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We consider someproblemsrelatedto VLSI LayoutAnaly-
sisandVerificationandmodelthemasproblemsof reporting
enclosuresof polygons.Algorithmsareprovidedusingtech-
niques of computationalgeometry, which solve theseprob-
lemsin optimaltime andspace.
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The typical descriptionof a VLSI layout is thegeometrical
description of masks. Layout verification [4] is the test-
ing of a layout to seeif it satisfiesdesignandlayout rules.
An importantproblemin layout verificationis layout device
extraction, which involvesdetectionof capacitors,resistors,
transistorsetc. from the geometrical description of masks.
Thelayout extractionprocessstartswith a circuit layoutand
basedon user-defined relationship information and it pro-
ceedsto detectelectricalcomponentsfrom the geometrical
relationships of thelayout. In this paperwe considertheex-
tractionof BJT (bipolarjunctiontransistor)devices.
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BJT devices have typically have threeterminals,collector,
baseandemitter. BJTsmay be of type :�;(: or ;�:�; where
:=<>; indicatesthe type of the collector, baseor emitter. An
npn transistoris formed by forming a ; -basein an : -well
andan : -diffusionin the; -base.Therearefourkindsof BJT
configurations:(a) vertical,(b) lateral,(c) isoplanarand(d)
merged.Thefabrication processof BJTsis describedin [3].
In theextractionphase,welook atacross-sectional topview
in thelayoutto identify thedevices. For fabricating a verti-
cal :�;(: BJTdevice,westartwith a ; -typesubstratefollowed
by threediffusionsteps:: -typecollectordiffusion,followed
by ; -type basediffusion, ending with : -type emitterdiffu-
sion. In thecross-sectional view, : -type collectorpolygons
enclose; -typebasepolygonsandlatterenclose: -typeemit-
ter polygons.When;(:�; transistorsarerequiredin another-
wise :�;�: circuit, insteadof constructing thedevice in the : -
typeislandby threediffusionsteps,the;�:�; transistoris built
laterally. In thecross-sectionview of lateral ;�:�; transistors,?
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: -type basepolygonsenclose; -type emitterpolygonsand
; -type collectorpolygons. For isoplanardevices, local oxi-
dationis usedto isolatedevicesaswell asbaseandcollector
contacts.As aresult,in thecross-sectional view, : -typecol-
lector and ; -type basepolygonsareenclosedby the oxide
layerpolygonand : -typeemitterpolygonsareenclosedby
the basepolygons. The merged transistorlogic ( BDCFE ) or
the integratredinjection logic ( G�HIE ) type of bipolar device
structure hasbeenusedin low-powerapplications. In sucha
device,a lateral;(:�; deviceis mergedwith a :�;�: deviceinto
a integratedunit. Thusin thecross-sectional view, an : -type
polygon which servesasthe baseof the lateral ;(:�; device
andthe emitterof the (inverted) :�;(: device, enclosesa ; -
typeemitterof the ;�:�; device anda ; -type polygon which
servesasthecollector for the ;(:�; device anda basefor the
:�;�: device. Thebasepolygonfor the“inverted” :�;(: device
in turnenclosesan : -type collectorpolygonof thesame.
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In this paperwe considervariousproblemsinvolving enclo-
suresof polygonsrelatedto thelayout analysisproblemsdis-
cussedin Section1.2 above. Thepolygonscomein layers,
whereeachlayeris a disjoint setof polygons. Theassump-
tion thatpolygonsin a singlelayerdo not intersectonean-
other is practicalsincetypically sucha layer would corre-
spond to a singlematerialin the VLSI maskandoverlap-
ping polygonswould bemerged. For all theproblemscon-
sidered, we obtainworst-caseoptimal algorithmswhich useQSR :UT spaceandrun in

QSR :)VXW4YN:8Z\[�T time, where [ is the
output size.

