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Abstract

In very deep-submicroWLSI, certainmanufcturingsteps— notably
optical exposure resistdevelopmentandetch,chemicalvapordeposi-
tion and chemical-mechanicaolishing (CMP)-have varying effects
on device andinterconnecteaturesdependingon local characteristics
of thelayout. To make theseeffectsuniformandpredictablethelayout
itself must be madeuniform with respectto certaindensityparame-
ters. Traditionally only foundrieshave performedthe post-processing
neededto achieve this uniformity, via insertion (“filling”) or partial
deletion(“slotting”) of featuresn thelayout. Today however, physical
designandverificationtools cannotremainoblivious to suchfoundry
post-processingWithout an accurateestimateof thefilling andslot-
ting, RC extraction, delay calculation,andtiming and noiseanalysis
flows will all suffer from wild inaccuracies.Therefore future place-
and-routetools must efficiently performfilling and slotting prior to
performanceanalysiswithin the layoutoptimizationloop. We give the
first formulationsof thefilling and slotting problemsthatarisein lay-
out post-processingr layoutoptimizationfor manufcturability Such
formulationsseekto addor remove featurego a givenprocesdayer, so
thatthe local areaor perimeterdensityof featuressatisfiegprescribed
upperandlowerboundsn all windowsof agivensize.We alsopresent
efficient algorithmsfor densityanalysisas well asfor filling/slotting
synthesis.Our work pravidesa new unificationbetweemmanufctur
ing andphysicaldesign andcapturesanumberof generatequirements
imposedon layoutby the manufcturingprocess.

1 Introduction

As CMOS technologyadwanceso the 180nmgeneratiorandbeyond,
the manufcturing processhasan increasinglyconstrainingeffect on
physicallayout designand physicalverification. Foundry economics
dictatethat processwindow volumesbe maximized;this in turn dic-
tatesthatdevice andinterconnecfeaturesbe fabricatedaspredictably
anduniformly aspossible.On the otherhand,the physicsof semicon-
ductorprocessingnale large processvindows anduniform manuéc-
turing difficult [3] [11] [8] [4]. In particular:

1. opticalinterferenceeffectsin lithographycancreate‘iso-dense”
effects,wherethe exposureintensityfor isolatedfeatureds dif-
ferentfrom thatfor denselypacledfeatures;

. reactiondynamicsin resistdevelopmentand etch, as well as
chemicalapordepositioncanexhibit microloadingeffectswhere
localvariationsin the densityof exposedfeaturesurfaceareare-
sultin line width or gatelengthvariationsacrosshe chip; and
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3. uniformity of CMP, which is usedfor planarizatiorof interlayer
dielectricqor glasswith newer shallawv-trenchisolation)in multi-
layerinterconnecprocessesjependon uniformity of features
ontheinterconnectayerbeneatta givendielectriclayerto avoid
dishingandotherirregularities.

In this paperwe areconcernegbrimarily with (2) and(3). Theconnec-
tionto (1) —thatprocess-induceconstraint®onlayoutshouldnotham-
per separateptimizationsrelatedto proximity effects(i.e., OPC)—is

understoodTo minimizetheimpactof manufcturingprocesphysics
on device yield, foundriesimposedensityrules so that the layout be-
comesmore uniform. For example,a local interconnectmetal layer
might have a requirementhatevery 10umx 10umwindow containat
least35un?, butnomorethan70 un?, of metalfeatureg1] [10]. Many

procesdayers,including diffusion and even thin-ox, canhave associ-
ateddensityrules[1] [14].1 While empty areasmustbe filled, very
wide featureqe.g.,power buseson top-layermetal) mustbe slottedto

avoid lift-of f in CMP.

Traditionally only foundriesor specialized CAD toolscompanies
have performedthe post-processingf layout neededo achieve this
uniformity, via insertion (“filling”) or partial deletion (“slotting”) of
featuresn thelayout. Today however, ECAD toolsfor physicaldesign
andverificationcannotremainobliviousto suchpost-processingdVith-
out an accurateestimateof the downstreantfilling andslotting at the
foundry all theRC extraction,delaycalculation timing, noiseandreli-
ability analysewill beinaccurateleadingto a brokendesignflow. For
instance slottingwill changethe cross-sectiomf a power bus, which
in turn affectspeakcurrentdensityandreliability.

In the Appendix,we presentanalyseshaving the extentto which
metalfilling andslottingcanaffecttheresultsof capacitancextraction
andperformanceanalysis. Otheranalysesn the Appendixshav that
filling andslotting can,for the mostpart (andespeciallyfor thefilling
case) beviewedin the single-layercontext. The preciselocationsof
fill/slot geometrie®n a givenlayerwill not significantlyaffect perfor
manceof interconnecbon a neighboringlayer Rather the dominant
effects(couplingto densegeometrie®n neighborindayers,shielding
fromfartherayers,andshieldingof non-adjacensame-layecoupling)
stemfrom lower boundson areadensityon all layers. This enableaus
to addresshemetalfilling andslottingproblemsonelayeratatime 2

Our Contributions

In this paper we give the first formulation of the filling and slotting
problemghatarisein layoutpost-processingr layoutoptimizationfor
manugcturability Essentially we seekto add or remove featuresto
a given procesdayer, suchthatthe local areaor perimeterdensityof
featuressatisfiesprescribedupperand lower boundsin all windows

LFor example,in 0.35umandbelow, onemajor semiconductohouserequiresdiffusion
areadensitybetweer0D.25and0.40,andmetalareadensitybetweer0.40and0.70. Another
majorsemiconductohouserequiresmetalareadensityto beatleast0.35. Notethatdensity
rulesandpost-processingolutionsmaydiffer betweeng.g.,ASIC andhigh-endmicropro-
cessottechnologiesgdueto tradeofs betweerdevice performancendpredictability

2There are several notableconditionsunderwhich the single-layerassumptiorfails.
Slottingapproachege.g.,for power buses)mustavoid slotting contactedareas.Thus,ary
slotting synthesisapproachmusteitherperformre-layoutof power distribution (unlikely)
or elsespecificallymark contactedectanglesvithin power busesasinviolate. Filling ap-
proachesnust pay attentionto adjacentlayersif they containdravn geometrieutside
geometrieonthelayerto befilled. For example,poly fill geometryin regionswith under
lying active diffusion cancreatespurioustransistorsandagainregionsmustbe marled as
inviolateon the poly layer.



