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Abstract

Non-rectangulafrectilinear)shapeoccursvery oftenin deepsubmi-
cronfloorplanning.Most previousalgorithmsaredesignedo handle
only convex rectilinearblocks. However, handlingconcae rectilin-
earshapeis necessargincea simple“U” shapes concae. A few
works could addressconcae rectilinearblock explicitly. In [2], a
necessaryand suficient condition of feasiblesequenceair is pro-
posedfor arbitrary rectilinear shapein termsof constraintgraph.
However, no constraintis imposedon sequenceair representation
itself. The searchfor feasible sequencepair mainly dependson
the simulatedannealingwhich impliesunnecessarinefficiengy. In
mary cases,it takes very long time or even is unableto find the

feasibleplacement. Furthermoreijt takes O(n®) runtimeto evalu-
ateeachsequenceair, which leavesmuchspacefor improvement.
In this paper we proposea new methodto handlearbitraryrectilin-
earshapeconstraintbasedon sequenceair representation\We ex-
plorethetopologicalpropertyof feasiblesequencgair, anduseit to
eliminatelots of infeasiblesequenceairs,which implies speeding
up the corvergenceof simulatedannealingprocess.The evaluation
of a sequenceair is basedon longestcommonsubsequenceom-
putation,and achiees significantly fasterruntime (O(mnloglogn)
time wherem s the numberof rectilinearshapeconstraintsn is the
numberof rectangulablocks/subblocks)Thealgorithmcanhandle
fixed-framefloorplanningandmin-areafloorplanningaswell.

1. Introduction

Floorplanningis the early stageof physicaldesignand determines
overall chip performanceThe hierarchicalapproactto handlecon-
tinuouslyincreasingcompleity of VLSI circuits andthe wide use
of IP block male floorplanningevenmoreimportant. The pastyears
is the age for inventing floorplanningrepresentation.For slicing
structure,there are binary tree[13] and normalizedPolish expres-
sion[19]. For non-slicing structure,mary representationare in-
ventedrecently suchastopologyrepresentatio(BSG[11],sequence
pair[10], TCG[7]), packingrepresentationQ-tree[3], B*-tree[1]),
and mosaicrepresentatiof{CBL[4], Q-sequence[16]twin binary
tree[22],twin binarysequence[24]).

In areal-world floorplanningproblem,additionalconstraintsare
imposedon subsetof blocksfor users’purpose.Differentdesigns
have differentrequirementsThusit is importantandusefulto allow
usersto specifyplacementonstraintgluringfloorplanning.

With the advent of deepsubmicrontechnology integratedcir-
cuit blocksare often not rectangular Non-rectangulagrectilinear)
shapedlocksareintroducedo facilitatethe usageof chip areaand
improve theblocks’ connecityity.

Rectilinearshapehasbeenstudiedextensvely in the literature.
Rectilinearblockscanbe cateyorizedinto two typesof blocks: con-
vex rectilinearblocksandconcae rectilinearblocks. A rectilinear
blockis definedascorvex if ary two pointsin theblockhave ashort-
estManhattanpath inside the block. Otherwise,the block is con-
cave. L/T-shapeis a specialcaseof corvex rectilinearshape.Most
floorplan representationsave beenextendedto handlerectilinear
shape,suchasslicing structure[23],BSGI5, 15], sequenceair[6,
2], O-tree[14],CBL[9], B*-tree[20], and TCGJ8]. Eachrectilinear
blockis partitionedinto a setof rectangulasubblocks Therelation-
ship betweenthe subblocksin arectilinearblock is representedh
an encodingschemeor in additionalconstraint. Most of the algo-
rithms aredesignedo handleonly convex rectilinearblocks. How-
ever, handlingconcae rectilinearis necessaryfFor example,a very
simple“U” shapéds concaerectilinear Only afew workscouldad-
dressconcae rectilinearexplicitly. In [2], anecessargndsuficient
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condition of feasiblesequencepair is proposedor arbitrary recti-
linear shapein termsof constraintgraph. However, no constraint
is imposedon sequencepair representatioritself. The searchfor
feasiblesequencair mainly dependson the simulatedannealing,
whichimpliesunnecessarinefficiengy. In mary casesit takesvery
long time or evenis unableto find the feasibleplacement.Further

more, it takesO(n®) runtimeto evaluateeachsequenceair, which
leavesmuch spacefor improvement. Thushandlingconcae recti-
linearshapeconstrainremainsto bea problem.

