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Purpose. The goal of thiswork is to establish and study the fractal and metric characterigtics of images obtained
with scanning electron microscopes (SEM). Methods. This approach is based on the processing of measurements
data of digital SEM images of a test object obtained on four types of modern SEM in the magnification range from
1000 to 30000". Results. The analytical relationship between the increase that was set on the device scale and the
“fractal” increase (scale) is established. The similar coefficients A (Ay) and the exponential factors Dy (Dy) for
fractal magnifications (scales) along the x and y axes are calculated for 4 types of SEM. Formulas are obtained for
calculating the possible range magnifications of the images of test object depending the test object spacing, pixel size
and scale. The obtained relationships for the calculation of fractal scales allow to automatically determine the real
increase (scale) of SEM images and using the calculated coefficients of the polynomias, effectively eiminate their
distortions. Scientific novelty. The technique developed by the authors for obtaining fractal and metric characterigtics
of SEM images was performed for the first time in Ukraine. The proposed methodology is accompanied at al stages
by the author's software and demonstrated its effectiveness and expediency. The practical significance. The
application of this method of establishing and accounting for the fractal and metric characteristics of digital SEM
images makes it possible to more precisaly determine the real values of the increases (scales) of digital SEM images
and the values of their geometric distortions. Taking into account these characteristics of SEM images makes it
possible to significantly improve the accuracy of obtaining spatial quantitative parameters of the micro surfaces of
research facilities, and consequently improve their operational and economic characteristics. The obtained
characteristics can be additional important quantitative parametersfor revealing the features of digital SEM images.

Key words: scanning electron microscope (SEM); the test object; digitd SEM image;, fractal and metric
properties of digital SEM images, red increase (scale), geometric distortion of digital SEM images.
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Calibration of digital SEM images, that is, the :'e?nizc’l;c?n'g’a“z‘?g;;f CKhd(aJs}r? 201;1: 'V§'-‘°h“1‘;§2'3
determination of their true scales and geometric Kl;I a, ’ . OgiIQSgh’Melusk Igok -
distortions, is an important technological link in the antarov, Sagyndykova, ; nik, Sokolov,

) . . Ivanchuk, Tumskaja, Shebatinov, 1984; Bovik,
photogrammetric processing of SEM stereopairs of
research objects for the calculation of theirpspatial 2000; Boyde, 1975; Burkhard, 1980; Ghosh, 1975,
guantitative characteristics with the required 1976, Howll, l 979].
accuracy. Much attention was paid to the problems However, just a fgw works have been devoted
of determining the real scales of SEM images, their to the.study (_)f SEM 'Mages _Of multi scales from
geometric distortions, and their accounting from the the point of view of th_e|_r POSS blefractal naturg as
time of creation from the first SEM to the advent of well as _to_ the obtalnl_ng of various numer!cal
SEM with digital image recording, To date, these characterls_tlcs that confirm or .dISpI’OVG the view
problems are aimost solved. They are based on the _that SEM \mages also havg S?a“.”g properties, that
SEM calibration method using photogrammetric Is, scaleinvariance or self-similarity.
image processing of SEM of special test objects with
standard resolution characteristics (test grids,
holographic gratings, etc.). The most important
publications on this subject are given in the The principles of fractal geometry in the
bibliography [Ivanchuk, Khrupin, 2012; lvanchuk, practice of SEM-stereophotogrammetry were first

Analysis of the latest research and publications
devoted to solving this problem



54 leodesis, kapmozpacbisi i aepogpomosHimaHHs. Bun. 85, 2017

applied to studies of microstructure of soils by
V. M. Ménik and V. M. Sokolov [Ménik,
Sokolov, 1993; Mednik., Voloshin, Tarasyuk,
Blinder, 1999]. The principles of fractality were
also used in studies of the mechanics of metal
destruction by SEM images of their micro surfaces
[Menik, Bobro, Shostak, Volashin, 1996; Bobro,
Menik, Voloshin, Shostak, 1997]. The method of
fractal analysis was applied by V. M. Melnik and
V. U. Voloshin to assess the destructive changes in
bone tissue of animals due to ther radiation
exposure [Menik,Voloshin, 2002]. Theoretical and
practical results of using the principles and
theoretical assumptions of fractal geometry in the
processing of SEM images of various micro
surfaces are generalized and described in the
monograph by V. M. Mdnik and A. V. Shostak
[Méelnik, Shostak, 2009; Shostak, 2012].