of given size. After formally defining the filling and slotting prob-
lems, we presentefficient algorithmsfor densityanalysisas well as
filling/slotting synthesis. The remainderof this sectiondefinesnota-
tion and givesa generalstatemenbf thefilling andslotting problem.
Then, Section2 gives new algorithmsfor analysisof minimum-and
maximum-densityi.e., extremal-densitywindows. All of thesemeth-
odscanoptionally returnall extremal-densitywindows, or all violat-

ing windows, with the sametime compleity neededo returnasingle
extremal-densitywindow. Section3 establisheperformancebounds
for two practicalapproximationdor the filling and slotting problem,
namely whenonly windows of fixed dissectionof the layoutregion

needto satisfydensitybounds.Section4 developsnew algorithmsfor

synthesiof filling/slotting geometriesandwe concludeby listing sev-

eraldirectionsfor futureresearch.

Notation and Problem Statement
We will usethefollowing notationanddefinitions.

e Theinputis alayoutconsistingof rectangulageometries

¢ ¢ = smallerof theminimumfeaturewidth andminimumfeature
separationThevalueof c is typically 25 to 50 timesthe manu-
facturingunit.

e w = fixedwindowsize. The window is the moving squarearea
overwhichdensitylowerandupperboundsapply A typicalwin-
dow sizewould bew = 50-c.

e n = sizeof thelayoutregion side. Typically, we might seen as
anintegerwhich is about50,000- c. Notethatc doesnotimply
that? is “the sizeof thegrid™: theonly grid thatis guaranteeds
themanufcturinggrid, whichis typically 25to 50timessmaller
thanc.

e k= thecompl«ity of the original layout,i.e., the total number
of rectanglesn theinput.

e L5,Uy = areadensitylower andupperboundsexpressedasreal
numbers0 < Ly < Uz < 1. Eachw x w region of the layout
must containtotal areaof features(consideredas a fraction of
thequantityw x w) satisfyingthesebounds.

e Lp,Up = perimeterdensitylower and upperboundsexpressed
asreal numbers0 < Lp <Up < 1. In practice,the maximum
perimetedensityis attainedn memorycores andtheboundd_p
andUp aresetwith respecto this maximumdensity Considera
w x wwindow filled with asmary smallc x c squaresspossible,
wheretheoriginsof the smallsquareareoffsetfrom eachother
by integer combinationsof the vectors(0,2c) and (2c,0). We
considerthetotal perimeterof thesesquarego be the maximum
possiblefeatureperimeter Then,eachw x w region of thelayout
mustcontaintotal perimeterf featureqconsideredisa fraction
of the maximumpossiblefeatureperimeter)satisfyingthe given
bounds.

e Lg4,Uq = densitylower andupperboundsexpressedsrealnum-
bersO < Lq < Uq < 1. It turnsout thatmostof our resultsand
algorithmseasily apply to eitherthe areadensityor perimeter
densityregimes. Thus,we will genericallyindicatethe density
boundsusingLy andUy.4

30urimplementatiomeadsin layoutsfrom GDSII Streamformat. Without lossof gen-
erality, our discussiorbelov assumeshatrectilineargeometrieshave beenfracturedinto,
say horizontallymaximalrectangleslt is alsopossibleto generalizeour analysesindal-
gorithmsfrom rectangleso trapezoidsNote thatstandardndustrytools,suchasCadence
Dracula,will fracturegeometriesnto horizontaltrapezoidg2].

4To our understandinggurrentfoundrieshave not yet imposedboth areadensityand
perimeterdensityboundssimultaneouslyn a given layer [14]. However, we expectthat
suchsimultaneousonstraintswill be requiredin future technologiesandwe analyzefill
patternsynthesidor suchasituationin Section4 belaw.

e An extremal-densityvindow is a window with eithermaximum
densityor minimum densityover all windows in the layout. If
an algorithm appliesto either maximum-densityor minimum-
densityanalysiswe genericallyreferto extremal-densityanaly-
Sis.

Giventhe definitionsandparametersibore, we definethe Filling and
Slotting Problemasfollows:®

The Filling and Slotting Problem. Given a designrule-

correctgeometryof k disjoint rectilinear rectanglesn an

n x n layoutregion, a minimum featuresize ¢, areaand/or
perimeterdensity upper and lower boundsLa, U, Lp and

Up, anda window sizew < n, addfill andslot geometries
into the layoutwhile preservingeircuit functionanddesign
rule-correctnessuchthat every w x w window in the lay-

out region satisfieghe lower andupperboundson areaand

perimeterdensity

2 Algorithmsfor Density Analysis

BeforeaddressingheFilling andSlottingProblemwefirst developal-

gorithmsfor densityanalysig(with respecto eitherareaor perimeter)
in a givenlayout. Given a fixed layoutandwindow size,we shallde-
terminea maximum-densityanda minimum-densitywindow (i.e., our

analysiswill returnextremal-densityindow(s)). Our densityanalysis
methodsanreportall violationsof densityboundsn thelayoutwithin

the sametime complity neededo reporta single extremal-density
window (seeSection2.5). We statethe densityanalysisproblemas
follows:

Extremal-Density Window Analysis. Given a fixed win-
dow sizew andasetof k disjointrectangle$n ann x n layout
region, find anextremal-densityv x wwindow in thelayout.

Thissectiorpresentsiserief algorithmsfor theExtremal-Density
Window Analysis problem. We first presenta densityanalysisalgo-
rithm with time compleity O(n?) thatis strictly a functionof the lay-
out size. We thendevelop a differentalgorithmwith time compleity
O(K?) thatis strictly afunctionof thenumberof rectanglesFinally, we
proposean algorithmwith evenfasterexpectedruntime. Notethatthe
O(n?) andO(k?) time complexities areincomparablén termsof effi-
cieng, sincek? cansometimede muchsmallerthann? (e.g.,k = 100
andn = 10%) andatothertimesmuchlarger(e.g. k= 10° andn = 10%).
Therefore our choiceof algorithmfor densityanalysiswould depend
ontheexactvaluesof n andk, with overalltime compleity of the“hy-
brid” approactbeingO(min(k?,n?)).

