Representation of nonrectangular features for exposure estimation
and proximity effect correction in electron-beam lithography
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In most proximity effect correction schemes, circuit features are assumed to be rectangular.
However, there are many circuit patterns which contain nonrectangular shapes of features such as
circles, circular arcs, polygons, etc. In this article, efficient ways to handle such features for
exposure estimation required in proximity effect correction are proposed. A hierarchical approach,
where a nonrectangular feature is partitioned icworection shapeéirst, and then each correction
shape may be further decomposed iatposure shape$ necessary, is taken in order to develop
efficient and generally applicable schemes. Specifically, for exposure estimation, four schemes
(direct, slicing, hybrid, and coordinate transformationmethod$ are described, of which
performances have been analyzed through an extensive simul@ti@d04 American Vacuum
Society.[DOI: 10.1116/1.1824058

[. INTRODUCTION In this article, a hierarchical approach to estimating expo-
sure contributions from nonrectangular features and efficient
Estimation of exposure contributions from circuit featuresimplementations of the approach for typical nonrectangular
to a point or region is an important computational procedureshapes, i.e., circles, rotated rectangles, and polygons, are de-
not only for simulation of exposure distribution in the resistscribed along with simulation results. In this approach, a
but also for proximity effect correction in e-beam lithogra- nonrectangular feature is decomposed through a two-step hi-
phy. How shapes of circuit features are represented has erarchical procedure, i.e., first intcorrection shapesand
direct effect on computation speed and accuracy. For rectatthenexposure shapéabnecessary. This makes the implemen-
gular features, efficient methods for exposure estimation extations systematic and flexible, leading to accurate and fast
ist. For global exposure contributions which are from “far- l0cal exposure calculation. Four methadgrect, slicing, hy-
away” rectangular features, most methods adopt some kin@rid, andcoordinate transformatiomethods for computing
of approximation where only the aréaot shapgof a feature ~ €xposure contributions from exposure shapes are described,
is taken into account since the spatial variation of pointand their performances are compared in terms of accuracy
spread functioiPSH is minimal when the distance from the @nd computation speed via simulation.
point of exposurethe origin of PSF is large>? This ap-
proximation allows fast calculation of global exposure con-!l- EXPOSURE ESTIMATION
tributions without introducing significant errors. Such an ap- Most proximity effection correction schemes require ex-
proximation method cannot be employed for calculatingposure(electron energy deposited at a pixt be estimated
local exposure contributions from “nearby” features sinceat certain controlor “critical”) points>* Exposure distribu-
the PSF varies rapidly in the region close to its origin. Antion in a circuit pattern is obtained by the space-invariant
exact pixel-by-pixel convolution method is impractical be- linear convolution between an image corresponding to the
cause of its prohibitively long computation time required duecircuit pattern(dose distribution within the patteyand the
to the large number of pixels usually contained in a circuitPOint spread functionPSH describing the energy deposition

pattern. An exact method which adopts the concept of cumPrefile in the resist when a point is exposed. Due to the large
lative distribution functionCDF) in computing the local ex- number of features, exposure estimation is usually very time-

posure forectangularfeatures and is several orders of mag_conslumilng and, thherefore, s to bz imEI_ehm(ejnted efficiently. A
nitude faster than the point-by-poirispatial or frequency two- €evel approach was proposed, whic ecomposbes expo-
domain convolution method, was developed in the sure into two components, local and global exposurks.

PYRAMID projectl ' estimation of the global exposure which is due to distant

. - features, a coarse-grain convolution is employed. For esti-
However, it is not trivial to handle nonrectangular shapes .. o
mating the local exposure which is due to features close to a

of features such as circles, circular arcs, general polygons . -
) T Ares, 9 POYIONZ ontrol point, an efficient and exact scheme, referred to as
etc. in exposure estimation and proximity effect correction

. . . ‘CDF method, was developed for rectangular features. While
Note that the CDF approach is not directly applicable to Suc'fhe CDF method is orders of magnitude faster than a pixel-

nonrectangular features since it is designed strictly for reCtby-pier convolution, most of the computational load in

angular features. proximity effect correction is incurred still in local exposure
estimation. Hence, in this article, only the local exposure
¥Electronic mail: leesooy@eng.auburn.edu estimation is addressed.
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1 (K1) gon, trapezoid, etc. Nonrectangular shapes of circuit features

considered in this article are circle, rectangles with any ori-
entation, and polygons.

