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ABSTRACT

In this paper we presenta floorplanningalgorithm basedon se-
quencepair representationOur floorplannerasthe following im-
portantfeatures:1) It is explicitly designedor fixed-framefloor-
planning,which is differentfrom traditionalwell-researchednin-
areafloorplanning.Moreover, we alsoshav thatit canbe adapted
to minimize total area. 2) It addresseshe problemof handling
alignmentconstraintwhich arisesin bus structure.3) It dealswith
performanceonstraintsuchasboundecdhetdelay while mary ex-
isting floorplannergust minimize total wire length. 4) More im-
portantly evenwith all theseconstraintghe algorithmis very fast
In thatit evaluateghe feasibility of a sequencegair andtranslates
to afloorplanin O(nloglogn) time typically wheren is thenumber
of blocksandthe numberof constrainedlocksis O(n), which is

significantlyfasterthanthe O(n®) methodoperatingon constraint
graph. Our algorithmis basedon computingthe longestcommon
subsequencef a pair of weightedsequencesExperimentatesults
on I\/IthC benchmarKor block placemenshav the promiseof the
method.

Categoriesand Subject Descriptors

B.7.2 [Integrated Cir cuits]: DesignAids—Placementand rout-
ing; J.6[Computer Applications]: ComputerAided Engineering—
Computeraideddesign

General Terms
Algorithms, Design,PerformanceTheory
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longestcommonsubsequencdporplanning sequenceair

1. INTRODUCTION

Dueto the enormousompleity of VLSI designwith continu-
ousscaling-davn of technologya hierarchicalapproactis needed
for the circuit designin orderto reduceruntime andimprove so-
lution quality. Also, IP (modulereuse)baseddesignmethodology
becomeswidely used. This trend makes floorplanningmore and
more important. Floorplanningis to decidethe positionsof cir-
cuit blocksor IP blockson a chip subjectto variousobjecties. It
is the early stageof designandit determineghe overall chip per
formance.Most floorplanningalgorithmsusesimulatedannealing
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to searchfor an optimal solution. The implementationof simu-
latedannealingschemeelieson afloorplanrepresentatiowherea
neighborsolutionis generateéndexaminedby perturbingtherep-
resentatior(called‘move’). As aresult,mary researcherexplore
inthisared2, 5,6,10,11,12,13,14,17].

Floorplanscanbeclassifiednto two cateyories,slicingandnon-
slicing. For slicing structure Otten[13]proposed binarytreerep-
resentationand later Wong and Liu[17] presentech normalized
Polish expressionto representa slicing floorplan. Slicing struc-
ture hasadwantageshut typical floorplanis non-slicing. Lai and
Wong[9] shaved that basedon 1-D compaction slicing floorplan
can be transformedto non-slicingfloorplan without missingary
min-areafloorplan.

Sincemid-1990s several representationfor non-slicingstruc-
ture areinvented,suchasBSG[11], sequenceair[10], O-tree[5],
B*-tree[2], CBL[6], andQ-sequence[14]They canbefurthercat-
egorizedinto three classes. BSG and sequencepair specify the
topologicalrelative positionshetweerblockssuchasleft-of, right-
of, below, andabove. Thesetwo canrepresengeneralfloorplan.
Block placementanbe obtainedby compactingolocks subjectto
relative positions. O-treeand B*-tree describel-D relative posi-
tions (horizontaladjaceng) amongblocks. Thefinal placements
obtainedby compactingblocksto the left and bottom. Although
O-treeandB*-tree have smallersolutionspacethey aredimension
dependenti.e., geometricrelation betweenblocks cannot be ob-
taineddirectly from representationCBL andQ-sequencaretwo
codingschemedor non-slicingfloorplanscalledMosaic[6] where
achipis dissectednto n rectangularooms.However, they cannot
represensomegeneralfloorplanunlessemptyroomsareinserted
purposely

Among theserepresentationssomehave larger solutionspace
implying moreredundang, andsomehave smallersolutionspace
implying lessredundang. All floorplanningalgorithmsbasedon
the representationssesimulatedannealing. One obseration we
mades thatredundang is notamajorissuein simulatecannealing.
Instead the effectivenesof simulatedannealings morerelatedto
the diameterof solutionspace(diameteris the maximumdistance
betweenary two solutionswherethe distancebetweentwo solu-
tions is the minimum numberof moves transformingone to the
other),how moves(neighborsolution)aregeneratedthe complex-
ity of evaluationof eachrepresentatiorfi.e. transforminga rep-
resentatiorto a floorplan), andthe cooling schedulein annealing
process Amongthe evaluationsof theserepresentationsomere-
quirequadraticruntime,somerequirelinear runtime,andsomere-
quire runtime betweenlinear and quadratic. Anotherobseration
we madeis thatthe differencein compleity could be nullified by
implementatioroverheadandannealingprocess.Instead the hid-
denconstantin implementationcompl&ity plays a major role in
overall runtime. Recently Tanget al spedup the original O(n?)-
time evaluationalgorithm for sequencepair to O(nlogn) in [15],
andlaterfurtherto O(nloglogn) in [16]. The experimentalresults
in [16] shaw thatit outperformsexisting floorplanningalgorithms,
whichimpliesthatsequencgairis acompetitve representationn
the paperwe usethe sequenceair representation.