2.1 ALG1: O(n?) Density Analysis

Ourfirst algorithmfor densityanalysishastime compleity O(n?), and
operatessfollows.

1. Initialize ann-n booleararrayB to all 0’s,andthenput1’sin ar
raypositionscorrespondingp areasn thelayoutthatarecovered
by thek rectanglesThis takestime O(n?).

2. Createanothem-narraySandinitialize eachd[i, j] to beequalto
thenumberof 1'sappearingn thesouthwestuadranbf arrayB
with respecto coordinate]i, j] (i.e., §i, j] countsthe numberof
1'sin thesubarrayB[1..i,1..j]). This canbedoneby scanning®
onerow atatimefrom left to right, maintaininga runningsumof
the 1's encounterean all therows, andstoringall thesepartial
sumsinto thearrayS. All this preprocessingequiresa total of
O(n?) time.

5 Notethatthis is a satisficingformulationwherewe seekonly a feasiblesolution,as
opposedo anoptimizationformulationwherewe seeka bestsolution. We caneasilygive
variantoptimizationformulations(e.qg.,insertaslittle metalaspossible minimizethe sum

of window densitydeviations from an ideal density etc.). However, it appearghat the
currentstateof technologydoesnot yetrequiresuchformulations.




3. After this preprocessinghase the densityof an arbitrary-size
w x h rectanglewith its bottom-leftcornerlocatedat anarbitrary
position(i, j) canbefoundin constantime, asfollows:

densityw x h rectangleat (i, j))
Si+wj+h—Si+wj]—Si,j+h+5i, ]

Thisformulausegheprincipleof inclusion-eclusion:thefourth
termis addedn theformulaabore sinceit isimplicitly subtracted
twice by the middle two terms. The techniqueis analogougo
efficientrangetally queriesn computationageometry[9].

In particulay the densityof all O(n?) windows of fixed sizew x w
canbedeterminedn O(1) time perwindaw, i.e., atotal of O(n?) time.
All extremal-densitywindows canbe determinedusingthe sametech-
niguewithin the sametime compleity. This methodgivenis consid-
erablymoregenerathanis requiredto solve the extremal-densitywin-
dow problem,in thatthe preprocessingnableshe future solution of
arbitrary dynamicqueriesin constantime per queryfor any window
sizew x h. Thus,w andh areboth (variable)parametersn the query
input, ratherthan fixed (asis the casein practice)over all input in-
stances.

2.2 Propertiesof Extremal-Density Windows

To obtainanalgorithmwith time compleity thatis strictly afunctionof
k (asopposedo afunctionof n), wefirst prove aresultthatis analogous
to Hanans Theoremfor the rectilinear Steinerminimal tree problem
[6]. TheHanangrid over agivenlayoutis formedby creatingvertical
andhorizontallinesthatpassthroughall the sidesof all therectangles
(Figure1)8

U

]

—

Figurel: A layout(left) andits correspondingdanangrid (right).

Theorem 1 Givena layoutof k rectilinearly-orientedectanglesn the
nx n grid and a fixedwindowsizew, there existsa w x w maximum-
densitywindow having at least one of its corness at a vertex of the
Hanangrid. 0

Theoreml actuallyestablishes strongemresultthan coincidinga
vertex of the maximumwindow with a Hanangrid point: it shavs that
therealwaysexistsamaximum-densityvindow thattouchegectangles
of thelayoutwith atleasttwo of its sides(thesesidesmight touchthe
sameayoutrectangle) This obserationhelpsusto designanefficient
algorithmfor densityanalysissinceit limits thepossibldocationsof a
maximum-densityindow (i.e., akutting eitheroneor two of thelayout
rectangles)Theamgumentusedto prove Theoreml canalsobeusedio
establishananalogousesultfor minimumdensitywindows.

SHereandelsavherein whatfollows we stateour resultfor maximum-densitwyindows,
explainingthe extensionto minimum-densitywindows only if thereis somepossibility of
confusion.All proofsareomitteddueto spaceconstraintsbut areavailablein ourtechnical
report[7].

Corollary 2 Givenalayoutofkrectilinearly-orientedectanglesn the
nx n grid anda fixedwindowsizew, there existsa w x w windowwith
extremalarea densitythat abuts layout rectangleswith at leasttwo of
its sides. 0

Noticethatatypeof geometricsymmetry/dualitys presentere,in
thatlayoutrectangleshut the interior of maximum-densityvindows,
andalut the exterior of minimum-densitywindows. Finally, a similar
amumentestablishesinalogousesultsfor windows having maximum
or minimumperimeterdensity

Coroallary 3 Givenalayoutofkrectilinearly-orientedectanglesn the
n x n grid anda fixedwindowsizew, there existsa w x w windowwith
extremalperimeterdensitythatabutslayoutrectanglesvith atleasttwo
of its sides. 0

2.3 ALG2 O(k?) Density Analysis

Recallthat Theoreml1 shaws that an extremal-densitywindonvy must
touchrectangle®f thelayoutwith atleasttwo of its sides.We obsere
thatthereareonly O(K) sidesof rectanglesn the first place,andthat
O(K?) densityanalysiscanbeachieredessentiallyby (i) definingawin-
dow for eachof theseO(k) rectanglesides,and(ii) computingin O(K)
timethewindow’s intersectionsvith all rectanglessit slidesalongthe
rectanzgleside. This yields an algorithmwith overall time complexity
of O(k?).

We preproces$y sortingall left andright edgeof thek rectangles
by their x coordinatesnto a single sortedlist L (having up to 2k ele-
ments),within O(klogk) time. In the mainloop (2), for each“pivot”
rectangleR, we createaw x w window W thataluts R on the top and
right (i.e.,sothattheirtop-rightcornerscoincide- seeFigure2(a)). We
thencomputethe densityof W in O(k) time by intersectingV with all
k rectangle®f thelayout(Step(3) of thealgorithm).

