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ABSTRACT
In this paper, we presenta floorplanningalgorithm basedon se-
quencepair representation.Our floorplannerhasthefollowing im-
portantfeatures:1) It is explicitly designedfor fixed-framefloor-
planning,which is differentfrom traditionalwell-researchedmin-
areafloorplanning.Moreover, we alsoshow that it canbeadapted
to minimize total area. 2) It addressesthe problemof handling
alignmentconstraintwhich arisesin busstructure.3) It dealswith
performanceconstraintsuchasboundednetdelay, while many ex-
isting floorplannersjust minimize total wire length. 4) More im-
portantly, evenwith all theseconstraintsthealgorithmis very fast
in that it evaluatesthe feasibility of a sequencepair andtranslates
to afloorplanin O � nloglogn� time typically wheren is thenumber
of blocksandthe numberof constrainedblocksis O � n� , which is
significantlyfasterthantheO � n3 � methodoperatingon constraint
graph. Our algorithmis basedon computingthe longestcommon
subsequenceof a pair of weightedsequences.Experimentalresults
onMCNC benchmarkfor blockplacementshow thepromiseof the
method.

Categoriesand SubjectDescriptors
B.7.2 [Integrated Cir cuits]: DesignAids—Placementand rout-
ing; J.6[Computer Applications]: Computer-AidedEngineering—
Computer-aideddesign

GeneralTerms
Algorithms,Design,Performance,Theory

Keywords
longestcommonsubsequence,floorplanning,sequencepair

1. INTRODUCTION
Dueto theenormouscomplexity of VLSI designwith continu-

ousscaling-down of technology, a hierarchicalapproachis needed
for the circuit designin order to reduceruntimeandimprove so-
lution quality. Also, IP (modulereuse)baseddesignmethodology
becomeswidely used. This trendmakes floorplanningmoreand
more important. Floorplanningis to decidethe positionsof cir-
cuit blocksor IP blockson a chip subjectto variousobjectives. It
is theearly stageof designandit determinestheoverall chip per-
formance.Most floorplanningalgorithmsusesimulatedannealing
�
This work waspartially supportedby theNationalScienceFoun-

dationundergrantCCR-9912390.

Permissionto make digital or hard copiesof all or part of this work for
personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor profit or commercialadvantageandthatcopies
bearthis noticeandthefull citationonthefirst page.To copy otherwise,to
republish,to postonserversor to redistributeto lists,requiresprior specific
permissionand/ora fee.
DAC 2002,June10-14,2002,New Orleans,Louisiana,USA.
Copyright 2002ACM 1-58113-461-4/02/0006...$5.00.

to searchfor an optimal solution. The implementationof simu-
latedannealingschemereliesonafloorplanrepresentationwherea
neighborsolutionis generatedandexaminedby perturbingtherep-
resentation(called‘move’). As a result,many researchersexplore
in this area[2, 5, 6, 10,11,12,13,14,17].

Floorplanscanbeclassifiedinto two categories,slicingandnon-
slicing. For slicingstructure,Otten[13]proposeda binarytreerep-
resentation,and later Wong and Liu[17] presenteda normalized
Polish expressionto representa slicing floorplan. Slicing struc-
ture hasadvantages,but typical floorplan is non-slicing. Lai and
Wong[9] showed that basedon 1-D compaction,slicing floorplan
can be transformedto non-slicingfloorplan without missingany
min-areafloorplan.

Sincemid-1990s,several representationsfor non-slicingstruc-
ture are invented,suchasBSG[11], sequencepair[10], O-tree[5],
B*-tree[2], CBL[6], andQ-sequence[14].They canbefurthercat-
egorized into threeclasses. BSG and sequencepair specify the
topologicalrelative positionsbetweenblockssuchasleft-of, right-
of, below, andabove. Thesetwo canrepresentgeneralfloorplan.
Block placementcanbeobtainedby compactingblockssubjectto
relative positions. O-treeandB*-tree describe1-D relative posi-
tions(horizontaladjacency) amongblocks. Thefinal placementis
obtainedby compactingblocks to the left andbottom. Although
O-treeandB*-treehave smallersolutionspace,they aredimension
dependent,i.e., geometricrelationbetweenblockscannot be ob-
taineddirectly from representation.CBL andQ-sequencearetwo
codingschemesfor non-slicingfloorplanscalledMosaic[6]where
achip is dissectedinto n rectangularrooms.However, they cannot
representsomegeneralfloorplanunlessemptyroomsareinserted
purposely.