Kahng[7] suggested fixed-framefloorplanningwith no dead
space. Zero deadspaceusually requiresnon-rectangulablocks.
However, arbitraryblock shapés undesirablén floorplanningstage.
Insteadthe rectilinear polygon with boundednumberof edgesis
more preferable. Of course,post-processingan be applied for
floorplanningto entail arbitrary block shape. Actually, most ex-
isting algorithmshandlerectilinearblock by partitioninginto a set



of rectangularsubblocks. Traditional floorplannersminimize the
areaof boundingbox, or usemin-areaasoneof the objectves. A
fixed-framefloorplanningalgorithmwas proposedn [16] to han-
dle rangeandboundaryconstraints. Adya andMarkov considered
bothframe-freeandfixed-framefloorplanningoptimizationsin [1].
In the paperwe explicitly designthe strateyy for fixed-framefloor-
planning. To be consistenwith traditionalfloorplanning,we also
shaw thatit canminimize areaby shrinkingtheframe.

With bus structuresor pipelines,it is betterthatthe blocksare
alignedin a row, akutting with eachother (alignmentconstraint).
The blocks can be aligned horizontally or vertically. Alignment
constraintspecifieshat several blocksarealignedin a row with a
range.lt is differentfrom abutmentconstrainbecausseveralabut-
ted blocksmay not be aligned. It is alsodifferentfrom rectilinear
shapebecauseat hasmorefreedomin positioning. The techniques
operatingon constraintgraph[4] canbe appliedto alignmentcon-
straint,but the compleity is high (O(n?)).

Mary existing floorplannersminimize total wire length, where
thereis no distinguishingbetweencritical and non-critical nets.
Evenif the total wire lengthis optimally minimized, thereis no
guarantedor critical nets. Timing hasbecomea more and more
importantissuein deepsubmicrondesign.Boundeddelayfor crit-
ical netsshouldbe consideredn earlyfloorplanningstage somin-
imizing total wire lengthis no longersuficient. In the paper we
referto boundechetdelayasperformanceonstraint.

With all theseconstraintqfixed-frame,alignment,and perfor
mance)akeninto accountjt is clearthatsomesequencgairis not
feasible.lt canbe shavn thatary placementhatsatisfieghegiven
constraintss representefly asequenceair. We first derive neces-
saryconditionsof feasiblesequenceair satisfyingalignmentcon-
straintin termsof the compositionof the sequenceair. Thenonly
the sequenc@airswhich satisfythe necessargonditionsareeval-
uated,mplying reducedsolutionspace We alsoderive anecessary
andsufficient conditionof feasiblesequenceairwith respecto all
of the threeconstraintsfixed-frame,alignment,and performance.
Moreover, afastalgorithmis designedo evaluatethefeasibility of
a sequenceair andtranslateto a floorplanin O(nloglogn) time
typically. The algorithmis basedon computingthe longestcom-
mon subsequencef a pair of weightedsequencesFinally, since
the feasibility of a sequencgair dependn the actualdimension
of blocks,it isimpossibleto searchn solutionspacencludingonly
feasiblesequenceairs. We usesimulatedannealingto searchfor
optimal floorplan satisfyinggiven constraintswherea novel cost
function is usedto unify the evaluationof feasibleand infeasible
sequenceairs. The algorithmis very fast. Our experimentalre-
sultson MCNC benchmarkor block placemenshav the promise
of themethod.

2. PRELIMIN ARY

A sequenceairis apairof sequencesf n elementsepresenting
alist of nblocks. Thetwo sequencespecifythegeometriaelations
(SL]J‘CHasleft-Of, right-of, below, abore) betweereachpair of blocks
asfollows:

(---bi...bj...,..b...bj...) = bjistotheleft of b; (1)
(...bj...bi..., . bibj.) = Dby isbelow bj 2

Theoriginal paperwhichproposedequencegair[10] presented
an algorithmto translatea sequencepair to a placementoy con-
structingtwo constraintgraphs,G, andGy. Both G, andGy have
n+ 2 verticesrepresentingy blocksplussourcenodeandsink node
(representindoundaries) G, hasa directededge(b;, bj) if block
bj is to the left of block bj. Similarly, if block bj is below block
bj, Gy hasthe correspondinglirectededge(b;, b;j). For ary pair of
blocks(e.qg.b, bj), thereexistsexactly oneedgeconnectinghetwo
nodeseitherin Gy, or in Gy. Both G,, andG, arevertex weighted,
directedagyclic graphs.Theweightsin Gy, representhe widths of
blocks,andtheweightsin G, representheheightsof blocks.Given
thatthe coordinate®f a block arethe coordinate®f the lower-left
cornerof the block, alongestpathalgorithmcanbe appliedto de-
terminethecoordinate®f eachblock andthetotal width andheight

of the boundingbox. The evaluationof sequenceair takese(nz)
time.

