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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-goverimental, in liaison with ISO, also take part in the work. ISO collaborates closely with_the
Internationgl Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internationpl Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main ftask of technical committees is to prepare International Standards. Draft International Standards
the technical committees are circulated to the member bodies for voting. Publication as|an
Internationgl Standard requires approval by at least 75 % of the member bodies casting.a-vote.

In other cjrcumstances, particularly when there is an urgent market requirement for such documents| a
technical gommittee may decide to publish other types of document:

— an ISO Publicly Available Specification (ISO/PAS) represents an agreement between technical experts in
an ISO working group and is accepted for publication if it is approved by more than 50 % of the membgrs
of the [parent committee casting a vote;

— an ISO Technical Specification (ISO/TS) represents an agreement between the members of a technical
ittee and is accepted for publication if it is approved'by 2/3 of the members of the committee casiing

An ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed for a
e years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS is
confirmed,|it is reviewed again after a further three years, at which time it must either be transformed into|an
Internationgl Standard or be withdrawn.

ISO/TS 24p97 was prepared by Technical Committee ISO/TC 202, Microbeam analysis, Subcommittee S¢ 4,
Scanning ¢lectron microscopy (SEM).
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Introduction

The International Organization for Standardization (ISO) draws attention to the fact it is claimed that
compliance with this document may involve the use of patents concerning the evaluation method using the
contrast-to-gradient (CG) method given in 6.4.

ISQ takes no position concerning the evidence, validity and scope of this patent right.
The holder of this patent right has assured ISO that he/she is willing to negotiate licences(under feasonable
angl non-discriminatory terms and conditions with applicants throughout the world n this rgspect, the
statement of the holder of this patent right is registered with ISO. Information may be obtained from:
Patent holder:  Hitachi, Ltd.

Address: Marunouchi Center Bldg., 6-1, Marunouchi 1-chome, Chiyeda-ku, Tokyo, 100-8320, Japan.

Attention is drawn to the possibility that some of the elements of this document may be the [subject of
patent rights other than those identified above. ISO shall not be/held responsible for identifyind any or all
su¢h patent rights.
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CHNICAL SPECIFICATION ISO/TS 24597:2011(E)

icrobeam analysis — Scanning electron microscopy —

Methods of evaluating image sharpness
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Scope

s Technical Specification specifies methods of evaluating the sharpness of digitized images geng¢rated by a

nning electron microscope (SEM) by means of a Fourier transform (FT) method,~a’ contrast
5) method and a derivative (DR) method.

Normative references

following referenced documents are indispensable for the application of this document.
rences, only the edition cited applies. For undated referenCes, the latest edition of the
tument (including any amendments) applies.

WV

D 16700:2004, Microbeam analysis — Scanning electronsmicroscopy — Guidelines for calibra
gnification

D/IEC 17025:2005, General requirements for the competence of testing and calibration laboratori

D 22493, Microbeam analysis — Scanning electron microscopy — Vocabulary

Terms and definitions
the purposes of this document, the terms and definitions given in ISO 16700 and ISO 2244
pwing apply.

el
llest non-divisjble-image-forming unit on a digitized SEM image

to-gradient

For dated
referenced

fing image

)3 and the

3.3

binary SEM image
converted SEM image in which there are only two brightness levels

3.4

convoluted image
image obtained by convolution of a binary SEM image with a two-dimensional Gaussian profile

3.5

sharpness factor
twofold standard deviation (20) of the Gaussian profile used to make a convoluted image

© 1S0O 2011 — All rights reserved
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3.6

image sharpness

sharpness factor divided by the square root of 2 (i.e. 20/\2), the sharpness factor of an SEM image being
considered the same as that of a convoluted image produced with a Gaussian profile of standard deviation o

3.7

contrast-to-noise ratio

CNR

ratio of /5 — Ig to o,,, where I, and I are the image intensities for the object and the background and o, is the
standard deviation of the image noise

3.8
Fourier transform method
FT method
method of evaluating image sharpness by comparing Fourier transform profiles of an SEM image with thosé of
convoluted images

3.9
contrast-tp-gradient method
CG method
method of| evaluating image sharpness using weighted harmonic mean gradients of the two-dimensional
brightness|distribution map of an SEM image

3.10
derivative|method
DR method
method of|evaluating image sharpness by fitting error function profites to gradient directional-edge profileg of
particles i an SEM image

3.1
field of view
area of a specimen that corresponds to the whole SEM image

4 Stepp for acquisition of an SEM-image

4.1 General

For SEM image acquisition, it is_ important to first adjust the microscope conditions (for example, see Annek B
in ISO 167/00:2004). Image sharpness is dependent upon (i) the specimen itself, (ii) the structural smoothngss
of the foreground and the“background of the image, (iii) the brightness and contrast and (iv) the contrastito-
noise ratiq (CNR). Therefore, follow the procedures described in 4.2 to 4.10 corresponding to the abgve
factors for[evaluation.of image sharpness by all the three methods described herein. Particular attention mfust
be paid to| the adjustment of the electron probe current and the focussing conditions in order to obtain the
optimum requirements for brightness and contrast (see 4.6) and contrast-to-noise ratio (see 4.7).

4.2 Speteimen

At the date of publication of this document, there was no designated certified reference material (CRM).
Acceptable results can, however, be obtained using a specimen prepared by the method described in Annex G.
Select a specimen with a smooth and flat surface. For evaluations of the image sharpness, choose a part of
the specimen which contains circular particles deposited on the substrate. Obtain the desired images at the
chosen magnification in accordance with 4.4.

NOTE Material which is sensitive to the electron dose is not suitable for use as a specimen for the evaluation of
image sharpness.

2 © 1S0O 2011 — All rights reserved
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4.3 Specimen tilt

Set the specimen tilt angle at 0° (non-tilting condition).

NOTE Errors within £3° in the tilt angle of the specimen will not affect the evaluation of the image sharpness.

4.4 Selection of the field of view

Select the field of view so that it contains a flat and smooth surface because image sharpness varies with the
evenness (or rather unevenness) of the surface. Figures 1 a) and b) show acceptable and unacceptable fields
of

a) Acceptable image b) Unacceptable image

Figure 1 — SEM images with a) acceptable and b) unacceptable structured foreground images

4.3 Selection of the pixel size

4.91 General

Before evaluating the image sharpness, it is necessary to calibrate the image magnification and/of the scale
mdrker in accordance with ISO 16700.

4.5.2." Determination of the pixel size from a field of view

The pixel size Ly (in nm) is determined from the following equation:

L
Lp _ Lrov
N P
where

Leoy  is the horizontal width of the field of view on an SEM image, in nm;

N,

b is the number of pixels covering the horizontal width of the field of view.

© 1S0O 2011 — All rights reserved 3
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4.5.3 Determination of the pixel size from a scale marker
The pixel size Ly, (in nm) is calculated by using a scale marker as follows:

L

[ = —scale
Nscale
where
Lecaie  is the “indicator” value (e.g. the nominal value, in nm) of the scale marker,;

Ngcale| I8 the number of pixels covering the length of the scale marker.

4.5.4 Copversion of the pixel size

The image] sharpness as derived by the methods described herein (Rpy) is in pixels. Converted to nanometyes,
the image pharpness R, is then given by the expression:

RL = Lp X RPX
where Ly i$ the pixel size.

Set the pixel size to about 40 % of the expected value of the image sharpness. For example, set the pixel gize
to 0,8 nm Wwhen the image sharpness is expected to be 2 nm.

4.6 Brightness and contrast of the image

The signal intensity of the image should be widely distributed. Figures 2 a), b), c¢) and d) show exampleq of
images with acceptable and unacceptable brightness and contrast. Line profiles corresponding to the dotted
lines at thg same vertical position in each image are shown for visual guidance.

a) Acceptable image b) Unacceptable (over-saturated) image

Figure 2 (continued)

4 © 1S0O 2011 — All rights reserved
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c¢) Unacceptable (under-saturated) image d) Unacceptable (over-saturated) image

Figure 2 — SEM images with acceptable and unacceptable brightness and contrast

4.7 Contrast-to-noise ratio of the image

The contrast-to-noise ratio (CNR) of the image shall be 40 or larger. Here, the CNR is defined as fhe ratio of
thg image contrast Cj,,4 to the standard deviation o,<of the image noise (see Figure 3).

CNR =C; /o

image’ “n
A procedure for the determination of the CNRratio is given in Annex A.

Fi

dure 4 shows the simulated appearance of images with CNRs of 5, 10 and 50.

Fi

dure 5 shows examples of SEMimages with different CNRs of about 4 and 30.

NQTE In order to obtainnSEM images with a good CNR, it is necessary to adjust the probe current and/qr the image
acquisition time. One should-be aware of the fact that variations in the above parameters will affect the rgsults of the
imgge sharpness evaluation.

© 1S0O 2011 — All rights reserved 5


https://standardsiso.com/api/?name=d7ade4d1499680aea4e3150e622c0a49

ISO/TS 24597:2011(E)

Key
A region A
B region B

Figure 3 — Intensity profile of an_ image

c) CNR=50

6 © 1SO 2011 — All rights reserved
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a) Low contrast-to-noise ratio (CNR = 4) b) High contrast-to-noise ratio (CNR

Figure 5 — SEM images with different contrast-to-noise ratios

4.8 Focus and astigmatism of the image

Fogus the electron beam as well as possible. Use an image that is as free of astigmatism as possib

4.9 Interference from external factors

External factors such as mechanical vibration, distortion by magnetic fields and those listed in A
ISQ 16700:2004 affect the image sharpness. Ensure, as far as possible, that the images used are n
by these factors.

4.10 Erroneous contrast

Mdke sure that the images do net.contain erroneous contrast (e.g. contrast due to charging of the s

4.11 SEM image data file

~ 30)

[

Annex B of
ot affected

becimen).

bmpressed

The procedure described in this clause is common to all those used in this Technical Specification (see

Clause 6).

a) Use a specimen prepared by the procedure described in 4.2. Acquire an image, paying attention to the

instructions given in 4.3 to 4.10.

b) Select a square area in the SEM image (hereafter referred to as the image) comprising at least
256 x 256 pixels. The area shall not have any superimposed extraneous data (e.g. magnification display,

scale marker, characters, arrows, etc.).
Choose an area containing images of preferably non-overlapping particles.

c) Store the selected SEM image in a data file in an uncompressed graphics-file format specified i

© ISO 2011 — All rights reserved
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6 Evaluation methods

6.1 General

The evaluation methods described in 6.3 to 6.5 are based on the assumption that the electron beam has a
Gaussian profile. Hence the results obtained by these methods do not represent the actual beam size (see
Clause E.4). Figure 6 shows a general flow chart for the evaluation of an SEM image, including the common
procedure for evaluation of the CNR given in Clause 5.

Basic procedures for obtaining the image sharpness are as follows:

a) Selecian SEM image by following Clause 5.

b) Deterfnine the CNR for the selected SEM image (see 6.2) and ensure that it is larger than ofi equal to|10
beforg proceeding further.

c) Calculate the sharpness factor 2¢ for the selected SEM image in the frequency space.or the real space
(depending on method used). Here, the sharpness of an SEM image is determined’from an equivalent
image| produced by convolution of a binary SEM image with a two-dimensional\Gaussian profile with a
sharphess factor 20 (i.e. a twofold standard deviation).

NOTE The calculation procedure depends on the method used.

d) The image sharpness is defined as k x 20, where k =1//2.

Evaluate the CNR value

.

Execute

the FT method, or
the CG method or

the DR method

.

End

Figure 6 — General flow chart for the evaluation of an SEM image

8 © 1SO 2011 — All rights reserved
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6.2 Contrast-to-noise ratio

The basic concept of the contrast-to-noise ratio (see 4.7) was developed in the medical imaging field. The
CNR for the selected SEM image of interest shall be evaluated. Only images with CNR = 10 or larger can be
passed on to the next step for evaluating image sharpness. Figure 7 shows a brief flow chart for the CNR
evaluation following routines a) and b). Details of the routines are described in Annex A.