The CDF method for rectangles is not directly applicable
&.1) to most of nonrectangular features due to the difficulty in
k generating look-upCDF) tables. Nevertheless, as will be

described later, it is possible to build look-up tables for
(@) circles and right triangles, i.e., CDRCDF for circleg and
K1) &1y CDFT (CDF for triangle$ tables(note that the CDF table
: refers to the look-up table for rectangle®y using these
H three look-up tables, exposure contribution from any non-
----------- rectangular feature can be calculated without using a pixel-
by-pixel convolution.

C(ky, 1)) Ckrl, 1)
Ill. HIERARCHICAL APPROACH
A hierarchical approach to handling nonrectangular fea-
+ tures is taken in order to make exposure estimation not only
(o 1,-1) (-1, 1,-1) efficient but also applicable to various shapes. A nonrectan-
Cpl,-D) chLiD gular circuit feature is first partitioned, if necessary, intw-

rection shapesvhere a single dose is to be determined for
(b) each correction shape, i.e., dose modificatgpatial control
_ _ of dose within each circuit featurés assumed for proximity
Fic. 1. lllustration of the CDF convolution metho¢g) a rectangle whose : : ; w
convolution valugCony) at the origin is to be calculated ad) a graphical eﬁeFt correction Wherg qurecuon §hape is the “unit of C.OI’-
interpretation ofC(Ky,1,)—C(ky—1,1,) —C(ko,1,— 1) +C(k;— 1,1, - 1)=Conv. rection.” Note that a circuit feature itself can be a correction
shape, e.g., a circle may be assigned a single dose.
When exposure contribution from a shape can be com-
puted by looking up only one of the three tablgSDF,
A. CDF method CDFC, and CDFT tablgsthe shape is referred to as a “basic
A look-up table, or CDF table, is precomputed, which shape.” There are three basic shapes that are supported in the
contains exposure contribution to the origin from variouscurrent implementation, i.e., rectangle, circle, and right tri-
sizes of rectangular features where gegy., lower-lefy ver- ~ angle. When a correction shape is not a basic shape, it is
tex of each rectangle is at the origin. Exploiting the spacefurther decomposed intexposure shapeshere each expo-
invariantlinearity of integration(summation, the exact cal- ~Sure shape is a basic shape. In other words, correction shape
culation of exposure contribution from a rectangular featureis for dose control to correct proximity effect and exposure
which is assumed to be assigned a single dose, to a contréhape is for facilitating exposure estimation required in prox-
point (which is at a certain distance from the feajuran be  imity effect correction. This two-level approach makes expo-
completed by two subtractions and one addition using théure estimation and proximity effect correction more general
CDF table(following four table look-upsin most cases. The and efficient for nonrectangular features.
concept of this CDF convolution method is illustrated in Fig.
1, whereC(k, 1), which is an entry of the CDF table, denotes IV. CORRECTION SHAPES
the exposure contributiofconvolutior) to the origin (0,0
from a rectangle of which twopposite vertices are at0,0)
and (k,l). Note that a point-by-point direct convolution
would takeO(kl) time, compared t@(1) time required by
the CDF method. For more detail, refer to Ref. 1.

In certain circuit patterns, a nonrectangular feature itself
may be a correction shape. That is, a single dose for the
entire feature is to be determined. However, in most cases, a
feature is partitioned into regiorn(seferred to as correction
shapes in this articjewhere a dose is determined for each
region, in order to achieve sufficient spatial control of dose
within each featuré.Dose determination for each region is
B. Nonrectangular features based on the exposure estimate at the corresponding control

oint.
Though most of the proximity effect correction schemesIO

developed so far assume that circuit features are rectangleps\, .

L . ! Circles
there are many circuit patterns which include nonrectangular
features such as circles, polygons, ¥tcFor example, a When a circle does not need to be corrected or just needs
photonic band gafPBG) structure may consist of a 2D array to be roughly corrected, the circle itself can be a correction
of circular features; a horizontal or vertical bus line may turnshape. That is, a single dose is determined for the circle, i.e.,
slanted, generating a segment of trapezoidal shape; some d® spatial dose control within the circle. When it is necessary
vice circuit patterns may include shapes like hexagon, octato control dose spatially within a circle, the circle may be
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Fic. 2. Correction shapes for a circle featuf@: ring, a
— -— circle is divided into concentric rings and a center circle
where a dose is to be determined for each ring and the
center circle andb) arc, each ring may be further di-
) vided into arcs for an improved spatial control of dose.
(@ b