Tangetal[15] shavedthatthecoordinate®f blocksandthetotal
width andheightof floorplancanbeobtainedoy computinglongest
commonsubsequenci termsof the two sequencesGiven a se-
quencepair (X,Y), the total width of floorplan equalsthe length
of the longestcommonsubsequencef X andY where weights
are blocks’ widths. Analogously the total height of floorplanis
determinedby dealingwith the longestcommonsubsequencef
XR andY whereXR is the reverseof X andweightsare blocks’
heights. The coordinatef a block are calculatedasfollows. Let
(X,Y)=(X1bXp, Y1bY,) andlcg X, Y) denotethelengthof thelongest
commorsubsequencef X andY. Then(XR,Y) = (XRoXR, Y1bY5).
Thex-coordinateof block b equalsics(X3,Y; ) with blocks’ widths
asweights.They-coordinateof block b is 1cs(XR, Y;) with blocks’
heightsasweights.In addition,all the computation®f blocks’ x/y
coordinatecanbe integratedinto a singlelongestcommonsubse-
guencecomputatiorfor asequenceair.

3. ALIGNMENT CONSTRAINT
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Figure 1: 4 blocks are aligned horizontally. | is the alignment
range (e.g buswidth). The relative vertical positionsare not
fixed aslong asthe blocks are aligned within the givenrangel.

Alignment constraintspecifiesthat several blocks are aligned
in arange(e.g. bus width), akutting one by one horizontally or
vertically. It is usefulto facilitatedatatransferin busstructureor a
pipeline. As anexample,Fig 1 illustratesthat4 blocksarealigned
horizontally Aligned blocksareakuttedwith eachotherin a row.
But alignmentis differentfrom abutmentin the sensethat several
ahuttedblocksmaynot bealigned. Moreover, it hasmorefreedom
in positioningthanrectilinearshapebecausehe relative positions
arenotfixed.

Alignment s classifiedinto H-alignmentand V-alignmentac-
cordingto the orientation,horizontalandvertical respectiely. H-
alignmentcanbeformally definedasfollows.

DEFINITION 1. H-alignment: Givenarange| andk blodks,b;,
i=1,2,....k with dimensiorw; x h; andcoordinates(x;,y;) refer
ring to thelower-left corneri = 1,2, ..., k respectivelythe k blocks
are H-alignediff x; +w; = i1, 1 <i < k— 1 (abuttingoneby one)
andymax+! <vyi+hi, 1<i <k wheeymax=maxyi|i=1,2,...,k}
(aligning horizontally).

Similarly, we candefineV-alignment.

DEFINITION 2. V-alignment: Givenarange | andk blodks, b,
i =1,2,..,k with dimensionw; x hj and coodinates(x;, Vi), i =
1 2,. k respectlvelythek blodks are V-alignediff y; + hI Yigls
1 5 i<k—1 (abuttingonebyone)andxmax+1 < x +w;, 1 <i <k,
Wwhe’ Xmax = max{x.? =1,2,...,k} (aligning vertically).

In the following, we first discussH-alignment. Thenwe shav
V-alignmentcanbe handledsimilarly. If k blocks,bj, i = 1,2,...,k,
areH-aligned,thenin sequenceair representationit mustbelike
(X,Y)=(...by...bo.....0j. e bs...by......H......b...) maintain-
ing thesameorder Moreover, bI mustbe strictly aheadof b ;.
“Strictly ahead’is definedasfollows.

DEFINITION 3. strictly ahead Given2 blodks, a and b, and
two sequences$X,Y) = (XjaXobXs, Y1aY2bYs), ais strictly ahead
of bin (X,Y) iff lcdXp,Y2) =

Sincewe aredealingwith blockswhich only have non-zerodi-

mension|cs(Xz,Y2) = 0 meansno commonelementshetweenX;
andY,. For example,in two sequence¢abcdeadcbe), a



Figure 2: Givena sequencepair (X,Y)=(abcdeadcbhe), (a)
Block a abuts with d (ais strictly aheadof d in (X,Y)); (b) acan
be moved up to abut with b (a is strictly aheadof b in (X,Y));
(c) d canbe moved right to abut with e sinced is strictly ahead
of ein (X,Y).

is strictly aheadof b, c or d, but not strictly aheadof e. “Strictly
ahead”implies that the two blocks can possibly be akutted with
eachother otherwiseakutmentis impossible. For example, as
shavn in Fig 2(a), block a abuts with d given that sequenceair
be(abcdeadcbe). By moving aup (aligning),a canakut with
b (in Fig 2(b)). However, it cannot akut with e. d canakut with e
(in Fig 2(c)).