However, the authors did not find works in
which such approaches would be used to study the
metric characteristics of SEM images.

Description of the approach
and resear ch results

The stochastic nature of the process of
obtaining SEM images (the current of secondary
electrons), as well as random quantities of the
intensity (the gray level) can be considered the
cause of the fractal nature of SEM images.

We have noticed that for different
magnifications, SEM images have a scaling
property, that is, scale invariance or self-similarity.
Since the real increases (scales) of the SEM image
aong the x and y axes as a result of various
distortions in the process of its formation, as arule,
somewhat differ from each other. We can consider
them self-affine, not self-similar [Feder, 2012].

Multiscale SEM images can be attributed to the
type of statistically similar fractal sets based on the
definition of metric dimension, strictly greater than
the  topological dimension  [Anishchenko,
Vadivasova, 2010]. An example of natural fractals
of this type is a fragment of the coastline
[Richardson, 1961].

As shown in the works of Ivanchuk O. M.
[lvanchuk, 2012, 2013, 2014, 2015; lvanchuk,
Barfels, Heeg, Heger,2013; Ivanchuk, Chekgjlo,
2014], the values of real scales of SEM images are
non-integer and differ from those established on the

device scale. Theincreases in the SEM image of My
and M, are determined from 8 measured centers of
the test object (test grid) nodes in the central part of
the image (see the photos in Table 3). The distance
values are calculated from the coordinates of the
node centers in the magnification scale. Real scales
are defined as the average value of the ratio of the
distances between the centers of nodes in the scale
of magnification to the corresponding distances
between the nodes of thetest grid.

As aresult the experimental values of the series
of real scales for various SEMs for fixed
magnification values the following sets on the
device scale were obtained [Ivanchuk, 2012, 2013,
2014; Ivanchuk, Barfels, Heeg, Heger, 2013]:

— 1000%, 20007, 5000, 8000%, 10000", 15000%,
200007, 24000, 27000%, 30000 for SEM JCM-
5000 (NeoScope) (JEOL, Japan);

— 20007, 5000%, 7500, 10000%, 15000*, 20000%,
25000%, 30000 for SEM JSM 7100F (JEOCL,
Japan);

— 10007, 2000%, 3000%, 5000, 10000%, 20000*
for SEM DSM-960A (Zeiss, Germany);

— 1000%, 25007, 5000, 8000%, 10000", 15000%,
200007, 25000" for SEM 1061 (Sumy, Ukraine).

The main technical specifications of SEM, used
in obtaining digital SEM images of thetest grid are
givenin Table 1.

Analysis of the obtained results shows that
when the scale is changed then the distance
between nodes of the test grids do not change
strictly in proportion to the scale ratio the set on the
device scale, but they increase in an non-integer
number of times.

Based on the empirical rdationship obtained
by Richardson [Richardson, 1961], the authors
established a scale ratio between the fixed (integer)
increase M set on the scale of the device in SEM
and the “fractal” increase value M [lvanchuk,
Tumska, 2016]:

M, =AM, )

where A is the proportionality coefficient; D is an
exponential factor. The scale M; calculated by (1)
will be called the fractal scale. If we denote thetrue
test grid spacing by r, then, with an increase of M
times, the real length of the spacing, according to
Q) is

M, X =A XMx)xM*P, )
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In [Mandelbrot, 1983] it was shown that the value
of Ds isafractal dimension.

The values of As and Dy are determined from the
set of pairs of values of integer and real scales
M, M), (M, My,) adong the x and y axes,
respectively. For the different types of SEM, the
graphs of the logarithms of real scales My, (M)
against the logarithms of integer scalesM  represent
straight lines (see Fig. 1).

It should be noted that the graphs for JCM-5000
and JSM 7100F almost coincide. While for DSM-
960A and SEM 106l, the graphs are shifted along
the logarithmic y axes by 0.3 and 0.45 respectively,

parameters of the lines (Fig. 1) are determined from
the regression equations.