Among theserepresentations,somehave larger solutionspace
implying moreredundancy, andsomehave smallersolutionspace
implying lessredundancy. All floorplanningalgorithmsbasedon
the representationsusesimulatedannealing.Oneobservation we
madeis thatredundancy is notamajorissuein simulatedannealing.
Instead,theeffectivenessof simulatedannealingis morerelatedto
thediameterof solutionspace(diameteris themaximumdistance
betweenany two solutionswherethe distancebetweentwo solu-
tions is the minimum numberof moves transformingone to the
other),how moves(neighborsolution)aregenerated,thecomplex-
ity of evaluationof eachrepresentation(i.e. transforminga rep-
resentationto a floorplan),and the cooling schedulein annealing
process.Amongtheevaluationsof theserepresentations,somere-
quirequadraticruntime,somerequirelinearruntime,andsomere-
quire runtimebetweenlinear andquadratic. Anotherobservation
we madeis that thedifferencein complexity couldbenullified by
implementationoverheadandannealingprocess.Instead,thehid-
denconstantin implementationcomplexity plays a major role in
overall runtime. Recently, Tanget al spedup the original O � n2 � -
time evaluationalgorithmfor sequencepair to O � nlogn� in [15],
andlater further to O � nloglogn� in [16]. Theexperimentalresults
in [16] show that it outperformsexisting floorplanningalgorithms,
whichimpliesthatsequencepair is acompetitive representation.In
thepaper, we usethesequencepair representation.

Kahng[7] suggesteda fixed-framefloorplanningwith no dead
space. Zero deadspaceusually requiresnon-rectangularblocks.
However, arbitraryblockshapeisundesirablein floorplanningstage.
Insteadthe rectilinearpolygonwith boundednumberof edgesis
more preferable. Of course,post-processingcan 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 theobjectives. A
fixed-framefloorplanningalgorithmwasproposedin [16] to han-
dle rangeandboundaryconstraints.Adya andMarkov considered
bothframe-freeandfixed-framefloorplanningoptimizationsin [1].
In thepaper, weexplicitly designthestrategy for fixed-framefloor-
planning. To be consistentwith traditionalfloorplanning,we also
show thatit canminimizeareaby shrinkingtheframe.

With busstructuresor pipelines,it is betterthat the blocksare
alignedin a row, abutting with eachother (alignmentconstraint).
The blocks can be alignedhorizontally or vertically. Alignment
constraintspecifiesthat several blocksarealignedin a row with a
range.It is differentfrom abutmentconstraintbecauseseveralabut-
tedblocksmaynot bealigned. It is alsodifferentfrom rectilinear
shapebecauseit hasmorefreedomin positioning.The techniques
operatingon constraintgraph[4] canbeappliedto alignmentcon-
straint,but thecomplexity is high (O � n3 � ).

Many existing floorplannersminimize total wire length,where
there is no distinguishingbetweencritical and non-critical nets.
Even if the total wire length is optimally minimized, thereis no
guaranteefor critical nets. Timing hasbecomea moreandmore
importantissuein deepsubmicrondesign.Boundeddelayfor crit-
ical netsshouldbeconsideredin earlyfloorplanningstage,somin-
imizing total wire length is no longersufficient. In the paper, we
referto boundednetdelayasperformanceconstraint.

With all theseconstraints(fixed-frame,alignment,andperfor-
mance)takeninto account,it is clearthatsomesequencepair is not
feasible.It canbeshown thatany placementthatsatisfiesthegiven
constraintsis representedby asequencepair. Wefirst derive neces-
saryconditionsof feasiblesequencepair satisfyingalignmentcon-
straintin termsof thecompositionof thesequencepair. Thenonly
thesequencepairswhich satisfythenecessaryconditionsareeval-
uated,implying reducedsolutionspace.Wealsoderiveanecessary
andsufficientconditionof feasiblesequencepairwith respectto all
of the threeconstraints,fixed-frame,alignment,andperformance.
Moreover, a fastalgorithmis designedto evaluatethefeasibility of
a sequencepair and translateto a floorplan in O � nloglogn� time
typically. The algorithmis basedon computingthe longestcom-
mon subsequenceof a pair of weightedsequences.Finally, since
the feasibility of a sequencepair dependson theactualdimension
of blocks,it is impossibleto searchin solutionspaceincludingonly
feasiblesequencepairs. We usesimulatedannealingto searchfor
optimal floorplansatisfyinggiven constraints,wherea novel cost
function is usedto unify the evaluationof feasibleand infeasible
sequencepairs. The algorithmis very fast. Our experimentalre-
sultson MCNC benchmarkfor block placementshow thepromise
of themethod.