Thuswe havethefollowing necessargonditionfor H-alignment
constraintin sequenceair.

THEOREM 1. (adjacency-order) If k blocks, by, i = 1,2,...,k,
are H-aligned, thenthe correspondingsequenceair representa-
tionmustsatisfythat(X,Y) = (...by...bo......1...... b...,...b1...bo......
bi......b...) andby is strictly aheadof bj 1 in (X,Y), 1 <i<k-1

If a sequenceair satisfiesthe above conditiongivenin Theo-
rem 1, the constrainedlocks canpossiblybe alutted one by one
in x directionandthenbe alignedin y direction(moving upward).
Note that the alignmentoperationdoesnot changethe topological
relationspecifiedby sequencegair. Generallythe H-alignmentop-
erationis performedasfollows:

Ymax < maxyili=1,2,...,k}
Vi ¢ max(yi,Ymax+1 —h) Vie{l,2..,k}

Figure 3: The sequenceair (ad b c,abd c) satisfiesthe condi-
tion in Theorem 1, but the constrainedblocks a,b and ¢ can not
be H-aligned.

Note that the condition in Theorem1 is only necessarybut
not sufiicient. For example,asshavn in Fig 3, the sequenceair
(ad bc,abd c) satisfieghe condition,but the constrainedlocks
a,b andc cannotbeH-alignedbecausd andc arenottightly akut-
ted (d is wider thanb). We solve the problemby adjustingthe x
coordinateof the first block in an H-alignmentconstraintto make
themtightly alutted. The adjustmentis performedas follows:

X1 X — z!‘;llwi. And thenwe adda “dummy” block at theright
asshawn in Fig 4(a) andre-evaluatethe sequenceair. If the con-
strainedblocks cannot be H-aligned,thenthe dummy block will
be pushedout of frameasshowvn in Fig 4(b). Formally, thedummy
block is determinedas follows. Given a problemthat k blocks
{bi|i = 1,2,...,k} needto be H-alignedin a frameW x H, where
by hasdimensionw; x h; respectiely. Let & denotethe dummy
block andx; bethex coordinateof block b;. Thewidth of & is

k
Wg =W — X1 — Zwi

Figure 4: (a) Dummy block is introduced at the right by
H-alignment constraint; (b) In violation of H-alignment con-
straint, the dummy block is pushedout of frame.

andthe heightof & is hs = 0.

If we handlemultiple H-alignmentconstraints anothercondi-
tion (callednon-crossing mustbesatisfied.For example,asshavn
in Fig 5, the two setsof blocks(a andb;, i = 1,2,3) cannotbeH-
alignedbecauses; andb; are crossing. However, both g; andb;
satisfythe adjaceng-orderconditionasstatedin Theoreml. Then
we have thefollowing necessargondition(non-crossing).

X

Figure5: The two setsof blocks (g and by, i = 1,2, 3) cannot be
H-aligned although they satisfy the adjacency-order condition
in sequencepair representation. The sequencepair is (X,Y) =

(b1 a1 a by bz ag,a; by by @ a3 bs).

THEOREM 2. (non-crossing)Givenanytwo setsof blodks, &,
i=1..,k andbJ j=1,...,K, to beH-aligned,the corresponding
sequencepalr representatlormustsatlsfythat no relative position
like (...&,...bj,...0j,...a,...,...0j,...&;, ...8,...bj,...) appeas in se-
quencepalr (X,Y).

Notethatthetwo necessargonditiongTheoreml andTheorem
2) guarante¢hetopologicalrelationof blocksfor H-alignmentcon-
straints.Thefeasibility of constraineghlacemenis actual-dimension
dependentHowever, thetwo conditionscanbeutilizedto eliminate
lots of infeasiblesequenceairs.

For V-alignmentconstraint,we are dealing with the two se-
quenceg XR,Y) similarly. If the k blocks are V-aligned, the se-
quencepair mustappeatike (X,Y) = (...bk...bk_1-.....bj......bg...

.by..bo.... ... bk...) maintainingthe reverseorderin theflrst
sequenceand the olbverseorderin the secondsequence.Analo-
gouslywe have thefollowing necessargonditionsfor V-alignment
constraintin termsof sequencgair composition.

THEOREM 3. If k blocks, bj, i = 1,2,...,k, are V-aligned,then
the correspondingsequencepair representationmustsatisfy that

(XRY)=(...by...bo.....bj by, by bbby ) andy
is strictly aheadofbi 41 in (XR)Y), 1<i<k—1.