If the value of CNR is < 10, discard the SEM image. Acquire a new SEM image with lower noise and carry out

the

evaluation again.

6.3

Fo
co
co
pra
giv
NO
0, 1
ran

Start

a) Calculation of the CNR value

Figure 7 — Flow chart for the evaluation of the CNR

Fourier transform (FT) method

evaluating image sharpness, the Fourier transform (FT) method is used with the spatial
ponents given by the FT(ofian SEM image. The spatial frequency components of the SEM
pared with those of the\images obtained by the convolution of the binarized SEM image witH
files with various sharpness factors 2o (see Figures 8 and 9). Details of procedures for the FT n
en in Annex B.

TE The signal intensity of an image I, is expressed as I,(i,j), and the coordinates i and j ar¢
, ..., L —1 forsan image with x- and y-size L (= 256, 512, ...). However, the coordinates i and j are treated
ging from<Lf2 to (L/2) — 1 for the FT pattern.

frequency
image are
Gaussian
hethod are

chosen as
as integers
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Figure 8 |— (a) a selected SEM image /(i, /) with image size L = 256, (b) the binarized image (i, /), ()
and (d) the convoluted images /(i, j; 20) with 20= 4 pixels and I(i, j; 20) with-20'= 6 pixels, respectively
Y A
4
B FOH(fj)
B 'D1H
B 7,
L 7
L 7
- pmE\em == - - Fan(f) + Cy
- -~
3 He= == = - - = - - s FNH(fjH)
_ N
N 7~ N
N
I~ AN FCH(fj,20'= 4)
7 \\
7 \\
N Feou(f; 20
_/ P2H CH( j OH)
- Py Fen(f;20 = 6)
“«— 2 NN N N A Y Y YT A A [N N N N N
fy
X -25 -20 -15 -10 -5

Key

X horizontal coordinate f; (pixels)
Y  FTintensity F.y(f;)

* stands for C, N or O.

Figure 9 — Averaged and smoothed FT curves plotted as common logarithms: F,(/f;) for the selected

SEM image /o (i, j), and Foy(f;; 20) and Fo(f; 20oy) for the convoluted images /¢ (i, /; 20) and

10

Ic(i, J; 20pR), respectively
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a) Generation of a convoluted image

1)

Generate a filtered image I5g(i, ), processed by the 3 x 3 median filter, of a selected SEM image
1o(i, j)-

2) Produce a histogram H(S) of Iog(i,j) and then obtain a smoothed histogram Hy(S) by using the
moving averages of 9 points. Then calculate /4(S) = log4o[Hg(S) + 1].

3) Determine S| and Sy that correspond to the intensities of the substrate and the particles, respectively,
and determine a threshold level (S| + Sy)/2 by using 2(S).

4) Produce a binarized image /g(i, j) by using (S| + Sy)/2.

5) Add the white noise to the selected image /(i j) by setting SNR (signal-to-noise' ratio far particles)
to 30 for the signal intensity S = 192.

6) Generate convoluted images (i, j; 20) by convolution of the binarized Yimage Ig(i, j)| with two-
dimensional Gaussian profiles with various sharpness factors 2o = 2a(N) beginning with| 20(1) = 1,
where each o corresponds to the standard deviation of the Gaussian distribution and N (51, 2, ...) is
the step number.

7) Adjust the intensity of the various convoluted images Is(isj; 20) so that the maximum and the

b) [ Generation of curves of FT patterns

1)

3)

4)

c) | Calculation of\temporary image sharpness Rpyq

1)

minimum intensities are Sy and S|, respectively.

Carry out the FT for the selected SEM image /g(i; /) and the various convoluted images |/(i, j; 20).
Go(fl,f) and GC(fl,f 20) represent the ET\patterns corresponding to Iq(i,j) and [/s(i, j; 20),
respectlvely

Obtain the horizontally averaged-and-smoothed value of IRe[Go(f,,f 1l and the vertically|averaged-
and-smoothed value of |Re[Go(fl,f Jl and calculate the curves FOHA(f) and Fgya(f;) byltaking the
common logarithm of them.

NOTE Re[...] denotes the real part and | ...| denotes the absolute value.

Obtain the averaged curves of FOH(f) and Fqy/(f;) by applying the moving averages of 5 ppints along
the horizontal /; and tfie vertical f; diréctions for the curves Fona(f;) and Foya(f;), respectively.

Obtain the averaged curves Foyg(f;; 20) and Feyp(f;; 20) for Ge(f;, f;; 20) in a similar manngr.

Determine the noise areas for both of the curves F(f;) and F\(f;) and then obtain the|respective
noise functions Fyy(f;) and Fyy(f;) in the noise areas by finear approximation.

2) Calculate the corrected curves Fru(fi; 20) and Fry(f:; 20) from the averaged curves Frpp fi 20) and
Feyg(f; 20) by using the signal and noise intensities at the origin of (f;, ).

3) Obtain the value f; fC by using FOH(f) FNH(f) and a specified constant Cy and then calculate the
horizontal coordinate fH frome by Imear mterpolatlon

4) From the functions obtained, determine the coordinates of three points, P4 [on the curve FOH(f)]
Poy [on the line Fyy(f;)] and Py [on the curve Foy(f; 200p)], lying on a vertical line with horizontal
coordinate f; as shown in Figure 9.

5) Determine the coordinates of the three points P,y [on the curve Fq\(f))], Py [on the line F(f;)] and

Py [on the curve Fey(f;; 20gy)] in a similar manner.

© 1SO 2011 — All rights reserved 11
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6) Obtain the sharpness factors 205 and 20g,, by linear interpolation of 20(N) by increasing the step
number N.

7) C

8) Calculate the temporary image sharpness Rpyg from Rpyg =200 IN2 .

alculate the sharpness factor 20 from 205 = (20 + 200y)/2.

d) Calculation of the image sharpness Rpy

1) Calculate the coefficient Cr from the sharpness factor 20, used for calibration.

2) O

3) E

btain the calibrated sharpness factor 2o, by using the coefficient C.

Valuate the image sharpness Rpy from Rpy =20 IN2.

C )

/' Loadan SEM
N image /
Generation of
convoluted image

v

Generation of curves for
FT pattern

v

Calculation of temporary
imagessharpness Rpxo

v

Calculation of image

sharpness Rpx

Start

v

End

)

Figure 10 — Brief flow chart of processes in the FT method

6.4 Con

trast-to-gradient (CG) method

The contrast-to-gradient (CG) method is based on the extraction of the intensity gradient at each pixel in the
image by fitting a quadratic surface to the 3 x 3 area centred at each pixel point [see Figure 11 b)]. The CG
image sharpness Rqg is inversely proportional to the weighted harmonic mean of the gradients. Finally, the
CG image sharpness R is converted to the image sharpness Rgg using standard images with various

sharpness

12

factors 20.

© 1S0O 2011 — All rights reserved
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\\!1
S\,

a) Original SEM image b) Depth image'corresponding to the priginal
image, showing ‘a typical quadratic surfage fitted to
the 3 x3area centred at a pixel pdint

Key
1 | quadratic surface

Figure 11 — Original SEM image and the fitting of a quadratic surface to the 3 x 3 area centred at each
pixel point of the corresponding depth image

The image sharpness has little noise-dependency and is evaluated with the CNR as a given parameter.
Figure 12 shows a brief flow chart of the CG«method composed of the following routines a) to d). Details of the
roytines are given in Annex C.

a) | Calculation of the CG image sharpness R for the original image

A number of reduced images-are generated using reduction factors r equal to 1, 2, 3, 4, 5, 6, 8] 10, 12, 15
and 20. Each reduced (image is labelled as a (1/r)-size image (1/2-size, 1/4-size, etc.). With|the above
convention, the (1/r)ssize image for » = 1 is the original image. The image reduction works to reduce the
image noise at thetcost of image-sampling frequency. In routine b) given below, the following fqur kinds of
sharpness are_€alculated: local sharpness, directional sharpness, directionally averaged sharpness and
CG image sharpness. The first three kinds of sharpness are calculated for each reduced image. The last
kind of sharpness, which characterizes the image, is determined from curves of R and AR/R \s r, where
AR is thé fluctuation in R.

1)< ‘Local sharpness

fneach Image, the focal Sharpness at any pixel (7, jJ 1S caicuiated as follows:
R(i, j; 6) = 2ACIg(i, j; 6)

where
AC is the threshold contrast;
g(i, j; 8) is the local gradient with directional information 6.

The local gradient is found by fitting a quadratic surface over a 3 x 3 pixel area centred at each pixel
(i, j)- The fitting error Ag provides the fluctuation in Ry, i.e. ARy,

© 1SO 2011 — All rights reserved 13
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b)

c)

d)

14

2) D

irectional sharpness

The directional sharpness R;, defined as the weighted harmonic mean of the local sharpness in the
kth sector of azimuth angle @ in the image, is calculated. The values of AR,/R, are also calculated
using ARp/Rp.

3) D

irectionally averaged sharpness

The directionally averaged sharpness R, defined as the root mean square of R,, is calculated. The
values of AR/R are also calculated using AR/R,.

4) C
T
a
'
r
11
Gener

Stand
having
to-noi
Calibrg
The ¢
noise.
differd
Conve|

R

where

Here,
given

G image sharpness

he CG image sharpness R is defined as follows. Graphs of R and AR/R vs r are drawn; wher
nd AR/R are the values of R, and AR, /R, when r =1, for all the reduced images. The reduction va
Lin @t which AR/R is a minimum is then found. The CG image sharpness R is ‘defined as A
= 7min- 1he CG image sharpness is considered to be a reliable sharpness because AR/R is g
inimum. It is inherently influenced by the amount of noise.

htion of standard images and calculation of their CG image sharpness Rdg

ard images are blurred images formed by convoluting a binary SEM image with Gaussian profi
different known sharpness factors 20 and adding the Gaussianwandom noise so that the contra
be ratio of the standard image is equal to that of the original SEM image.
tion of the conversion constants 4 and B

pbnversion constants 4 and B vary with both the structure and size of the SEM image and the ima
So the constants are calibrated for each SEM.image evaluated, using the standard images
nt known sharpness factors 2c.

F'sion of the R value to the image sharpness Rgg using the calibrated constants 4 and B

ES:kXZO'

= 1/42 ;
5 is the sharpness)factor, given by
20=A4 xRag + B

the image sharpness Rgg shows little noise-dependency and is evaluated with the CNR value a
parameter.

P R
ue
at
t a

les
st-

ge
vith
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Calculation of the CG image
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sharpness Rqg

:

Generation of the standard images
and calculation of their CG image

sharpness Rqg

.

Calibration of the convérsion

constants A and-B

v

Conversion'of the R value to the

image sharpness Res using the
calibrated constants A and B

:
D

Figure 12 — Brief flow chart of the CG method
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6.5 Derivative (DR) method

The derivative method is based on the extraction of edge profiles and the fitting of error functions to them. The
method is built on the fact that the sharpness of edges relates to a parameter defined by the Rayleigh-Abbe
criterion. Thus the method can determine the edge sharpness. To do this, edge profiles are modelled as error
functions. If the point-spread function is assumed to be a Gaussian profile, the profile of an edge in an SEM
image can be approximated by an error function. This error function is fitted to all the extracted profiles in the
image (see Figure 13). From their average, the sharpness factor, which is, by definition, related to the image
sharpness, is derived.

Key
1 errorfu

Figure 14
routines arn

a) Genel

1)

a -

2) A
3) A
(0]

th

nction fitting

Figure 13 — Basic concept of the derjvative (DR) method

shows a brief flow chart of the DR method composed of the following routines a) to d). Details of
e given in Annex D.

ation of a binary mask image M(x, y)

he gradient magnitude Gy(x, y) is computed by convoluting the original image with first-or
brivative Gaussian profiles of standard deviation o equal to 2 pixels.

binary image B(x, y) is camputed from Gy(x, y), based on a two-mean threshold.
binary mask image_Af(x, y) is computed by cleaning up B(x, y) by a one-iteration binary-clos

peration. Then allCebject pixels that are close to the image borders are set to zero and all obj¢
at contain little‘pixels are discarded.

b) Genefation of amedge position map E(x, y)

1) A
(0]

h edge’location image P (x, y) is computed by convoluting the original image with first- and seco
rdeér,derivative Gaussian profiles of standard deviation o.

the

Her

ing
cts

nd-

2) A binary mask M,(x, y) is computed from the maximum value of [P (x, y) - |P|_(x, y)!], based on a
two-mean threshold within M(x, y).