2. PRELIMIN ARY
A sequencepairisapairof sequencesof n elementsrepresenting

alist of n blocks.Thetwo sequencesspecifythegeometricrelations
(suchasleft-of, right-of, below, above)betweeneachpairof blocks
asfollows:

������� bi ����� b j �������	���
� bi ����� b j ����� ��� bi is to theleft of b j (1)

������� b j ����� bi �������	���
� bi ����� b j ����� ��� bi is below b j (2)

Theoriginalpaperwhichproposedsequencepair [10] presented
an algorithmto translatea sequencepair to a placementby con-
structingtwo constraintgraphs,Gh andGv. Both Gh andGv have
n  2 verticesrepresentingn blocksplussourcenodeandsinknode
(representingboundaries).Gh hasa directededge � bi � b j � if block
bi is to the left of block b j . Similarly, if block bi is below block
b j , Gv hasthecorrespondingdirectededge � bi � b j � . For any pair of
blocks(e.g.bi � b j ), thereexistsexactlyoneedgeconnectingthetwo
nodeseitherin Gh or in Gv. Both Gh andGv arevertex weighted,
directed,acyclic graphs.Theweightsin Gh representthewidthsof
blocks,andtheweightsin Gv representtheheightsof blocks.Given
thatthecoordinatesof a block arethecoordinatesof thelower-left
cornerof theblock, a longestpathalgorithmcanbeappliedto de-
terminethecoordinatesof eachblockandthetotalwidth andheight
of theboundingbox. Theevaluationof sequencepair takesΘ � n2 �
time.

Tangetal[15] showedthatthecoordinatesof blocksandthetotal
width andheightof floorplancanbeobtainedby computinglongest
commonsubsequencein termsof the two sequences.Given a se-
quencepair � X � Y � , the total width of floorplanequalsthe length
of the longestcommonsubsequenceof X andY where weights
are blocks’ widths. Analogously, the total height of floorplan is
determinedby dealingwith the longestcommonsubsequenceof
XR andY whereXR is the reverseof X andweightsare blocks’
heights.Thecoordinatesof a block arecalculatedasfollows. Let
� X � Y � = � X1bX2 � Y1bY2 � andl cs� X � Y � denotethelengthof thelongest
commonsubsequenceof X andY. Then � XR � Y � = � XR

2 bXR
1 ,Y1bY2 � .

Thex-coordinateof block b equalsl cs� X1 � Y1 � with blocks’ widths
asweights.They-coordinateof block b is l cs� XR

2 � Y1 � with blocks’
heightsasweights.In addition,all thecomputationsof blocks’ x/y
coordinatescanbeintegratedinto a singlelongestcommonsubse-
quencecomputationfor a sequencepair.

3. ALIGNMENT CONSTRAINT

x

y

l

Figure 1: 4 blocks are aligned horizontally. l is the alignment
range (e.g. bus width). The relative vertical positions are not
fixed aslong asthe blocksare aligned within the given range l .

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

Alignment is classifiedinto H-alignmentandV-alignmentac-
cordingto theorientation,horizontalandvertical respectively. H-
alignmentcanbeformally definedasfollows.

DEFINITION 1. H-alignment: Givena rangel andk blocks,bi ,
i � 1 � 2 �	������� k, with dimensionwi � hi andcoordinates � xi � yi � refer-
ring to thelower-left corner, i � 1 � 2 �	�����
� k respectively, thek blocks
areH-alignediff xi  wi � xi � 1, 1 � i � k � 1 (abuttingonebyone)
andymax  l � yi  hi , 1 � i � k, whereymax � max� yi � i � 1 � 2 �	������� k �
(aligninghorizontally).

Similarly, we candefineV-alignment.

DEFINITION 2. V-alignment: Givena range l andk blocks,bi ,
i � 1 � 2 �	������� k, with dimensionwi � hi and coordinates � xi � yi � , i �
1 � 2 �	������� k respectively, thek blocksare V-alignediff yi  hi � yi � 1,
1 � i � k � 1 (abuttingonebyone)andxmax  l � xi  wi , 1 � i � k,
where xmax � max� xi � i � 1 � 2 �	���
��� k � (aligning vertically).

In the following, we first discussH-alignment. Thenwe show
V-alignmentcanbehandledsimilarly. If k blocks,bi , i � 1 � 2 ���
����� k,
areH-aligned,thenin sequencepair representation,it mustbelike
� X � Y ���������
� b1 ����� b2 ���
������� bi ���������
� bk �����
���
��� b1 ����� b2 �
��������� bi ���������
� bk ���
� � maintain-
ing the sameorder. Moreover, bi mustbe strictly aheadof bi � 1.
“Strictly ahead”is definedasfollows.

DEFINITION 3. strictly ahead: Given2 blocks, a and b, and
two sequences� X � Y ����� X1aX2bX3 � Y1aY2bY3 � , a is strictly ahead
of b in � X � Y � iff l cs� X2 � Y2 ��� 0.

Sincewe aredealingwith blockswhich only have non-zerodi-
mension,l cs� X2 � Y2 ��� 0 meansno commonelementsbetweenX2
andY2. For example,in two sequences(a b c d e� a d c b e), a
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Figure 2: Given a sequencepair (X � Y)=(a b c d e� a d c b e), (a)
Block a abuts with d (a is strictly aheadof d in (X � Y)); (b) a can
be moved up to abut with b (a is strictly aheadof b in (X � Y));
(c) d can be moved right to abut with e sinced is strictly ahead
of e in (X � Y).

is strictly aheadof b, c or d, but not strictly aheadof e. “Strictly
ahead”implies that the two blocks can possiblybe abutted with
eachother, otherwiseabutment is impossible. For example, as
shown in Fig 2(a), block a abuts with d given that sequencepair
be(a b c d e� a d c b e). By moving a up(aligning),a canabut with
b (in Fig 2(b)). However, it cannot abut with e. d canabut with e
(in Fig 2(c)).

