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Abstract

We conside someproblemsrelatedto VLS| LayoutAnaly-
sisandVerificationandmodelthemasprodemsof repoting
enclosuesof polygons.Algorithmsareprovidedusingtech-
niques of computationalgeonetry, which solve theseprob-
lemsin optimaltime andspace.

1 Introduction

1.1 VLSI Layout Analysis and Verificaton

Thetypical descriptionof a VLSI layou is the geometical

descriptim of masks. Layou verification [4] is the test-
ing of a layoutto seeif it satisfiesdesignandlayou rules.
An importantproblemin layou verificationis layou device

extractian, which involvesdetectionof capacitorsresistors,
transistorsetc. from the geometical descriptiom of masks.
Thelayou extraction processstartswith a circuit layoutand
basedon userdefired relatiorship information and it pro-

ceedsto detectelectricalcompnentsfrom the geometical

relationslips of thelayou. In this papemwe considerthe ex-

tractionof BJT (bipolarjunctiontransistor)devices.

1.2 Bipolar Junction Transistors

BJT devices have typically have threeterminals,collector
baseandemitter BJTsmay be of type npn or pnp where
n/p indicatesthe type of the collector baseor emitter An
npn transistoris formed by forming a p-basein an n-well
andann-diffusionin thep-base.Therearefour kindsof BJT
configuations: (a) vertical, (b) lateral, (c) isoplanarand(d)
merged. Thefabrication procesof BJTsis describedn [3].
In theextractionphaseye look ata cross-sectioal top view
in thelayoutto idertify the devices. For fabricatirg a verti-
calnpn BJT device,we startwith ap-typesubstratéollowed
by threediffusionsteps:n-typecollectordiffusion,followed
by p-type basediffusion, endirg with n-type emitterdiffu-
sion. In the cross-sectioal view, n-type collectorpolygons
enclosep-type basepolygonsandlatterenclosen-type emit-
ter polygons.Whenpnp transistorsarerequiredin another
wisenpn circuit, insteadof constrcting thedevice in then-
typeislandby threediffusionstepsthepnp transistoiis built
laterally: In the cross-sectioniew of lateral pnp transistors,
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n-type basepolygonsenclosep-type emitter polygons and
p-type collectorpolygons. For isoplanardevices, local oxi-
dationis usedto isolatedevicesaswell ashaseandcollecta
contats. As aresult,in thecross-sectioal view, n-typecol-
lector and p-type basepolygonsare enclosedby the oxide
layer polygon andn-type emitter polygonsare enclesedby
the basepolygons. The memed transistorlogic (MT'L) or
the integratredinjection logic (I2L) type of bipolar device
structue hasbeenusedin low-pawver applicatims. In sucha
device, alateralpnp deviceis memgedwith anpn deviceinto
aintegratedunit. Thusin the cross-sectioal view, ann-type
polygon which senesasthe baseof the lateral pnp device
andthe emitterof the (inverted)npn device, enclsesa p-
type emitterof the pnp device anda p-type polygon which
senesasthe collecta for the pnp device anda basefor the
npn device. Thebasepolygonfor the“inverted” npn device
in turnencloseann-type collectorpolygon of thesame.

1.3 Results and Contributions

In this papemwe considenarious prodemsinvolving encle
suresof polygonsrelatedo thelayout analysigprodemsdis-
cussedn Sectionl.2 above. The polygonscomein layers,
whereeachlayeris a disjoint setof polygans. Theassump-
tion that polygonsin a singlelayer do notintersectonean-
otheris practicalsincetypically sucha layer would corre-
spord to a single materialin the VLS| maskand overlap-
ping polygonswould be merged. For all the problems con-
sidered we obtainworst-caseoptimal algorithmswhich use
O(n) spaceandrunin O(nlogn + k) time, wherek is the
output size.

Tradtionally polygonal operdions on VLSI layoutsare
computedasexpersive boolearmaskopeations[2]. Sincen
input segmeris cangenerate) (n2) intersectimsin theworst
case,suchan appoachwould resultin algotithms of com-
plexity O(n?) or higher We usevariationsof the Bentley-
Ottmannalgorithm for repating pairwise intersectionsof
segmeris[1], whichrepots k pairwiseintersectios amorgst
n segmerisin time O(n log n + klogn). Two polygonsmay
intersecin several edgeshut to know whetherthey intersect,
we neednot compute all suchintersections.This is where
our appoachis superia to the boolea maskappioach. We
avoid detectiorof all intersectiondy carefuldeletiors from
thedynanic datastructuresisedby theBentley-Ottmannal-
gorithm to maintainthe sweegine statusandtheevert point
schedie, which help usin solving the problens optimally.
All our algoithms work on simple polygons, without ary
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assumptiog abou restrictedoriertationsof polygon edgs,
numter of sidesin eachpolygon or numker of polygms.