3) An initial binary edge map image £(x, y) is computed by skeletonization from the result of the one-
iteration binary-closing operation carried out on M, (x, y).

4) An edge position map E(x, y) is computed from E4(x, y) by considering only positions along a contour
that are separated from each other by a distance of at least 10 pixels.

16
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1) The normalized gradient Gy(x, ) is computed for all positions of E(x, y), based on the normalization

of Gy (x, ).

2) The sub-pixel profile positions Pg,(x, y) are calculated from the initial edge positions given by E(x, y)

along both directions of Gy(x, y) for a total of 41 positions with a pitch of 0,5 pixels.

3) The sub-pixel intensity values Pj(x, y) at Pg,(x, y) are retrieved from the original image at the profile

positions by cubic interpolation.

4)  An error function is fitted to each P/(x, y) and the edge sharpness s; is calculated and storeJi.

Calculation of image sharpness Rpg

1) The overall edge sharpness s is calculated as the average of the edge sharphesses of a

slopes determined.

2) The image sharpness Rpp is calculated as Rpg = V2s .

< Start >

v

< Load an SEM™

image

— -

Generation of a binary
mask image M(x, y)

v

Generation of an edge
position map E(x, y)

v

Extraction of the edge
profiles P(x, y) and
fitting of error function

v

Calculation of image
sharpness Rpg

e

Figure 14 — Brief flow chart of the DR method
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7

7.1

Test report

General

The test report prepared by the laboratory shall be accurate, clear and unambiguous, and in accordance with
the specific instructions in the evaluation methods described in this Technical Specification.

In addition to the results of the evaluation, the information prescribed in 5.10.2 of ISO/IEC 17025:2005 shall
be supplied. The results may be reported in a simplified way, subject to the written agreement of an external
client or by mutual understanding with internal clients. Information prescribed in 5.10.2 of ISO/IEC 17025:2005

which is ng@t reported to the client shall be readily available in the laboratory which carried out the tests.

7.2 Contents of test report

The test rqg

a)
b)
c)
d)
e)
f)
9)
h)

m) where| relévant, a statement to the effect that the results relate only to the items tested.

a title for the test report;
the ngme and address of the laboratory;
an identification number for the test report;

nameland address of the client where relevant;

identifjcation of the method used (i.e. ISO/TS 24597, FT method, CG method or DR method);

the ngme of the manufacturer, the name of the model and the serial number of the instrument used;
the ngme(s) of the reference material(s) used;

the specific operating values of the accelerating voltage (in kV), the working distance (in mm) and
magnification set, as well as any additional“information, if considered necessary (imaging mode, s

speed, etc.);

the or|ginal SEM image(s), corresponding image size(s) and data files with file name(s), selected im3
file name(s), binary SEM image!files with file name(s) and their image sizes (number of pixels);

the ngme of the person conducting the evaluation;
the dgte and time of-the' evaluation;

the ngme(s), function(s) and signature(s) of the person(s) authorizing the evaluation certificate;

port shall include the items given below and any other relevant information which ©euld affect any
of the results reported therein (an example of a test report is given in Annex H):

the
an

ge

The data files of the original SEM images and the selected SEM images used in obtaining the reporied results
shall be kept for a specified mandatory period.

Laboratories issuing a test report shall specify that the report shall only be reproduced in full and with the
written permission of the laboratory.

18
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Annex A
(normative)

Details of contrast-to-noise ratio (CNR)
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This annex provides details of the evaluation of contrast-to-noise ratio (CNR). A flow chart of the CNR

evaluation is given in Figure A.1.

NO

TE

a)

© 1S0O 2011 — All rights reserved

o
¢

Produce a three-time median-
filtered image for the SEM image

5

Evalutate the standard deviation
o, for the noise:0f the SEM image

.

Determine the image contrast
Cimage

.

Evaluate the CNR value:
CNR = Cipagelon

y
D

The explanation applies to an image with L = 512 or 256 and 8 bits in the grey scale for ease of.undgerstanding.

Figure A.1 — Flow chart of the CNR evaluation

Produce a median-filtered image by carrying out (unweighted 3 x 3) median filtering three times
sequentially for the SEM image. The filter matrix is a 3 x 3 matrix. Hereafter, the resultant image will be
called a three-time median-filtered image.

NOTE 1

The principle of 3 x 3 median filtering is shown in Figure A.2. The median filtering is calculated by first

sorting the intensities of the pixels in the 3 x 3 square into ascending (or descending) order and then replacing the
pixel intensity (i, j) at pixel (i, j) with the middle (or fifth) pixel intensity.

NOTE 2

Any pixel position of the image is expressed as (i, j), where i (and j) =0, 1, 2, ..., and iz (@Nd jmax)-

19
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NOTE 3  Both ipa and jmax =511 (or 255) (depending on the pixel size of the original SEM image, namely
512 x 512 or 256 x 256).

NOTE 4  Edge pixels are processed in a special way for median filtering (see the end of this annex).

(i-1.4-1) M= gy

N TT 17
o |o | o
) i+1,))
/(I-1,j)\
o | o o
]
i) //o o | o (i+1,j+1)

[i-1,j+1) i+ 1)

Figure Aj2 — The principle of 3 x 3 median filtering: the figure shows the:pixel (i, /) concerned and its
neighbouring pixels in the 3 x 3 square

b) Evaluate the standard deviation ¢, of the image noise:

jmax imax
> Umealin )= 16, )1

j=0 =0
(imax +1)%(/ max+1) (A1)

gn =

wherd| I,,,.4(i, /) and I(i, j) are the pixel intensities at pixel position (i, ;) of the three-time median-filtefed
and SEM images, respectively.

NOTE The denominator (imax + 1):X\¢/max + 1) corresponds to the total number of pixels in the median-filtdred
region|(see Figure A.3).

(Of)<1,0> ()

I |
7 T

0.1)E

===

==

S L

- |
(0, jmax) (imax1 jmax)

Figure A.3 — Intensities of a three-time median-filtered image
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c) Determine the image contrast Cinage-
1) Divide the three-time median-filtered SEM image into nine (or 3 x 3) segment-images as shown in
Figure A 4.

NOTE The i (or j) region is divided into three ranges from 1 to 170, 171 to 340 and 341 to 510 for iy, (Or
Jmax) =511 and from 1 to 84, 85 to 169 and 170 to 254 for the image of i ax (OF jmax) = 255.

2) For each segment s, make a sequence of increasing or decreasing intensity as shown in Figure A.5.

3) For each ngmnnf s —compute S— hy arifhmpfir‘nlly n\/nraging the first to /‘1fh elements of the
descending intensity sequence and compute z., o, Dy arithmetically averaging the, first to gth
elements of the ascending intensity sequence. Here, ¢ is an integer that corresponds.to 0[2 % of the

number of elements in the sequence. The minimum value of ¢ is 1.

Key
1 segment-image

Figure A.4 — Nine segment-images

© 1SO 2011 — All rights reserved 21
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YA

' >
0 Zmin, av, s Zmax, av, s 255 X

Key
X intensity level

Y numbef of elements

1 0,2 % gf the number of elements in the sequence

Figure A.5 — Intensity sequence for segment-image s

4) Determine the threshold intensity i, esholg s-av @S fOllOWS:

Zthreshold,s-av = [Maximum (Zmax,av,O' Zmax,av,167; Zmax,av,S)
+ Minimum (zmin av.00 Zmin,av, 1> -+ Zminzav,8))/2 (A.2)
5) Determine the averages Avz,, o, , @and-Avz.,, 5,  from the following equations:
AVZmax,av,s
= Average (only for Zmax,av,s > Zthreshold,s-av) of (Zmax,av,O' Zmax,av,1r ** Zmax,av,S) (A-3)
AVZmin,av,s
= Avefage (only for Zmin,av,s < Zthreshold,s-av) of (Zmin,av,O' Zmin,av, 1>« Zmin,av,8) (A-4)
6) Calculate the temporary contrast Ctemp of the image from the following equation:
Ctemp = AVZmax,av,s - AVZmin,av,s (A-5)

7) Determine the image confrast Cj,,4 DY correcting Cig,, Using a correction term k., X o, where
keorr = 1,38 (empirical value), as follows:

Cimage = Ctemp — keorr X O (A.6)
d) Evaluate the CNR value of the SEM image as follows:
CNR=C, /o (A.7)

image’ “n

The values of Avzp. ., and Avzg,,, . shall be in the ranges 245> Avzp,, ,, > 170 and
80 > Avzyin 4y, = 10 (for 8 bits in the grey scale), respectively. If the values are not in their corresponding
ranges, discard the SEM image.
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3 x 3 median filtering:

Fout(i, /) = MgplFiNG = 1,7 = 1), EiNG = 1,0), FiNG = 1,7+ 1), FiNGL = 1), FiNGL ), FiNGL T+ 1),
F|N(i+ 1,7-1), F|N(i+ 1,/), F|N(i+ 1,7+ 1)]

where
FiNG,j)  is the input image data for 511 > i, j = O (for an SEM image with 512 x 512 pixels);

FUUT(i’Ji) is the 3 x 3 median-filtered data

The median-filtering function Mgp(ay, as, ..., ay) sorts the values a, (n=1, 2, ..., N) into ascending order and
fin:lis the median value for odd values of N or the mean value of the (N/2)th and [(M/2)+ 1]th values in the
sefies for even values of N.

NQTE Ifi-1<0,i+1>511,j—-1<0or,;+1>511, discard the corresponding F\(...,f.} ) and carry out Mgpl...... 1.

© 1SO 2011 — All rights reserved 23
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Annex B
(normative)

Details of the Fourier transform (FT) method

B.1 General

This annex provides details of the procedure used for the Fourier transform (FT) method.

Figure B.1[shows an example of an SEM image.

Figure B.1 — Example of an SEM image

B.2 Generation of convoluted images

a) Prepafe a filtered imagepe(i, /), processed three times sequentially by the unweighted 3 x 3 median filter,
of a s¢lected SEM image /5(i, j) by using the procedure described in B.6.1.

b) Produge a histogram H(S) (where =0, 1, 2, 3, ..., 255) of the filtered image /qg(i, /).

c) Obtain a’smoothed histogram H(S) from H(S) by applying the procedure in B.6.2, using the window of
nine poinis. Then calculate 4.(S) = log4a[H(S) + 1].

d) Obtain two signal intensities S| and Sy from the smoothed histogram. Then determine a threshold value
St by the following procedure:

1) Find the maximum values of hg(S), g (S1) and hy(S,), in the intervals [0, 127] and [128, 255],
respectively, which satisfy the following conditions:

hg(Sy — 16) < hg(Sq) and hy(Sy + 16) < hy(Sy);
hg(Sy — 16) < hg(S,) and hy(S, + 16) < hy(Sy);

96 < S, — Sy, hgl(Sy + Sp)/2] < hg(Sy) — 0,02 and hgl(Sy + S)/2] < hg(Sy) — 0,02.
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Then set S, to S| and set S, to S and go to step 3). Otherwise, go to step 2).

If S4 — 16 <0 or 255 < S, + 16, use h4(0) or hy(255) instead of /4(S4 — 16) or Ag(Sy + 16), respectively.
2) Obtain the maximum value S, and the minimum value Sg of the signal intensity S so that the sum of

the histogram intensity for Hy(S) in each of the intervals [0, Sy — 1] and [Sg + 1, 255], respectively, is

closest to 0,2 % (but less than 0,2 %) of L2. Then, calculate two signal intensities S_and Sy as
follows:

SL =SA +CR"’SA and SH=SB_CR",SB

where CR = (SB _SA )/128
3) Calculate the threshold value St (see Figure B.2) as follows:
ST = (SL +SH)/2
e) | Obtain a binarized image Ig(i, j) by applying the threshold value St (see Eigure B.3).