partitioned into concentric ring&and a center circleand a  A. Direct method
dose is determined for each ring. In such a case, the correc-
tion shape of ring is used as shown in Figa)2When expo-

sure varies significantly around a circle, the correction shap
of ring may not provide sufficient dose control within the
circle for proximity effect correction. Then, each ring may be
further_ div_ided i_n_to arcs as illustrated in Fig(b, Where_ 1. Circle and ring
each ring is partitioned into 4 equal arcs. Hence, for a circle,

three correction shapes are considered, i.e., circle, ring, and A CDFC table which is computed priori to store expo-
circular arc, where circular arc is not a basic shape. sure contributions from circles with the size and distance

from the critical point varied is utilzed. The CDFC table is a
two-dimensional2D) array parameterized by the radius of a
circle and the distance from the center of the circle to a point
Note that a rotated rectangle can be included in the catat which exposure is to be computed, i.e., a critical point. To
egory of(convey polygon and, therefore, it is not considered find exposure contribution from a circle to a critical point,
separately. It should be clear that a concave polygon can lene just needs to read the corresponding entry in the CDFC
decomposed into a set of convex polygons. A polygonal featable. This table can also be utilized for computing exposure
ture is partitioned into a set of correction shapes, a centegontribution from a ring, which may be derived as the dif-
region, edge regions, and corner regions, where the centégrence between two circles with different radii. That is, two
region is a smaller similar polygon, as illustrated in Fig. 3. Atable look-ups and a subtraction are needed for a ring. Com-
separate dose is to be determined for each region. Note thatared to the slicing methogefer to Sec. V B, the direct
corner region is a parallelogram and an edge region is @ethod can reduce computation time for exposure estimation
trapezoid. That is, all correction shapes generated from greatly though it requires an additional tagleDFC tablg
polygon(where the number of sides is greater thaaee not  and is only applicable to certain shapes.
of basic shape in general. Therefore, each of them needs to
be further partitioned into a set of basic exposure shapes.
In the proposed hierarchical approach, correction shape3 Right triangle
that can be generated from partitioning nonrectangular fea-
tures are circle, ring, circular arc, polygon, and rectangle.

For a nonrectangular correction shape of circle, ring, or
right triangle, i.e., a basic shape, its exposure contribution
an be computed directly from one of the look-up tables.

B. Polygons

A CDFT table stores exposure contributions from right
triangles with the size and distance varied where a right tri-
angle is oriented such that its two sides, joining at the right-
V. EXPOSURE SHAPES angle vertex, are either horizontal or vertical. The CDFT
dable is a 4D array where two dimensions are used to specify

a critical point, exposure contribution from the correctionthe coordinates of the right-angle vertex of a triangle in the

shape to the critical point is to be computed. Four method%ocal coordinate system whose origin is at the critical point,

have been considered for calculating exposure contributiof"d the other two dimensions for its base and height. Given
from a nonrectangular correction shape, idirect, slicing, € coordinates of the right-angle vertex ofrght) triangle,
hybrid, and coordinate transformatiomethods. there can bg various sizes of trlangl_es, e_ach of wr_nch can
have four different orientations. Varying size and different
orientations are represented by allowing beibsitive and
Edge region negative bases and heights. One drawback of using the
CDFT table is that the memory requirement is latgem-
Comer region pared to other tablgglue to the high dimensionality of the
table.
Arectangle can be represented by a linear combination of
_ other rectangles, which is the fundamental reason why the
Center region CDF table method is so efficient. However, that is not pos-
sible for a circle or right triangle, e.g., a right triangle cannot
. _be represented by a linear combination of other right tri-
Fic. 3. Correction shapes generated from a polygon where the corner region . .
is a parallelogram, the edge region is a trapezoid, and the center region is3'dles. This makes the CDFC and especially CDFT tables
similar polygon. larger compared to the CDF table.

Each correction shape is associated with a dose and, giv
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Negative triangles

— N
) o

Fic. 4. Slicing method(a) a correction shape of circle is partitioned into
exposure shapes of rectanglasquare and slicgand(b) correction shapes  FiG. 6. In the hybrid method, a portion of correction shape may be repre-
of rings are partitioned into exposure shapes of rectangles. sented by a rectangle amégativeright triangles.

that of the bounding rectangle. Without using the negative

triangles, a larger number of exposure shapes would be gen-
Any (nonrectangularshape may be decomposed into thin erated from the parallelogram.

slices(exposure shapgsuch that each slice is a rectangle.

