moduleb,. Therefore we mustchoosea module

B*-tree, andvice versa.Thenice propertyof the 1-to-1correspondencefor exchangewith b¢ . Following theaforementioneg@rocedurewe have



o b
big b
by bs;‘
53
by by
YT b e B b g
b, b,

(a) (b)
Figure5: (a) A placementvith a pre-placednodule.(b) Placebs atits
fixed position(z/, y{).

Dg = {b1,b2}. Sinceb, is mostcloseto (z/, y!), we exchangen, and
ng in 1" andtransformT’ to its correspondingplacement.Figure 5(b)
shaws the resultingexchangeof b, andbs, with b beingplacedat its

with thenodesin theleft subtreeof b; in T, andb; itself. Themodules
in AY canbesimilarly definedin 7.

Let [yi,min, Yi,maz] ((Ti,min, Ti,maz]) D€ the rangeon the vertical
(horizontal)contourthat could be affectedby pushingb; forwardin the
horizontal(vertical) direction.We have

Yimas = max{ys + hilbr € AT} @

Yimin = min{yxlbr € A7} 2
and

Timaz = max{z +wklby € A} 3)

Timin = min{zilby € A} (4

LetZ1, (g1,) bethemaximums (y) coordinateon the vertical (hor-
izontal) contourin therangel; = [yi min, Yi,maz] (Zi,min, Ti maz)),
andéx (1) (6v(z)) denotethe distancebetweent 7, (3r,) andthe maxi-
mumz (y) coordinateon thevertical (horizontal)contour Also, let OF

(07) bethesetof moduleson theright-hand(upper)sideof b; andtheir
vertical (horizontal)boundariesoverlapwith the intenal [y;, yi + hs]

fixed position(z , yg). Notethat,to save the executiontime, we do not ' N - it
identify aIIfeasi%lemodules(e.g.,bq)fo_r theexchange. ([zi, zs + wi]), &7 = min{z;|b; € O} (yf = min{y;|b; € O;})

A nice propertyof the B*-tree lies in the incrementalcostupdate. denotetheminimumz (y) coordinateof themodulesn OF (OY), and
The DFSorderof T' beforethe exchangeis (ng, n7, ns, ni1, ng, n1o,

ni, N2, N3, n4,n5,n6). ThepOSitionSOf bo,b”{,bg,bll,bg,blo, andbl . * ) ) . R
remainunchange@fterthe exchangesincethey arein thefront of b, in am(i) = { gH(’.) T - o wg, ”:hoi # o
the DFSorder Therefore we do not needto recomputethe areacost u(1), otherwise
from scratch.
4.2 Soft Modules . _ . v [ o)yl —yi—hi, iSOV #£¢
With its areabeingfixed,thewidth andheightof asoftmoduleis free av(i) = sv (1), otherwise

to bechangedinderits aspectatio constraint Ourmethodfor handling
soft modulesconsistof two stagesthefirst stagepicks a soft module We have
for processinddeletingandinsertinga nodeassociatedvith the mod- . . "
ule), andthe secondstageadjuststhe shapeof the othersoft modules. wi +ap(i), if rmin < Toitan )2 < Tmax
To inserta node, mostexisting work triesall possiblecombinationsof w: — \/a— if G
widths andheights. To avoid the time-consumingprocesf trying all © Tmin ! U (witan(9)?
possiblecombinationsyve shallfind the bestshapelirectly. Ve of itan()? = Tmaz

& B @ hi+av(i), if rmin < uﬁi‘f D2 < rae

,. hi = farmin,  if M < Ponin

(m) (m) VaTmaz, if Qurev@F 5

A o) —]

(b

Modifying the shapeof a module,we changeits width first, then
changeits heightafter compactingalongthe y direction,andcompact
alongthe = directionat last. Changingwidth and heightat the same

by @ @ @ time may causeconfusionastheremay be surplusspacein both of the
bo b A z andy directions.
L @@ @ After changingheshapeof theinsertedsoftmodule wethenchange
by thoseof othersoft modules We first computethe surplusspacen the z

andy directionsfor eachsoft module.Insteadof computingthe surplus
spacefrom the contour we find the spacebetweerthe soft moduleand
its neighboringones. After insertinga soft moduleb;, we computethe

surplusspaceof asoftmoduleb; in thex andy directionsfrom O]R and

(a) (b)
Figure6: (a) An admissibleplacement(b) The vertical B*-tree repre-
sentingthe placement.