Y A

4
u St

3 —

2 - Sk
i (S, + SH)i2

1 —

0 1 Ir/ [ 4 1 1 [ 4 1 1 1 Y 1 1 \I >
0 64 128 192 256 X

Key
X signal intensity S (from 0 to 255)
Y  hg(S) (logarithmic values)

Figure B.2 — Example of a smoothed histogram
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f)  Add th
as foll

1) S

>

2) d

W

N Z

3) S

g) Genefate convoluted images I(i, j; 20) by using the convolution of the binarized image /g(i, /) with t

dimen

~

Figure B.3 — Example of a binarized image /(i j)

e white noise to the selected image I5(i, j) so that the effect of weak correlated noise is neglect
DWS:

et SNR, (signal-to-noise ratio for particles) to 30 for the signal intensity S = 192 and calculate
bise intensity s (i, ) for the selected image intensity /q(i,') as follows:

sn(i, /) =110 /)-S1"2 1SR = [16(i, j)-19211%730
btain the intensity I\ (7, /) of the noisy image as follows:

IonG, ) =10, j)+sp(i, 7)1

b5 < IoN(i, /5 20).

et IoN (i, /) to Ig(i,y).

OTE This is done by -setting Ion(i, j; 20) to 0 if Ion(i,/; 20) <0 and setting Ion(i, j; 20) to 25p

the

here rg is a random value which obeys the normal distribution with a mean value of 0 and a
sfandard deviation of 1.

where

sional Gaussian profiles I5(i, j; 20) having various sharpness factors 20, given by
- 2o—expl—— 242
L 202 J

ois the standard deviation of the Gaussian distribution.

1) Set the sharpness factor 2o(N=1) to 1 as the initial step. During the evaluation process, 20(N) is
increased in the following way:

26

if 1< N <8,then 20(N)=N;

if 9< N, then 20(N)=29*"+29"1. (N -40).
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where Q is the integer part of N/4 (N = 4Q +remainder).

NOTE N is the step number. The maximum values of N and 20(N) are 24 +4[(log,L) — 8] and L/2,
respectively.

2) Compute the Fourier transform pattern GB(f,-,j;) of the binarized image Ig(i, /).
3) Compute the Fourier transform pattern GG(fl.,J;.; 20) of the Gaussian profile Ig(i,j; 20) with a
sharpness factor 2o equal to 20(N) for the Nth step in a similar manner.
7)Calculate the product of Ggl7;, /;) and GG/, 7 20):
Gag(f;» 111 20) = Gg(f;. 1) G, 13 20)
5) Obtain the image Igg(i, j; 20) from GBG(fl.,J;-; 20) by applying the inverse Fouri€p transform,
6) Obtain the convoluted images /(i, j; 20) (see Figure B.4) as follows:

SH-SL
Ic(, j; 20) = — | Igg (i, j; 20) | +SL
max([| Igg (i, j; 20)|]
where the mathematical symbol | ... | means “the_gbsolute value of’ and max[...] means “the
maximum value of”.

a) 2052 pixels b) 20=4 pixels c) 20=06 pixels

Figure B.4 — Examples of convoluted images /-(;, j; 20) with image size L = 256
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B.3 Gen

eration of curves of FT patterns

The following procedures a), c), d) and e) are performed once for the selected SEM image /5(i, j) when the
step number N =1.

a) Compute the Fourier transform pattern Go(fl.,J;-) of the image (i, /).

b) Compute the Fourier transform pattern GC(fl, f» 20) of the convoluted image (i, j; 20).

c) Take the real part Re[Go(fl,f)] of Gp(f;, f) and then take the absolute value |Re[GO(fl,f 1| of the real part

Re[Ggt

d) Obtair
calcul

ool

4y

where
£

L

e) Calcu
windo

Obtair

f) Take
the re

g) Obtair
calcul

oo

Vz'JJ”

bte their common logarithms as follows:

| (L12)
oHa(/) =logioye+— D, IRelGo(p, /;)I

p=—LI[2

| (LL2)-1
ovA(/;) =10gtg £+ D IRelGo(f )]

q=—L12

is taken as 1020 to avoid log,,0 occurring;

is the image size.

ate a smoothed horizontal curve F(f) from Foua(f;) by applying the procedures in B.6.2, usin
w of five points in the interval [-L/2, L/é) -] off

a smoothed vertical curve F\(f;Yfrom Foya(f;) in a similar manner.

he real part Re[G¢(f;, /;; 20)10f G (f;, /;; 20) and then take the absolute value |Re[GC(fl,f 20)]
bl part Re[GC(fl,f 20)]

the vertically averaged value and the horizontally averaged value of |Re[GC(fl,J3, 20)|. TH
bte their commondogarithms as follows:

| (L2
cHA(/329)=logio 2+ 2 IRelGe(p. /5 20|

p=—LI[2

the vertically averaged value and the horizontally averaged value of |Re[GO(fl,f)]| Then

0 a

of

en

( (L/2)-1

]
Fova(f;20)=logig e+~ 3 IRe[Gc(ﬁ,q;Za)]If
—L/2

h) Calculate a smoothed horizontal curve Fyg(f; 20) from FCHA(f 20) by applying the procedures in B.6.2,
using a window of five points in the interval [—i/2 (LI12) — 1] off

Calcul

28

ate a smoothed vertical curve F\g(f;; 20) from Foya(f; 20) in a similar manner.
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B.4 Calculation of temporary image sharpness Rpxo

The following procedures a) to f) are performed once for the selected SEM image Ip(i, /) when the step
number N = 1.

a) Calculate the slope my and the intercept b by the least-squares method described in B.6.3 to obtain a
linear function which approximates to the smoothed curve FOH(};) in the interval [-L/2, —(L/4) — 1] of_];-.

Calculate the slope my, and the intercept b, of the smoothed curve F\/(f;) in the interval [-L/2, —(L/4) — 1]
of f; in a similar manner.

b) [ Determine the noise functions as follows:
FNu(F;) =my - f; + by

Fny(fi)=my - fi +by

c) | Calculate the corrected curves Fcy(f; 20) and Fey(f;; 20), using the signdl-and noise intensities at the
origin of (f;, f;), as follows:

Fon(/f 3 20) = Foug(/ j; 20) — [Foup (0; 20) — logy (10 70H©)  10%)]
Foy(/i320) = Foyp(/;: 20) = [Foye(0: 20) ~ logyo (107042 ~10V)]
To verify the computation, it is recommended that graphs of FOH(/‘;) and FCH(/;; 20) be drawn for the

horizontal direction and graphs of F\/(f;) and Fn\/(f; 20) be drawn for the vertical direction, as shown in
Figure B.5.

Y14 Y2 A

N
T T T T T T T T T

N
T T T T T T T 1

Key

X1 horizontal coordinate f; (pixels)
Y1 FTintensity Fuy(f))

X2 vertical coordinate f; (pixels)
Y2 FT intensity F.(f;)

* stands for C, N or O.

Figure B.5 — Examples of averaged and smoothed curves for the FT patterns in the horizontal and the
vertical directions
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d) Obtain the horizontal coordinate]; =/ as follows:

1) Set the parameters 4 and B as

A=Fou(f;) and B =Fyy(f;)+Cn

where Cy is the contribution factor determined from the convoluted image in the Fourier space and is
given by

CN = |Og10(1+aN +AGN)

where

2) S
Ji
3) ¢

4)

U

= O

I,.

e) Obtair

Then
point |
convo

CIN = 0,5,
Aay =— 0,05 (empirical value).

et /. =— L/2 as the initial value, then increase f until the condition 4 <.B\changes to 4 > B.
=Jic for this change.

alculate the horizontal coordinate £ as follows:

FNH(ij)*'CN _[FOH(fjc =) +my]l
Fou(fjc)=Fon(/jc =1)+myl

= +(fc -1 ford- B >107*

fn=fcford-B <107

etermine at f; fH the coordinates of the paint P1H on the curve FOH(f) for the original image,
pint Py on tf]1e linear function Fy(f;) for the noise and the point Py, on the curve Fen(f; 200m)
e convoluted image as follows:

Pi: (fjn Fnn(fjn) + )
P3H: (fij FNH(fjH)+ |Og1oaN)

the vertical coardinate f; = f,, using f; = f;c in a similar manner.

Hetermineg at /; = f,, the coordinates of the point P,y, on the curve F/(f;) for the original image,
P,y on<he’linear function Fy(f;) for the noise and the point P53\, on the curve Fpy(f;; 200y for
uted image (see Figure B.6) as follows:

the
for

the
the

v Vivo InvUiv ) TON)

Poy: (fiv, Fnv (fiv)

P3y: (fiv, Fav (fiv ) +10g40 an)

30
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Y 1A Y2 A
4 4
: - Py
i | === * Fufy) + Cy
3 3Ire= === == Fu(fy)
\\\ Foulf; 20= 4) I \\\ Foll; do=4)
AN P / P AN
b Feu(f; 20 on) ;/ W3 ZV D\ FX(F: 2d ov)
- P
Feu(f; 20=6) - v Fou(f; 2= 6)
4__2 [ N NN T A Y T N T S Y T N T [N Y N | <_2_||||I||||I||||I||||||||
Xl -25 -20 -15 -10 -5 0 X2 -25 -20 15 -10 b 0
Key
X1 | horizontal coordinate f; (pixels)

Y
X2
Y2

N

%S

FT intensity F.n(f))
vertical coordinate f; (pixels)
FT intensity F.(f;)

ands for C, N or O.

Figure B.6 — Graphs showing the'points P, Poy, P3p, Pqys Poy and Pyy

Calculate the values of Foy(fiy; 20) and Fey(fyy; 20) at f;=f and f;=fy, respectively, u
interpolation, as follows:

Feu(f 15 20) =[Fenu(fj¢i20) = Fou(f jc =t 200 [f ju = (f ;¢ =D+ Feu(f ;¢ =1 20)
Foy(fiv; 20) =[Fgy(fic; 20)— Fev(fic =t 20)1-[fiv —(fic =D+ Fev(fic =1 20)

Find the step (umbers N=Ngy and N=Ng, for the sharpness factors 2o(Ng
ZO(NOH — 1) = ZO-HU’ ZO(Nov) = ZO-VL and ZO(NOV — 1) = ZGVU as follows:

1) Stop ¢hé evaluation if either of the following inequalities is satisfied for the initial convoll
with 20(N = 1) = 1. Otherwise, go to step 2).

Fou(f 1 1) < Fnu(fjn) +logqpan or Foy (fivi 1) < Fnv (fiv) +1ogqpan

sing linear

H) = 2041,

ted image

It is recommended that a message be generated at termination. This termination is caused when the
sharpness factor 20 or 20y, of the selected image Iy(i, ) is less than 1 pixel or the image is

irregular.

2) Find the step numbers N = Ny and N = Ny, Which satisfy the following conditions by increasing the

step number N and then repeat the procedures from Clause B.2 f) 1) to the present step.
Fen(f 1 20uL) < Fnp(f 1) +loggan < Fen(f j1;201y)

Fov(fivi20y) < Fny(fiv) +10g1pan < Foy(fivi20wy)

© 1S0O 2011 — All rights reserved
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h) Calculate 2o by linear interpolation as follows:

_ k() +10g 10 an]— Fen (/13 201y)

200H (204 —20Hy) + 201y
FCH(fjH;ZO_HL)_FCH(fjH;ZO'Hu)
[Fnv (fiv) +10g10 an] - Fov (fivi20vy)
200y = NVAJ iV : 10 9N cVv .zV VU (20, —20y) + 20wy
Fov(fivi20y )= Fey(fivi20oyy)
NOTE The values of 20, and 20,y are similar in magnitude to each other for an image with a low level of
astigmptism.

i)  Obtain the sharpness factor 20, as follows:

2P = (2ogy + 200y)/2

j)  Obtain the temporary image sharpness Rpy before calibration as follows:
Rbxo=k-20p

wherel k is 1/\/5.