Thuswehavethefollowingnecessaryconditionfor H-alignment
constraintin sequencepair.

THEOREM 1. (adjacency-order) If k blocks, bi , i � 1 � 2 ���
����� k,
are H-aligned, then the correspondingsequencepair representa-
tionmustsatisfythat � X � Y �������
��� b1 ����� b2 ���������
� bi �����
����� bk �
�����	����� b1 ���
� b2 ���������
�
bi �����
����� bk �
��� � andbi is strictly aheadof bi � 1 in � X � Y � , 1 � i � k � 1.

If a sequencepair satisfiesthe above conditiongiven in Theo-
rem 1, the constrainedblockscanpossiblybe abuttedoneby one
in x directionandthenbealignedin y direction(moving upward).
Note that thealignmentoperationdoesnot changethe topological
relationspecifiedby sequencepair. Generally, theH-alignmentop-
erationis performedasfollows:

ymax � max� yi � i � 1 � 2 �	������� k �
yi � max� yi � ymax  l � hi � � i !"� 1 � 2 �	�����
� k �
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Figure3: The sequencepair � a d b c � a b d c� satisfiesthe condi-
tion in Theorem1, but the constrainedblocksa,b and c can not
beH-aligned.

Note that the condition in Theorem1 is only necessary, but
not sufficient. For example,asshown in Fig 3, the sequencepair
� a d b c � a b d c� satisfiesthecondition,but theconstrainedblocks
a,b andc cannotbeH-alignedbecauseb andc arenot tightly abut-
ted (d is wider thanb). We solve the problemby adjustingthe x
coordinateof the first block in anH-alignmentconstraintto make
them tightly abutted . The adjustmentis performedas follows:
x1 � xk � ∑k # 1

i $ 1 wi . And thenwe adda “dummy” block at theright
asshown in Fig 4(a)andre-evaluatethesequencepair. If thecon-
strainedblockscannot be H-aligned,thenthe dummyblock will
bepushedoutof frameasshown 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 � H, where
bi hasdimensionwi � hi respectively. Let δ denotethe dummy
block andx1 bethex coordinateof blockb1. Thewidth of δ is

wδ � W � x1 �
k

∑
i $ 1

wi

x

y

H

W

dummy

x

y

H

W

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

andtheheightof δ is hδ � 0.
If we handlemultiple H-alignmentconstraints,anothercondi-

tion (callednon-crossing) mustbesatisfied.Forexample,asshown
in Fig 5, thetwo setsof blocks(ai andbi , i � 1 � 2 � 3) cannot beH-
alignedbecauseai andbi arecrossing. However, both ai andbi
satisfytheadjacency-orderconditionasstatedin Theorem1. Then
wehave thefollowing necessarycondition(non-crossing).

b1

b2

b3a2

a3a1
x

y

Figure5: The two setsof blocks(ai and bi , i � 1 � 2 � 3) cannot be
H-aligned although they satisfy the adjacency-ordercondition
in sequencepair representation.The sequencepair is � X � Y �%�
� b1 a1 a2 b2 b3 a3 � a1 b1 b2 a2 a3 b3 � .

THEOREM 2. (non-crossing)Givenany two setsof blocks,ai ,
i � 1 �	���
��� k andb j , j � 1 �	�����
� k& , to beH-aligned,thecorresponding
sequencepair representationmustsatisfythat no relativeposition
like ������� ai1 ����� b j1 �
��� b j2 ����� ai2 �����
���
��� b j1 ����� ai1 ����� ai2 ����� b j2 �
��� � appears in se-
quencepair � X � Y � .

Notethatthetwo necessaryconditions(Theorem1 andTheorem
2) guaranteethetopologicalrelationof blocksfor H-alignmentcon-
straints.Thefeasibilityof constrainedplacementisactual-dimension
dependent.However, thetwo conditionscanbeutilizedto eliminate
lotsof infeasiblesequencepairs.

For V-alignmentconstraint,we are dealing with the two se-
quences� XR � Y � similarly. If the k blocks are V-aligned,the se-
quencepair mustappearlike � X � Y ���'�����
� bk ���
� bk # 1 ���
������� bi ���������
� b1 �
������
��� b1 ����� b2 �
��������� bi �������
��� bk ���
� � maintainingthe reverseorder in the first
sequenceand the obverseorder in the secondsequence.Analo-
gouslywehave thefollowing necessaryconditionsfor V-alignment
constraintin termsof sequencepair composition.