THEOREM 4. Givenanytwo setsof blocks, g, i = 1,...,k and
bj, j =1,...,K, to be V-aligned, the correspondingsequenceair
representatiomustsatisfythatnorelativepositionlike(...a;, ...bj, ...
Djy . -Bipeery D)y By 8y D, ) appeasin (XRY).

Notethat“strictly ahead’for V-alignments definedonsequences
(XR,Y). We have thefollowing lemma.

LEMMA 1. Giventwosequence¥; andYj with positiveweights,
les(XR,Y;) = 0implieslcs(X;,Yj) =0



Let(X,Y) = (XobkX1bk—1X2...0i Xk_j11...D1 Xk, Yob1 Y1boYo... ;Y
~.bYe). Then(XRY) = (XRbi XR 1 bpXR 5. X ..o X, Yoby Yy
boYa...biYi...kYk). Thereford cs(XkR_i,Yi) =0,1<i<k-1,which
impliesles(%_i,Yi) =0,1<i<k-1.

4. PERFORMANCE CONSTRAINT

Minimizing total wire length as traditional floorplannersdid,
can not guaranteeboundeddelay for critical nets. This becomes
moreimportantbecausdiming convergenceis a big issuein deep
submicrondesign.

T

W-

Figure 6: The bounding box of the farthest pin locationsin a
net.

Givenatwo-pin netwith sourceat location(xz,y1) andsink at
location(xz, y»), thetiming requirementanbedescribedas

t1 AP — x| A2 —y1| <o

wheret; is the arrival time at sourcet, denoteghe requiredlatest
arrival time at sink, and A representghe constantparameteffor
corverting from Manhattandistanceto timing domain. Thuswe
get

X2 —x1|+[y2 —y1] < (t2—t1)/A

Note thatwe usea linear functionin termsof distanceto estimate
delay Thisis reasonabfe For floorplanningwherepin locations
arenot known, we assumehe pin locationsto be asfar aspossi-
ble,i.e.,the source-sinldistanceequalto the half perimeterof the
boundingbox of the two blocksasshavn in Fig 6. Note thatthis
is a pessimisticestimation.An alternatie way is to assumepin lo-
cation at the centerof a block or assigninga pin location on the
closestboundaryof a block, eitherof which canbe handledin the
sameway.

For multi-pin net,we considethelongestdistancebetweertwo
nodes.In the paper we usethe half perimeterof the boundingbox
of theblocksbelongingto thenetto estimatethedelay

Basedontheabove formula,we candeterminewo values(how
to determinewill bediscussedater),u andv, suchthat

u+v=(t2—t1)/A
and |xp—x1|<u
and |yz2—y1| <v

Equivalently, theblocksbelongingto thenetareto beplacedwithin

a rectangularox (called rangebox) with width u and height v.

It shouldbe notedthat the box is floating, and its shapecan be
changingwith differentratio of u andv. Given a net connecting
k blocks,b;, i = 1,2,...,k, with coordinate(x;,y;) respectrely, let

(x,y) denotethe coordinateof the box referring to the lower-left

corner Thusthe coordinateof theboxis

X<+ min{x i =1,2,...,k}

y <+ minfyili=1,2,...,k}
Boundeddelay may not be satisfiedfor someplacementob-
tainedby somesequenceair. If thedelayof anetis out of bound,
thentheinvolved blocksare placedout of rangebox by the above

measurementn orderto solvetheproblem we addadummyblock
at the right and anotherdummy block on top of all constrained

1Althoughinterconnectelayis quadraticin termsof wire length,
with appropriatebuffer insertionsthe actualdelayis closeto linear
in termsof source-sinldistance.

dummy

-
[o]
g

o

Figure 7: (a) Dummy blocks are intr oducedat the right or on
top by performanceconstraint; (b) In violation of performance
;:onstraint, one or more of the dummy blocks is placed out of
rame.

blocksin acritical net,asshavn in Fig 7(a). If oneor moreof the
constrainedlocksis placedout of rangebox, theneitheror both
of the dummyblockswill be pushedout of frameasshawvn in Fig
7(b). Formally, thedummyblocksaredeterminedsfollows. Given
aproblemthatacritical netconnectk blocks{bj|i=1,2,...,k} ina
frameW x H, arangebox is determinedatlocation(x,y) andwith
width u andheightv where(x,y) is computedby abore formula.
Thustheright dummyblock hasthe dimension:

width=W —x—u and height=0
andthedimensionof theabose dummyblockis:
width=0 and

Now the remainingproblemis how to determineu andv since
the shapeof the rangebox can change. We adjustthe value of
u andv dynamicallyin simulatedannealingas follows. At high
temperaturén annealingorocesswe let u andv be half-half:

height=H —y—v

-1 tp—1g
u= and v=
2\ 2\
At low temperatureletting s be the smallestspanin x axis that

covers all of the constrainedblocks {bj|i = 1,2,...,k}, i.e. s=
max{x +wili = 1,2,...,k} —min{x|i = 1,2, ...,k}, we adjustu and
3

u=min((t2 —t1)/A,s) and v=(tp—t1)/A—u

This adjustments certifiedby thefollowing reasonsAt high tem-

peraturesimulatedannealingis characterizedas chaotic process
where a squarerange-boxis appropriateto usefor approximate
guidance.On the otherhand,at low temperaturea specificrange
box s usedto exactly capturethe meaningof delaybound.