To compactalongthe y direction,we introducethe vertical B*-tree OJU respectiely.
T, andcall the B*-tree describedn Section3.2the horizontalB*-treg, Let Bu(y) (Bv (y)) bethesurplusspaceof b; in thehorizontal(verti-
denotedby 7. Given anadmissibleplacementP, we canconstructa cal)direction,andz (3) bethemaximumz (y) coordinatenthevertical
unique’, . LetU; denotethe setof moduledocatedabove andadjacent (horizontal)contour We have
to b;. The constructioris similar to constructinga 73, describedn Sec-

tion 3.2 with theonly differencein direction. Theleft child of the node o fOR £
n; correspondso theleftmostmodulein U; thatis unvisited. Theright Bu(y) = { S
child of n; representthe modulelocatedon the right-handsideandad- T =&y —wy,  OWMErwise
jacentto b;, with its y-coordinateequalto thatof b; andits z-coordinate

lessthanthat of the right boundaryof the modulebelon andadjacent ) v —yi—h if OV #£6
to b;, if any. Figure6(b) givesthe vertical B*-tree for the admissible Bv(j) = QJ_ y; , h]]7 othetwise

placemenshown in Figure6(a).

After insertinga nodeassociateavith a soft module we computsts
surplusspacen thex andy directionsfor stretchingts widthandheight gy v, andh; similarto the equationshovn above.
underits aspectatio constraint.Let A7 (A}") denotethe setof mod- Similar to the processingf theinsertedsoft module,we changethe
ulesaffectedby shifting the soft moduled; in the horizontal(vertical) \idths and heightsof the soft modulesoneat a time. After changing
directionands; itself. (Notethatwe canshiftamoduleeitheruporright  their widths,we compacin thevertical direction. Thenwe continueto
in an admissibleplacement.)The modulesin AF arethoseassociated changetheir heightsandcompactn the horizontaldirectionat last.

Substitutinge #(7) for 8z (5) andav () for Bv(j), we canobtainthe
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Figure7: Fourcaseof anL-shapednoduleafterrotation. Eachis par
titionedinto two partsby slicing it alongthe middleverticalboundary

4.3 Rectilinear Modules

We canpartition a rectilinearmoduleinto several rectangulasub-
modulesby slicing from left to right alongeachverticalboundary We
first considerL-shapedmodulesand thenextendto generalrectilinear
modules.

An L-shapedmoduleb;, canbepartitionedinto two rectangulasub-
modulesby slicing b;, alongits middlevertical boundary As shavn in
Figure7, b; andb, arethe sub-module®f &;,, andwe sayb;, b, € by,.
During placementye mustguaranteehat the two sub-module$, and
b, ahut, and b;, maintainsits original shape. To ensurethat the left
sub-modulé; andtheright sub-modulé. of &;, abut, we imposethe
following locationconstrint (LC for short)for 6, andb,:

LC': Keepb, asb;’s left child in the B*-tree.

Sincemodulesare placedin the DFS order, keepingb. asb;’s left
child in the B*-tree guaranteethatb, andb, areplacedin sequence.
The LC relation ensureghat the z-coordinateof &,’s left boundary
equalsthat of b,’s right boundary For example,the two setsof sub-
modulesh, b, andbs, b, shovnin Figure8(a)abut. The sub-modules
bs andb, areplacedatthecorrectpositionswhile ; andb, arenotsince
b1 andb, donotconformto their original L shape We sayb; andb; to
be mis-aligned To slove the mis-alignedproblem,we mustadjustthe
y coordinateof b, or b,. Fortheb; andb, shavn in Figure8(a), for
example,b; mustbe pulled up until the y coordinateof ;s top (bot-
tom) boundaryequalsthat of b,’s for the L shapeshovn in Figure7(a)
(Figure7(d)).

1 ) @ @
3
0 ; b4 S \
LC relations

(@ (b)
Figure8: Supposehatb;, b, andbs,bs aretwo setsof sub-modules
correspondingo two L-shapedmodules. (a) A placementin which
b1, b andbs, by abut. However, b; andb, aremis-aligned. (b) Their
correspondinghodesin the B*-tree keepthe LC relation betweenb,
andb, (aswell asb; andb,).

For eachL-shapedmodule therearefour orientationsafterrotation,
asshownin Figure7. Wheneerwe performarotationon anL-shaped
module,we mustrepartitionit into two sub-modulesand maintainthe
LC relationbetweerthem.SeeFigure? for thesub-modulesfterrepar
titioning.