THEOREM 3. If k blocks,bi , i � 1 � 2 �	���
��� k, are V-aligned,then
the correspondingsequencepair representationmustsatisfy that
� XR � Y �(�������
� b1 ����� b2 �
��������� bi ���������
� bk ���
���	����� b1 ����� b2 �
��������� bi �������
��� bk �
��� � andbi

is strictly aheadof bi � 1 in � XR � Y � , 1 � i � k � 1.

THEOREM 4. Givenany two setsof blocks, ai , i � 1 �	���
��� k and
b j , j � 1 �	������� k& , to be V-aligned,thecorrespondingsequencepair
representationmustsatisfythatnorelativepositionlike �����
� ai1 ���
� b j1 �����
b j2 ����� ai2 �������	����� b j1 �
��� ai1 �
��� ai2 ���
� b j2 ����� � appears in � XR � Y � .

Notethat“strictly ahead”for V-alignmentisdefinedonsequences
� XR � Y � . Wehave thefollowing lemma.

LEMMA 1. GiventwosequencesXi andYj withpositiveweights,
lcs� XR

i � Yj �)� 0 implieslcs� Xi � Yj ��� 0.



Let � X � Y �(��� X0bkX1bk # 1X2 ���
� biXk # i � 1 ���
� b1Xk � Y0b1Y1b2Y2 ���
� biYi
�
��� bkYk � . Then � XR � Y ����� XR

k b1XR
k # 1b2XR

k # 2 ����� biXR
k # i ����� bkXR

0 � Y0b1Y1

b2Y2 ����� biYi ����� bkYk � . Thereforel cs� XR
k # i � Yi �*� 0 � 1 � i � k � 1, which

implies l cs� Xk # 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
moreimportantbecausetiming convergenceis a big issuein deep
submicrondesign.

x

y

H

W

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

Givena two-pin netwith sourceat location � x1 � y1 � andsink at
location � x2 � y2 � , thetiming requirementcanbedescribedas

t1  λ � x2 � x1 �  λ � y2 � y1 � � t2

wheret1 is thearrival time at source,t2 denotestherequiredlatest
arrival time at sink, and λ representsthe constantparameterfor
converting from Manhattandistanceto timing domain. Thus we
get

� x2 � x1 �  � y2 � y1 � �+� t2 � t1 ��, λ
Note thatwe usea linear function in termsof distanceto estimate
delay. This is reasonable1. For floorplanningwherepin locations
arenot known, we assumethe pin locationsto be asfar aspossi-
ble, i.e., thesource-sinkdistanceequalto thehalf perimeterof the
boundingbox of the two blocksasshown in Fig 6. Note that this
is a pessimisticestimation.An alternative way is to assumepin lo-
cationat the centerof a block or assigninga pin location on the
closestboundaryof a block, eitherof which canbehandledin the
sameway.

For multi-pin net,weconsiderthelongestdistancebetweentwo
nodes.In thepaper, we usethehalf perimeterof theboundingbox
of theblocksbelongingto thenetto estimatethedelay.

Basedon theabove formula,wecandeterminetwo values(how
to determinewill bediscussedlater),u andv, suchthat

u  v �-� t2 � t1 ��, λ
and � x2 � x1 � � u

and � y2 � y1 � � v

Equivalently, theblocksbelongingto thenetareto beplacedwithin
a rectangularbox (called rangebox) with width u and height v.
It shouldbe noted that the box is floating, and its shapecan be
changingwith different ratio of u andv. Given a net connecting
k blocks,bi , i � 1 � 2 �	������� k, with coordinate� xi � yi � respectively, let
� x̄ � ȳ� denotethe coordinateof the box referring to the lower-left
corner. Thusthecoordinateof thebox is

x̄ � min� xi � i � 1 � 2 �	�����
� k �
ȳ � min� yi � i � 1 � 2 �	������� k �

Boundeddelay may not be satisfiedfor someplacementob-
tainedby somesequencepair. If thedelayof a net is out of bound,
thenthe involvedblocksareplacedout of rangebox by theabove
measurement.In ordertosolvetheproblem,weaddadummyblock
at the right and anotherdummy block on top of all constrained

1Although interconnectdelayis quadraticin termsof wire length,
with appropriatebuffer insertionstheactualdelayis closeto linear
in termsof source-sinkdistance.
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Figure 7: (a) Dummy blocks are intr oducedat the right or on
top by performanceconstraint; (b) In violation of performance
constraint, one or more of the dummy blocks is placed out of
frame.