5. ALGORITHM

5.1 FeasibleSequencePair

Sequenceairalwaysentailsa packingif noconstraintsrecon-
cerned. However, whenconstraintsare introduced theremay not
exist correspondingpackingfor somesequencgairs. Feasiblese-
guencepair canbedefinedasfollows.

DEFINITION 4. Feasiblesequencepair: If there existsa padk-
ing which meetsall the constaints and the topolagical relations
imposedy a sequenceair, thenthesequenceair is feasible Oth-
erwise it is infeasible

5.2 Optimality

Althoughnotall sequencgairsarefeasiblefor constraintsuch
asfixed-frame alignmentandperformanceonstraintwe canstill
shav that sequencepair doesnot miss ary placement. Given a
placementsatisfyingthe constraints,a sequenceair can be ob-
tainedby gridding operationin [10]. This obserationis statedin
thefollowing theorem.

THEOREM 5. Anyplacementhatsatisfieghegivenconstaints
is representedy a sequencair.



Thus, an optimal packingwith no violation of constraintsis in-
cludedin solutionspaceof feasiblesequencgairs.“Optimal pack-
ing” meanghatatleastonearea-minimaplacements represented
by asequenceair. Thisis nottruein termsof wire lengthbecause
packingblocksto theleft andto the bottommay not representhe
optimal wire length. However, packingis still a good methodto
minimize wire length becauseall blocks are pacled, implying at
leastnearoptimalwire lengthis represented.

5.3 Evaluation Algorithm
Notethatthecalculationf x andy coordinate®f all theblocks
are doneindependenthyby evaluating(X,Y) and (XR,Y) respec-
tively. In the following we mainly describethe algorithmto eval-
uate (X,Y) in the presenceof constraintssincethe evaluation of

(XRY) canbedonesimilarly.

Thealgorithmis basedntheengineof computingongestcom-
monsubsequencgresentedh [16]. We still computdongestcom-
mon subsequenc@cs) in termsof the two sequencégX,Y) to de-
terminethe x coordinatef blocks. The alignmentoperationpre-

sentedn Section3 andthecomputatiorfor performance-constrained

blocks describedin Section4 can be embeddednto Ics compu-
tation. Dummy blockswould not necessarilyappearin sequence
pair. Insteada “out-of-frame” variableis introducedto recordthe
Intermediatd cs imposedby dummy blocksin constraintgalign-
ment/performance)Note that the alignmentoperationgor differ-
entalignmentconstraintsare affectedby eachother Oneiteration
of lcs computatiormay not align all blocksimposedby alignment
constraints. However, sincethereis no crossingbetweenalign-
mentconstraintspneiterationof Ics computatiorwill align atleast
one sequencef blocksrelatedto an alignmentconstraint. Thus
at mostk -+ 1 iterationsare neededwherek is the total numberof
alignmentconstraints On the otherhand,if alignmentconstrained
blocks are not alignedafter k + 1 iterations,thenit indicatesthat
there exists crossingbetweendifferent alignmentconstraints. In
typical applicationsthe numberof alignmentconstraintsj.e. k, is
bounded.Let Ics(X,Y) denotethe returnvalue of the algorithm,
i.e. the lengthof thelongestcommonsubsequencwith the pres-
enceof dummyblocksintroducedby constraints Note thatwe are
dealingwith fixed-framefloorplanningandthusit is enforcedthat
Ics(X,Y) > W, thewidth of theframe.

Similarly Icé(XR,Y) is computedwith dummyblocksin y di-
rection,andlc§(XR,Y) > H, the heightof the frame. If the total
numberof constrainedblocks is O(n) and the numberof align-
ment constraintsis bounded,the compleity of the algorithm is
O(nloglogn), asstatedn thefollowing theorem.

THEOREM 6. With thepresenceffixed-fame/alignment/perfer
manceconstaints,a sequenceair canbeevaluatedn O(nloglogn)
timeif thenumberof constainedblodksis O(n) andthe numberof
alignmentconstaintsis bounded.

In typical applicationsthe numberof constrainedlocks(e.g. the
involved blocksin critical nets)is lessthann. Note that a block
may repeatin several critical nets. In generalcase,wherethere
arek alignmentconstraintsand m blocks (including repeatedpre
constrainedthe time compleity of the algorithmwill be O(m+
knloglogn). Note thatevenin the casewherek is bounded the

methodoperatingon constraintgraphstill needso(n3) runtime.