We obsenre thathandlingconcae rectilinearshapeis inherently
dimensiondependenti.e., exploring topology constrainton floor-
plan representatioralone can not guaranteea feasibleplacement.
However, topologyconstraintcanbe imposedon representatioffor
eliminatinglotsof infeasiblerepresentationseducingsolutionspace,
andspeedingip thecornvergenceof searchprocessThuswe usethe
topology representationsequencepair, to study the problem. We
first investigatethe topology propertyof feasiblesequenceair sat-
isfying rectilinearshapeconstraints. Thenonly the sequenceairs
which satisfy the topology property are generatedand evaluated.
Sincethefeasibility of asequencgair depend®ntheactualdimen-
sionof blocks,it is impossibleto searchin solutionspaceancluding
only feasiblesequencegairs. We usesimulatedannealingo search
for optimal floorplan satisfyinggiven constraints. Another obser
vation we madeis that perturbationin simulatedannealingshould
distribute the probability evenly acrossall solutionsin the solution
spaceandthe feasiblesolutionsshouldreacheachotherthrougha
sequencef “moves”. The propertyof evendistribution andreach-
ability is very importantfor simulatedannealingto performwell.
Otherwise,it may be entrappedn alocal optimal. To evaluatein-
feasiblesolution,acommonusedtechniquas to adda penaltyterm
in costfunction. However, the factorof penaltyis hardto decide:
toolarge may affectthe smoothnessf simulatedannealingandtoo
smallmay be uselessn guiding simulatedannealingo corvergeto
feasiblesolution. In contrasto traditionalapproachye usea novel
costfunctionwhich unifiesthe evaluationof feasibleandinfeasible
sequenceairs.

TangandWong[17]presente@énO(nloglogn) algorithmto eval-
uatea sequenceair basedon computingthe longestcommonsub-
sequencégLCS) of two weightedsequencesand shaved excellent
experimentalresults. The LCS methoddoesnot needto construct
constraintgraph. Sinceconstraintgraphis moregenerathanLCS,
peoplemaythink thereexistslimitation for LCS, e.g.,to handlerec-
tilinear shapeconstraints.In the paper we emplg/ LCS computa-
tion anddemonstratéts capabilityin dealingwith constraints Fur-
ther, thealgorithmevaluateseachsequenceair to obtainafloorplan
in O(mnloglogn) wherem is the numberof rectilinearshapecon-
straintsandn is the numberof rectangulablocks/subblocksyhich
is significantly fasterthan the original O(n®) methodoperatingon
constraintgraph! The methodis suitableto both fixed-frameand
min-areafloorplanningoptimization. Our experimentalresultson
MCNC benchmarkfor block placementshawv the promiseof the
method.

2. Preliminary

A sequenceair is a pair of sequencesf n elementgepresenting
list of n blocks. Thetwo sequencespecifythe geometricrelations
(suchasleft-of, right-of, below, abore) betweereachpair of blocks
asfollows:

= bjistotheleft of b; Q)
= bjisbelow bj 2

1Somerecentresultsshaw thatthis canbe donein O(mn?) time.



It is shawvn in [17] that the coordinatesof blocks andthe total
width andheightof floorplancanbe obtainedby computinglongest
commonsubsequencin termsof the two sequencesGiven a se-
quencepair (X,Y), the total width of floorplan equalsthe length
of thelongestcommonsubsequencef X andY whereweightsare
blocks’ widths. Analogously the total heightof floorplanis deter
minedby dealingwith the longestcommonsubsequencef XR and
Y whereXR is thereverseof X andweightsareblocks’ heights.The
coordinate®f ablock arecalculatedasfollows. Let (X,Y)=(X1bX,
Y;1bY>) andlcs(X,Y) denotethe lengthof thelongestcommonsub-
sequenceof X andY. Then (XRY) = (XRoXR, Yi1bY,). The x-
coordinateof blockb equald cs(X1, Y1) with blocks’widthsasweights.
The y-coordinateof block b is Ics(Xf,Yl) with blocks’ heightsas
weights.In addition,all the computation®f blocks’ x/y coordinates
canbeintegratedinto asinglelongesttommonsubsequenceompu-
tationfor a sequenceair.