Traditionally polygonal operations on VLSI layoutsare
computedasexpensivebooleanmaskoperations[2]. Since:
input segmentscangenerate

QSR :]H^T intersectionsin theworst
case,suchan approachwould result in algorithms of com-
plexity

QSR :=H_T or higher. We usevariationsof the Bentley-
Ottmannalgorithm for reporting pairwise intersectionsof
segments[1], whichreports [ pairwiseintersectionsamongst
: segments in time

QSR :)VXW4YN:`Za[]VbW+Y]:UT . Two polygonsmay
intersectin several edgesbut to know whetherthey intersect,
we neednot compute all suchintersections.This is where
our approachis superior to theboolean maskapproach.We
avoid detectionof all intersectionsby carefuldeletions from
thedynamic datastructuresusedby theBentley-Ottmannal-
gorithm to maintainthesweepline statusandtheevent point
schedule, which help us in solving the problems optimally.
All our algorithms work on simple polygons, without any
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assumptionc s about restrictedorientationsof polygonedges,
numberof sidesin eachpolygonor numberof polygons.
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We considerthefollowing problem:

Problem2.1 Giventhreesetsof simplepolygons, j , k andl
, such thatnotwopolygonsin thesamesetintersect,report

triplets
Rnm�o>p^orq T , m`s j ,

p�s k ,
q"s l

such that
(i)
m

encloses
p

and
(ii)

p
encloses

q
.

To solveProblem2.1, we first try to solvea simplerprob-
lem:

Problem2.2 Givena setof red polygons t)u and a setof
blue polygons kvu , such that no two polygons in the same
setintersect,reportpairs

Rxw�oyp T , wSs t)u ,
pFs kzu , such thatw

encloses
p
.

Lemma 1 Givena setof redpolygons t)u anda setof blue
polygons kvu , such that no two polygonsin thesamesetin-
tersect,a bluepolygon

p
canbeenclosedby at mostonered

polygon
w
.

Lemma 2 Givena setof redpolygons t)u anda setof blue
polygons kvu , such that no two polygons in the sameset
intersect, if there exists a pair of polygons

w{s t)u andp|s kvu such that
w

and
p

intersect,then
p

cannot be en-
closedbyanyredpolygon.

To solve Problem2.2, we usea plane-sweepalgorithm.
We sort the endpoints of the segments by nondecreasing} -coordinates, ties broken arbitrarily. We maintain these
points in a balanced binary searchtree CN~ . This gives us
the event-point schedule for the planesweep. We sweep
from left to right maintaining the segmentsintersectedby
the sweepline in another balancedbinary searchtree C�� .
We processendpoints in the orderdefinedby C�~ . We as-
sumethatthered(respectively blue)polygonsarenumbered
from � to � t)ui� (respectively � kvui� ). We maintainan arrayl"� j)E Q�� l"�a� �]�I�,�I� kvui� � , initialized to all zeros.Our ob-
jective is to assign

l"� j)E Q�� l"�a� p � to
w

if the
p,�n�

blue
polygon is enclosedby the

w$�n�
red polygon andto ��� if it

is notenclosedby any redpolygon.
If the current endpoint ; in the event-point schedule is a

left endpoint of somesegment � , wefind thesegments��� and
�,� in C � aboveandbelow � in theordering definedby C � and
insert � into C�� . If � intersects� � or � � properly (i.e. not just
atendpoints),thetwo intersectingsegmentsmustcomefrom
polygonsof differentcolors,sayaredone

w
andablueone

p
.

Thenby Lemma 2, thepolygon
p

cannot beenclosedby any
redpolygon. Hencewe deleteany segments andendpoints
of
p

from both C ~ and C � . We alsoset
l"� j)E Q�� l"�a� p � to

��� .

If the current endpoint ; in the event-point scheduleis a
right endpoint of somesegment � , we find thesegments�(�
and � � in C/� above andbelow � in the ordering definedby
C/� anddelete � from C�� . If � � and � � properly intersectto
theright of ; , thetwo intersectingsegmentsmustcomefrom
polygonsof differentcolors,sayaredone

w
andablueone

p
.