A rectilinearmoduleis convex if ary two pointswithin the module
canbe connectedy the shortesManhattarpathwhich alsolies within
the module;it is concaveotherwise.A corvex modulebs canbe par
titionedinto a setof sub-module$,, b, . . . , b, by slicingbc from left
to right alongeachverticalboundary Consideringhe LC relation,we
keepthe sub-modulé;; asb;’sleft child in the B*-tree to ensurethat
they areplacedsideby sidealongthez direction,wherel <: < n—1.
To ensurehatb, , b, . . ., b, arenot mis-alignedwe mayneedto adjust
the y coordinatesof the sub-moduleslike what we did for L-shaped
modules. For a concare module,we canfill the concare holesof the
moduleand makeit corvex. Then,the operationgemainthe sameas
thosefor acorvex module.

5 The Algorithm

Our floorplandesignalgorithmis basedon the simulatedannealing
method[4]. Thealgorithmcanconsidemotonly hardmodulesput also

pre-placedsoft,andrectilinearones.
We perturbaB*-tree (afeasiblesolution)to anotheB*-tree by using
thefollowing four operations.

Opl: Rotateamodule.
Op2: Move amoduleto anotheplace.
Op3: Swaptwo modules.

Op4: Remave a soft moduleandinsertit into thebestinternalor
externalposition.

We have discusse®plin Sectiond. Op2deletesandinsertsa module.

If the deletednodeis associatedvith a rectangulamodule,we simply

deletethe nodefrom the B*-tree. Otherwisetherewill beseveralnodes
associateavith arectilinearmodule,andwe treatthemasa whole and

maintaintheir LC relations.Op4deletesasoftmodule triesall possible
internalandexternalpositions,insertsit into the bestposition,changes
its shapeand the shapesof the other soft modules(seeSection4.2).

Op2, Op3, and Op4 needto apply the Insert and Delete operations
for insertinganddeletinga nodeto andfrom a B*-tree. We explainthe

two operationsn thefollowing.

5.1 Deletion

Therearethreecasedor thedeletionoperation.
e Casel: A leafnode.

o Case2: A nodewith onechild.

o Case3: A nodewith two children.

In Casel, we simply deletethetargetleaf node.In Case2, we remove
the target nodeand then placeits only child at the positionof the re-
moved node. The treeupdatecanbe performedn O(1) time. In Case
3, wereplacethetamgetnoden; by eitherits right child or left child n..
Thenwe move achild of n. to theoriginal positionof n.. Theprocess
proceedsuintil thecorrespondindeaf nodeis handled It is obviousthat
sucha deletionoperationrequiresO(hk) time, whereh is the heightof
the B*-tree. Note thatin Cases2 and3, the relative positionsof the
modulesmight be changedhfterthe operationandthuswe might need
to reconstruct correspondingplacementor further processing Also,
if thedeletednodecorrespond$o a sub-moduleof arectilinearmodule
br, we shouldalsodeleteothersub-module®sf br.
5.2 Insertion

Whenaddinga module,we may placeit aroundsomemodule,but
not betweenthe sub-moduleghat belongto a rectilinearmodule. We
definethreetypesof positionsasfollows.

e Inseparble position: A positionbetweenwo nodesassociated
with two sub-module®f arectilinearmodule.

e Internalposition: A positionbetweertwo nodesn aB*-tree, but
is notaninseparabl@ne.

e Externalposition: A positionpointedby aNULL pointer

Only internal and external positionscan be usedfor insertinga new
node. For a rectangulamodule,we caninsertit into aninternalor an
externalpositiondirectly. For arectilinearmodulebr consistingof the
sub-module$, b, . .., b, orderedirom left to right, the sub-modules
mustbeinsertedsimultaneouslyandb; +; mustbetheleft child of b; to
satisfythe LC relation.

The simulatedannealingalgorithmstartsby randomlychoosingan
initial B*-tree. Thenit perturbsa B*-tree (a feasiblesolution)to an-
otherB*-tree basedn the aforementione®p1-Op4until a predefined
“frozen” stateis reached At last, we transformtheresultingB*-tree to
thecorrespondindinal admissibleplacement.

6 Experimental Results

We implementedwo algorithmsin the C++ programmindanguage
on a 200 MHz SUN SparcUltra-I workstationwith 256 MB memory
Oneis the iteratve, deterministicalgorithmusedin [1], andthe other
is theaforementionedimulatedannealingalgorithm. Thedeterministic
oneis senedfor the purposeof fair comparisorwith the O-treerepre-
sentatiorwhichis thefastesfor non-slicingfloorplansin theliterature.