3. Sequential Rectilinear Shape

For betterpresentatiomndeasyunderstandingwe classifyrectilin-
earshapeinto two cateories: sequential and non-sequential. we
firstdiscusshow to handlesequentiatectilinearshapen thesection,
andthengeneralizdo non-sequentiah the next section.
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Figurel: (a) H-sequentiatectilinearblock; (b) V-sequentiakecti-
linearblock.

A rectilinearblock is saidto be H-sequential if no verticalline
cuts the block into more thantwo parts. Analogously we define
arectilinearblock to be V-sequential if no horizontalline cutsthe
block into more thantwo parts. Sequential rectilinearconsistsof
H-sequentialnd V-sequential. As we canseein Figure 1, H(V)-
sequentiakectilinearcan be divided into a sequencef subblocks
usingvertical(horizontal)cuts. It is obvious that convex rectilinear
is both H-sequentiakind V-sequential. Some(but not all) concae
rectilinearblocksareH/V-sequential.

In the following, we mainly discusshow to handleH-sequential
rectilinear Thenwe shav V-sequentiakectilinearcanbe handled
similarly.

Rectilineatblockis partitionednto asetof rectangulasubblocks.
Eachrectangulasubblockis treatedasablockin floorplanrepresen-
tation. Therectilinearshapds recoseredduring placement.

Supposéhatarectilinearblock b is H-sequentializeéhto a setof
rectangulasubblocksb;, i = 1,2, ...,k. Thusthe subblocksh; must
follow the adjaceng-orderconditionasstatedn Theorem.

Theorem 1. If a rectilinear block b is H-sequentialized into k
subblocks, b, i = 1,2,...,k, then the corresponding sequence pair
representation must satisfy that (X,Y) = (...bg...by ...... bi......bg...,
I o YT o 7 SO o TR bk...) and there is no common elements between
b and b1 in(X,Y),1<i<k-1

In addition,if thereexist multiple H-sequentiatectilinearblocks,
themultiple setsof subblocksmustsatisfythenoncrossingondition
asstatedn Theoren?2.

Theorem 2. Givenany two rectilinear blocks, a (H-sequentialized
into &, i = 1,...,k) and b (H-sequentialized into b, j = 1,...,K),
the corresponding sequence pair representation must satisfy that no
relative position like (...g;...bj...by...ar...,...bj...5...a...bj...) ap-
pearsin sequence pair (X,Y).

If asequenceair satisfieghe conditiongivenin Theoreml, the
subblocksbelongingto a rectilinearblock can possiblybe akutted
oneby onein x directionandthenbe alignedin y directionto re-
covertheoriginal shape An exampleis illustratedin Figure2. Note
thatthealignmentoperatiordoesnotchangehetopologicalrelation
specifiedby sequenceair. Let us determinea referencesubblock

b2
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W‘ibz E J
b | b bs c

(@) (b)

Figure2: (a) Theoriginal shapeof rectilinearblock b. (b) Sequence
pair (X,Y)=(by a by ¢ bz, a by ¢ by bg) satisfiesthe conditionin
Theoreml. Subblocksb;, b, andbs, canbe alignedto recover the
original shapeof b. Notethatthereis no commonelementetween
b; andby (or betweerb, andbs) in (X,Y).
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Figure 3: (a) The original shapesof a andb. (b) The two sets
of subblocks(a; andb;, i = 1,2,3) cannot be alignedto recover

the original shapealthoughthey satisfythe adjaceng-order condi-
tion in sequenceair representationThe sequenceairis (X,Y) =
(b1 2y ap by bz a3, a by by @y a3 b3).

(sayb; for convenience)andthentherelative positionof eachsub-
blockin y directionisrj, i = 1,...,k (surelyr; = 0). Let x(b;)(y(bi))
be the x(y) coordinateof bj, andw(b;)(h(b;)) be the width(height)
of by, i =1,...,k respectiely. Thusthe alignmentoperationis per
formedasfollows:

Ymax < max{y(b.) =T |I = 1a21“')k}
y(bi) < max(y(bi),Ymax+1i) Vie{1,2,...,k}

Theorem?2 preventsthe situationasshavn in Figure3. Thetwo
setsof rectangulasubblockga; andby, i = 1,2, 3) cannotbeassem-
bledto original rectilinearshapebecause; andb; arecrossing.al-
thoughbotha; andb; satisfytheadjaceng-orderconditionasstated
in Theoreml.