blocksin a critical net,asshown in Fig 7(a). If oneor moreof the
constrainedblocks is placedout of rangebox, theneitheror both
of thedummyblockswill bepushedout of frameasshown in Fig
7(b). Formally, thedummyblocksaredeterminedasfollows. Given
aproblemthatacritical netconnectsk blocks � bi � i � 1 � 2 �	�����
� k � in a
frameW � H, a rangebox is determinedat location � x̄ � ȳ� andwith
width u andheightv where � x̄ � ȳ� is computedby above formula.
Thustheright dummyblockhasthedimension:

width � W � x̄ � u and height � 0

andthedimensionof theabove dummyblock is:

width � 0 and height � H � ȳ � v

Now the remainingproblemis how to determineu andv since
the shapeof the rangebox can change. We adjust the value of
u and v dynamicallyin simulatedannealingas follows. At high
temperaturein annealingprocess,we let u andv behalf-half:

u � t2 � t1
2λ

and v � t2 � t1
2λ

At low temperature,letting s be the smallestspanin x axis that
covers all of the constrainedblocks � bi � i � 1 � 2 �	������� k � , i.e. s �
max� xi  wi � i � 1 � 2 �	������� k ��� min� xi � i � 1 � 2 �	���
��� k � , weadjustu and
v:

u � min�	� t2 � t1 ��, λ � s� and v �-� t2 � t1 ��, λ � u

This adjustmentis certifiedby thefollowing reasons.At high tem-
peraturesimulatedannealingis characterizedas chaotic process
wherea squarerange-boxis appropriateto use for approximate
guidance.On the otherhand,at low temperaturea specificrange
box is usedto exactly capturethemeaningof delaybound.

5. ALGORITHM

5.1 FeasibleSequencePair
Sequencepairalwaysentailsapackingif noconstraintsarecon-

cerned.However, whenconstraintsareintroduced,theremay not
exist correspondingpackingfor somesequencepairs.Feasiblese-
quencepair canbedefinedasfollows.

DEFINITION 4. Feasiblesequencepair : If there existsa pack-
ing which meetsall the constraints and the topological relations
imposedbya sequencepair, thenthesequencepair is feasible. Oth-
erwise, it is infeasible.

5.2 Optimality
Althoughnotall sequencepairsarefeasiblefor constraintssuch

asfixed-frame,alignmentandperformanceconstraint,we canstill
show that sequencepair doesnot miss any placement. Given a
placementsatisfyingthe constraints,a sequencepair can be ob-
tainedby gridding operationin [10]. This observation is statedin
thefollowing theorem.

THEOREM 5. Anyplacementthatsatisfiesthegivenconstraints
is representedbya sequencepair.



Thus, an optimal packingwith no violation of constraintsis in-
cludedin solutionspaceof feasiblesequencepairs.“Optimal pack-
ing” meansthatat leastonearea-minimalplacementis represented
by a sequencepair. This is not truein termsof wire lengthbecause
packingblocksto the left andto thebottommaynot representthe
optimal wire length. However, packingis still a goodmethodto
minimize wire length becauseall blocks arepacked, implying at
leastnear-optimalwire lengthis represented.

5.3 Evaluation Algorithm
Notethatthecalculationsof x andy coordinatesof all theblocks

are doneindependentlyby evaluating � X � Y � and � XR � Y � respec-
tively. In the following we mainly describethealgorithmto eval-
uate � X � Y � in the presenceof constraintssincethe evaluationof
� XR � Y � canbedonesimilarly.

Thealgorithmis basedontheengineof computinglongestcom-
monsubsequencepresentedin [16]. Westill computelongestcom-
mon subsequence(lcs) in termsof the two sequence� X � Y � to de-
terminethex coordinatesof blocks. Thealignmentoperationpre-
sentedin Section3andthecomputationfor performance-constrained
blocks describedin Section4 can be embeddedinto lcs compu-
tation. Dummy blockswould not necessarilyappearin sequence
pair. Instead,a “out-of-frame” variableis introducedto recordthe
intermediatel cs imposedby dummyblocks in constraints(align-
ment/performance).Note that thealignmentoperationsfor differ-
entalignmentconstraintsareaffectedby eachother. Oneiteration
of lcs computationmaynot align all blocksimposedby alignment
constraints. However, sincethere is no crossingbetweenalign-
mentconstraints,oneiterationof lcscomputationwill alignat least
onesequenceof blocks relatedto an alignmentconstraint. Thus
at mostk  1 iterationsareneeded,wherek is the total numberof
alignmentconstraints.On theotherhand,if alignmentconstrained
blocksarenot alignedafter k  1 iterations,then it indicatesthat
thereexists crossingbetweendifferent alignmentconstraints. In
typical applications,thenumberof alignmentconstraints,i.e. k, is
bounded.Let l cs& � X � Y � denotethe returnvalueof the algorithm,
i.e. the lengthof the longestcommonsubsequencewith the pres-
enceof dummyblocksintroducedby constraints.Notethatwe are
dealingwith fixed-framefloorplanningandthusit is enforcedthat
l cs& � X � Y �/. W, thewidth of theframe.

Similarly l cs&0� XR � Y � is computedwith dummyblocksin y di-
rection,and l cs& � XR � Y �1. H, the heightof the frame. If the total
numberof constrainedblocks is O � n� and the numberof align-
ment constraintsis bounded,the complexity of the algorithm is
O � nloglogn� , asstatedin thefollowing theorem.