We performedwo setsof experimentsonewasbasedntheMCNC
benchmarlcircuitsusedin [1], andthe otheron someatrtificial rectilin-
earmodules.Table2 liststhenamesof thecircuits,thenumbersof mod-
ules,theruntimesperiterationfor theiteratve, deterministialgorithm,
memoryrequirementsand chip areasfor the clusterrefinementalgo-
rithm [16], the O-tree the B*-tree basedon theiterative algorithm. We
alsotestedthe total runtimesandareasesultedfrom usingthe B*-tree
basedsimulatedannealingalgorithm. Theresultsshaw thatthe B*-tree
achieved averagespeedupsgareareductions)of 458 and4.5 (1.0%and



Tterative algorithm Simulatedannealing
Circuit # of Clusterrefinement O-free B*-free B*-free
modules |[  Time/ite™ | Mem. | Area Timefite. | Mem. Area Timefite. | Mem. Area Tot. time Area
(sec) (MB) | (mm?) (sec) (MB) | (mm?) (sec) (MB) | (mm?2) (sec) (mm?)
apte 9 224.0 NA 48.40 0.63 418 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 4512 2546 1.014 1.000 1.000 | 1.000 - 0.989

Table 2: Comparisongor runtime per iteration and memoryand arearequirementamongclusterrefinement,O-tree, and B*-tree basedon
iterative algorithms(andoverall runtimesandareador the B*-tree basedsimulatedannealingalgorithm).NA: Not Available.

Circuit | #Rectangulamodules| #L-shapednodules| #T-shapednodules| Optimumarea | Resultingarea | Deadspacg%) | Runtime(sec)
testl 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 rectilinearmodulesusingthe B*-tree basedsimulatedannealingnethod.

1.4%)over clusterrefinementindO-treesrespectiely. Further the B*-
treereducedheaveragememoryrequiremenby 60.4%,comparedvith
O-trees.Theresultsshaw theefficiency andeffectivenesf the B*-tree
representation.

Note that the resultswere basedon hard modulessincethe work
in [1] did notconsidersoft, pre-placedor rectilinearmodules Also, the
resultswereobtainedby optimizing areaalonefor boththe O-treeand
B*-tree. Theruntimesandareador clusterrefinementredirectlytaken
from [1] whoseexperimentsvereperformedona200MHz SUN Sparc
Ultra-1 workstationwith 512 MB memory;the configurationis almost
thesameasoursexceptthatour machinehasonly 256 MB memory

We alsotestedon severalcasegjeneratedby cuttingarectanglénto
a setof rectangularL-shaped and T-shapednodules.For thesecases
the optimum areasare given by their original rectangles.The results
listedin Table3 shav thatthe B*-tree basedsimulatedannealingalgo-
rithm obtainedthe optimumareafor testland nearoptimumareador
test2, test3,test4,andtest5with areasonly 1.25%,3.11%,3.50%,and
5.00% away from the optima, respectiely. The runtimesfor achiev/-
ing theresultsrangedfrom about6 minutesto 114 minutes. Note that
the test casesare much more complicatedthan thoseusedin recent
work [2, 3, 17], andthe algorithmis muchmoreefficient. Figures9(a)
and(b) show theresultingplacement$or ami49andtest5.
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Figure9: (a) Placemenbf ami49(which consistingof only hardmod-
ules). The shadedegionsrepresentleadspaces(b) Placemenof test5
with 10rectangularl0L-shapedand10 T-shapednodules.

7 Concluding Remarks

We have presentedhe B*-tree representatioffior non-slicingfloor-
plansandshown its superiorefficiency, flexibility, andeffectiveness A
key significanceof this work lies in minimizing the gap betweenthe
representationfor slicing andnon-slicingfloorplans. Comparedwith
the binarytreesfor slicing floorplans,existing representationfor non-
slicingfloorplansaremuchharderfor implementatiorandoperatiorand
incurmorerestrictions.n contrastB*-treesinheritmostniceproperties

from binarytreesandthusarevery simple efficient,andflexible for ma-

nipulatingvarioustypesof modulesandconstraintdirectly andincre-

mentally More importantly the propertieamakeB*-treesa promising

alternatve to thefloorplandesignwith new, morecomplicatecdconsider

ationsinducedfrom the deepsubmicrontechnology suchasfloorplan-

ning with buffer moduleconsiderationgtc. Researchin interconnect-
drivenfloorplanningusingB*-treesis ongoing.
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