Thetwo necessargonditions(Theoreml andTheorem2) guar
anteethe topologicalrelation of subblocksfor rectilinear blocks.
It shouldbe notedthat we may needto adjustthe x coordinateof
thefirst subblockof anH-sequentiatectilinearblock to make them
tightly akutted, referringto Figure2. The adjustmenis performed
asfollows:

k—1

X(by) = x(by) — _;W(bi)

However, the two conditionsare only necessarybut not suffi-
cient. The feasibility of constrainedsequenceair is actualdimen-
siondependentFor example,referringto Figure4(a),the sequence
pair (b1 a by ¢ bs,a b ¢ by bg) satisfieghe conditions but the con-
strainedsubblocksi,b, andbs cannotbeassembledo recover the
originalshapebecause is widerthanb, andsubblocksy cannotbe
tightly akutted. We addresshis issueby addinga “dummy” block at
theright asshavn in Figure4(a) andre-evaluatethe sequenceair.
If therectilinearshapecannotberecosered,thenthe dummyblock
will be pushedout of the frameasshavn in Figure4(b). The out-
of-framevaluewould measurehe violation. Formally, the dummy
block is determinedasfollows. Given a problemthatk subblocks
{bi|i=1,2,...,k} of arectilinearblockb bein aframeW x H, where
b hasdimensionw(b;) x h(b;) respectiely. Let  denotehedummy
blockandx(b;) bethex coordinateof subblockb;. Thewidth of & is

W(8) =W —x(by) — w(by)

andtheheightof dis h(d) = 0.

Notethatthe alignmentoperationmayintroduceoverlapamong
blocks/subblocksWe will re-evaluatethe sequenceair to resohe
overlap. The detail will be discussedn Section5. Figure 4(b)
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Figure4: (a) Alignmentoperationis performedand Dummy block
is introducedat theright of a rectilinearblock. (b) The resultafter
re-evaluatingthesequenceair. In violation of rectilinearshapecon-
straint,the dummyblock is pushedout of frame. The out-of-frame
valuewould measureheviolation.

actually shavs the result after resolvingoverlap. For V-sequential
rectilinearshapewe will analogouslydealwith the two sequences

(XR)Y) andalign the subblocksin x direction. It canbe handled
similarto H-sequentiatectilinear

4. Arbitrary Rectilinear Shape
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Figure 5: (a) A non-sequentialrectilinear block; (b) it is

H-partitioned into four sequencesof H-sequential subblocks,
(bg, bg, by), (b1, b2, b7, bg), (b4, b7), and(bs, bg, b7).

A non-sequentiatectilinearshapecan not be partitionedinto a
sequenceof H-sequentialor V-sequentialsubblocks. However, it
can be partitionedinto multiple sequencesf H-sequentialor V-
sequentiabubblocks A rectilinearblock is saidto be H-partitioned
if it is partitionedinto multiple sequencesf H-sequentiasubblocks.
Analogously a rectilinearblock is saidto be V-partitionedif it is
partitionedinto multiple sequencesf V-sequentiakubblocks. Let
us consideran exampleshavn in Figure5. Therectilinearblock is
H-partitionedinto four sequencesf H-sequentiakubblocks,s; =
.(b3a b87b9)7 S = (b17b27b77b8)’ 3= (b47b7)' andsy = (b5; bs, b7)
in bottom-uporder Any two adjacentsequencesave at leastone
subblockin common,for example,s; ands, have a commonsub-
block bg, s3 ands; have a commonsubblockb;. Eachsequence
of subblocksis constrainedsimilar to an H-sequentialrectilinear
shapgthealignmentoperatiorin y directionwill bedifferent). Thus
the sequencesustsatisfy the adjaceng-order conditionandnon-
crossingconditionstatedn Theoreml andTheorem2 respectiely.
In addition,thesequences, 1 <i < 4, needto follow the bottom-
up order In otherwords,the sequencéb,, ba, b5% shouldbetreated
as constrainedby a V-alignmentconstraint. The only difference
is that the subblocks{by,bs,bs} are not atutted with eachother
Thusthe sequencef subblocksmustappearin sequenceair like

XRY) = (...by...bg....b5...,...b1...b4...b5...). Sodo the sequences

bl,b4,b6) and(bg,b7) AII thesecondltlonstogetherguaranteehe
topologicalrelationbetweersubblocksto recover the original recti-
linearshape We adddummyblocksto keeptherelative positions.