Determination of the parameters of the
regression equation. Substituting into the equation
(1) instead of My, the known values of M, after
logarithm, we are

IgM, =IgA, +(2- D,)>lgM . (3)

If we denote

x=IgM , y=-IgM,,A=2- D,,C=IgA,, (4)
then we obtain the equation of a straight line and
find it's parameters that [Cromley, 1992]:

and differ from the increases that set on the device min éN‘ (s )2 , ©)
scale by approximatedly 2 and 3 times. The =1
Table 1
The main technical specifications of SEM and digital SEM images
SEM JCM-5000 JSM 7100F DSM-960A SEM 1061
(NeoScope)

Observation mode high-vacuum high-vacuum high-vacuum high-vacuum
Accelerating voltage from 5to 15 kV from 0.5t0 40 kV from 1to 30 kV from 0.5to 30 kV
Magnification range from 10" to 40000" from 10* to 300000* | from 10* to 100000 from 15* to

300000*
Maximum specimen diameter up to 70, diameter up to 70, diameter upto 70, |diameter upto 50,
size, mm height up to 50 height up to 50 height up to 50 height up to 30
Spatial resolution 10 nm 1.2nm 5nm 2nm
Digital image, pixels 1280" 1080 1280 1024 800" 600 1280" 960
Pixd size, mm 0.09132 0.09375 0.13698 0.09375
Pixd size, mm 0.09132 0.09375 0.26450 0.26450
Coeff. of trangition 10 10 1.9310 2.8213
to M real
Image size, mm 116.9°98.6 120.0° 96.0 211.6° 158.7 338.6" 253.9
Image file format JPEG, TIFF BMP, JPEG, TIFF JPEG, TIFF BMP
Imagefilesize, Mb 1.32 1.25 0.47 117
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Fig. 1. The graphsof therelations logM ® logM,, (a) and logM ® logM y (b) for JCM-5000 (red),
JSM 7100F (black), DSM-960 A (blue), SEM 106 | (green)
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where § =| Ax + By, + C| is the distance between

the i-th point and the straight line. If A* + B? = 1,
then s — measures the perpendicular distance
between point and line.

The task of minimizing the sum of the squared
perpendicular distances between a set of points and
adraight lineis:

N
min § (Ax, + By, +C)? , (6)
i=1
with the constraint
A2 +B2=1. (7)

This problem can be rewritten in the form of a
lagrangian:
N
min § (Ax, +By, +C)%- | (1- A*- B?), (8)
i=1
where | is the Lagrange multiplier associated with
equation (7). The solution of the normal equations
for (8) gives

- (02 + 4t2) 72
A=q (qz':4t)ZB and1 C=-A7- BV’

N N
whereg=(q x - a y') adt=
i=1
(X,Y,)— are the transated points centered on the
bivariate mean (X, V).
From this we find the parameters of equation (1)

N
Axy. O
i=1

i=1

A =10°, D, =2- A (10)
for scales My, (Myr) inx— and y— direction.
According to the above algorithm, the

coefficients As and the values of Ds for fractal scales
aong the x and y axes were calculated using
MatLab [Gonzalez, Woods, Eddins, 2006] (see
Table 2). Calculations are performed using
measured values of real scales for 4 types of SEM.
Note that the images of the test grid at different
magnifications obtained on the same SEM havethe
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same coefficient A as the dimension D in the
specified increase range. Figure 2 shows the result
of comparing real and approximated fractal scales
with an integer scale for four types of SEM.

The graphs in Fig. 2. show the differences
between the integer and the real scales and the
integer and the fractal ones in the indicated
magnification ranges (see Table 2).

For SEM JCM-5000:

—inx—direction from—0.4 % to + 1.4 %;
—iny—direction from— 1.5 % to + 2 %;

For SEM JCM-7100F:

— inx—direction from—4 9% to + 0.6 %;

— iny—direction from—4 % to— 0.4 %,

For SEM DSM-960A.:

— inx—direction from —97.5 % to — 94.5 %;

— iny—direction from—94 % to — 84 %;

For SEM 1061:

— inx —direction from — 187 % to— 179 %;

—iny—direction from — 186 % to — 174 %.

From the foregoing it can be seen that the real
and fractal scales for the JCM-5000 and JSM
7100F do not significantly differ from the integer
scales. For DSM-960A and SEM 106I, significant
deviations from integer scales are obtained for both
the real and the fractal scales. The performed
calculations gave the refined values of the
proportionality coefficients A¢ (Ay) for the DSM-
960A and the SEM 106! (see Table 2).