2 Extraction Algorithms

2.1 Vertical BJTs
We consideithefollowing prodem:

Problem 2.1 Giventhreesetsof simplepolygms,C, B and
E, suhthatnotwo polygonsin thesamesetintersect report
triplets (¢, b,e),c € C,b € B, e € E suh that

(i) c enclose® and

(i) b enclesese.

To solve Problem2.1, wefirst try to solve a simplerprob-
lem:

Problem2.2 Givena setof red polygams RP and a setof
blue polygas BP, sud that no two polygonsin the same
setintersect,reportpairs (r,b), r € RP, b € BP, sud that
r enclcesb.

Lemmal Givena setof redpolygonsRP anda setof blue
polygpns BP, sud that no two polygonsin the samesetin-
tersect,a blue polygon b canbeenclosedy at mostonered

polygonr.

Lemma 2 Givena setof redpolygpnsRP anda setof blue
polygpons BP, sud that no two polygonsin the sameset
intersect, if there exists a pair of polygonsr € RP and
b € BP sud thatr andb intersect,thenb cannd be en-
closedby anyredpolygon.

To solve Problem2.2, we usea planesweepalgoiithm.
We sort the endmints of the segments by nordecreasing
z-coordnates, ties broken arbitraily. We maintainthese
pointsin a balarced binaly searchtree T',,. This gives us
the eventpoint schedle for the plane sweep. We sweep
from left to right maintainng the segmentsintersectecby
the sweepline in andher balancedbinary searchtree T',,.
We processendpants in the orderdefinedby 7',. We as-
sumethatthered(respectiely blue)polygonsarenumktered
from 1 to |RP)| (respectiely |BP|). We maintainan array
ENCLOSEDI|1...|BP]|], initialized to all zeros.Our ob-
jective is to assign ENCLOSEDIb] to r if the bt* blue
polygon is enclsedby the rt* red polygonandto —1 if it
is notenclosedy ary redpolygon.

If the currentendmint p in the evert-point schedle is a
left endpant of somesegment s, wefind thesegmentss ., and
s¢ in T, above andbelow s in theordeing definedoy T', and
inserts into T,. If s intersectss,, or s, properly (i.e. notjust
atendpants), thetwo intersectingseggmentamustcomefrom
polygonsof differentcolors,sayaredoner andablueoneb.
Thenby Lemma 2, the polygonb canna beenclosedy ary
red polygon. Hencewe deleteary segments and endpoints
of b from bothT,, andT,. We alsoset ENCLOSED|[b] to
—1.

If the current endpant p in the event-poirt schedules a
right endmint of someseggments, we find the segmentss ,,
ands, in T,, abose andbelow s in the ordeing definedby
T, anddeletes from T,. If s,, ands, properly intersectto
theright of p, thetwo intersectingseggmentamustcomefrom
polygonsof differentcolors,sayaredoner andablueoneb.
We againconsidethebluepolygonb to whichtheblueinter-
sectingsggmentbelong, deleteary sggmentsandendpants
of b from bothT,, andT, andalsosetENCLOSEDIb] to
—1.

Next we prepocesshe polygonsin RP into adatastruc-
turefor planarpointlocationandquerywith anendmint for
eachpolygonb € BP suchthat ENCLOSEDIb] = 0 to
deternine theredpolygonif any thatenclose$.

Theorem3 Givena setof red polygons RP and a set of
blue polygpns BP, with a total of n verticessud that no
two polygonsin the samesetintersect,all pairs (r,b), r €
RP,b € BP, suhthatr encloses$ canbereportedin time
O(nlogn) usingO(n) space

To solve Problem2.1,we apgdy Theaem 3 twice: firstto
thesetsB and E andthento setsC' andB. Forary e € E,
thereis at mostone basepolygonb € B that enclosest.
Oncewe know b, we cantry to find the at mostone col-
lector polygon ¢ € C thatenclosest. Thetriples(c,b,e)
canbe repated in total time O(nlogn + k) usingthe ar
raysENCLOSED. Sincek is O(n), the overall time is
O(nlogn). We conclude:

Theorem4 Giventhreesetsof simplepolygas, C, B and
E, with atotal of n vertices sud thatno two polygmsin the
samesetintersect,thetriples (¢,b,e),c€ C,b€ B,e € E
sud that

(i) cenclose$ and

(i) b encloseg,

canbereportedin time O(nlogn) usingO(n) space

2.2 Lateral BJTs

We considetthefollowing problem:

Problem 2.3 Giventhreesetsof simplepolygons,C, B and
E, such thatnotwo polygonsin thesamesetintersect report
triplets (¢, b,e),c € C,b € B, e € E whee:

(i) b encloseg ande and

(i) ¢ (respectively) doesnotintersectpolygamsfromE (re-
spectivelyC).