In the inner loop (4), we slide the windov W horizontallyto the
right (Figure2(a-c))until it leavesR, updatingthe densityof W each
time its left or right edgeintersectsan edgein the list L. Note that
the perimeterand areadensityof the window W increaseor decrease
monotonicallybetweersuchintersectiorevents’ We updatethevalue
of areadensity or thetwo valuesof perimeterdensity for W in constant
time perintersectioreventby keepingtrackof thetotal “crosssection”
lengthof the currentintersectiondetweerthe rectanglesandthe left
andright edgesof W. We addnew intersectionghatenterthe window
W asit adwanceshorizontally andwe subtractfrom the total the areas
of rectangleghatexit thewindon W ontheleft duringthesliding pro-
cess. Finally, we repeatSteps3 through5 for all otherO(1) starting
orientationof W with respecto the pivot rectangleRr (Figure2(d-f)).
Theoveralltime compleity of thisalgorithmis dominatedoy the O(k)
scanswhich requireO(k) time each. A formal definition of the algo-
rithmis givenin Figure3.

2.4 ALG3: Fast Expected Time Density Analysis

Chaging O(k) time for eachscanin the ALG2 analysisis pessimistic,
sinceeachslidingwindow is expectedo intersecbnly asmallfraction
of the total numberof rectanglegthe window size is typically very
smallcomparedwith the overall layoutarea).For eachpivot rectangle,
it would be advantageouso scanthroughonly the few rectangleghat
actuallyintersecits associatedlidingwindow (asopposedo scanning
all k rectangles).

We implementthis speedupvia a new fixed-dissectioprepocess-
ing step, modifying our algorithmfrom Figure 3. The layout areais
first partitionedinto VL\‘, X vﬂv square®f sizew x w each.Then,for each
suchsquarewe createa list of rectanglesntersectingt; doingthis for
all squaresequiresasinglepassthroughall rectanglesThe mainloop

"The areadensityis a continuousfunctionandall its minimaor maximaoccuronly at
suchintersectionsThe perimeterdensityhasdiscontinuitiesvhena window edgecrosses
a vertical featureedge. Therefore at suchintersectioneventswe maintainboth possible
valuesof perimeterdensity(i.e., with andwithouttheverticalfeatureedge).
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Figure2: ALG2 startsa window ahutting a pivot rectangle(a) and
slidesthewindow to theright, stoppingateachedgethatintersectsts
perimeten(b), until the pivot abuts the oppositeside of the window,
on the outside(c). Othercombinationsof the pivot-window orien-
tationsare then explored (d-f). This processs repeatedor every
rectangleusingeachasapivotin turn.

ALG2: O(k?) Density Analysis

Tnput: nx nlayoutwith k rectangles

Output: all extremal-densityv x w windows

(1) Sortall theleft andright edge=of all k rectangledy

x coordinatesnto a sortedlist L

Ezg For each’pivot” rectangleRdo

3) Findthedensityof aw x w windowv W

5

5

Recordchangesn densit%/ ] ] )

83) Repeasteps(3-5) for all otherstartingorientationgor W
utput all extremal-densityindows

thatalutsR onthetop andright
While W intersect®R do ) ] ]
SlideW to theright to the next point of intersection

with oneof theedgesonthelist L

Figure3: ALG2: O(k?) densityanalysis.

of the algorithmchecksthe rectangleintersectionsor a givenw x w
querywindow W by examiningfour lists of rectanglegcorresponding
to thefour squareshattogethercoverW).

Theorem 4 Given k non-overlapping rectangleswith positionsuni-
formly distributedin the n x n grid, the algorithmfrom Figure 3 finds
the maximum-densityv x w windowin time O(k- E), after applying
a fixed-dissectioprepocessingohasewith runtime O(( )2 + (1)2.
E- Iog((vﬂv)2 -E)), whee E is the expectednumberof rectangleshat
intersectan arbitrary w x w window 0

We call this improved-preprocessinglgorithm ALG3. We canshav
thatthe expectednumberof rectangleshatintersecta givenfixed-size
window is indeedquitesmall.

Theorem 5 Givenk arbitrarily-sizeddisjointrectangledocatedatran-
dompositionschoserfroma uniformdistributioninsidethen x nlayout
region, theexpectechumbelE of rectangleshatintersecta givenw x w
windowis boundedoy E = O(k- (¥)?). O

By the previous two theorems substitutingE = O(k - (¥)?) into the
overall time compleity of O((2)2+ (2)2-E-log((8)2-E) + k- E)
yields:

Coroallary 6 Givenkrectanglesnthenx nlayoutregion,themaximum-
densitywidth-w window can be foundin time O((2)? + klogk + k2 -

(1)2). O

Note thatbecaus@window cannotcontainmorethanO(w?) rect-
angles,the expectedtime compleity of ALG3 is also boundedby
O((8)2 4 klogk+k-w?). Thesamealgorithmandexpectedime bounds
will holdfor findingminimum-densitwindows, aswell asfor extremal-
perimeterdensityanalysis.

2.5 Remarks

Our algorithms,as stated,addressonly the problemof finding a sin-
gle extremal-densityvindow. However, they all implicitly find andre-
portall windows having extremaldensity In fact, all of thealgorithms
above will detectevery window of the layout whosedensityviolates
either of the given densitythresholds(either lower or upper)® This
informationcanbe reportedby printing ary extremaldensityencoun-
teredat the endof every scanphasenvolving eachpivot elementjf its
valueviolatesa densitybound. Reportingall densityviolationsin this
mannerdoesnotincreaseherunningtime of ary of our algorithms.
We mustalsore-emphasizéhatall our techniqueutlinedabove
extendin a straightforvard way to computingextremal-densitywin-
dows with respecto total perimeter For example,to adaptthe O(n?)
algorithm of Section2.1 to perform perimeterdensity analysis,Step
(2) of that algorithmshouldmark the locationsin array B that corre-
spondto the perimeterf thek rectanglesThen,Step(2) of thealgo-
rithm of Section2.1 will add up the total perimeterlengthsin each
point’'s south-westquadrant. After all this preprocessingarbitrary-
window extremal-perimetequeriescanbe performedn constantime
perquery To adaptsliding-windav areadensityanalyseso the detec-
tion of extremal-perimetedensitywindows, we keeptrack of thetotal
rectanglegperimeteiinsidetheslidingwindow, ratherthanthetotal rect-
anglearea. The only caveatis that consisteng mustbe exercisedin
decidingwhich grid pointsareconsideredo be occupiedby particular
rectangleperimeters.Finally, all algorithmsdescribedabove work for
ary non-squarsv x h querywindow, evenif w andh areinput parame-
ters(asopposedo beingfixedover all inputlayouts).