Weagainconsiderthebluepolygon
p

to whichtheblueinter-
sectingsegmentbelongs,deleteany segmentsandendpoints
of
p

from both C ~ and C � andalsoset
l"� j)E Q�� l"�a� p � to

��� .
Next we preprocessthepolygonsin t)u into a datastruc-

turefor planarpoint locationandquerywith anendpoint for
eachpolygon

p�s kzu suchthat
l"� j)E Q�� l"�a� p ����� to

determine theredpolygon if any thatencloses
p
.

Theorem3 Given a set of red polygons t`u and a set of
blue polygons kvu , with a total of : verticessuch that no
two polygonsin the sameset intersect,all pairs

Rxw�o>p T , w�s
t)u ,

p`s kvu , such that
w

encloses
p

canbereportedin timeQSR :)VbW+Y]:UT using
QSR :UT space.

To solveProblem2.1,weapply Theorem 3 twice: first to
thesetsk and

l
andthento setsj and k . For any

qis l
,

thereis at most onebasepolygon
p�s k that enclosesit.

Oncewe know
p
, we can try to find the at most one col-

lector polygon
m|s j that enclosesit. The triples

R�m�oyp�orq T
canbe reported in total time

QSR :`VbW+Y&:MZ�[�T using the ar-
rays

l"� j)E Q�� l"� . Since [ is
QSR :UT , the overall time isQSR :)VbW+Y]:UT . We conclude:

Theorem4 Giventhreesetsof simplepolygons, j , k andl
, with a total of : vertices,such thatnotwopolygonsin the

samesetintersect,thetriples
Rnm�o>p^orq T , m�s j ,

p)s k ,
q�s l

such that
(i)
m

encloses
p

and
(ii)

p
encloses

q
,

canbereportedin time
QSR :)VXW4YN:UT using

QSR :UT space.
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We considerthefollowing problem:

Problem 2.3 Giventhreesetsof simplepolygons, j , k andl
, such thatnotwopolygonsin thesamesetintersect,report

triplets
Rnm�o>p^orq T , m`s j ,

p�s k ,
q�s l

where:
(i)
p

encloses
m

and
q

and
(ii)

m
(respectively

q
) doesnot intersectpolygonsfrom

l
(re-

spectivelyj ).

First,weconsideraspecialcaseof Problem 2.3when j��l
. Herecollectorandemitterpolygonscomefrom thesame

; -type layer.

Theorem5 Given two setsof simplepolygons,
�

and u ,
with a total of : vertices,such that no two polygonsin the
sameset intersect, the [ triples

R�m�oyp�orq T , m�s u ,
p�s �

,q�s u where
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(i)
m

and� q
aredisjointand

(ii)
p

encloses
m

and
q
,

canbereportedin time
QSR :)VXW4YN:iZ [�T using

QSR :UT space.

When the collector and emitter polygons belong to dif-
ferent layers,we areno longer guaranteedthat a collector
(respectively emitter)polygondoesnot intersectany emitter
(respectively collector)polygon.

To solve Problem2.3, we first needto eliminate from
considerationthosecollector(respectively emitter)polygons
which intersectemitter(respectively collector) polygons.

Problem2.4 Givena setof red polygons t)u and a setof
bluepolygons kvu , such thatnotwopolygonsof thesameset
intersect,report all red (respectivelyblue) polygons which
donot intersectblue(respectivelyred)polygons.

To solve Problem2.4, we usea plane-sweepalgorithm.
We sort the endpoints of the segments by nondecreas-
ing } -coordinates, ties broken arbitrarily. We maintain
thesepoints in a balancedbinary searchtree C ~ . This
gives us the event-point schedule for the plane sweep.
We assumethat the red (respectively blue) polygons are
numbered from � to � t)ui� (respectively � kvui� ). We
maintain two arrays t G � C l t � l j`C � � �]�,�I��� t)ui� � and
k G � C l t � l j`C � � �]�,�I�>� kvui� � initializedto all zeros. Our
objective is to assign t G � C l t � l j`C � � w � (respectively
k G � C l t � l j`C � � p � to � if the

w��n�
redpolygon (respec-

tively
p��n�

blue polygon) intersectssomeblue (respectively
red)polygon.