Therefore, without taking into account the scale
factors found, the measurement results for the
DSM-960A and SEM 106l are not correct and will
lead to significant errors in determining the
guantitative characteristics in the study of micro
surfaces. The results of studies of these SEMs and
real scales of digital SEM images were obtained
earlier in [lvanchuk, Barfels, Heeg, Heger, 2013;
Ivanchuk, 2013, 2014; Ivanchuk, Chekajlo, 2014].

Table 2
The values of the coefficients 4, (4,r) and the exponential factors Dy (Dyr)
of fractal scales My (Myr)
Ne SEM Range M Ay Dy¢ Ayf Dyf
1 | JCM-5000 (NeoScope) | oy 30000t | 1.02868436 | 1.00309655 | 1.05475106 | 1.00625075
(JEOL, Japan)
2 | M 7%;)("50“ 2000%-30000° | 0.86324953 | 0.98177745 | 0.89896265 | 0.98569637
3 | DSM-960A (Zesy | 1000-20000° | 1.92949231 | 0.99933573 | 2.08935202 | 1.01200954
4 | SEM 106l (Ukraine) | 1000-25000° | 3.04724281 | 1.00869793 | 3.10717019 | 1.01240569
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Fig. 2. The relationship between the differences (M-M;) % (green), (M-My) % (red) and the integer scalesM
inx— and y-direction. M, isthereal scale, M¢ isthe fractal scale

It is known that the fractal dimension is
theoretically between one and two for the one-
dimensional objects. Note that for JSM 7100F and
DSM-960A the experimental values of exponential
factor are less than one. Then, the value of A will
be interpreted as the similarity coefficient, and the
exponential factor Dy as the scaling factor [Potapov,
Gulyaev, Nikitov, Pakhomov, Herman, 2008].
Below are the results of the practical application of
fractal scales (hereinafter we leave the term “fractal
scal€’).

Calculation of the range of increase in the
test grid using fractal scales

We define the minimum scale Mg of the test
grid so that the grid test spacing in the SEM image
is equal to the pixel size:

Mo=P, (p* 1), (11)
where p is the pixel value of the SEM image in mm,
r is the size of the true test grid spacing in mm (for
thetest grid r = /1425 mm).

It follows that the test grid spacing Dh in pixels
on the M-scale imageis

Dh=M x_. (12
p
Then the number of nodes of thetest grid on the
M-scaleimage of the size (WxH) in pixelsis

in the horizontal direction:

n, =[W/Dx]+1, (13)
in the vertical direction:
n, =[H/Dy]+1, (14)

where Dx (Dy) thetest grid spacing on the M-scale
image in the horizontal (vertical) direction, defined
by (12). The values in brackets denote the largest
integer that does not exceed the magnitude of the
mathematical quotient. The vertical size H of the
image is determined without taking into account the
information strip (see the photosin Table 3).

We set the maximum magnification of the test
grid image to calculate the distortion using a
quadratic polynomial of two variables. In this case,
the required minimum number of the test grid
nodes in the frame is 6. Given that the vertical size
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of the image H is less than the horizontal W, it
suffices to set the number of nodes in the y
direction. So that the nodes are not located on the
edges of the image, let’s take, for example, n, = 4.
The maximum scaleis

Mmax :[)nyp’ (15)
where py = H s thetest grid spacing in pixes. A
n,-1

pair of vaues (Mo, Mma) defines the magnification
range for SEM images of thetest grid.

We determine the resolution R (lin/mm) of the
true test grid for the upper boundary of the range of
the SEM image increase (see Table 1), necessary
for taking into account the distortion using a
quadratic polynomial of two variables. The
maximum resolution is

R= Mmax )(ny_ l)
H xp
where M« is the maximum scale specified in the
technical characteristics of the SEM, ny, H, p have
the same values as in the previous formulas.