3 Fixed-Dissection Density Analyses

In attemptingto verify (or satisfy)upperandlower densityboundsfor
w x w windows, a very practicalmethodis to check(or enforce)these
constraintonly for w x w windows of a fixeddissectionof the layout
into ¥ x ¥ tiles, i.e.,thesetof windows having top-leftcornersatpoints
(i-¥,j- ), fori,j=0,1,...,r(§% — 1); herer is aninteger divisor of
w. To our knowledge,this is the type of verificationthatis mostof-
tenperformedby commerciatools? Unfortunatelya fixed-dissection
schemédor smallr cannotguarante@anynontrivial densityboundsover
all wx w windows (asopposedo only thefixedtilesin thedissection).
Forr = 1, evenif theareadensityof eachtile in thefixeddissectioris
guaranteetb beatleast75%,acompletelyemptyw x w tile canexist.
Corversely if the areadensityof eachwindow in the fixed dissection
is guaranteedo be at most25%, a completelyfull w x w window can
exist.

8Practically speakingthis is the most commonusemodel: a designewould like to
know all areasof his layoutthatviolate densitybounds sothattheseareascanbe fixed or
anexceptiongrantedby the projectmanagementAny designmay have numerousspecial
caseghatrequireexceptionsg.g.,padsandscribeline areas.

9As anexampleof afixed-dissectioAbaseccommerciahnalysigool, considetthe Drac-
ulaCOVERAGE command?2], or capabilitiesof maskanalysigoolsin the TCAD marlet-
place[14]. DraculaCOVERAGE, for example,allows checkingof areadensityupperand
lower boundsin w x w windows (e.g.,w = 50um) thatoccurat a fixed offset, or step(e.g.,
¥ = 10umandr = 5), from eachother

T =



On the other hand, the analysisof fixed dissectionscan be done
muchfasterthanthe analysisof all eligible w x w windows. Firstwe
initialize an array of § x & countersassociatedvith all of the fixed
dissectionwindows, andthenfor eachrectangleR, we incrementthe
countersof the windows intersectingR by the areaof the intersection.
In caseof r > 1, we repeatthe procedureabove r? timesin orderto
checkall (r - &)Z windows.

In therestof the sectionwe seekwaysin which densityboundsor
arbitrarily locatedwindows canbe enforcecdby densityboundson fixed
dissectionwindows. Suchrulescanbe viewed asa form of density-
relatedlayout designrule. We comparetwo ways of applylngsmple
local rulesto windows having top-left cornersat points (i - ¥, j - ¥),
i,j=0,1,..., 8 for somer > 1 suchthat¥ is aninteget Flrst we con-
siderwhat happensmhenwe enforceupperandlower densitybounds
in eachindividual ¥ x ¥ tile of ourfixeddissection(Theorem?7), and
thenwe derive upper/lcwer boundsin the casewhenwe enforceden-
sity boundsfor standardv x w windows (Theorem8). For example,if
we enforcethe areadensityto be at least25% (i.e. Ly = 0.25), then
(for r = 5) thefirst rule guarantee$6%areadensitywhile the standard
methodcanguaranteenly 6%. Thebound$rom Theorem& and8 can
helpto chooseappropriateombination®f fixeddissectionsanddesign
rulescorrespondingo specifiedareadensitylower/uppebounds.

Theorem 7 Supposeall W W fixeddissectiortiles with top-leftcor-
ners at points(i- ¥, j - ), i,j _0 1,...,r({% — 1), haveareadensityat
leastL; andat mostUs,. Thenthe@<act|ower boundontheareadensity
of w x w windowsequals

(r—1)? 4(r—1)
]’2 ‘La+ r2

4
max{La — 0.5,0} + 2 max{La — 0.75,0}

andtheexactupperboundequals

4(r—1)

r2

(r—1)2
r2

-Ua— max{Ua — 0.5,0} — 4 max{Ua —0.25,0}.

|

Theorem 8 Supposall w x w-sizedwindowswith top-leftcorness at
points(i- ¥, j- %), fori,j=0,1,...,r(§ — 1), haveareadensityat least
La and at mostUa Thenanyw X w windowhasdensityat leastLa —
1 v+ —z andat mostUa+ , andtheseboundsare tight. 0

4 Synthesisof Filling and Slotting Patterns

Giventhelayoutgeometryalongwith the parametersf theFilling and
Slotting Problem,we wish to synthesizdill andslot geometriesuch
thatall windows satisfythe densitybounds.In this sectionwefirst con-
structfilling patterndor wiring-type layoutsthatareusuallyproduced
by preferred-directiorarearouters. Thenwe considerslotting patterns
of minimum area. Finally, we derive conditionswhenboth areaand
perimeterdensityboundscanbe satisfied andwe suggesappropriate
filling patterndor suchsituations.

4.1 Fill Synthesisfor Wiring-Type Layouts

Herewe presentnefficientmetalfill synthesislgorithmthatwill han-
dle layouts containingmostly wires occupying discreterows, where
wire segmentshave discretewidths andvarying lengths. Griddedpre-
ferred-directiorarearouterstypically producesuchgeometries.

If the separatiorbetweeradjacentvire rows for this typeof layout
is nearlythe sameasthewidth of therows (rectangles)thelayoutden-
sity never exceeds50% or 60% arywhere. Thus,typical densityupper
bounddrivially hold (i.e.,arenever violateddueto the minimumspac-
ing rulesfor interconnect).To solve the Filling and Slotting Problem
for thiskind of layout,we only needto make surethatthe densitylower
boundis satisfiedeverywhere An O(klogk) algorithmcanachieve this
asfollows:

1. Sortthewires/rectangleby rows, andwithin eachrow sortthem
by the coordinate®f their leftmoststartingpoints.

2. For eachrow, from left to right, createmetalfill in the spacebe-
tweentherectanglegwith smallseparatiorirom theneighboring
rectangle®ntheleft andright).

Figure4 shavs anexampleof awiring-typelayoutalongwith themetal
fill solutionproducedby the above algorithm. Mary currentdesigns
containregionswith wiring geometrie®f this form.

| [ | |
l I I |

| | | | |
(b)

Figure4: (a) An exampleof a wiring-type layout, and (b) a corre-
spondingmetalfill solution(shadedectangleslenotemetalfill).