B.5 Calg¢ulation of image sharpness Rpy

a) Calculate the coefficient Cr by using the following formulag:

1) Ifl2og <3 o0r 11 < 20, then Cg=1.
2) Ifl3 <20 <41, then
Cg = bg + b4/205
where by = 0,401 42 and b, =-4;795 74.
3) If|4,1 <205 < 11, then
Cr =¢3(206) +¢2(20)? +¢4(200) + g

where c; <T/489 79 x 104, ¢, = 6,646 10 x 1073, ¢, = 9,638 83 x 10-2 and ¢, = 5,456 65 x 10~".

b) Obtain thé.calibrated sharpness factor 2o, as follows:

20_0 = CF . 20_0

NOTE The coefficient Cg ranges from 0,8394 to 1. Examples of the sharpness factor before and after
calibration are shown in Figure B.7 and Figure B.8, respectively, for simulated images such as those in Figure 4
using a Gaussian profile with 2c0=4 and 10 pixels.

c) Obtain the calibrated image sharpness Rpy as follows:
RPX =k- 20'C

where £ is 1/\/5.
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o 10 o

Fr20=4 BBga

O | I S | I B | | I I >
1 10 100 1000 X

Key
X | signal-to-noise ratio for particles SNR,
Y | measured sharpness factor 20, (pixels)

Figure B.7 — Example of measured sharpness factor 2o, before calibration

Y A
12

20 = 10 o ey

10

20=4 BE\E{;\E\QJE;E'
4 o o o

0 I I | N I I N I B >
1 10 100 1000 X

Key
X signal-to-noise ratio for particles SNR,
Y calibrated sharpness factor 20¢

Figure B.8 — Example of calibrated sharpness factor 2o, (calibrated using the coefficient Cf)
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B.6 Calculation sub-procedures

B.6.1 3 x 3 median filter

Define the

FiN(i, ) be

function Mgp(aq, ag, ..., ay) Which sorts the values a, (n =1, 2, ..., N) into ascending order and find
the median value for odd N as well as the mean value of the (N/2)th and [(V/2) + 1]th values for even N. Let
the input image data for 0 <7, < L — 1. The output data Fq7(7, /) processed by the 3 x 3 median
filter can then be derived as follows:

Foutli,j)=MeplFiNG =1,/ = 1), FING=1,)), FING = 1,7+ 1), FiNG = 1), FiNG ), FinGLJ+ 1),

FING+1,7=1), FinG+1,)), FinG+ 1,5+ 1)]
NOTE If i-1<0, i+1>L-1, j—1<0 or j+1>L-1, discard the corresponding F)\(..., ...) and |gcarry
Mepl.....].
B.6.2 Mqving average with window of width 2x + 1
Let F\\(r) pe the input original function of integer r (r=s,s+1,s+2, ..., s + m) in thetinterval [s, s + m]. 1
output fungtion Fq7(r) processed by the moving average with a window of width 2n+1 (n=1,2, 3, ...
obtained ap follows:
1) Ifs<r<s+n,sett=r-s(=1,2,3,...,n-1)and calculate Foy7{r) as follows:
1 n
Four(r)=
t+1+n =,
2) Iffs +»n < r<s+m—n, calculate Fo1(r) as follows:
1 n
F, =— F +k
out(r) 2”+1k—z IN(7+ k)
=—n
3) Wfls+m-n<r<s+m,sett=(sem)-r(=0,1,2,3,...,n—1)and calculate Fo1(r) as follows:
F = F +k)
out(r)= +1+t Z NG
B.6.3 Lirnjear approximation by the least-squares method
Let F () be the input original function of integer » (r=s,s+ 1,5+ 2, ..., s+ m) in the interval [s, s + m]. 1
output resllt isthe slope mgyt and the intercept bo,1 at the vertical axis. The calculation method is
follows:

a) Calculate the mean of » from:

]7:

1 Sinr— Vst m)- (s m+ 1) = (s = 1)s
m+1r=s m+1| 2 2

b) Calculate the mean of F\(r) from:

S+m

F=—2FIN(F

34
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Calculate the variance of » from:

1 s+m

> (r-7)?

c,%=
m+1

Calculate the covariance of » and Fy(r) from:

1 s+m

0. =
1

2 r=7) Fin(r)-F ]

Obtain the slope mq 1 and the intercept b7 at the vertical axis from the following equations:

OvF
mout = 2

o,

bour =F —moyr -7

NOTE The approximately linear equation F = F(r) processed by the leasi-squares method is given by:

F—F=mqgyr-(r-7r)

© 1S0O 2011 — All rights reserved
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B.7 Flow charts for the procedures described in Clauses B.2 to B.5

Start
(B.2)
a) Prepare the median-filtered
image Iog(/, )

v

b) Produce intensity histogram
H(S) of loe (i, J)

v

c¢) Obtain the smoothed
histogram h,(S)

d) Has hy(S) two peak
positions S, and S,;? No

A

Yes d) Obtain thelintensities S,
. and Sg and calculate relative
e) Obtain the binarized image contrast Cr = (Sg — Sa)/128
Is(i, j) using threshold level v
(S + Sy)2
I d) Set S, = S, + CxSy*
and S, = Sg — CrS”
f) Calculate the noise

intensity by the formula: ‘
Sa(is ) = [lo(i, j) * ST*/SNR;,

v

f) Add the Gaussian noise rg
by lon(i, ) = lo(i, J)+ sa(0: J)re

v

f) Set Ion(ir)) to lo(i, j)

v

g)Set 20(1) to 1 as an initial
step N=1

, |

g) Generate convoluted
images /I:(i, j; 20 (N)) with
signal range (S,, Sy)

v

A
End (from Figure B.11
< (B.2) >

Figure B.9 — Flow chart for the procedure described in Clause B.2
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C fsf; )
e

Yes

a)-Carry-out-Fouriertranstorm
for the selected image Iy(/, j):
Gol(fi 1))

A

b) Carry out Fourier transform
for the convoluted image
Ic(i, J; 20): G¢(f, £; 20)

v

N=1?

lYes

c) Take absolute value of the f) Take absolute value of the
real part of Gy(f, f): real part of G¢(f, f; 20):
IRe[Go(f, A |Re[Gc(f, f; 20)]|

d) Obtain averaged values-for
each direction and'calculate
common logarithnm’of them: common logarithm of them:
Foua(f) and<Egya(f) Fena(f; 20) and Fou(f; 20)

e) Apply the moving average: h) Apply the moving average:
Fei(f) and Fou(f) Feus(f; 20) and Feyg(f; 20)

|
A
End
(B.3)

Figure B.10 — Flow chart for the procedure described in Clause B.3

No

A

g) Obtain averaged values for
each direction and calculate
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Start
(B.4)

No

N=1?

Yes

a) Calculate slopes m,, and
m, and intercepts b, and b, from
Fou(f) and F,,(f), respectively

v

b) Determine noise function:
Fa(f) = my x £+ by,
Fu(f) = my x £+ by,

v

Calculate the calibrated curves
Fonlfs 20) and Fey(f; 20)
or the convoluted images

v

d) Calculate f,, which satisfies
FOH(fj) = FNH(C’) + Cy

v

Determine the coordinates
pf the points P,,, P,, and P,,

|

Calculate f,, which satisfies
Foulf) = Fu(f) + Cy

v

PDetermine the coordinates
of the points P,,, P,, and P,,

o
-~

d

~

D
-~

@
-~

A

f) Obtain the coordinates
FCH();H; 20) and F(fy; 20)
for various 2o

No

STOP

g) Is the sharpness
factor larger than 1%

g) Find the step numbers
Noy and N,
for the sharpness factors
260,204, 20 and 2 6,

g) Are Ny, and N,
found?

A
(to Figure B.9)

h) Calculate 25, and2 o, by
using linear interpolation

v

i) Obtain the sharpness factor
from 26, = (20 o4 + 20 o)/2

v

j) Obtain the temporary image
sharpness from
Reo=kx2c (k=27

v

End
(B.4)

Figure B.11 — Flow chart for the procedure described in Clause B.4
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C =)
l

a) Calculate the coefficient Cr
from the sharpness
factor 20

b) Obtain the calibrated
sharpness factor from
26(‘; = CF2 Oo

c) Evaluate image sharpness
from Rex = k X 20
(k=27)

\ 4
End
(B.5)

Figure B.12 — Flow chart for the:procedure described in Clause B.5
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Annex C
(normative)

Details of the contrast-to-gradient (CG) method

C.1 General

This annex provides details of the procedure used for the contrast-to-gradient (CG) method described‘in 6.4
and Figurg 12.

NOTE [he explanation applies to an image with L =512 or 256 and 8 bits in the grey scale for easefof understand|ng.

C.2 Calgulation of the CG image sharpness

C.2.1 Flgw charts

A flow chart of the routine is given in Figure C.1. In this routine, there are\three subroutines: a) generation of
reduced-sige images referred to as (1/r)-size images, b) calculation of the‘directionally averaged sharpnesq R,
and c) calgulation of the CG image sharpness Rg. Flow charts of the 'second and the third subroutines gre
given in Figure C.2 and Figure C.3, respectively.

a) Generation-of a series of (1/r)-size
images:r=1,2,3,4,5,6,8, 10, 12,
15and 20

b) Calculation of the directionally
averaged sharpness R, for each
(1/r)-size image

;

c¢) Calculation of the CG image
sharpness Rqg

End

Figure C.1 — Flow chart for calculation of the CG image sharpness
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v

a) Determine the coefficients (a, b,
¢, d, e and f) of the quadratic
equation z(x, y) for each pixel

h) Determine the weighted function
w; ; and its fluctuation Aw; ;
at each pixel

y

'

b) Determine the local intensity
gradients g(/, j; 0) at each pixel

i) Calculate the contrast C of the
image only for the pixels with w; ;> 0

;

-

c) Determine the fluctuations
Ag(x; y;) at each pixel

j) Calculate the'correction factor
for the threshold contrast

5

.

d) Calculate the temporary contrast
Ciemp Of the image

K) Correct the values of R, and AR,
using the correction factor

2

e) Take the temporary thresheld
contrast ACye,, @s 10 % 6f Cierp

:

y

f) Calculate the local sharpness R,
and the,ratio of its fluctuation AR,
to)Ry at each pixel

I) Determine the directional
sharpness R, and the ratio of its

fluctuation AR, to R,

v

;

m) Compute the directionally
averaged sharpness R, and its

fluctuation AR,

g) Determimethemmimimmuom principat

radius R, win(i, j) of the curvature

at each pixel

End

Figure C.2 — Flow chart for subroutine b)
(calculation of the directionally averaged sharpness) in Figure C.1
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a) Compute the corresponding values
of Rand AR/R at r =1 for R, and

ARIR, for all the (1/r)-size images

!

b) Make a graph of Rand AR/R as a
function of r

c) Find the reduction value r,,, at which
the ratio AR/R has the minimum value

.

d) Determine CG image sharpness
R corresponding ot = r,,,, from

the curve of Rwsr

End

Figure C.3 — Flow chart for subroutine c)
(calculation of the CG image sharpness) in Figure C.1

C.2.2 Generation. of the (1/7)-size images

This subroutine generates a series of (1/r)-size images from the original SEM image, where » =2, 3, 4, 5, 6} 8,
10, 12, 15|and 20. Hereafter, the (1/r)-size image when » = 1 means the original image in order to make the
description simple (see Figure C.4).

Generate the (1/r)-size images, obtaining the pixel intensity 7.(i, /) by averaging the pixel intensities I(p, ¢) in
the original image as follows:

I.(i, j)=Round [g‘: JFZ‘:AI(p, q)]/rxr) fori(andj)=0,1, ..., imax (@Nd jmax) (C.1)

p=irq=jr

NOTE 1 Any pixel of the image is expressed as (x;, y;), where i (and j) =0, 1, 2, ..., imax (aNd jmay)-
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NOTE 2  Both ijnax @and jmax = Int(512/r) — 1 [or Int(256/r) — 1] (depending on the pixel size of the original SEM image,
i.e. 512 x 512 or 256 x 256). Here, Int(x) is an integer function of x, e.g. Int(100,8) = 100.