Then, only the CDF table is needed for exposure estimatiorn. Coordinate transformation

That is, this method is generally applicable to any shape, but i h ‘ q | b q
computationally intensive due to the large number of slices A correction shape of rotated rectangle may be generate

generated. The main issue is how to minimize the number Offrom a slanted bus line, a polygon, etc. Given a rotated rect-

rectangles resulted from the partitionifgpte that the num- angle and a critical point at which exposure contribution
ber of rectangles determines computation time required fof©™ the rotated rectangle is to be estimated, the local coor-
exposure estimation in this method\ partitioning scheme dinates(x,y) centered at the critical point may be rotated
which minimizes the number of resulting rectangles Withoutsuch tnat the rectf':mgrlle IS not slan.teda., h,OI’I,ZOHIa!ll?/ or
introducing any error is illustrated for the correction shape Ofvertlca_ y quenteolhm t i new coordinategx’,y I) as fius-
circle in Fig. 4a) and for the correction shape of ring in Fig. rated in Fig. 7. Then, the CDF tabitor rectanglescan be

4(b). A circle is divided into the largest square inscribed anduSed to derive the exposure contribution. This method can
four remaining parts that are sliced into one-pixel high Orav0|d paritioning the correction shape of a rotated rectangle
wide rectangles at the expense of coordinate transformation.

B. Slicing method

VI. PERFORMANCE ANALYSIS

C. Hybrid method S

A. Exposure estimation

In order to minimize the computation time required in the In Table 1. the di d slici hod d
slicing method by reducing the number of exposure shape n Table |, the direct and slicing methods are compare

generated from a correction shape, a nonrectangular correﬁo—r the correction shape of circle. At each of the points along

tion shape may be decomposed into a set of rectangles aﬁdslanted radial line passing through the center of the circle,

right triangles. For example, a polygon may be decompose’gXposure contribution from the circle is estimated by the

into a set of rectangles and right triangles as illustrated i
Fig. 5 g g g (Exposurgicing) by the slicing method. Taking the slicing

In minimizing the number of exposure shapes especiallymemod as a reference, percentage exposure “error” is de-

when a correction shape is thin, the concept of “negativetine<j to be |EXpOSUrgec— EXPOSUrgicing / EXPOSUrgjcing

triangle” may be adopted, as illustrated in Fig. 6 where there® 100(note that it may be considered as percentage exposure

are 1 rectangle, 4 triangles, and 2 negative triangles geneg_lfferencesmce it is not really an errgrin Table I, the maxi-

ated from a rotated rectangle. That is, the middle parallelo-
gram is represented by the bounding rectangle and two nega- X
tive triangles. Exposure contribution from a negative triangle
is considered to be negative. That is, the exposure contribu-
tion from the parallelogram is derived by subtracting the
exposure contributions of the two negative triangles from

irect method (Exposurgeey and is compared to that

y
Fic. 7. Coordinate transformation frofx,y) to (x’,y’) for a rotated rect-

Fic. 5. Hybrid method: a correction shape of polygon is decomposed intaangle. Note that the sides of the rectangle are parallel with the new axes
exposure shapes of rectangles and right triangles. (x’,y’) so that the CDF table can be used.
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TaBLE |. Percentage exposure error and exposure estimation(tigg:000
iterationg by the direct method for a circlecorrection shapewhere pixel
size is 2 nnmthe substrate of 1000 nm PMMA on &0 keV)]. A Sun Sparc
V9 (450 MHz) was used.

2933

TasLE lll. Angle dependency of percentage exposure gigompared to the
coordinate transform methp@dnd exposure estimation tin{é 000 000 it-
erationg for a rotated rectangle. The pixel size is 5 iithe substrate of
1000 nm PMMA on Si(50 keV)]. A Sun Sparc V9 450 MHz was used.