(16)

Table 3 shows the specifications of SEM
images of the test grid, calculated for 4 types of
SEM. The size of thetest grid (the number of nodes
horizontally and vertically) on the SEM images is
determined using the maximum values of the scales
M, M, M; (Ivanchuk, 2015; lvanchuk, Tumska,
2015, 2017; Kostyshyn, Mustafin, 1982]. For JCM-
5000 and JSM 7100F, the calculated number of
nodes for the three types of scales are the same, and
the sizes of the test grids differ by not more than
one row (column) from their sizes in the photos in
Table 3. The discrepancy in the number of rows
(columns) is explained by the inclusion of nodes
cut by the horizontal (vertical) sides of the frame.
For DSM 960A and SEM 106, grid sizes computed
using integer scales are incorrect, whereas for real
and fractal scales, the results are similar to the
previous SEMs. Since for SEM 106l all nodes of
the test grid are completely in the frame and the
calculation results give the exact number of nodes
in theimage.

Table3
The specifications of digital images of thetest grid for different SEMs
SEM JCM-5000 JSM 7100F DSM-960A SEM 1061
(NeoScope)

Image of the test grid
Scale M 30000" 30000" 20000" 25000"
Real scale My 29578.86" 31104.11% 39462.60" 70190.65"
Real scale My, 29426.72" 31037.31" 36886.22" 68431.17"
Fractal scale My 29614.91% 31249.43" 38844.55" 69758.01"
Fractal scale My 29667.84" 31253.74" 37101.22" 68508.67"
Thesize n, x n, of the 65 65 16" 12 20" 14
test grid in the image 65 65 8 7 75
in scales M, My, M 65 65 8 7 75
Magnification range
for thetest gridwitha | from 130" to 44467° | from 134" to 42927* | from 377*to 75406 | from 377" to 111850"
resolution 1425 linfmm
Digital image, pixdls 1280x1080 1280x1024 800x600 1280x960
Pixel size, mm 0.09132 0.09375 0.26450 0.26450
Test grid resolution 1282 9589 3439 10156
(lin/mm) for for M=40000* for M=300000" for M;=181950 for M;=797150*
maximum (instead of M = (instead of M =
magnification 100000%) 300000%)
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The last row of Table 3 gives the resolution of
the test grids for the values of the upper range of
magnifications  specified in the technical
specifications in Table 1 (see note to (16)). The
resolution of test grids for DSM-960A and SEM
1061 are determined from the values of fractal
scales calculated from the maximum values of
integer scales.

Calculation of distortion values of the image
coordinates of the test grid using fractal scales
for varioustypes of SEM

The values of the distortions of the coordinates
of the images of the test grid along the x and y axes
are calculated using a cubic polynomial of two
variables. The input data are: resolution of the test
grid (lin/ mm); list of the increase values the set on
the device scale; parameters of fractal scales (Ay,
Dy) and (4ys, Dys). For each increase value from the
above list, the coordinates of the centers of the
nodes of thetest grid are measured manually by the
operator or are automatically recognized. This
means that the node centers are recognized using
the developed software, and their coordinates are
calculated and written to a file [Ivanchuk, Tumska
[Ivanchuk, Tumska, 2017].

The technological scheme of approximating the
values of the distortions of the image coordinates of
thetest grid consist of the following steps:

1. Input the coordinate center of the nodes
(solution points and contral points) of the test grid
imagein an integer scale M.

2. Definition of the value of thefractal scale (1).

3. Calculation of the test grid spacing in the
magnification scale.

4. Formation of the layout of the location of
solution points and control points.

5. Calculation of true coordinate center of the
nodes of thetest grid in the magnification scale.

6. Definition of the coefficients of
cubic polynomials of two variables in x-
y-directions.

7. Estimation of the accuracy of the results of
approximation using the solution points and the
control points.

8. Construction of vector diagrams.

The remainder describes the individual steps of
the proposed technological scheme using of the
scale factor in detail.

the
and

First, from the measured (recognized)
coordinates  (Xm, Ymr) (MmM), we find the
corresponding true coordinates (X, Yir) (Mmm) of the
test grid in the magnification scale

X (Vi) =Ko (ky ) (hy),
h(h)=rM, (M),

where (r = 1/1425 is the true grid spacing in mm);
My (My) — given real or fractal scales calculated by
(1). The number of lines (spacings) k« (k, ) from the
origin (central node) to the measured point,
respectively, in x— and y-directionis:

kx ()= [xmr (V) Dy (D))]. (18)

(Square brackets here mean rounding up the
results to aninteger value.)

Note that the number of lines in the test grid
imageis inversely proportional to the scale value.

Therefore, if the scale is smaller than the real
one, when calculating the number of lines of the
test grid using the measured (computed)
coordinates of the points, the error accumulates
closer to the edges of the image and one or two
additional lines appear.