4.2 Minimization of Slotting

To minimizetheslotting of rectangleswe proposethefollowing algo-
rithm that,wheneer possiblefavorsaddingmetalfill to emptyregions
ratherthanslotting existing rectanglesThe mainideaof this approach
is asfollows.

1. Inside every rectangle f thereis enoughroom inside, slot the
rectanglelengthwiseusing parallel slots of width wy, spaceda
distanceof d; apart.Theparameters; andd; arechosersothat
the densityinside the rectangledoesnot exceedthe maximum
allowabledensity(seeFigure5(b)).

2. Outsideevery rectangle,if thereis enoughroom (with respect
to neighboringrectangles)createa maximum-densitynetalfill
bandof width w, atdistanced, away from therectangleleaving
emptyspacebetweertherectangleandthisband(seeFigure5(c).

3. Fill up the remainingemptyareasof the layout (outsideall the
outerbands)with acanonicaklottedmetalpatterncorresponding
to the densitylower bound(seeFigure5(d)).

This algorithmclearly satisfieghe densityupperandlower bounds
for appropriatevaluesof di,w;,d> andw, which dependonw, ¢ and
the densityupperandlower boundst® Thesevaluescanbe computed
in constantime, andthe overall algorithmcanbe implementedo run
efficiently.

4.3 Simultaneous Area and Perimeter Bounds

In this subsectionwe characteriz&eombinationsof areaand perime-
ter densitiegDa, Dp) thatcanbe simultaneouslpatisfiedoy the same
filling pattern.

As discussedn Sectionl, all geometrieamust satisfy minimum
lengthand minimum separatiorrules. In particular nofill featuredi-
mensionsnor ary distancebetweenfeatures,canbe lessthanc. In

10Recallfrom Section1 that slotting requiresseveral designflow changesparticularly
sinceslottedpower buseswill have reduceccurrentcarryingcapability The slottingorien-
tationis alignedwith thedirectionof currentflow.
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Figure5: For eachrectangleof the given layout(a), we createpar
allel slotsin the directionof the currentflow, and a corresponding
maximum-densitypandjust outsidethe rectangle(b). All remain-
ing emptyareasdetweernrectanglesrefilled with a canonicaimetal
patternhaving minimumdensity(c).

practice,the distancebetweerfilling or slotting geometriesandnear
estlayoutfeatureis constrainedo begreaterthanc’ > c. However we
canstill view regionseligible for filling asc-polyominoesi.e., poly-
ominoes[5] with sidesa multiple of ¢ thatarein distancec’ from the
layoutfeatures.Thefill patternshouldalsoconsistof polyominoesn
thec-grid, i.e.,theminimumseparatiomule impliesthata pair of filled
cells which shareexactly one cornershouldhave one commonfilled
neighboringcell.

First, we will describefilling patternsfor a rectangularegion R
which have maximumperimeterandeitherthe minimumor maximum
allowableareadensity ThepatternPnin with theminimumareadensity
fills all cellswhich have top-left cornercoordinatega+ 2ci,b+ 2cj),
where(a, b) is oneof thecornerf R (seeFigure6(a)). Thispatternhas
areaslightly morethan%1 -areaR), becausd fills approximatelyevery
fourth cell of R. The patternPyax with maximumareadensityfills R
completelyleaving emptyonly cellswith coordinatega+ c+ 2ci,b+
c+ 2cj) (seeFigure6(b)). Theareaof this patternis slightly largerthan

-area R) becausét leavesemptyapproximatelyevery fourth cell of

_;U-blw

Two morepatternsarenecessaryor completingthe descriptionof
all possiblepatterns.Thesearesimply the emptypatternPy with zero
perimeterand area,and the completely-filledpatternP; having both
perimeterand areaequalto thoseof R. In the graphof Figure7, the
x-axis represent@reaand the y-axis represent@erimeter The high-
lighted region with verticesPy, Pmin, Pmaxand Py representshe com-
binationsof areaand perimeterdensitiesfor which thereexist filling
patterns Noticethata squarehasthe minimum perimetemwith a given
area.Let Sbetheareaof a maximumsquarewhich canbe embedded
in R. Beforethe patternareareachesS, the minimum perimetergrons
quadraticallypastS, the minimumperimetemgrows linearly.

Thealgorithmfor finding a patternwith a givenareaandperimeter
is straightforvard: it startswith the minimum areapatternthathasthe
givenperimeterandsequentiallyaddssquarecellswith sidec until the
necessarareais achieved.

5 Computational Experience

We now reportour computationakxperiencefor (i) the fastexpected
time algorithm of Section2.4 (ALG3), and (ii) a simpleimplemen-
tation of the approximateoverlappingfixed-dissectionapproachof
Section3 (FD), with r = 1,2,5,1011 Our benchmarksnclude CIF-
formatted(corvertedfrom GDSII Stream)M2 geometriesrom three

UGivenafixeddissectiorinto (n/w)? windows of sizew x w, we iterateover eachlayout
rectangle,and add the rectangles areacontritution to the total of eachwindow thatthe
rectangleintersects.We thencheckall windows to find the window with maximumarea
density We repeathis process? times.
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Figure6: Two patternsvith maximumperimeter (a) the patternPmin
with minimumpossiblearea and(b) the patternPyaxwith maximum
area.
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Figure 7: The x-axis representshe areaand the y-axis represents
the perimeterof thefilling pattern.The highlightedregion with ver
ticesPy, Pmin, Pmax andPy representshe combinationof areaand
perimeterfor which thereexistfilling patterns.

standard-cellayoutsproducedby an industry place-and-routé¢ool 12
We alsouserandominstancesf k = 200Q400Q 800Q 16000 rectan-
glesin squardagoutregionsof siden =200Q4000,with window sizes
w=20,40,801

Table 1 shaws runtimesand maximumcomputedareadensityfor
eachalgorithm. The first column of the Table representghe triple
k/N/w/Type where“Type” denoteghetwo regimesof “wiring-type”
(W) and“random-small”’(R) (seeFootnotel3). The secondcolumn
gives the runtime (in CPU secondson a 167MHz Sun Ultra-1) and
maximumwindow densityfor the algorithmof Section2.4. Thethird
throughsixth columnsgive (CPU anddensityvalues)obtainedby the
overlappingfixed-dissectiongpproachusingr = 1,2, 5, and 10, re-
spectvely. We obsenre that,asexpectedthefixed-dissectiompproach
is fasterbut lessaccurateandthatits accurag improvessteadily(atthe
costof additionalCPUtime) asr increases.