Percentage errqfo) Estimation time(s) Percentage errqfo) Estimation time(s)

Radius(pixel) Maximum Average Direct Slicing Coord.
Slicing Hybrid trans.  Slicing Hybrid
25 1.940 0.205 0.19 1.56
50 1.240 0.115 0.19 2.95 Angle (¢) tan(§) Max Ave Max Ave
75 1.002 0.075 0.19 4.86 75.964 4 8.82 5.87 18.10 13.74 12.18 12.88 548
100 1.425 0.093 0.20 6.73 63.435 2 11.29 3.00 21.65 287 1199 1415 6.36
125 0.830 0.054 0.19 8.44 45.000 1 1036 562 11.10 6.22 793 13.89 435
150 0.900 0.057 0.19 10.14 36.870 0.75 820 427 420 311 799 1287 4.20
26.565 05 7.13 343 10.13 589 812 1275 6.62
14.036 0.25 6.12 179 29.94 1350 811 1175 5091

mum and average percentage exposure errors are shown for
various sizes of circle. The percentage errors are averaged

over all points considered. It can be seen that the error igf the memory available on a workstation limits the size of
very small, especially for large circles. Also, in the table,the CDFT table and accordingly the size of exposure shape.
exposure estimation time is compared between the slicingxposures at points along the line perpendicular to the width
and direct methods. It is clear that the direct method camyf the rectangle are estimated for analyzing percentage ex-
reduce exposure estimation time greatly. The larger theosure error and estimation time. The results are provided in
circles, the larger the reduction. Table 111

In Table II, the hybrid and slicing methods are compared | Taple 11, it is seen that the percentage exposure error is
for the correction shape of afcefer to Fig. 2b) where the  yejatively large compared to that for circles. One of the rea-
ring width is 1/5 of the radiL]S Note that the direct method sons is that as|anted Straight edge is harder to approximate
is not applicable to this case. Percentage exposure erropy discrete pixels than a curved one. Also, the size of the
(|EXpOSUrgypig— EXPOSUrgicing/ EXPOSUrgicingX 1000 are  rotated rectangle used is so small that the percentage error is
averaged over all points along the radial line. While errors‘magnified.” However, the error would be much smaller for
are still small(the average error not greater than)2¥hey  |arger rectangles. As expected, the hybrid method achieves
are relatively larger compared to the cases where the corregne shortest exposure estimation time since the number of
tion shape is circlgrefer to Table ). It is mainly due to the  exposure shapes generated by the hybrid method is least
mismatch between each arc and its representation appro@among the three methogespecially compared to the slic-
mated by rectangles and right triangles. Also, it is seen thajng method which usually generates a large number of thin
except for small features, the hybrid scheme is significantlfectangles. While the coordinate transformation method re-
faster than the slicing scheme as expected. quires only one table look-up, the computation required for

For the correction shape of rotated rectangle, the slicingoordinate transformation involves evaluation of trigonomet-
and hybl’ld methods are Compared to the coordinate tranSfOﬁ'C functions Wh|Ch are much more time_consuming than

mation method which is considered to be “accurate.” That is,
the reference for erraiin Table Ill) is the coordinate trans-

formation method, not the slicing method. A rectangle of size
20x% 15 in pixel(where the pixel size is 5 nyrotated by the

angled, is used for performance analysis. The hybrid method
uses the CDFT table of which size grows fast as the maxi-
mum size of right triangle to be covered increases. The size

TaBLE Il. Percentage exposure error and exposure estimation(fio@000
iterationg by the hybrid method for a circle with the correction shape of arc
where the pixel size is 2 nijthe substrate of 1000 nm PMMA on &0
keV)]. A Sun Sparc V9 450 MHz was used.

Percentage errqfo) Estimation time(s)

Radius(pixel) Maximum Average Hybrid Slicing
25 117 0.31 17.2 6.1
50 2.28 1.56 16.4 12.9 100 150 200 250 300 350 400 450 500 550
75 4.13 2.03 18.2 20.7
100 1.90 1.24 18.6 29.0 Fic. 8. Test circuit pattern of a 2D array of circles where the radius of circle
125 2.28 111 20.5 37.7 is 50 nm and the gap between adjacent circles is 50 nm. The pixel size

is 2 nm.
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Fic. 9. Each arc(correction shapeis decomposed into slice@xposure
shapg.

simple arithmetic operations. The coordinate transformation
method turns out to be still faster than the slicing method orfFic. 10. Four critical points are set up for each circle in the test circuit
average, but slower than the hybrid method. pattern.