For bettermanipulationof data,we usean orthogonallink list

(calledO-list) to representhe partition of therectilinearblock. An
O-list consistsof a setof H-lists and a setof V-lists asshavn in
Figure 6. EachH-list containsthe sequenceof subblocksto be
alignedhorizontally andeachV-list containsthe sequencef sub-
blocksto be alignedvertically. For H-partitionedsubblocks,each
H-list is treatedas an H-sequentiakonstraint,requiringto satisfy
theadjaceng-ordercondition. Any two adjacent-lists arerequired
to satisfythe non-crossingcondition. EachV-list is treatedasa V-
sequentiatonstraintyequiringto satisfythe ordercondition.

O-list={H-lists, V-lists}.V-lists

Figure6: Theorthogonalink list, O-list, is {H-lists, V-lists}.

5. Algorithm

Notethatthecalculationsof x andy coordinate®f all theblocksare
doneindependentlyby evaluating (X,Y) and (XR,Y) respectiely.
In thefollowing we mainly describethealgorithmto evaluate(X, Y)
in the presencef constraintsincethe evaluationof (XR Y) canbe
donesimilarly.

The underlineengineof our algorithmis basedon computing
longesttcommonsubsequenagaresentedh [17] with alignmentoper
ationpluggedin. Sincethealignmentoperatiormayintroduceover-
lap amongblocks/subblockswe needto re-esaluatethe sequence
pair to resole overlap. Oneiterationof LCS computationmay not
alignall subblocksmposedoy rectilinearshapeconstraintsbecause
alignmentoperationdor differentrectilinearshapesreaffectedby
eachother However, sincethereis no crossingbetweerrectilinear
shapeconstraintsas statedin Theorem2, rectilinearshapesanbe
keptin bottom-uporderin y direction. Firstiterationof LCS compu-
tationalignsthebottommostectilinearshape Anotheriterationwill
align at leastanothersetof subblocksrelatedto a rectilinearshape
constraint,and so on. Thus at mostm+ 1 iterationsare needed,
wherem is the total numberof rectilinearshapeconstraints On the
otherhand,if afterm+- 1 iterationsstill notall subblocksarealigned
for all rectilinearshapesthentheremustexist crossingoetweerrec-
tilinear shapegVviolating the conditionin Theorem?2). In this way,
our algorithmcandetectwhethercrossingexists. 2

Let Ics(X,Y) denotethe returnvalue of the algorithm,i.e. the
length of the longestcommonsubsequencwith alignmentopera-
tion andthedummyblocksintroducedy constraintsConsequently
Ics (X,Y) > W, thewidth of theframe.

Analogouslywe can evaluate(XR,Y) to computethe y coordi-

natesof blocks/subblocksSimilarly Ics'(XR,Y) > H, the heightof
theframe. Thetime compleity of the algorithmis statedin thefol-
lowing theorem.

Theorem 3. The algorithm evaluates a sequence pair in O(mn
loglogn) time where misthe total number of rectilinear shapes and
n isthe number of block/subblocks.

If asequenceairis feasible thenthe placemenproduceddy the
sequencair mustbe containedwithin the given frame. Thus,we
have thefollowing necessarandsuficient condition.

Theorem 4. A sequence pair (X,Y) is feasible if and only if
les (X,Y) =W and lcs' (XRY) = H.

In real-world floorplanningon fixed die-size,we not only place
all blocks/subblocksvithin the givenframe,but alsoconsidersome
otherobjectves, suchasminimizing wire length. Floorplanningis
an NP-hardproblem. We usesimulatedannealingto searchfor an
optimalfloorplan.

The following operationsare usedto generatea neighborse-
guencepairin simulatedannealing.

Movel is to move a block/subblockin thefirst sequenc& from
theoriginal positionto a destinatiorposition. Movelstill maintains
the relative ordering of other blocks/subblocks.Note that Movel
doesnot changehesecondsequencd. Thedestinatiorof amoved
unconstrainedblock or rectilinearconstrainedubblockis within an
interval. It is easyto computetheintervals andpick arandomdesti-
nationwithin theintervals. Obviously, Movel canbe donein linear
time.