THEOREM 6. With thepresenceoffixed-frame/alignment/perfor-
manceconstraints,a sequencepair canbeevaluatedin O � nloglogn�
timeif thenumberof constrainedblocksis O � n� andthenumberof
alignmentconstraintsis bounded.

In typical applications,thenumberof constrainedblocks(e.g. the
involved blocks in critical nets)is lessthann. Note that a block
may repeatin several critical nets. In generalcase,wherethere
arek alignmentconstraintsandm blocks(including repeated)are
constrained,the time complexity of the algorithmwill be O � m 
knloglogn� . Note that even in the casewherek is bounded,the
methodoperatingonconstraintgraphstill needsO � n3 � runtime.

5.4 A Necessaryand Sufficient Condition
Aspresentedin Section3 andSection4, thedimensionof dummy

blocksis determinedby theframefor floorplanning.If thereis any
violationof givenconstraints(fixed-frame/alignment/performance),
oneor moreof dummyblocksor realblockswill bepushedout of
theframe.On theotherhand,if all dummyblocksandrealblocks
arepacked within the frame, then we can derive the correspond-
ing sequencepair andcomputea packingsatisfyingall constraints.
Thus,we getthefollowing necessaryandsufficient condition.

THEOREM 7. Asequencepair � X � Y � is feasiblewithconstraints
if andonly if lcs& � X � Y ��� W andlcs& � XR � Y �/� H.

Sincewe have enforcedl cs&0� X � Y ��. W andl cs&0� XR � Y ��. H in the
evaluation,thefollowing resultis directly implied.

COROLLARY 1. Thenecessaryandsufficientconditionof fea-
siblesequencepair � X � Y � is that lcs& � X � Y �2� W andlcs& � XR � Y �*�
H.

5.5 Unified CostFunction
With all theseconstraintstakeninto account,thefeasibility of a

sequencepair dependson theactualdimensionof blocks. Thusit
is hardto judgethe feasibility without evaluatinga sequencepair.
In otherword, it is impossibleto just go throughsolutionspacein-
cludingfeasiblesequencepairsonly. Thenecessaryconditionsfor
alignmentconstraintpresentedin Section3 canbeusedto reduce
the solution spacealthoughit cannot eliminateall infeasiblese-
quencepairs.An intuitivewayto evaluateinfeasiblesequencepairs
is to assignthemaninfinite cost.However, thiswill seriouslyaffect
thesmoothnessof stochasticsearchprocess.Notethatif asequence
pair � X � Y � is infeasiblethen l cs& � X � Y �43 W or l cs& � XR � Y �43 H.
Thus,we treatan infeasiblesequencepair as if it is feasible,and
regardthe“area”as

A � l cs& � X � Y �(5 l cs& � XR � Y �
Therefore,wegeta unifiedcostfunction

C � αA  βW

whereW is interconnectcost,andα andβ arecoefficientsfor bal-
ancingbetweenA andW.

The unified cost function interpretsthe violation of infeasible
sequencepair so naturally that we get the following benefits: (i)
no needto accumulatetheerror for eachconstrainedblock; (ii) no
needto addan additionalpenaltyterm into thecostfunction; and
(iii) fixing an infeasiblesequencepair (adaption)is not necessary.
As a result,it helpshandleconstraintsvery fastandvery well.

5.6 Perturbation (Move)
Weusethefollowingoperationsto generateaneighborsequence

pair in simulatedannealing.
Swap is to swap two blocks in eitherthe first sequenceor the

secondsequence.We maintainthe relative orderingof alignment-
constrainedblocksin swapping.Swapcanbedonein lineartime.

Rotation is to rotateanunconstrainedblock (e.g.exchangethe
width andheightof theblock). Rotationdoesnot changetherela-
tive orderingimposedby alignmentconstraint.This operationcan
bedonein constanttime.

Flip is usedto changetheorientationof analignmentconstraint.
If a setof blocksis to bealignedhorizontally, thenflip theblocks
to bealignedvertically, viceversa.Theoperationon sequencepair
is to reversetheorderof thesetof blocksinvolvedin thealignment
constraintin thefirst sequence.In the implementation,we restrict
thatablockcanonly beassociatedwith atmostonealignmentcon-
straint.Thus,afterflipping, asequencepairstill meetstheordering
condition imposedby all alignmentconstraints.Supposethat an
alignmentconstraintinvolvesr blocks.Thustheflip operationcan
bedonein O � r � time. Of course,r � n.

In our implementationof the algorithm, the probability of the
threeoperationsis P � swap�%3 P � rotation��3 P � flip � .
5.7 Solution Space

Thesolutionspacewe explore in simulatedannealingincludes
only sequencepairsthatsatisfytheorderingconditionimposedby
alignmentconstraints.A setof move operationis saidto be“com-
plete”if any sequencepairin solutionspacecanbereachedbyother
sequencepair throughasequenceof moveoperations.Then,theset
of moveoperationsproposedaboveis completebecauseasequence
pair canbetransformedto anothersequencepair via a sequenceof
swap andflip operations.However, rotation is alsonecessaryfor
betterpacking.