First,we considemspecialkcaseof Problen 2.3whenC =
E. Herecollectorandemitterpolygonscomefrom thesame

p-typelayer

Theorem5 Giventwo setsof simplepolygms, N and P,
with a total of n vertices,suc that no two polygonsin the
samesetintersect, the k triples (¢, b,e), ¢ € P, b € N,
e € Pwher
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(i) c ande are disjointand
(i) b enclesesc ande,
canbereportedin timeO(nlogn + k) usingO(n) space

When the collector and emitter polygons belorg to dif-
ferentlayers,we are no longer guarateedthat a collector
(respectiely emitter)polygon doesnotintersectarny emitter
(respectiely collector)polygon.

To solve Problem?2.3, we first needto eliminate from
consideationthosecollector(respetively emitter)polygons
whichintersectemitter(respetively collecto) polygons.

Problem 2.4 Givena setof red polygms RP and a setof
bluepolygms BP, sut thatnotwo polygonsof thesameset
intersect,report all red (respectivelyblue) polygms which
donotintersectblue (respectivelyed) polygms.

To solvwe Problem2.4, we usea planesweepalgoiithm.
We sort the endpants of the segments by noncecreas-
ing z-coordirates, ties broken arbitraily. We maintain
thesepoints in a balancedbinary searchtree T,. This
gives us the eventpoint schedie for the plane sweep.
We assumethat the red (respectiely blue) polygms are
numkered from 1 to |RP| (respectiely |BP|). We
maintain two arrays R INTERSECTS[1...|RP|] and
B INTERSECTSI[1...|BP|]initializedtoall zercs. Our
objective is to assignR_INTERSECTS|[r] (respectiely
B_INTERSECTSI[b] to 1 if thert” red polygon (respec-
tively b* blue polygon) intersectssomeblue (respectiely
red)polyga.

We sweepfrom left to right maintainingthe segments in-
tersectedby thesweegine in anothe balancedinary search
treeT,. We processendpants in the orde definedby T';,.
First we try to find eachblue polygon which intersectoone
or moreredpolygms. If thecurrent endpant p in theevent-
pointschedie is aleft endpant of somesggment s, we find
the sggmentss,, ands, in T}, abose andbelow s in the or-
dering definedby T', andinserts into T),. If s intersects
sy Or sy properly (i.e. not just at endpants), the two in-
tersectingsegmens mustcomefrom polygons of different
colors,sayaredoner andablueoneb. We deleteary seg-
mentsandendmints of b from both T, andT,. We alsoset
B_INTERSECTS[b]to 1. If thecurren endpdnt p in the
evert-point schedie is aright endpant of somesegments,
we find the sggmeris s,, ands, in T, abose andbelow s in
theordeing defined by 7', anddeletes from T,. If s,, ands,
properly intersecto theright of p, the two intersectio sey-
mentsmustcomefrom polygonsof differentcolors,sayared
oner andablueoneb. We againconsiderthe blue polygon
b to which the blueintersectingsegmentbelong anddelete
ary seggmeris andendpointsof b from bothT, andT,. We
alsosetB_LINTERSECTS[b]to 1.

Next we try to find eachblue polygon which intersects
oneor morered polygons. We repeatthe sweepabove with
thechang thatwheneer we detectary red-blueintersection
betweersggmentsfrom ared polygonr andablue polygon
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b, insteadof updatingB INTERSECTS andanddelet-
ing segmeris andendpants of b from the datastructurewe
setR_.INTERSECT S[r]to1 anddeleteary segmerisand
endmwintsof  from bothT', andT),.

Theorem6 Givena setofredpolygams RP andasetofblue
polygons BP, with a total of n vertices,sud that no two

polygons of the samesetintersect,all red polygons which

do notintersectblue polygonsandall blue polygas which

donotintersectredpolygmscanbereportedin O(n) space
andO(nlogn) time

Theorem7 Giventhreesetsof simplepolygas, C, B and
E, with a total of n vertices,sud that no two polygnsin
the samesetintersect,the k triples (¢, b,e), c € C, b € B,
e € E sutthat

(i) b encloseg and

(ii) ¢ (respectively) doesnotintersectpolygmsfromE (re-

spectivelyC),
canbereportedin O(n) spaceandO(nlogn + k) time

2.3 Isoplanar BJTs

We considetthefollowing problem:

Problem 2.5 Givenfive setsof simplepolygams, N, X, C,
B andFE, sutthatnotwo polygonsin thesamesetintersect,
reporttuples(n, z,c,b,e),n € N,z € X,c€ C,b € B,
e € E sutthat

(i) n encloseg,

(ii) z enclosesndc andb,

(i) b encloseg and

(iii) ¢ (respectively) doesnotintersectanypolyga from B
(respectively).