It follows that you need to know as accurately
as possible the real increase, and the distance
between the nodes of the approximation grid should
be increased in order to obtain the exact value of k
(ky) by (18). These remarks are most important for
scales 1000, 2000%, where small changes in the
scale values can lead to a change in the value of k
(k).

Problems arise when determining the values of
ke (ky) for magnification scales in the range 1000 —
2000" wherethe grid spacing is of the same order of
value as the measurement accuracy (1-3 pixels).
For example, the grid spacing in x-direction in a
scale of 1000%, calculated using a fractal scale (12),
is (in pixels): h=7.7 for JCM-5000, h,=7.5 for JISM
7100F, hs=5.1 for DSM-960A, h=7.6 for SEM
106l.

As experience shows for a scale of 1000%, the
use of a real (fractal) scale makes it possible to
amost accurately determine the number of intervals
k« (ky) using the measured coordinates and finding
the corresponding true coordinates.

Second, to obtain a picture of geometric
distortions, the measured points are located

(17)
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symmetrically with respect to the central node of the
test grid. In addition, the measured points are divided
into solutions points to determine the coefficients of
the polynomial and control points to evaluate the
accuracy of the calculation results. When automatic
recognition of the centers of nodes is done by
software, it is necessary to divide the resulting array
of points into asolution and control points.

For this purpose, for each scale, we form
(manually or automatically) a layout for placing
points for solution and control. Namely, we list the
exact number of lines K (K) relative to the central
node of thetest grid.

For example, for JCM-5000 in a 1000* scale,
the layout of the points for the size test grid
(167 134) is:

Ky=[- 82 -74 -66 -58 -50 -42 -34 -26 -18
-9 09 18 26 34 42 50 58 66 74 82],

kKy=1[65 57 49 41 33 25 17 9 0-9 -17-25
-33 -41 -49 -57 -65].

According to the given list, we form two
matrices [x;] and [y;] of size (17x21), where
the coordinates of solution and control points are
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staggered (see Fig. 3). Also, we use the given list of
nodes to correct the values of ki (ky), calculated
from the measured (recognized) coordinates (18).
The value k¢ (k,) is replaced by k' (k) from the
above list if the number of lines kq (k,) is not equal
to the number Ky (Ky), and [ke-Ky<d (|k-Kl<d),
where d is the tolerance value (the specified
number of lines). The tolerance value d is selected
depending on the value of the increase, the greater
the scale, the smaller the tolerance. For example,
for 1000 the tolerance is d = 3, to increase more
than 2000 isd = 0.5.

For JCM-5000 in an integer scale M = 1000"
for the two extreme rows of the grid, when
calculating the values of k,, we get values that are
different from the values given in the list by one
line: k=66 (k,/=65), k= 58 (k/=57), k~ -58
(k/=-57), k=-65 (k/=-66). For the same calculations
peformed using real or fracta scales, there are no
additional lines at the edges of thetest grid. Since the
spacing values hy (h) are larger than for integer
scales, the value of k (k) is determined exactly.
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Fig. 3. Vector diagrams of geometric distortions in the SEM image before (a, b) and after the polynomial
approximation (c, d). Computation of digtortions using an integer scale (a, ), and a fractal scale (b, d)
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For example, the spacing of the test grid is (in
mm): h= h, = 07018 for integer scale
(M = 1000%); hy = 0.7044, h, = 0.7082 for real
scale (My =1003.80%, My, =1009.23"); hy = 0.7022,
hs = 0.7089 for fractal scale (My =1000.67",
M, = 1009.23). If the location of the points for
approximation is given, then we can correct the
erroneous values of k (k) using the program.

Third, for an example for JISM 7100F using the
integer scale M = 10000" and the respective fractal
scale, the results of the approximation are
compared. Figures 3a and b show the vector
diagrams of geometric distortions of images
determined by the coordinates of the nodes of the
test grid, using the integer (@) and the fractal (b)
scales. Geometric distortions of the SEM image are
defined as the difference between the measured (in
mm) and true coordinates (in mm) of the test grid
nodes:

Ax (AY) = X (Vr) =X (V) (29

Vector diagrams show the direction of real
displacement of points relative to undistorted (true)
positions. Note that Fig. 3a (M = 10000%) illustrates
the radial character of the distortions from the
center of the SEM image to the edges. In Fig. 3b,
using the fractal scaes (My = 10207.39%
My = 10263.96), we see a picture of the true
distortions of the SEM image. The approximation
results performed for integer and fractal scales
using the cubic polynomial of two variables show
the same picture of the residual distortions (Fig. 3,
¢, d). Vectors length is increased by 20, for
clarity.Based on the studies carried out, the
following conclusions can be drawn.