NOTE 3  Round(x) is a function yielding the rounded value of x, e.g. Round(12,4) = 12 and Round(12,5) = 13.

a) Original image (1/1) b) A/2-size image c) 1/4-size image

Figure C.4 — Original image, 1/2-size’image and 1/4-size image

C.2.3 Calculation of the directionally averaged sharpness
This subroutine calculates the directionally averaged sharpness R, for each (1/r)-size image as follopws.

a) | For each pixel (i, j), determine the coéfficients (q, b, ¢, d, e and f) of the quadratic equation z(x, y) so that
the fitting error S, (7, /) in the 3'x 3 pixel area is minimized:

z(x, y) = a(i, j) x? + blig) 32 + c(i, j) xy + d(i, j) x + (i, j) y + f{i, j)
fori(andj)=1,2,".., imax— 1 (@ndjax— 1) (C.2)

Serror (i ) +Z1 +Z1 [Ir (i+pj+a)-z(p. q)}z}/3x3) (C.3)

p=—1 gq=—1

The 3 X8 operators to determine the coefficients a, b, ¢, d, e and fare given by:

1 -2 1 1 1 1 (-1 0 1]
2 1] bt (1/6){ 2 2 21 40— 0—0
1 -2 1J M 1 1J |1 0 -1
-1 0 1 1 1 1 -1 2 1]
d: (1/6)]-1 0 1| e: (1/6))0 0 0| f: (1/9)2 5 2 (C.4)
-1 0 1 -1 -1 1 -1 2 1]
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b) For each pixel, determine the local intensity gradients g(i, j; 6) by calculating the first partial-differential
coefficients dk/ck and &/ dy.

g(i,j; ) =[2,2(i, /) + &,2(i, N2 fori(andj)=1,2, ..., imax =1 (@Nd jmax = 1) (C.5)
The angular information on the gradients is given by
o=tan"(gJg,). gi.j) = (k) _o=d(i,j) and g, /)= (), q=eli)) (C6)

NOTE Images of local intensity gradients corresponding to the (1/r)-size images at »=1, 2 and 4, for example,
are shawn in Figure C 5

a) Original image (1/1) b) 1/2-size image c) 1/4-size image
Figure C.5 — Distributions of the local intensity gradient

c) Determine the fluctuations Ag(i, j) ing(, j; 6) at each pixel as follows:

>

(i, ) = [Serror(is /)/B]12_fOrd (andj) = 1,2, ..., ipa— 1 (@and joo — 1) (@.7)

d) Determine the temporary. eontrast Ci,,,, of the calculated-z image, in which the pixel intensities pre
rounded integers in z(0, 0), i.e. f(i, j). The calculation procedures for Ci,,, are the same as those for the
image temporary contrast given in steps 1) to 6) in Annex A, item c), except that the calculated-z image is
used instead of therthree-time median-filtered SEM image.

e) Take fhe temporary threshold contrast ACigy,, as

01 Ifa
Aemp="9"€CEemp {2.8)

f)  Calculate the local sharpness Rp(i,j; 6) and the ratio of its fluctuation ARp(i,j; o) to Rp(i,j; 0) at each pixel
(i, j) from the following equations:

Rp(i,j; 0) = 2ACtemp/g(l',j; 0) (C.9)
ARy(i, j; 6) = Ro(i. j; ) [Ag(i, j)g(i, j; )] fori(andj)=1,2, ..., inax— 1 (aNd jpay — 1) (C.10)
g) Determine the minimum principal radius Rp‘min(i,j) of the curvature at each pixel (i, j) as follows:

Ry min(i, /) = 1Kpay fori(andj)=1,2, ... ina—1(@ndjmax—1) (C.11)
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Here, K4 is the reciprocal of the maximum principal curvature. It is obtained from the quadratic equation
below and is, in fact, the root with the larger absolute value of the equation.

K?-2xCyxK+Cy=0 (C.12)
where

(142, 0)g,, +(1+8,)8 0 —22.8,8

2)3/2 (C.13)

1
21+g,°+g,

_ 2
Co= Sx8p "8y (C.14)

(1+g,° +gy2)2
g, = (&klk) _o=4d(i,j) and g, = (9219y) = = e(i, J) (C.15)
S = (822/3,!2))6:0 = 2a(i, j), 8y = (822/3y2)x=0 =2b(i,j) and 8xy = (322/8x3y)x=0 =c(i, j) (C.16)

Determine the weighted function W and its fluctuation Aw; ; at each pixel (i,j) from the following
equations:

w;;=g&(i, j; 6) and Aw, ;= Ag(i, j) for Ry(i, j; 6) < 2R, gin(ds /) (C.17a)
W= 0 and Aw; ;= 0 for Rp(i,j; o) > 2Rp‘min(i,j) (C.17Db)

Calculate the contrast C of the image using step d), but count only the pixels with w;;>0. The g value is
similarly taken as 0,2 % of the total number of-pixels, but only those with w; ;> 0, for segment-image s.

Calculate the correction factor for the threshold contrast as follows:
Jeorr = ClCtemp (C.18)

Correct the values of R,(i, jn6) and AR(i, j; 6) at each pixel (i, /) by multiplying them by the| correction
factor f.q, giving

fcorerp(i,j; 6) rand” foop X ARp(i,j; 6) fori(andj)=1,2, ..., ipax— 1 (@Ndjnax— 1) (C.19)

Determine the directional sharpness R, and the ratio of its fluctuation AR, to R, at azimuth angle 6, by the
following equations:

imax —1 jmax -1

R, = =1 (C.20)

i1 Jmax—1
max max C 1

Z EOLATAAN
i1 =

and

imax—1 /max 1 2
ARk 1 Imax. max 2Rk ] 2
S 1-— 2R 1 (v, (C.21)
I 12:1: ; [ Rp (i Ji Ok ) (a1

where (2k — 1)(/kyay) < 6, < (2k+ 1) (hkpgy) @and k=0, 1, ..., kpax — 1 (kpax = 16).
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m) Compute the directionally averaged sharpness R, and the ratio of its fluctuation AR, to R, for the (1/r)-size
image as the root mean square of R;:

R =[R2+ Ry2 + ... + Ry52)/16]"/2 (C.22)

AR 1 V"2 femaxt g VA AR, )2

) V5 R
Rr kmax =1 Rr Rk

C.2.4 Cajculation of the CG image sharpness

This subroptine calculates the CG image sharpness R as follows.

a) Compute the corresponding values of R and AR/R at r=1 for R, and AR /R, for all the (1/x)-size images
from the following equations:

R|=rxR, (C.p4)

ARI/R = AR IR, (C.p5)

b) Plot algraph of R and AR/R as a function of r, as shown in Figure C.6.

c) Find the reduction value r,,;, at which the ratio AR/R has the minimum-value by interpolation.
When|there is no minimum, take a point of inflection.

d) Determine the CG image sharpness Rqg corresponding to,r = r,, from the curve of R versus r ($ee
Figurg C.6).

Y A
10 I ]
RCG
| ¢
1
(x100)
_-9
o \ ,/
- R
—&- ARIR
0,01 >
0 2 r, 4 6 8 10 X
Key
X  reduction factor r
Y RandAR/IR

Figure C.6 — Graph of R and AR/R as a function of r
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C.3 Generation of the standard images and calculation of their CG image sharpness
Rcg

A flow chart of this subroutine is given in Figure C.7. The subroutine generates the standard images and
calculates their CG image sharpness as follows:

a)

Make the binary image with the levels Ly, and Ly, for the median-filtered image using the threshold

intensity zy,reshold s-ay: Where

Loy, = Maximum([50, Int(3,56;, max)]

(C.26)

Liigh = Minimum[200, 255 — Int(3,50;, )]

O-n,max

=255/(2 x 3,5+ CNR)
and

Zthreshold,s-av — [AV(Zmax,av,s) + AV(Zmin,av,s)]/2

The values of AV(zy,54 ay.s) @nd AV(zp, 5y ) Used here are determined in the same way as i
evaluation process (see Annex A).

NOTE The factor of 3,5 lowers the frequencies of over- and under=saturation to about 0,2 % in the ra
added pixel-intensity in the standard images.

Initialize the ith calculation loop described in steps c) to’h) below, i.e. i = 1, and set the sharp
20—1 ati=1as 20'1 = |nt(20'), where 20'0 = AdefauItRCG + Bdefault’ Adefault = 3,099 5 and Bdefault =
The R value used here is obtained in the same way as in Clause C.2.

Make the ith standard image with a sharpness factor 2¢; and including the CNR, as follows:

1) Make a convoluted image of the Kinary image with a Gaussian profile with standard deviati

2) Add Gaussian random noise with standard deviation o, to the convoluted ima
Op = (thgh - LlOW)/CNR

Calculate the Ry valug for the ith standard image. The calculation process is identical to th
Clause C.2.

If i > 2, go to thé-pext step, f). Otherwise, go to step g).

Compare {he Rog value with the values of Rog ;1 and Rgg ;- End the routine if either of th
inequalities is satisfied. Otherwise, proceed to step g).

Reg,i1 <Rcg < Rcg,; OF Regi1>Reg = Regi

(C.27)

(C.28)

(C.29)

h the CNR
ndom-noise
ness factor

-0,7750.

pn 0.

je, where

at given in

e following

(C.30)

Settheincrement Ao asfottows:
Aoc=0,5when ¢, <4
Ac=1 wheng >4
Proceed to the ith step, i.e. i =i + 1, and increase or decrease the g; value by Ao as follows:
0;=0;,_1+Ac when Rpg ;<R
0;= 0,1~ Ao when Reg ; > Reg

Then go back to step c).

© 1S0O 2011 — All rights reserved
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a) Make the binarized image
b) Initialize the ith calculation loop,
I.e.1=1and 20, = Int(20)

v

) Make the ith standard image with
sharpness factor 25; and including the CNR

.

) Calculate the R ; value for the ith
standard image

:

gy Ac=0,5wheno; <4
Ac=1wheno; =24

v

o;=0_1+A owhen Reg ; < Ree

hy i=i+1

o;=0_1—A owhen Rgs 2 Reg

Figure C.7 — Flow chart for the generation of the standard images
and calculation of their CG sharpness Rqg
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C.4 Calibration of the conversion constants 4 and B

This subroutine calibrates the conversion constants of 4 and B by solving the following simultaneous linear
equations (which are shown in graphical form in Figure C.8), as follows:

20; = Agaiib X Reg,i + Bealib (C.33)
20;_1 = Agaiib X Rca,i-1 + Bealib (C.34)
We then obtain the calibrated conversion constants:
Acalip = 2A0/(Reg i — Reg,i-1) (C.35)
Balip = 20; — Agalip X Reg,; (C.36)
Y A
14 5
1j‘
13 &
12 [ g
.:. —2
|
[
11 +
|
qE s - - I
20 : ! I
N 1
0 |== —_ -l—/ : I
20;_4 :': ITI | '
: 1 |
s | 1
s 1 |
5 | I I
. 1
s 1IRe v
9 . v : >
Ree j—1 RCG,/ 6 X
3 4 5

Key
X Rcg (pixels)
Y sharpness factor 2o (pixels)

1 defaultline 20= 3,099 5Rcg — 0,7750
2 calibrated line 20 = Acalib X RCG + Bcalib

Figure C.8 — Sharpness factor 2o plotted as a function of R for the calibration
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C.5 Conversion of the R value to the image sharpness Rgg

This subroutine converts the R value to the image sharpness Rgg as follows:

where
k= 142

20 igthe sharpness factor, given by
2= Acaiip X Reg + Bealib (C.p8)

Acgiib @nd |Baip are the calibrated conversion constants. The evaluated Rggq values show small fluctuatipns
due to ranglom image-noise used in the generation of the standard images [see step c) 2) ih|Clause C.3]. Here,
the image|[sharpness Rgg shows little noise-dependency and is evaluated with the CNR value as a giyen
parameter
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Annex D
(normative)

Details of the derivative (DR) method

1 General

s annex provides details of the procedures of the derivative (DR) method.

bre are four routines — Clause D.2, generation of a binary mask image M(x, y); Clause D.3, ge
edge position map E(x, y); Clause D.4, extraction of the edge profiles P(x y)<and model
use D.5, calculation of the image sharpness R.