Given any two differentsequencepairs in solutionspace,one
canbe changedto the otheras follows. First, we useflip opera-
tion to make the orderingof alignment-constrainedblocksbe the
samein the two sequences.Then,onesequencecanbe “sorted”
into the other via swap operations. Note that swappingtwo ad-
jacentblocksdoesnot changethe relative orderingof alignment-
constrainedblocksunlesstheswapis invalid (i.e. thetwo adjacent



blocksbelongto thesamealignmentconstraint).Sinceonealign-
ment constraintinvolves at least2 blocks, thereare at most n, 2
alignmentconstraints.Thuswe needat mostn, 2 flip operations.
Sortingrequiresatmost1  2 6���
��7� n � 1��� n � n � 1�	, 2 adjacent
swaps.In total, at mostn, 2  n � n � 1�	, 2 � n2 , 2 move operations
areneededto transformasequencepairto anotherin solutionspace.
Therefore,thediameterof solutionspaceis atmostn2 , 2 for theset
of move operations.

5.8 Min-ar eaOptimization
Traditional floorplannersuseminimizing areaasan objective.

Althoughouralgorithmis explicitly designedfor fixed-framefloor-
planning,it canalsobeadaptedfor min-areaoptimization.An ini-
tial frame,W andH undersomegivenaspectratio, is determined,
e.g. W 5 H equals120%of the sumof the areasof all the blocks.
Then,we decreaseW andH whena feasiblesequencepair is met
in simulatedannealing.Threekindsof decreasingschemesareran-
domly chosenin our experiments:decreaseW only, or H only or
both.

6. EXPERIMENT AL RESULTS

Table 1: Min-ar ea results of floorplanning with align-
ment/performanceconstraints.

constrainedblocks Results
circuit block align perf time area dead

(s) (mm2) space
apte 9 4 0 8 47.08 1.1%

xerox-1 10 4 0 9 20.16 4.0%
xerox-2 10 4 2 16 20.93 7.5%

hp-1 11 4 0 10 9.342 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 38.20 7.2%
ami49-2 49 4 3 241 38.51 7.8%
ami49-3 49 4 6 278 38.72 8.4%

We have implementedthe algorithm and testedon problems
with variousconstraints. The experimentswere carriedout on a
SUNSparcUltra 10(440Mhz).Thetechniqueof simulatedanneal-
ing is usedto searchfor anoptimalplacementwith aspecialanneal-
ing schedulewhereavery largenumberof temperaturesis usedbut
only asmallnumberof movesaremadewithin eachtemperature.

ThetestproblemsarederivedfromMCNC benchmarksfor block
placement.We imposealignment/performanceconstraintson a set
of blocks(determinedby the total numberof blocksin thebench-
mark). Table 1 lists the min-arearesults. Note that many other
floorplanningalgorithmsgivetheresultsfor areaminimization.Our
resultsarevery comparableeven thoughwe have handledvarious
alignment/performanceconstraints.Thereis no uniform standard
for wire lengthmeasurebecausesomeassumepinsat thecenterof
blocksandsomelet pin locationsontheboundaryof blocks.There-
fore, the resultsfor wire lengthareomitted. Experimentalresults
show thatthealgorithmperformsvery well in dealingwith various
alignment/performanceconstraints.Thealgorithmis very fast– we
caneasilyevaluatea million sequencepairswith constraintsin one
minutefor typical input sizeof placementproblems.The experi-
encein experimentstells 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 presentedan algorithmto handlealign-

mentandperformanceconstraints.The algorithmis basedon se-
quencepair representationandevaluatesa sequencepair with con-
straintsin O � nloglogn� time typically wheren is the numberof
blocksandthenumberof constrainedblocksis O � n� . It is designed
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Figure8: The resultpacking of ami49-3.Block 1, 2, 3 and 4 are
to bealigned,and therearetwo performanceconstraints (block
5, 6 and 7 are connectedin a critical net, and block 30, 34 and
44are belongingto another critical net).

mainly for fixed-framefloorplanningoptimization,andcanalsobe
adaptedfor minimizing area.

We have derivedthenecessaryandsufficientconditionof feasi-
ble sequencepair anda unifiedcostfunction for theevaluationof
both feasibleandinfeasiblesequencepairs. We alsoproposea set
of move operationswhich is complete.Experimentalresultsshow
that the algorithm performsvery well in handlingalignmentand
performanceconstraints.

Finally, we would like to point out that thealgorithmto handle
alignmentconstraintcanapplyto abutmentconstraintbecauseabut-
ment is a specialcaseof alignment. The methodproposedin the
paperhasbeenintegratedin a system,FAST-SP, which previously
handledconstraintssuchaspre-placed,range,andboundary[16].
After integration, it is capableof handlingmoreconstraints(e.g.,
abutment,alignment,performance,etc.).
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