Scientific novelty

The technique developed by the authors for
obtaining fractal and metric characteristics of SEM
images was performed for thefirst time in Ukraine.
The proposed methodology is accompanied at all
stages by the author's software and demonstrated its
effectiveness and expediency.

The practical significance

The application of this method of establishing
and accounting for the fractal and metric
characteristics of digital SEM images makes it

possibleto more precisely determine the real values
of the increases (scales) of digital SEM images and
the values of their geometric distortions. Taking
into account these characteristics of SEM images
makes it possible to significantly improve the
accuracy of obtaining spatial quantitative
parameters of the micro surfaces of research
facilities, and consequently improve their
operational and economic characteristics. The
obtained characteristics can be additional important
quantitative parameters for revealing the features of
digital SEM images.
Conclusions

1. An analytical relationship has been
established the increase between the set on the
device scale and the “fractal” increase (scale). For 4
types of SEM, the similar coefficients A; and the
exponents D; for the fractal scales alongthex andy
axes are calculated. It is shown that the images of
the test object obtained on the same SEM at
different scales have the same fractal scale
parameters that can be used as additional
guantitative characteristics of SEM.

2. Fromtheanalysis of the series of multiscale
SEM images it is established that for the JCM-5000
(NeoScope) and JSM 7100F the real and fractal
scales are the least different compared to the
increases of the set on the device scale. In addition,
for these SEM, the anisotropy of the distortions is
the least pronounced. It should be noted that for the
DSM-960A and SEM 106l, the metric
characteristics for the entire range of increases
(scales) do not correspond to the magnifications of
the set on the scale of the device.

3. Formulas for calculating the possible range
of magnifications of the test object images are
obtained and given depending on the spacing value
of the test object, pixel size, and scale. For 4 types
of SEM, theresults of calculating the magnification
ranges are given. The maximum magnification was
determined taking into account the possibility of
determining distortions with respect to a quadratic
polynomial of two variables.

4. The resolutions of the test objects that are
suitable for determining the values of the
distortions of the images of the test object at the
maximum magnifications specified in the technical
specifications of the SEM are calculated.
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5. Features of the algorithm for calculating
distortion values for automatic recognition of the
centers of nodes in the image of a test object are
given. It is shown that for small magnifications
(1000 — 2000°) the presence of a layout of
placement of solution points and control points with
an optimal interval avoids errors in finding the true
coordinates of test grid nodes corresponding to the
recognized (measured) points.

6. Vector diagrams constructed using the
fractal values of increases show a picture of real
distortions. Using the magnifications (scales) the
set on the device scale allows display of basicaly
only radial distortions in the form of vectors from
the center of the image to the edges. After
approximation by a cubic polynomia of two
variables, the residual distortions are significantly
(210 times) less than the real ones and are 1-2
pixels, no matter what type of magnification (scale)
of SEM images was used.

7. The obtained reationships for establishing
the values of fractal scales allow automatical
determination of the actual increase (scale) of the
SEM images and, together with the calculated
coefficients of the polynomials, effectively eliminate
their distortions. This significantly improves the
accuracy of obtaining spatial coordinates of the
points of the micro surfaces of the research objects
and the creation of their digital terrain models.
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JOCJIKEHHS ®PAKTAJIBHUX TA METPUUYHUX BJIACTUBOCTEN 305PAXKEHb 3A JJAHUMU
BUMIPIOBAHb PI3BHOMACIITABHUX LIU®POBUX PEM-30BPAKEHDb TECT-OBF’€KTA