.2 Generation of a binary mask image M(x, y)

Compute the gradients G (x, y) and G (x y) of a selected SEM image /I)(x, y), using Gaussian
of scale parameter s (s = 2 pixels), as foIIows

xexp( (x—p)2+<y—q>2]

m—1n—1
Go(xy)=2 D In( p,q)>< >
quO 2S

m=1n—1
G,(xy)= ZZIN p,q)xq yxexp( (x=p)° +(r—9q) ]
2ms

2
quO 2S

TE 1 n and m are the x-size and y-size, respectively, of the image and these are typically 512. For the
) of the image, x=0,1, ..., n—1and y 50,1, ..., m—1.

TE 2 An SEM image can have-ahy type of real data, but the data values are usually 8-bit integers.

5 recommended that thefast Fourier transform and the inverse fast Fourier transform be ug

comvolution calculation.

b

~

Compute the gradient magnitude Gy,(x, y) from:

GNY) =[G (x)2 + G (x,7)2

Compute a two-mean threshold image (binary image) B(x, y) from Gy(x, y) by the following steps

heration of
itting; and

derivatives

(D.1a)

(D.1b)

coordinates

ed for the

(D.2)

1) to 5).

1) Generate a histogram A(g) of Gy,(x, »).

2) Determine the minimum value g,;, and the maximum value g, of g in the histogram A(g) that have

non-zero values (see Figure D.1).

3) Set the initial value of T; to 128 for the iteration.

© 1S0O 2011 — All rights reserved
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4) Then, repeat the following iteration until the value of 7 is stable.

T,+T,
Tl' — / 7
2
where
T; & max
D gxh(g) D gxh(g)
T, — £=8min and T — g=Ti
! T; ! Emax
> h(g) D h(g)
g=&min g=T;

Sklect the value for judging the convergence of the iteration as 0,1 for practical purposes.

Y

gmin gmax X

Key
X grey value
Y occurrence

1 backgrgund

2 object
Figure D.1 — Example of a two-mean threshold
5) (enerate-a*two-mean threshold image (binary image) B(x, y) by applying the threshold value 7} to
Gulxor)
P‘I TE LDJII |a|y ;IIIGuCO UUII:G;II Ul I:y thC :uylua: VG:UCO C GIIL‘}I 1

Examples of input SEM images of the kinds generated in the procedures above are shown in
Figure D.2.
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An

a) Iylx,y) b) Gy(x, ) c)) B(x, y)

Figure D.2 — Examples of an input SEM image /,(x, y), a gradient magnitude image G,
and a two-mean threshold image (binary image) B(x )

(all images are displayed linearly stretched over their dynamic range for better visualization)

Compute a binary mask image M(x, y) from B(x, y), using one-iteration binary closing [with
element 3 x 3 (city-block metric)], by the following steps:

1) binary dilation (see Clause D.8 for pseudo-codes);

2) binary erosion (see Clause D.8 for pseudo-codes):

structuring

Set all pixels in M(x, y) that are closer than 30 pixels to the image border to zero. As regards the removal

of boundary pixels, see Clause D.8 for the pseudo-codes.

Remove all objects in M(x, y) that are smaller than 50 pixels by the following steps:
1) Label the objects (see Clause D.8'for pseudo-codes).

2) Count the number of pixels per object (see Clause D.8 for pseudo-codes).

3) Remove objects of less)than 50 pixels (see Clause D.8 for pseudo-codes).

example of an M(x, y)iimage generated by the operations described in this clause is shown in Figure D.3.

Figure D.3 — Example of an M(x, y) image as the outcome of the operations in Clause

© 1S0O 2011 — All rights reserved
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D.3 Generation of an edge position map E(x, y)

a) Compute an edge location image P|(x, y) as the sum of the image L(x, y) and the second derivative in
gradient direction SDGD(x, y) of the image, as follows:

1) Compute G, (x, ») and ny(x, y) from the equations

m—1 n—1 (x_ )2_ 2 (x_ )2+( _ )2

G, y)=ZZIN<p,q)><P—6“xexp[— P ] (D-3a)
¢=0 p=0 21s 2s
m—1n—1 2 2 2

Gy, 3)= D> Iy (p. q) Mxexp _x=p) +2(y“” (D.Bb)
g= Op 0 TCS 25

It is ragcommended that the fast Fourier transform and the inverse fast Fourier transformxbe used for the
convolution calculation.

2) Compute L(x, y) as follows:

L(5, 7)= |G (5 )2 + Gy (3, 7)2 (-4)

3) Gompute G, (x y) as follows:

m—1n—1 2 2
G, (x )= ZZIN(p’ wxexp[—(x_m +2(y—q) ] @.5)
q=0 p=0 2ms 2s

It is rgcommended that the fast Fourier transform-and the inverse fast Fourier transform be used for the
convolution calculation.

4) Compute SDGD(x, y) as follows:

GG 2 +2GyG G, +G,,G 2
SDGD(x, y) = —— xy al g (D.6)
Gx +G,

NOTE For simplicity; the coordinates (x, y) have been omitted from the right-hand side of Equation (D.6)
5) Compute P (x,»)as follows:
Py (x, ) #'L(x, y) + SDGD(x, y)

b) Compute’a two-mean threshold image (binary image) M,(x, y) from T,(x, y) as follows:

1) Compute
T1(x, y)=To(x, y)x M(x, y) (D.7)
where
To(x, ) =max[AL(x, ¥)] - |PL(x, »)
NOTE The multiplication Ty(x, y) x M(x, y) is performed pixel by pixel.

2) Compute a two-mean threshold image (binary image) M,(x, y) as in Clause D.2, item c), for T4(x, y).
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Compute an initial edge map E,4(x, y) by the following steps:

1) Compute M,(x, y) as the one-iteration binary closing of M(x, ) as in Clause D.2, item d).

2) Compute the binary skeleton of M,(x, y) and store it as E4(x, y). See Clause D.8 for the pseudo-
codes for the binary skeleton.

Remove sufficient points from £4(x, y) such that the mutual distances between the remaining points are at
least 10 pixels and store the result as E(x, y). See Clause D.8 for the pseudo-codes for the points
removed.

a) Pi(x,y) k)™ To(x, ») c) Mi(x,y)

Figure D.4 — Examples of P (x, y), Ty(x, y) and M,(x, y) images
(all images are displayed linearly ;stretched over their dynamic range for better visualization

~

htg ’
t’,'

a) Eq(x,») b) E(x,y) c) Directional line image

Figure D.5 — Examples of £,(x, y), £(x, y) and a directional line image
(the directional line image is shown for reference purposes)
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D.4 Extraction of the edge profiles P;(x, y) and model fitting

a)

b)

56

Compute the normalized gradients Gy, (x, y) and Gy,(x, y) as follows:

Calcu

Nisg

2)

G = G ()G (5,)2 4G ()2 (D.8a)

Gy = G (6 0)G ()2 + G (x,7)°

=

S 2

dle dll the edge prories f’j(/t) Dy repeating e 1olowing steps torally (=1, £, ..., V) Values.

ven by

(=D D E(xy)

The coordinates of the sub-pixel position (p ;.(4),p ;,(4)) are given by

The number of sub-pixel positions is 41 for each edge profile.

n—1m-1

x=0 y=0

pjx(/’L): X +Ax GNx(xj’yj)

here 1=-10,-9,5,-9,...,0,0,5, ..., 9,5, 10.

OTE The symbol (x;y;) denotes the coordinates of the edge map E(x,y) having the jth vg
=1,2,...,N). '

etrieve the edge profiles P; (4) fromif(x, ) at 41 sub-pixel positions (p ;. (1), p ;,(1)), using
Ibic interpolation method, as follows: ‘ ‘

3 3
PiA)=1n(p (A)p LN =D D a,,x"y" (D.
n=0m=0

OTE The cubic-interpolated values at sub-pixel position (pjx(i),pjy(/l)) are given by the pixel value
teger positions of /(x, y) (see Clause D.7 for the coefficient values).

ompute

m\E median[Pj(/1= O)overallj=1,...,N

iD=y, +Ax Gy y(x 07 ;) o.

(D.8b)

lue

the

10)

b at

m, = medianP{A=—=To)Joveraly="T""N
m; = median[Pj(/1=+10)] overallj=1,...,N
d,= (m,. + m)I2
mdzmo—dy/4

mb=m0+dy/4
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Remove all edge profiles for which any of the following is true:
Pj(/l) >my for A=-10,-9,5, ..., -7
Pj(/l) <my, for A=7,75,..,10

4) Determine the four coefficients b, 4, m and o such that the following fitting error F; is minimized:

il )
— (e l2) (c[2)
pj LJ LJ{‘]\ I)I Dj\ ,)IJ (D'11)
x=-20

where

fi(x)=b+hx 1+lerf iy

2 2 o 2
J

NOTE The function erf(z) denotes the error function and is defined @s follows:

1
(1+AZ+BZZ+C23+DZ4+E25 +Fz6)16

erf(z) =%jozexp(—t2)dt ~1-

where A=0,070523 078 4, B =0,042 282 012 3, C=0,009 270 527 2, D =0,000 152014 3,
E=0,000 276 567 2 and F = 0,000 043 063 8.
If z>10, erf(z) =1, and if z = 0, erf(z) = 0, for practical purposes.
The recommended initial values for the fit-are as follows:
b =min[Iy(x, y)]
h = max[I(x, y)]
m=0
0= 2

See the lattec-half of Clause D.7 for fitted values of o; by minimizing the fitting error given by
Equation(D:-11).

c) | Store allfitted values of o (i=1,2,...,N).

Figure D\6-shows an example.

Q
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YA
200 T AT

180

160

X 1

_ 2
60 [ 1 [ 1 [ 1 [ 1 [l 1 [ 1 [ 1 1 )
L10 -8 6 -4 2 0 2 4 6 8 10 X

Key
X position] perpendicular to the edge
Y intensit

1 edge infensities
2 error fupction fit

Figyre D.6 — Example of fitting the error function to the cubic-interpolated intensities of an
SEM image

D.5 Calg¢ulation of image sharpness R

a) Calculateithe average edge sharpness-afrom all the fitted edge sharpness-parameters-as-follows:
) 9 d 9 Lig Lig g

0=120i (D.12)

NOTE See Clause D.9 for a reliability check of the value of o obtained.

b) Obtain the image sharpness as R = V2o .
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D.6 Flow charts

Flow charts for the above procedures are given in Figures D.7 to D.11.

oad-an-SEM-image

ISO/TS 24597:2011(E)

\ [E— [
a) Generate a binary
mask image M(x, y)

v

b) Generate an edge
position map E(x, y)

v

c) Extract the edge
profiles P(x, y) and
carry out model fitting

v

d) Calculate sharpness
factors and'felate to
image sharpness R

v

e

Figure D.7 — Flow chart for the DR method
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S

v

a) Compute the gradient
magnitude Gy(x, y)

v

b) Compute the interme-
diate mask image

B(x, y) by applying a

two-mean threshold
to Gyu(x, y)

v

c) Generate M(x, y) by
cleaning up B(x, y) by
binary closing and
edge object removal

v

S

Figure D.8 — Flow chart for the subroutine in Clause.D.2 for the generation of a
binary mask image M(xj)

S

v

a) Compute the edge
location image P,_(x, y)

v

b) Compute the mask
M.(x, y) by applying
a two-mean
threshold to
max[P.(x, y)] = |P.(x, y)|

v

c) Generate the initial
edge map E,(x, y) as
a skeleton of M,(x, y)

:

v

d) Generate the edge
map E(x, y) from
E,(x, y) after skipping
close points

v

S

Figure D.9 — Flow chart for the subroutine in Clause D.3 for the generation of an