5.4 A Necessaryand Sufficient Condition
As presenteth Section3 andSectiord, thedimensiorof dummy
blocksis determinedy the framefor floorplanning.If thereis ary

violationof givenconstraintgfixed-frame/alignment/performance),

oneor moreof dummyblocksor realblockswill be pushedbut of
theframe. On the otherhand,if all dummyblocksandrealblocks
are pacled within the frame, thenwe can derive the correspond-
ing sequenc@air andcomputea packingsatisfyingall constraints.
Thus,we getthefollowing necessarandsuficient condition.

THEOREM 7. Asequenceair (X,Y) isfeasiblewith constaints
if andonlyif [c(X,Y) <W andlcg(XRY) <H.

Sincewe have enforced cs(X,Y) >W andlcg (XR,Y) > H in the
evaluation,thefollowing resultis directly implied.

COROLLARY 1. Thenecessanand suficientconditionof fea-
siblesequenceair (X,Y) isthatlcd(X,Y) =W andlcd(XRY) =
H.

5.5 Unified CostFunction

With all theseconstraintgakeninto accountthefeasibility of a
sequencair dependn the actualdimensionof blocks. Thusit
is hardto judgethe feasibility without evaluatinga sequenceair.
In otherword, it is impossibleto just go throughsolutionspacen-
cludingfeasiblesequencgairsonly. The necessargonditionsfor
alignmentconstraintpresentedn Section3 canbe usedto reduce
the solution spacealthoughit cannot eliminateall infeasiblese-
guencepairs.An intuitive way to evaluateinfeasiblesequenceairs
is to assigrthemaninfinite cost. However, thiswill seriouslyaffect
thesmoothnessf stochastisearctprocessNotethatif asequence
pair (X,Y) is infeasiblethenlcg(X,Y) > W or lcd(XR)Y) > H.
Thus, we treatan infeasiblesequenceair asif it is feasible,and
regardthe“area” as

A=1cd(X,Y) 1cd(XR)Y)
Thereforewe getaunified costfunction
C=0A+pBW

whereW is interconnectost,anda andf arecoeficientsfor bal-
ancingbetweenA andW.

The unified costfunction interpretsthe violation of infeasible
sequenceoair so naturally that we get the following benefits: (i)
no needto accumulatehe errorfor eachconstrainedlock; (ii) no
needto addan additionalpenaltyterminto the costfunction; and
(i) fixing aninfeasiblesequenceair (adaption)is not necessary
As aresult,it helpshandleconstraints/ery fastandvery well.

5.6 Perturbation (Move)

We usethefollowing operationgo generat@neighborsequence
pairin simulatedannealing.

Swapis to swap two blocksin eitherthe first sequencer the
secondsequenceWe maintainthe relative orderingof alignment-
constrainedlocksin swapping.Swap canbedonein lineartime.

Rotation is to rotatean unconstrainedlock (e.g. exchangehe
width andheightof the block). Rotationdoesnot changetherela-
tive orderingimposedby alignmentconstraint. This operationcan
bedonein constantime.

Flip is usedto changeheorientationof analignmentconstraint.
If asetof blocksis to be alignedhorizontally thenflip the blocks
to bealignedvertically, vice versa.The operationon sequenceair
is to reversethe orderof the setof blocksinvolvedin thealignment
constraintin thefirst sequenceln theimplementationwe restrict
thatablock canonly beassociateavith atmostonealignmentcon-
straint. Thus,afterflipping, a sequenceair still meetsthe ordering
conditionimposedby all alignmentconstraints. Supposethat an
alignmentconstraininvolvesr blocks. Thustheflip operationcan
bedonein O(r) time. Of coursey < n.

In our implementationof the algorithm, the probability of the
threeoperationdgs P(swap) > P(rotation) > P(flip).

5.7 Solution Space

The solutionspacewe explorein simulatedannealingncludes
only sequencgairsthatsatisfythe orderingconditionimposedby
alignmentconstraints A setof move operationis saidto be“com-
plete”if ary sequenceairin solutionspacecanbereachedy other
sequenceairthroughasequencef move operationsThen,theset
of move operationgproposedbore is completebecaus@asequence
pair canbetransformedo anothersequenceair via a sequencef
swap andflip operations.However, rotationis alsonecessaryor
betterpacking.