Move2 is similar to Movel exceptthatit operatesn the second
sequency.

2RecallthatBellman-Ford algorithm,which computeshortespath,
usegV| iterationsto detectnegative cycle.



Rotation is to rotateanunconstrainedblock (e.g. exchangethe
width and heightof the block). Rotationdoesnot changethe se-
guencepair representationThis operationcanbe donein constant
time.

Flip is usedto changethe orientationof a rectilinearshape. If
arectilinearshapeis H-partitionedto a setof subblocksthenFlip
operationwill causethe shapeto be V-partitioned,and vice versa.
The operationon sequenceair is to reversethe order of the setof
subblocksn thefirst sequenceandwe alsoneedto updatethe O-list
of therectilinearshape Flip canbedonein lineartime.

Notethatif asequenceair (X,Y) is infeasiblethenlcs (X,Y) >

W orlcd XR,Y? >H. Therefordcg (X,Y) —W andlcs’(XR,Y? —H
measureheviolationin x andy directionrespectiely. Naturally, we
usethefollowing costfunction

C=Ilcd(X,Y)-lcs (XRY)+AL

wherelL is wire length,and A is coeficient for balancingthe two
factors.The costfunctionunifiesthe evaluationof bothfeasibleand
infeasiblesequenceairs.

6. Reachability

The solutionspacewe explorein simulatedannealingncludesonly
sequenc@airsthat satisfythe orderingconditionimposedby The-
oreml1. We relaxthe conditionimposedby Theorem2, andlet the
algorithmto evaluateit asmentionedabore. We canprove within
the solutionspaceary sequenceair canreachary othersequence
pair througha sequenc®f move operations.Given ary two differ-
entsequencegairsin the solutionspacepnecanbe changedo the
otherasfollows. First, we useflip operationto make the ordering
of constrainedsubblocksbe the samein the two sequencesThen,
onesequenceanbe“sorted”into theothervia movel/moe2opera-
tions. Notethatmovel/mae2 doesnot changeherelative ordering
of constrainegubblocks We needatmostmflip operationsSorting
onesequenceequiresat mostn movel/mawe2 operations.In total,
at mostm+ n operationsareneededo transforma sequenceair to
anotherin the solution space. Therefore,the diameterof solution
spaceis at mostm+ n (diameteris the maximumdistancebetween
ary two solutionswherethe distancebetweentwo solutionsis the
minimumnumberof movestransformingoneto the other).

7. Experimental Results

Tablel1: Min-arearesultsof floorplanningwith rectilinearshapes.

constraints tfime | area | dead

circuit | block || recti. | subblock|| (s) | (mm?) | space
apte 9 2 6 3 47.08 | 1.1%
Xerox 10 2 6 6 20.72] 6.6%
hp 11 2 6 8 9.342 | 5.5%
ami33-1| 33 3 9 23 | 1.282 ] 9.8%
ami33-2| 33 4 12 25 | 1.268 | 8.8%
ami49-1| 49 3 9 30 | 3828 7.4%
ami49-2| 49 4 12 32 | 3882 | 8.7%
ami49-3| 49 5 14 32 | 3882 | 8.7%

We have implementedhealgorithmandtestedon problemswith
variousrectilinear shapeconstraints. Many existing floorplanners
minimize chip areaor useminimizing areaasan objective. Our al-
gorithm canalsobe adaptedor min-areaoptimizationby shrinking
theframewhena feasiblesequencgair is metin simulatedanneal-
ing.

Our goal is mainly to testthe capability of the approach. Al-
thoughrectilinearshapés studiedextensiely in theliterature,most
of the previous works handlecorvex rectilinearshapeonly. There
is no commonbenchmarkor rectilinearblock placement.The test
problemsarederived from MCNC benchmarksor block placement.
We choosea numberof blocksand malke themconstrainedn vari-
ousrectilinearshapesThe algorithmperformsvery well on all test
problems.Tablel lists the experimentaresultsfor minimizing area,
whereall blocksarehardblocks. The experimentaverecarriedout
on a Pentiumlll Mobile(1.1Ghz). As anillustration, Figure 7 dis-
playsthefinal packingresultfor ami49-3.
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