60

edge position map E(x, y)
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e

v

a) Compute the
normalized gradient

Gu(x, ¥)
v

b) Extract intensity profiles
P(x, y) of I\(x, y) for

ISO/TS 24597:2011(E)

positions given by Gy(x, ¥)
and the edge map E(x, )

v

c) Fit error functions to
the extracted profiles
P(x, y) and store the
sharpness factors

v

S

Figure D.10 — Flow chart for the subroutine in Clause D.4-for the extraction of the edge profiles Pj(x, y)

and model fitting

o

v

a) Average all the
sharpness factors to
give an average
sharpness factor

v

b) From the average
sharpness factor, calculate
the image sharpness in
accordance with 3.6

v

SN

Figure D.11 — Flow chart for the subroutine in Clause D.5 for the calculation of image sharpness
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D.7 Supplement 1

Cubic interpolation is given by

3 3

I (AP (A) =D D apx"y™

n=0 m=0

For the above equation, the coefficients «,,, are given by setting xz equal to pjx(/i) and yt equal to pjy(/l), as
follows:

00 = #oo

ag1 = Py00

ag2 = 13poo + 3Po1 — 2Py00 — Pyo1
ag3 = ¥poo — 2Po1 + Py00 * P01

10 = #x00

411 = Pry00

a12 = 13p,00 + 3Px01 ~ 2P1,00 ~ Pxy01
a13=2p,00 ~ 2Px01 * P00 T P01
az0 = 13p00 + 3P10 ~ 2Px00 ~ Px10
a1 = 12Px,00 ~ Pxy10 ~ 3Py00 + 3Py10

ap = 9Poo — o1 — 910 + P11 + BPx00 (BP301 + 3Px10 — 3Px11 + 4Py00 T 2Px01 + 2Px10 F Pyt

4+

6p,00 + 31,01 — 62,10 — 3P4

a3 =16pgg + 6pg1 + 6P10 — BP41 = 4Py00 + 4Px01 — 2Px10 + 2Px11 — 2Pxy00 ~ 2Pxy01 ~ Pxy10 ~ Py
13P,00 ~ 32,01 *.3Pp0 + 3p,11

azo = 200 — 2P10 BPx00 + Px10

a31 = Pyy00 £Ex10 T 2P500 ~ 2Py10

a =--Rn 4+ 0Bn 4+ 0Bn —0Bn =3 + 3y =3 + 3y —2n =N —2n =N
32 ZUU U U =0 1~ XUU XU X TU CXTT TxyUU T XyUT TXyTU  TXyTT

—4p,00 = 21,01 + 4Py10 + 2P)11
azz = 4pog — 4Pg1 — 410 + 4P11 + 2Px00 — 201 T 2Px10 ~ 2Px11 + Pxy00 T P01 T P10 + Pyt

+2p,00 + 27,01 — 2Py10 — 2P)11
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where
Poo = In(floor(xt) floor(y))
Po1 = Iy(floor(xt),ceil(vt))
P10 = In(ceil(xz) floor(yr))

P11 = Iy(ceil(xz),ceil(vz))

P00 = G (floor(xz),floor(yt))
Pxo1 = G(floor(xt),ceil(y7))
Px10 = Gy(ceil(xt).floor(yz))
Py11 = G (ceil(xt),ceil(y1))
Py00 = G, (floor(xi) floor(y1))
pyo1 = G(floor(xz),ceil(yr))
Py10 = G(ceil(xt),floor(yr))
Py11 = G,(ceil(x),ceil(ye))
P00 = Gy(floor(xz),floor(yz))
Paot = Gy (floor(xe) ceil(yr))
P10 = Gy lceil(xt) floor(yr))

P11 = ny(ceil(xt),ceil(yt))

NQTE ceil(...) means the least integer greater than a particular fractional value (i.e. rounding up) and flog

the|greatest integer less than a particular fractional value (i.e. discarding the fraction after the decimal point).
/lIlComputing sigmaip] (p = 1, 2, ..., N) by minimizing the fitting error given by Equation (D.11)
FORp=1, 2\, N

N =qumber of data sets obtained

sgrt 2 = square root of 2

/I sqrt_pi = square root of 3,14159265358979323846
/I initial values

b = params[0] = min(IN(x,y))

h = params[1] = max(IN(x,y))

m = params[2] =0

sigma[p] = params[3] = 2
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alpha = 1/(params[3]*sqrt_2)
/I Computing the initial chisq
Set chisq=0
FORi=0,1,...,40
/I x[0] = =20, x[1] =19, ...., x[40] = 20

erf_app-=—ealpha*(xi2—m}

model F b + h*(0,5 + 0,5*erf_app)
deviatipn = P(x[i]/2) — model
chisq 4= deviation*deviation
END FQR
FORitef=0, 1, ..., 99
Setgrad[ij=0fori=0,1,..,3
Set Hesssian[i][j] =0 fori,j=0,1, ..., 3
FORi¥0,1,2,..,40
/I x[0]|= =20, x[1] =-19, ...., x[40] = 20
erf_app = erf(alpha*(x[i]/2 — m))
mode] = b + h*(0,5 + 0,5*erf_app)
deviafion = P(x[i}/2) — model
Gausp = exp(-(x[i[/2 — m)*(x[i}/2 £ m)*alpha*alpha)
d[o} 91
d[1]1 40,5 + 0,5%erf_app
d[2] 4 —(h/sqrt_pi)*alpha*Gauss

d[3] 9§ (h/sgrtopi)*(x[i}/2 — m)*Gauss

grad[Q]*= —2*d[0]*deviation

grad[1] += —2*d[1]*deviation
grad[2] += —2*d[2]*deviation
grad[3] += —2*d[3]*deviation
FORj,k=0,1,..,3
Hessian[j][k] += d[j]*d[k]

END FOR
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END FOR

Set lamda = 0,001

Set diff_chisq = —chisq
FORiter_line=0, 1, ..., 49

FORk=0,1,..,3

acciankcil]l *= (4 4 lomda)
T T

ISO/TS 24597:2011(E)

[}
T TCISTaT IS 1y LEAS =y

END FOR
//Cholesky decomposition of the Hessian
Set cholesky[j][k] =0 forj,k=0,1, ..., 3
FORk=0,1,..,3
Setsum =0
FORNn=0,1, ..., k-1
sum += cholesky[n][k]*cholesky[n][k]
END FOR
/I sqrt_d = square root of d
d = Hessian[k][K] — sum
cholesky[k][k] = sqrt_d
FORI=k+1, k+2, ..., 3
Setsum2 =0
FORNn=0,1,..,,k-2
sum2 += eholesky[n][l]*cholesky[n][K]
END FOR

cholesky[K][l] = (Hessian[k][l]] — sum2)/(cholesky[k][k] + 1,0e-7)

END FOR

END FOR
/I Solving for the update vector
/l Forward substitution - intermediary solution
Set sol1[0] =0
sol1[1]=0

sol1[2] =0

© 1S0O 2011 — All rights reserved
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sol1[3] =0

FORk=0,1,..,3

Sets

FOR

um=0

n=0,1,..k-2

sum += cholesky[n][k]*sol1[n]

ENDH

EOR
TS

sol1[k] = (-0,5*grad[k] — sum)/(cholesky[Kk][k] + 1,0e-7)

END FOR

/I Badkward substitution - the actual update vector

Set update[0] =0

up

up

date[1]=0

date[2] =0

update[3] =0

FORk=3,2,...,0
Setsum =0
FOR n=k+1,k+2, ..., 3

sum += cholesky[k][n]*update[n]

ENLC

FOR

update[k] = (sol1[k] — sum)/(cholesky[K][K] + 1,0e-7)

END FOR

b + update[0]

h + update[*]

m_n ¥ m +wpdate[2]

alpha

n-= alpha + update[3];

Set chisg n=0

FORi

=0,1,...,40

erf_app = erf(alpha_n*(x[i]/2 — m_n));

mod

el=b _n+h_n*0,5+0,5%erf_app)

chisq_n += (P(x[i}/2) — mode)*(P(x[i]/2) — model)

END FOR
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IF chisgq_n < chisq

alpha = alpha_n

lomda = lomda*n 4
o oo o

diff_chisq = chisq — chisq_n
chisq = chisq_n
break
ELSE
lamda = lamda*10,0
END IF
END FOR// end of loop for iter_line
/I Stopping criterion
IF (diff_chisq > 0) and (diff_chisq < 0,01)
break
END IF
END FOR// end of loop for iter
sigmalp] = 1/(alpha*sqrt_2)

END FOR// end of loop(p)=1, 2, ..., N)

D.B Supplement 2

// Binary dilation

Sep MO[x][y] =0forx=0,1,...,n-1andy=0,1, ..., m-1.
FOR-everpixeHoeationsofx—=42—n 2 andy—=42—m2
IF B[x][y] == true OR B[x—1][y] == true OR B[x+1][y] == true OR B[x][y—1] == true OR B[x][y+1] == true
MO[x][y] = true
END IF
END FOR
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/[ binary erosion
Set M[x][y] = MO[X][y] forx=0,1, ...,n-1andy=0, 1, ..., m—1.
FOR over pixel locations of x=1,2, ..., n—2andy =1, 2, ..., m-2
IF MO[x—1][y] == false OR MO[x+1][y] == false OR MO[x][y—1] == false OR MO[x][y+1] == false
M[x][y] = false
END IF

END FOR

// removing
FOR over |
IF

EN
END FOR

Il labelling
Set array (
FOR over

F

boundary pixels

X < 30 OR x > n—-30 OR y < 30 OR y > m-30
M[x][y] = 0
DIF

of objects
Lli]=i(=0,H1,

LA(x,y) == true
Ip = LA(x-1,y)
lg = LA(x,y—1)

ELSE IF Ip #false, AND Iq = falsg,
IF Cllp] = Cllq],
FOR ALL k=0;4.... NewLabel

END FOR
END IF
Set\Ix = Iq.
ELSEIF Ip = false AND Iq #false, set Ix = Iq.
ELSE IF Ip #false AND Iq = false, set Ix = Ip.

ixel locationsof x=0,1, ..., n-1andy=0, 1, ...

..., M), LA(x,y) = M(x,y), and NewLabel = Q;.as initial values.

, m—2.

pixel locations of x =1,2, .., n—2andy =1, 2, ...

IF Ip == false AND Iq == false, increment NewLabel by 1, and then set Ix = NewLabel.

IF\C[K] == C[lp], set C[k] = C[lq].

, m—1

END IF
Set LA[x,y] = Ix.

END IF

END FOR

FOR over pixel locations of x=0, 1, ...,n-1andy =0, 1, ..., m-1.
IF LA(x,y) # false, set LA(x,y) = C[LA(X,y)].

END FOR

Set NO = NewLabel.
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/I counting the number of pixels per object

Set array OS[0] = OS[1] = ........ = OS[NO+1] =0.

FOR over pixel locations of x=0,1, ...,n-1andy=0, 1, ..., m—1
increment OS[LA[X][y]] by 1.

END FOR

/I removing objects with less than 50 pixels
FOR over pixel positions of x=0,1, ..., n-1andy=0, 1, ..., m—1
IF OS[LA[X][y]] < 50
LA[X][y] =0
END IF
END FOR

/[ ginary skeleton
Pefform the following routine until no more skeleton pixels.
E1[x][y] = M2[x][y] forx=0,1, ...,n-Tandy=0, 1, ..., m—1.
FOR over pixel locations of x =1, 2, ..., n—2 and y = 1,:2x""., m-2
IF M2[x—1][y] == false OR M2[x+1][y] == false

OR M2[x][y—1] == false OR M2[x][y+3] == false

/I condition 1) do not remove single pixels and condition 3) do not break the connectivity

—_

IF three or four of the above cenditions are true
CONTINUE

END IF

// condition 2) do not'break the connectivity

IF two of the abeve conditions are true
IF M2[x=1][y] == false AND M2[x+1][y] == false

CONTINUE
END IF
IF M2[x][y—1] == false AND M2[x][y+1] == false
CONTINUE
END IF
END IF
E1[x][y] = false
END IF
END FOR
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