B. Correction . . . .
dose is determined for each arc and the center circle, to mini-

A simple circuit pattern which consists of identical circles mize the CD error. In order to minimize the number of ex-
arranged in a square array, shown in Fig. 8, is used to angosure shapes, the arcs and center circle are sliced in both
lyze correction performance. Two correction shapes are coriorizontal and vertical directions as illustrated in Fig. 9.
sidered: ring and arc. Since the direct method for exposure estimation is not appli-

Ring: Each circle is decomposed into concentric rings anctable in this case, only the slicing and hybrid methods are
a dose is to be determined for each ring such thai{@@ical  compared.
dimension error is minimized. Two methods for exposure  On the boundaries of each circle, 4 critical points are set
estimation are considered: slicing and direct methods. In thep (refer to Fig. 10, at which CD errors are evaluated by
slicing method, each ring is partitioned into thin rectanglescomputing the difference between the ideal and actual
for exposure estimatiofrefer to Fig. 4b)]. As discussed in (blurred boundaries. The size of circle and gap between ad-
Sec. V A, in the direct method, exposure contribution fromjacent circles are varied. In Table IV, correction results are
each ring is computed by two CDFC table look-ups and asummarized, where CD error, “slop€édge exposure con-
subtraction. tras), and correction time are provided. In terms of correc-

Arc: Each circle is decomposed into rings and a centetion accuracy, the correction shape of arc leads to a smaller
circle, and then each ring into 4 arpefer to Fig. Zb)]. A CD error and a higher contrast than the correction shape of

TasLE IV. Correction accuracy and time for circuit patterns which consist of circles arranged in a square array
(refer to Fig. 8 corrected for the substrate of 2000 nm PMMA on(50 keV). For the exposure shapes of
rectangle, ring, and hybrid, the slicing, direct and hybrid methods are used, respectively. A Sun Sparc V9 450
MHz was used.

Circuit Shape Accuracy Speed

Correction Exposure Time (s)/  Number of

Radius Gap shape shape CD erro(nm)  Contrast(uC/cn?)  iteration iterations
(nm)  (nm) Max Ave Min Ave

50 50 Ring Rectangle 0.767 0.183 1.907 1.982 21.19 22

Ring 0.767 0.183 1.907 1.982 0.54 22

Arc Rectangle 0.110 0.097 1.850 1.924 7.35 20

Hybrid 0.038 0.016 1.861 1.936 26.65 20

200 Ring Rectangle 0.110 0.081 2.298 2.309 22.05 14

Ring 0.110 0.081 2.298 2.309 0.55 14

Arcs Rectangle 0.110 0.081 2.298 2.309 7.16 23

Hybrid 0.009 0.009 2.266 2.277 26.86 23

100 100 Ring Rectangle 0.444  0.109 1.774 1.810 51.38 16

Ring 0.444  0.109 1.774 1.810 0.57 16

Arc Rectangle 0.110 0.085 1.780 1.816 15.70 17

Hybrid 0.178 0.159 1.806 1.842 29.26 17

200 Ring Rectangle 0.201  0.093 1.877 1.896 31.37 9

Ring 0.201 0.093 1.877 1.896 0.38 9

Arcs Rectangle 0.089 0.082 1.894 1.914 10.35 18

Hybrid 0.158 0.152 1.923 1.942 17.70 18
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ring as expected. The improvement by using arcs is larger foof slices generated from a nonrectangular feature. The hybrid
a denser circuit pattern. Also, it is seen that there is no difmethod which decomposes a nonrectangular shape into a set
ference in correction accuracy between the exposure shapegrectangles and right triangles is able to reduce the expo-
of rectangle(slicing) and ring(direc) when the correction sure estimation time significantly compared to the slicing
shape is ring. Thegaverage difference in exposures com- method. However, it requires an additional look-up table for
puted by the slicing and direct methods is very small agight triangles, which is much larger than the one for rect-
shown in Table I, which resulted in the same correction ofangles. The coordinate transformation method can be effec-
this particular circuit pattern by the two methods. Using thetive in computing exposure contribution from a rotated rect-
exposure shape of ring leads to a much faster correction thaangle. All these methods are exact in the sense that they are
using the exposure shape of rectangle when the correcticequivalent to a pixel-by-pixel convolution given a basic ex-
shape is ring. This is mainly because the slicing method gerposure shape. The simulation results indicate that the meth-
erates a larger number of exposure shagegiong from  ods described in this paper will enable accurate correction of
each ring while a ring itself is an exposure shape, i.e., a basieconrectangular features without approximation in exposure
shape, in the direct method. When the correction shape igstimation.

arc, correction time is shorter for the slicing method than for

the hybrid method. However, for larger circles, it is eXpeCtedACKNOWLEDGMENT

that the hybrid method would perform better in terms of
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