6 Conclusionsand Ongoing Research Directions

In conclusionwe have introduceda critical new problemin theinter
facebetweerlithography physicallayoutdesignandperformancever-
ification. We have giventhefirst formulationof thefilling andslotting
problemsthat arisein layout post-processingnd layout optimization

12Benchmarkl correspondto a 1756-celldesignandhas4470rectanglesBenchmark?
correspond#o a 8131-celldesignandhas47904rectanglesandBenchmark3 corresponds
to a 20577-celldesignand has127760rectangles.For thesethreebenchmarkswe have
n=3413461888111905andw = 2000 200Q 4000for window size.

13 Until k rectanglehiave beengeneratedye repeatedlygenerate new rectanglenaving
width uniformly randomin [Wmin, Wmay andheightuniformly randomin [hmin, hmay, such
thatthe rectangléfits insidethe layoutregion andis at leastdistancec from all previously
generatedectangles.Therearetwo regimes: “wiring-type” (W) useSWmin = 1, Wmax =
1000,andhmin = hmax= 1; “random-small”’(R) useSWmin = hmin = 1, Wmax = hmax= 10.



for manugcturability We have also developeda numberof effective
algoiithmsfor densityanalysig(bothin the generalcaseandin a prac-
tical context) aswell asfor filling/slotting synthesis. Our algorithms
have beenintegratedinto a software ervironmentthatincludesGDSI|
reader/writerCIF manipulationanda geometriacdatabasepreliminary
dataare encouraging put also point out the needfor carefulimple-
mentation.We arecurrentlyseekingmoretestcasesanddensityrules
from industryto further refineour approacheandimplementations?
We believe that our formulationscaptureseveral requirementsn fu-
turelithographyandprovide akey unificationbetweerithographyand
physicaldesign.Our currentwork addressesuchissuesasthe follow-
ing:
e developing more efficient, generaland provable filling/slotting
algorithms(e.g., for simultaneougperimeter and area-density
basectriteria);

¢ finding min/maxdensity/perimetewindows in worst-casdime
o(n?) or o(k?); and

e maintainingknowledgeof min/maxdensity/perimetewindowvs
underdynamicrectangleénsertion/deletiorin time o(n) or o(k).
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Interestingtest casesfor filling and slotting will not simply be place-and-routéest
casesthevastmajority of P&R instancearefor cell-basedmplementatiorof random(con-
trol or glue)logic. The majority of the chip — embeddeanemorycores high-performance
datapathsglobalclock andpowerdistribution, analogor mixed-signablocks,etc.—is what
malesthefilling andslotting problemchallenging but at the sametime suchlayoutsare
nottypically seenby aplace-and-routéool. As aresult,testcasedor the problemthatwe
addressrecurrentlyquitedifficult to obtain.

Test Runtime/ Density
k/n/w/Type ALG3 FD(1) FD2) FD(5) FD(10)
CPUden | CPUden | CPUden | CPUden | CPUden
1k/2k/20/R 9.5.360 | 0.1.208 | 0.1.230 0.5 .315 2.1 .360
1k/2k/40/R 3.5.113 | 0.0.090 | 0.1.090 0.4 .106 1.4 .109
1k/2k/80/R 2.7.045| 0.0.031| 0.1.033| 0.4.038| 1.3.038
1k/4k/20/R 35.4.340 | 0.1.203 | 0.2.203| 1.0.203| 3.8.203
1k/4k/40/R 10.1.129 | 0.0 .051 | 0.2 .058 0.5 .090 1.9 .090
1k/4k/80/R 3.5.037| 0.1.023| 0.1.023 0.4 .023 1.4 .029
4k/2k/20/R 29.7 403 | 0.2.298 | 0.4 .298 1.7 .388 5.9 .388
4k/2k/40/R 154 .169 | 0.2 .127 | 0.4 .145 1.4 .160 5.3 .161
4k/2k/80/R 26.9.078 | 0.2.067 | 0.4.067 | 1.3.069| 4.9.069
4k/4k/20/R 102.3.362 | 0.2.203 | 0.5.210 | 2.1.225| 7.9.225
4k/4k/40/R 29.7 .133 | 0.2.096 | 0.4.096 | 15.097 | b5.6.097
4k/4k/80/R 15.2.052 | 0.2 .037 | 0.4 .037 1.4 .041 5.0 .041
16k/2k/20/R 130.8.518 | 1.1 .313 | 1.5.368 5.9 .403 | 22.7 .428
16k/2k/40/R 128.6 .266 | 1.1 .188 | 1.4 .234 5.7 .249 | 20.5 .249
16k/2k/80/R 368.2.172 | 0.9.139 | 1.4 .139 5.3 .144 | 19.9 .150
16k/4k/20/R || 368.1.380 | 0.9.360 | 1.6 .360 | 6.5.360 | 23.8.360
16k/4k/40/R || 125.9.183 | 0.9 .136 | 1.5.136 | 5.6 .136 | 20.6 .166
16k/4k/80/R 123.7.096 | 0.0.083 | 1.4.083 5.4 .085 | 19.5.085
1k/2k/20/W 13.7 .350 | 0.1.300 | 0.3 .300 2.0 .350 7.6 .350
1k/2k/40/W 6.4.324 | 0.1.250 | 0.2.250 | 1.0.250 | 4.2.250
1k/2k/80/W 5.7 .242 | 0.1.210| 0.1.217| 0.6.217 | 4.0.230
1k/4k/20/W 39.9.250 | 0.2.200 | 0.4 .200 2.5.200 | 10.0.200
1k/4k/40/W 11.9.175| 0.1.100 | 0.2 .125 1.2 .150 5.1 .150
1k/4k/80/W 5.0.138 | 0.0.077 | 0.1.092 0.7 .092 2.8 .092
4k/2k/20/W 44.0.500 | 0.4 .450 | 0.9 .450 4.8 .450 | 19.2 .450
4k/2k/40/W 30.7 .474| 0.3.389 | 0.6.392 | 3.0.396 | 11.7 .413
4k/2k/80/W 46.1 410 | 0.2 .343 | 05.370 | 2.2.373| 8.1.383
4k/4k/20/W 120.1.400 | 0.5.350 | 1.4 .350 | 7.8.350 | 30.5.350
4k/4klI40/W 424 .325 | 0.3.225 | 0.8 .295 4.3 .322 | 16.6 .322
4k/4kI80/W 27.9.259 | 0.3.185| 0.6 .204 2.7 .211 | 10.4 .213
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16k/4k/20/W || 368.1.500 | 1.5.480 | 3.8 .480 | 20.4 .500 | 78.9 .500
16k/4k/40/W || 125.7 .484 | 1.2 .401 | 2.6 .402 | 12.5.404 | 48.2 .419
16k/4k/80/W || 124.3 .410 | 1.1 .332 | 2.1 .336 8.8 .349 | 33.0.370
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Benchmark2 728 .255 | 0.4 .228 | 0.9.228 | 4.3.230 | 16.1.244
Benchmarl3 3117 .863 | 1.2 .508 | 2.7 .559 | 11.5.567 | 39.9 .580
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Appendix: Fill Impact on Extraction