Meta. Meroro wmi€i poOOTH € BCTAaHOBJICHHS Ta JOCTIDKEHHS (PpakTalnbHUX Ta METPUYHHX XapaKTEPUCTHUK
300paXkeHb, OTPUMAHMUX 3a JOMOMOIOI0 PAacTPOBHX eNeKTpOHHUX MikpockomiB (PEM). Metoauka. JlociimKeHHs
IPYHTYIOTbCS Ha OIpaIfoBaHHI JaHWX BuMiptoBaHb IudpoBux PEM-300paxkeHp TecT-00 €kTa, OTpUMaHHUX Ha
4OTUPHLOX THMax cydacuux PEM y miamasomi 36inbmens Bim 1000 mo 30000° (kpar). PesyabraTn. Beranosieno
aHAJITUYHE CIIBBIJHOIICHHS MiX (DiKCOBaHMM Ha MIKaJi Mpwiaay i “¢pakransHum” 30iNbIIeHHIM (MacmTaboMm).
BukoHaHO pO3paxyHOK Koe(illieHTiB MOAIOHOCTI A¢ Ta EKCHOHCHINATbHUX MOKa3HWKIB Df mit (pakTaabHUX
36inmbiieHs (MaciitabiB) y3m0Bx oceit x Ta y st 4-x tunie PEM. OtpuMaHo i HaBemeHO GOpMYIH Ui PO3PaXyHKY
MOJKJIMBOTO JIiana3oHy 30iIbIIeHh 300pa)KeHb TECT-00' €KTa 3aJICKHO BiJ KPOKY TECT-00 €KTa, po3Mipy IiKcenaa Ta
Macmta0y. OTpuUMaHi CHiBBIIHOIIEHHS Uit OOYMCIEHHS ()paKTaIbHUX MaclmTalbiB JaloTh 3MOTY aBTOMAaTHYHO
BU3HAYMTH JlilicHe 30iibmreHHs (Maciitab) PEM-300paxkeHs i pa3oM 3 BH3HAYCHHUMH Koe(illieHTaMH MOIIHOMIB
epEeKTUBHO yCyBalOTh iXHiI IUCTOpCiiiHI crorBopeHHs. HaykoBa HoBH3Ha. Po3poOiena aBropamMu MeToJHKa
OTpUMaHHS (paKkTaJbHUX Ta METPUYHHX XapakrepucTUK PEM-300pakeHh BHKOHaHA BHeplle B YKpaiHi.
3anpornoHoBaHa METOANKA CYIPOBOIKYETHCS Ha BCIX il eTanax aBTOPCHKUM IPOrpaMHUM 3a0e3IIeUeHHsIM 1 MoKazasa
CBOIO €(eKTHBHICTh Ta JOLUIbHICTh. IIpakTHYHA 3HAYYINCTH. 3aCTOCYBaHHS Ili€i METOAMKM BCTAHOBJICHHS Ta
BpaxyBaHHS (paKTaJbHUX 1 METPUYHHX XapaKTepHCTHK HuppoBux PEM-300pakeHb aa€e 3MOry 3 OLIBIIOI TOYHICTIO
BU3HAYATH [ifiCHI 3HAYeHHs 30inbineHs (MacuirabiB) nudpopux PEM-300paxeHsb Ta BENUYUHHU IXHIX TE€OMETPHIHUX
cnoTBopeHb. BpaxyBanHs 1ux xapakrepuctuk PEM-300paskeHb jae 3MOr'y CYTTEBO MiABUIIUTH TOYHICTH OTPUMAHHS
MPOCTOPOBHX KUIbKICHUX IapaMeTpiB MIKPOIOBEPXOHb JOCTIMHUX 00’ €KTIB, a, OTXKE, IOKPAIIUTH iXHi
eKCIUTyaTalliifiHi Ta eKOHOMIiuHI XapakTepucTuku. OTpuUMaHi XapaKTepHUCTHKH MOXYTh OYTH NOJAaTKOBHMH Ba-
JIMBMMHU KUIbKICHUMH TTapaMeTpaMH JUTs BUsIBIICHHs ocoOnmBocTed muppoBux PEM 300paxeHs.

Kniouosi cnosa: pacrpoBuii enextponnuii Mikpockon (PEM); Ttect-00'exr; nudpoBe PEM-300pakeHHs;
¢bpakTanpHi Ta MeTpUYHi BIacTUBOCTi IppoBux PEM-300paxeHs; mificHi 306inbineHHs (MaciiTabu); reoMeTpuyHi
cnorBopeHHs 1ndpposux PEM-300paxeHs.
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