Given ary two differentsequenceairsin solutionspace,one
canbe changedo the otherasfollows. First, we useflip opera-
tion to malke the orderingof alignment-constrainetllocks be the
samein the two sequencesThen, one sequenceanbe “sorted”
into the other via swap operations. Note that swappingtwo ad-
jacentblocks doesnot changethe relative orderingof alignment-
constrainedlocksunlessthe swapis invalid (i.e. thetwo adjacent



blocksbelongto the samealignmentconstraint).Sinceonealign-
ment constraintinvolves at least2 blocks, thereare at mostn/2
alignmentconstraints. Thuswe needat mostn/2 flip operations.
Sortingrequiresatmostl+2+... 4+ (n— 1) = n(n— 1) /2 adjacent
swaps. In total, at mostn/2+ n(n— 1)/2 = n?/2 move operations
areneededo transformasequenceairto anotheiin solutionspace.

Thereforethediameterof solutionspaces atmostn?/2 for theset
of move operations.

5.8 Min-ar eaOptimization

Traditional floorplannersuse minimizing areaas an objectie.
Althoughouralgorithmis explicitly designedor fixed-framefloor-
planning,it canalsobe adaptedor min-areaoptimization.An ini-
tial frame,W andH undersomegiven aspectatio, is determined,
e.g. W-H equals120% of the sumof the areasof all the blocks.
Then,we decreas&V andH whena feasiblesequenceair is met
in simulatedannealing Threekindsof decreasingchemesreran-
gomhly chosenin our experiments:decreas&V only, or H only or

oth.

6. EXPERIMENT AL RESULTS

Table 1. Min-area results of floorplanning with align-
ment/performance constraints.
constrainedlocks Results
circuit | block (["align perf fime | area | dead
(s) | (mn?) | space
apte 9 4 0 8 4708 1.1%
xerox-1 10 4 0 9 20.16 | 4.0%
Xerox-2 10 4 2 16 2093 | 7.5%
hp-1 11 4 0 10 9.342 1 5.5%
hp-2 11 4 2 17 9.342 | 5.5%
ami33-1| 33 4 0 31 1.221 ] 5.3%
ami33-2| 33 4 3 45 1.226 | 5.7%
ami49-1| 49 5 0 41 3820 7.2%
ami49-2| 49 4 3 241 | 3851 | 7.8%
ami49-3| 49 4 6 278 | 38.72 ] 8.4%

We have implementedthe algorithm and testedon problems
with various constraints. The experimentswere carriedout on a
SUN SparcUltra 10(440Mhz).Thetechniqueof simulatedanneal-
ing is usedo searctor anoptimalplacementvith aspecialnneal-
ing schedulavhereavery largenumberof temperaturess usedbut
only asmallnumberof movesaremadewithin eachtemperature.

Thetestproblemsarederivedfrom MCNC benchmarksor block
placementWe imposealignment/performanceonstraintson a set
of blocks (determinedby the total numberof blocksin the bench-
mark). Table 1 lists the min-arearesults. Note that mary other
floorplanningalgorithmsgive theresultsfor areaminimization.Our
resultsare very comparablesven thoughwe have handledvarious
alignment/performanceonstraints. Thereis no uniform standard
for wire lengthmeasurdecausesomeassumeins at the centerof
blocksandsomelet pin locationsontheboundaryof blocks. There-
fore, the resultsfor wire lengthare omitted. Experimentakresults
shaw thatthe algorithmperformsvery well in dealingwith various
alignment/performanceonstraintsThealgorithmis very fast—we
caneasilyevaluatea million sequenc@airswith constraintsn one
minutefor typical input size of placementproblems. The experi-
encein experimentgells us for min-areaoptimizationit is prefer
ablethattheinitial framebecloseto thefinal one. As illustrations,
Fig 8 displaysthefinal packingresultsfor ami49-3.

7. CONCLUDING REMARKS

In this paper we have presentedin algorithmto handlealign-
mentand performanceconstraints. The algorithmis basedon se-
guencepair representatioandevaluatesa sequenceair with con-
straintsin O(nloglogn) time typically wheren is the numberof
blocksandthe numberof constrainedlocksis O(n). It is designed

k)
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Figure8: The resultpacking of ami49-3.Block 1,2,3and 4 are
to bealigned, and there aretwo performanceconstraints (block
5,6 and 7 are connectedin a critical net, and block 30, 34 and
44 are belongingto another critical net).

mainly for fixed-framefloorplanningoptimization,andcanalsobe
adaptedor minimizing area.

We have derivedthe necessargndsuficient conditionof feasi-
ble sequenceair anda unified costfunction for the evaluationof
bothfeasibleandinfeasiblesequencgairs. We alsoproposea set
of move operationswvhich is complete. Experimentakesultsshav
that the algorithm performsvery well in handlingalignmentand
performancesonstraints.

Finally, we would like to point out thatthe algorithmto handle
alignmentonstraintanapplyto alutmentconstrainbecauseabut-
mentis a specialcaseof alignment. The methodproposedn the
paperhasbeenintegratedin a system FAST-SP, which previously
handledconstraintssuchas pre-placedrange,and boundary[16].
After integration, it is capableof handlingmore constraintge.g.,
alutment,alignmentperformanceetc.).
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