Table2 shavs capacitancextractionresultsobtainedwith the Raphael
3-Dfield solverfrom TMA/Avant!, for anisolatedconductor(i) with or
withoutfill insertionin emptyregionsof adjacentayers,and(ii) with
or without same-layeneighborconductorsThe simulationshavs that
ignoring the possibility of metalfill canresultin underestimatiorof
total line capacitancéy morethan50%. This canin turn leadto use-
lessRCX, delaycalculation,andtiming analysisresults.We conclude
thatthe presencer absencef fill geometriesnustbe modeledduring
performance-dvien layout optimization. Similarly, we canshav that
slottingmustalsobe modeledfor power andreliability analysesSuch
modelingmustbeefficientand“transparent”sincetherearemary iter-
ationsthroughthelayoutoptimizationloop,we mustbecarefulwith the
time compleity of fill/slot insertionandtheincrease#n datavolume.

Tables3 and4 give TMA/Avant! Raphaelcapacitancextraction
resultsfor multi-layerinterconnecstructuresnvolving fill geometries,
asfollows.



Victim Layer Total Capacitance (10~ °F)
Samedayeri | Fill layers LG LT
neighbors? | i—1,i+1?| £€=39 e=27 ””””
N N 2.43(1.00)| 1.68(1.00) | | | | | | | | | |
N Y 3.73(1.54)[ 2.58(1.54)
Y N 4.47(1.84)[ 3.09(1.84) | | | | | | | | | |
Y Y 5.29(2.18)| 3.66(2.18) | | | | | | | | | |

Table2: RaphaeB-D field solverresultsfor total capacitancextrac-
tion of asinglevictim conductor Theconductoronlayeri is 20x 1.
Line-to-line spacingis 1, line width is 1, line thicknessis 1.5, and
dielectricheightis 1.5. Metalfill featureson layersi —1 andi+ 1
are10x 1 with side-to-sidespacingof 1 andend-to-endspacingof Figure 8: Thetwo fill patternsconsideredn Raphaelsimulations:
4. Thedielectricpermittivity wassetto both 3.9 (for SiO,) and2.7 1x 1 squareseparated. unit apart(a), and10x 1 rectanglesep-
(cf. recentannouncementsy Semateclfil 2] of new low-permittivity aratedl unit aparthorizontallyand4 units apartvertically (b). The
dielectrictechnologies)Layersi — 2 andi + 2 aresetto be 40 x 40 fill pattern(b) wasusedfor the simulationsreportedn Table2.
groundplanes.

I|I I|I|I|I|I|I|I|I
(b)

first place. Similarly, Table 4 shavs thatthe total capacitancevalues

Victim B Total Capacitance (10~ 1°F) for eachof the outsideconductorgA andC) alsofluctuateby lessthan
Fill layeroffset | Fill geometry] €=3.9 €E=27 one percent. We concludethat the filling and slotting can, subjectto
N 110;11 3%82(1)883 %gég%ggg constraintsnvolving featuredependenciebetweeriayers, be viewed
Y 10X T [ 3.777(L00)| 2.615(L.00)|  asa‘single-layerproblem”.
Y Tx 1 3.745(0.99) 2.593(0.99)

Table3: TMA/Avant! Raphaekapacitancextractionresults: total
capacitancéor themiddlevictim conductoiB.

e Three20x 1 victim conductord\, B andC (with Bin themiddle),
with spacingl betweerthem,areplacedon avictim layeri. All
conductorthicknesses 1.5; dielectricheightbetweenayers=
1.5. Dielectricpermittivity wassetateither3.90r 2.7.

e A 40x 40 bottomgroundplaneis placedatlayeri — 2.

e Two typesof fill geometrypatternswere consideredor layer
i — 1 (seeFigure8): (a) 1 x 1 squarewith (x,y) originsof form
(2,2j), i andj integers,resultingin anoverall patternareaden-
sity (for an infinite layout region) of 0.25,and (b) 10 x 1 (tall
andthin) rectanglesvith (x,y) originsof form (4i,14j) or (4i —
2,14j —7), i and j integers,resultingin an overall patternarea
density(for aninfinite layoutregion) of 0.357.

¢ An offsetis optionallyintroduced.Whenthefill geometriesare
offset,they lie directly underthe spacedetweerthevictim con-
ductors. Whenthereis no offset, thefill geometriedie directly
underthevictim conductors.

Table 3 shaws thatthe total capacitancealuesfor the middle con-
ductor(B) fluctuateby lessthan1 percenbver all four combination®f
fill patternandoffset. Thecritical factoris thatthefill is presenin the

Victim A, C Total Capacitance (10-1°F)
Fill Tayeroffset | Fill geometry] €= 3.9

e=27

N T0x 1 3.009(1.00)[ 2-083(1.00)
N Tx 1 2.984(0.99)] 2.066(0.99)
Y T0x 1 3.004(1.00)] 2.080(1.00)
Y Ix1 2.980(0.99)] 2.063(0.99)

Table4: TMA/Avant! Raphaekapacitancextractionresults: total
capacitancéor the outsidevictim conductorA or C.