We sweepfrom left to right maintainingthesegments in-
tersectedby thesweepline in another balancedbinary search
tree C/� . We processendpoints in the order definedby C�~ .
First we try to find eachbluepolygon which intersectsone
or moreredpolygons. If thecurrent endpoint ; in theevent-
point schedule is a left endpoint of somesegment � , we find
the segments�^� and �_� in C � above andbelow � in the or-
deringdefinedby C � and insert � into C � . If � intersects
�_� or �I� properly (i.e. not just at endpoints), the two in-
tersectingsegments must comefrom polygonsof different
colors,saya redone

w
anda blueone

p
. We deleteany seg-

mentsandendpointsof
p

from both C ~ and C � . We alsoset
k G � C l t � l j`C � � p � to � . If thecurrent endpoint ; in the
event-point schedule is a right endpoint of somesegment � ,
we find thesegments � � and � � in C�� above andbelow � in
theordering defined by C]� anddelete� from C�� . If � � and � �
properly intersectto theright of ; , thetwo intersection seg-
mentsmustcomefrompolygonsof differentcolors,sayared
one

w
anda blueone

p
. We againconsiderthebluepolygonp

to which theblueintersectingsegmentbelongs anddelete
any segments andendpointsof

p
from both C ~ and C � . We

alsoset k G � C l t � l j`C � � p � to � .
Next we try to find eachblue polygon which intersects

oneor moreredpolygons.We repeatthesweepabove with
thechangethatwhenever wedetectany red-blueintersection
betweensegmentsfrom a redpolygon

w
anda bluepolygon

p
, insteadof updating k G � C l t � l j`C � andanddelet-

ing segments andendpoints of
p

from thedatastructure,we
set t G � C l t � l j`C � � w � to � anddeleteany segmentsand
endpointsof

w
from both C]~ and C�� .

Theorem6 Givenasetof redpolygons t)u andasetofblue
polygons kzu , with a total of : vertices,such that no two
polygonsof the sameset intersect,all red polygonswhich
do not intersectbluepolygonsandall bluepolygons which
donot intersectredpolygonscanbereportedin

QSR :UT space
and

QSR :`VbW+Y&:UT time.

Theorem7 Giventhreesetsof simplepolygons, j , k andl
, with a total of : vertices,such that no two polygonsin

thesamesetintersect,the [ triples
Rnmoyp^oyq T , m¡s j ,

pSs k ,q�s l
such that

(i)
p

encloses
m

and
(ii)

m
(respectively

q
) doesnot intersectpolygonsfrom

l
(re-

spectivelyj ),
canbereportedin

QSR :UT spaceand
QSR :)VbW+Y&:¢Z�[�T time.
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We considerthefollowing problem:

Problem 2.5 Givenfivesetsof simplepolygons,
�

, £ , j ,
k and

l
, such thatnotwopolygonsin thesamesetintersect,

report tuples
R : o } oym�oyp^oyq T , : s �

, } s £ ,
m¢s j ,

pis k ,q�s l
such that

(i) : encloses} ,
(ii) } enclosesand

m
and

p
,

(iii)
p

encloses
q

and
(iii)

m
(respectively

p
) doesnot intersectanypolygon from k

(respectivelyj ).

FromTheorem 3, weconclude:

Lemma 8 Giventwosetsof polygons k and
l

, with a total
of : verticessuch thatnotwopolygonsin thesamesetinter-
sect,all pairs

R¤p^orq T , p¥s k ,
q¦s l

, such that
p

encloses
q

canbereportedin time
QSR :)VXW4YN:UT using

QSR :UT space.

For each
p�s k , wecandefinealist § (

p
) of all

q"s l
such

that
p

encloses
q
.

FromTheorem 7, weconclude:

Lemma 9 Given threesetsof simplepolygons, £ , j and
k , with a total of : vertices,such that no two polygonsin
thesamesetintersect,the [ triples

R } oym�oyp T , } s £ ,
m�s j ,pFs k such that

(i) } encloses
m

and
p

and
(ii)

m
(respectively

p
) doesnot intersectpolygonsfrom k (re-

spectivelyj ),
canbereportedin

QSR :UT spaceand
QSR :)VbW+Y&:¢Z�[�T time.