FromTheoren 3, we concluak:

Lemma 8 Giventwo setsof polygons B and E, with a total
of n verticessudh thatnotwo polygmsin thesamesetinter-
sect,all pairs (b,e), b € B, e € E, sut thatb encloses:
canbereportedin time O(nlogn) usingO(n) space

Foreachh € B, wecandefinealist £(b) of all e € E such
thatd encloses.
FromTheoren 7, we concluce:

Lemma9 Giventhree setsof simplepolygms, X, C' and
B, with a total of n vertices,sud that no two polygonsin
the samesetintersect,thek triples (z,¢,b), z € X,c € C,
b € B sutthat

(i) 2 encloses andb and

(i) ¢ (respectively) doesnotintersectpolygmsfrom B (re-

spectivelyC),
canbereportedin O(n) spaceandO(n logn + k) time

Using Lemna 8 andLemma9 andthelists £(b), we can
condude:
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Lemma 10 Givenfour setsof simplepolygms, X, C, B and
E, with a total of n vertices,sud that no two polygmsin
the samesetintersect,the k tuplestuples(z, ¢, b,e), z € X,
c€ C,be Bande € E,whee

(i) = encloseg andb and

(i) ¢ (respectively) doesnotintersectpolygonsfrom B (re-
spectivelyC) and

(iii) b enclesese

canbereportedin O(n) spaceandO(nlogn + k) time

FromTheaem3, we condude:

Lemma 11 Giventwo setsof polygois N and X, with a
total of n verticessud that no two polygponsin the same
setintersect,all pairs (n,z), n € N, z € X, sud thatn

encloses: can be reportedin time O(n logn) usingO(n)

space

Applying Lemmall, we candeterminefor eachx € X,
the polygon n € N (if ary) that enclesesit. Applying
LemmalO, we concluce:

Theorem12 Givenfivesetsof simplepolygms,N, X, C, B
and E, with a total of n vertices,sud that no two polygons
in the samesetintersect,the k tuples(n, z,¢,b,e), n € N,
z€X,ceC,be B,e € Esuhthat

(i) n encloses:,

(i) = enclosesandc andb,

(i) b enclesese and

(iv) ¢ (respectively) doesnotintersectanypolygon from B
(respectively’)

canbereportedin O(n) spaceandO(nlogn + k) time

2.4 Merged BJTs

We consideithefollowing prodem:

Problem 2.6 Givenfour setsof simplepolygons, N1, N2,
P1, P2, suc that notwo polygonsin the samesetintersect,
reporttuples(nl,pl,p2,n2), nl € N1,n2 € N2,pl €
P1, p2 € P2 sucthat

(i) n1 enclosepl andp2,

(i) ¢ (respectivelyp) doesnotintersectany polyga from B
(respectively’) and

(iii) p2 encloses2

Applying Lemmal0,from Section2.3,we conclule:

Theorem 13 Givenfour setsof simplepolygpns, N1, N2,
P1, P2, with atotal of n vertices sud thatno two polygons
in thesamesetintersect,reporttuples(nl, p1, p2,n2),nl €
N1,n2 € N2,pl € P1,p2 € P2 sudthat

(i) n1 enclosep1 andp2,

(i) p1 (respectivelyp?2) does notintersectany polygn from
P1 (respectivelyP2) and

(iii) p2 encloses2

canbereportedin O(n) spaceandO(nlogn + k) time

3 Conclusion

We have consideredomevariarts of enclosue problemsin-
volving setsof simple polygonswhich arisein VLSI layout
processing.We have givenan uniform framework for solv-
ing theseprablemsbasedon the line-sweegechnique from
CompuationalGeometry The algoithms presentedireall

optimal with respectto spaceandtime bownds. It will be
interestingto extendtheseideasto otherprablemsin VLSI

layou analysisandverificatian.

References

[1] J.L. Bentley andT. A. Ottmann. Algorithms for Reporting
andCountingGeometridntersections|EEE Transactionson
Computes, 6-28 No. 9, pagess43-647,1979.

[2] T. Li and S. Kang. Layout Extraction and Verification
Methodolayy for CMOS I/O Circuits. In Proc. ACM/IEEE
DesignAutomationConfeence pages291-26, 1998.

[3] B. G. Streetman. Solid StateElectronicDevices. Prentice
Hall, 1995.

[4] T. G. Szymanskand C. J. van Wyk. Layout Analysisand
Verification.In PhysicalDesignAutomationof VLSISystems
B. Preasand M. Lorenzettieds.,Benjamin/Cumminspages
347-40,1988.

85