UsingLemma 8 andLemma9 andthe lists § (
p
), we can

conclude:
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Lemma¨ 10 Givenfoursetsof simplepolygons, £ , j , k andl
, with a total of : vertices,such that no two polygons in

thesamesetintersect,the [ tuplestuples
R } orm�o>p^orq T , } s £ ,m`s j ,

pFs k and
q"s l

, where
(i) } encloses

m
and

p
and

(ii)
m

(respectively
p
) doesnot intersectpolygonsfrom k (re-

spectivelyj ) and
(iii)

p
encloses

q
canbereportedin

QSR :UT spaceand
QSR :`VbW+YN:iZ�[�T time.

FromTheorem3, we conclude:

Lemma 11 Given two setsof polygons
�

and £ , with a
total of : verticessuch that no two polygons in the same
set intersect,all pairs

R : o } T , : s �
, } s £ , such that :

encloses} can be reportedin time
QSR :)VbW+YN:UT using

QSR :UT
space.

Applying Lemma11, we candeterminefor each} s £ ,
the polygon : s �

(if any) that encloses it. Applying
Lemma10,weconclude:

Theorem12 Givenfivesetsofsimplepolygons,
�

, £ , j , k
and

l
, with a total of : vertices,such that no two polygons

in thesamesetintersect,the [ tuples
R : o } ormoyp^oyq T , : s �

,} s £ ,
m`s j ,

p�s k ,
q"s l

such that
(i) : encloses} ,
(ii) } enclosesand

m
and

p
,

(iii)
p

encloses
q

and
(iv)

m
(respectively

p
) doesnot intersectanypolygon from k

(respectivelyj )
canbereportedin

QSR :UT spaceand
QSR :`VbW+YN:iZ�[�T time.
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We considerthefollowing problem:

Problem2.6 Givenfour setsof simplepolygons,
� � , �¦« ,

uS� , u « , such thatno two polygonsin thesamesetintersect,
report tuples

R :%� o ;U� o ; « o : « T , :%� s � � , : « s �¦«
, ;=� s

uS� , ; « s u « such that
(i) :%� encloses;U� and ; « ,
(ii)

m
(respectively

p
) doesnot intersectanypolygon from k

(respectivelyj ) and
(iii) ; « encloses: «

Applying Lemma10,from Section2.3,weconclude:

Theorem13 Givenfour setsof simplepolygons,
� � , �¦« ,

uS� , u « , with a total of : vertices,such thatnotwopolygons
in thesamesetintersect,reporttuples

R :%� o ;U� o ; « o : « T , :%� s� � , : « s �¦« , ;=� s uS� , ; « s u « such that
(i) :%� encloses;U� and ; « ,
(ii) ;=� (respectively; « ) does not intersectanypolygon from
uS� (respectivelyu « ) and
(iii) ; « encloses: «
canbereportedin

QSR :UT spaceand
QSR :`VbW+YN:iZ�[�T time.

J LN� � �+*1�$�,�P� �
Wehaveconsideredsomevariantsof enclosureproblemsin-
volving setsof simplepolygonswhich arisein VLSI layout
processing.We have givenanuniform framework for solv-
ing theseproblemsbasedon the line-sweeptechnique from
ComputationalGeometry. Thealgorithms presentedareall
optimal with respectto spaceand time bounds. It will be
interestingto extendtheseideasto otherproblemsin VLSI
layout analysisandverification.

K�-¬9- � -�� � - �
[1] J. L. Bentley andT. A. Ottmann. Algorithms for Reporting

andCountingGeometricIntersections.IEEETransactionson
Computers, 6–28, No. 9, pages643–647,1979.

[2] T. Li and S. Kang. Layout Extraction and Verification
Methodology for CMOS I/O Circuits. In Proc. ACM/IEEE
DesignAutomationConference, pages291–296,1998.

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

[4] T. G. Szymanski and C. J. van Wyk. Layout Analysis and
Verification.In PhysicalDesignAutomationof VLSISystems,
B. PreasandM. Lorenzettieds.,Benjamin/Cummins,pages
347–407, 1988.

85


