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ABSTRACT

The paper presents a method of processing digital images of technical objects whose surfaces are inaccessible. An
analytical method of vision data preparation for supporting the decision making about the presence ot abnormal arcus i~
presented. The method takes into account the changes of some statistical brightness parameters (intensity. corrchiiio
coordinates, sizes, and shapes) by analyzing matrices of brightness fluctuation, difterences (estimates ol the raie ot
brightness changes), variances and correlations, containing information about their state.

Keywords: digital image, mathematical model, statistical processing, state estimation, visual-analytical method

1. INTRODUCTION

The possibilities of assessing the state of technical objects by examining digital images of their surfaces that arc not
available for measuring instruments of nondestructive testing are considered. Digital images are described by brightness
matrices whose measurements x(/, j) are integer samples of auto and mutually correlated random variables of their rows
and columns with unknown statistical patterns. The change in these regularities on these or other parts of the surface may
contain information on the state of the objects under inspection. Such areas arc called textures with their statisncal
regularities and their parameters. The methods for their investigation and detection are described in [1-5].

Experimental matrices x(i, /) are estimated by mathematical expectations, selective variances, co-variances, cmpirical liws
for the distribution of brightness probabilities (histograms). This knowledge is necessary. but not sufticient for the
preparation of data on which decisions can be made about the status of the monitored technical facilities in their design.
development, modernization and testing. Textures should be detected; their features and parameters must be determined:
and cause-and-effect relationships with assessments of the monitored objects’ states should be established.

It is proposed a visual-analytical method of computer processing of experimental matrices of material surfaces digital
images’ measuring, of the technical objects made of them and data preparation for supporting decision making about therr
condition. :

2. MATHEMATICAL MODELS OF MEASURING DIGITAL IMAGES

The matrix of experimental measurements of the brightness of a digital image x(i, /) ot a rectangular surfacc 15 considered.
where (i, j) are the coordinates of the measurements i = 1,2,...Niyand; = 1,2,...N2. Measurements x(i, /) arc integer random
variables from 0 to 255 units of brightness, taking these values with probability p(i, /). The tonality of the digital image

depends on the values of the probability p(i, j). If p(i. j) < 0.25, it corresponds to the dark parts of the image. whereas 1f

p(i,j) > 0.75, then the parts are considered as light. Gray areas are characterized by inequality 0.25 < p(s. /1< 0.75 1
p(i, /)= 0, then we have an absolutely black surface and if p(i, j) = 1. it is absolutely white surtace. In Fig. | a digital image
of a three-ton surface is shown, where the section at the top is p(/,j) = 0.25, the section in the center is p(i, /) = 0.5, the
section on the bottom is p(i, j) = 0.75.
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Figure 1. Digital image of a three-ton surface.

If the discrete brightness value 0, 1, ..., 255 is denoted as ¢ , then the probability of the brightness distribution i of
monotone digital image is described by binomial law

p@)=C!p'(l=p)™ Ci
The mathematical expectation of brightness of the digital image is equal to M(g) = np, the dispersion characternizes
scattering of brightness relative to M(g) and is equal to D(g) = np(l — p). The total number of random variables ol the
matrix x(i, ) is N = NiNa. The average brightness of the image X depends on the probability p. It the matrix x(i. /s
known, then the mean X and sample variance D canbe estimated, and their mathematical expectations M () and \/¢ )

are equal to

N, N, N,
= - |l o s = =
x=—ZZ\'(1/), D=VZZ('\.([’-N—'\')— M(x)=np, M(D)=np(l-p). ()

=) =l ==l =l
The binomial law of probability distribution for large values can be approximated by the normal (Gaussian) distribution
law

p(q):exp[ 17/7) j/\/’/mp(l— i3

2np(1 - p)
Using (3) and changing the values p, one can simulate matrices of single-tone digital images as sequences of meuasurements
of rows x(j/i) or columns x(i/;) of independent normal random variables of different intensity. Matrices ol meusurcnicnis
of real digital images x(i//) are auto and mutually correlated samples of random measurements of rows x(/ /) and colunns
x(i1))-
Let’s consider a matrix of neighbors x(i//), where the measurcment x(i/j) is statistically related to three neighboring
dimensions x(i, j~1), x(i—1, j) and x(i—/, j—1). This relationship can be described by the following equation:

x([,_/)=;+(r,x(i._/—l)+/‘:x(i—l._/') rx(i=Nj—1)+ D(l—r (I—/ ‘(i./)j (-4
X

Proc. of SPIE Vol. 10808 108081C-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/29/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



where 1 and r are correlation coefficients of rows and columns; &(i.j) are forming sequence of independent normal

random variables with zero mathematical expectation and unit variance. the first row and the first column of the expression
(4) are described by the difference Markov equation.

In Fig. 2 the gray digital images x(i, j) with mathematical expectation M[x(i,/)] = 128 and variance D[x(i,/)] = 64 diftering
only in correlation coefficients, are shown; while in Fig. 2a the images with the same correlation coefficients ;= are

shown. In Fig. 2b the images with correlation coefficients that differ s; # r, are shown.
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Figure 2. Gray images with correlation coefficients (a) (b).

Mathematical models of textures are areas with altered statistical patterns. The following texture classes can be
distinguished:

- areas with changed mathematical expectations of brightness, with changed variances or with changed mathemanical
expectations and variances, differing in size and shape of the area;

- areas with various changes in correlation relationships or with the destruction of correlations;

— areas with changes in both brightness and correlations:

- changes in certain statistical patterns on the entire surfacce of the digital 1mdge

3. THE INTEGRAL PARAMETERS’ ESTIMATION OF MEASUREMENTS OF
EXPERIMENTAL DIGITAL IMAGES® MATRICES

The initial concept of a controlled object surface state can be obtained by evaluating and analyzing the integral parameters
of matrices measurements [10]. The mean value of the measurements X , their sample dispersion D by expressions (2)
and correlation coefficient

Ny N I
ZZEAX(L]XAX([— Lj)+Ax(i, j-1)+ ax(i-1.j-1))
Pyt SR A () RS (5)
o (i j)=xtij
The empirical law of probability distribution ot brightness (histogram) and the empirical function of digital images i
calculated by the formula:
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Jeihies
W(g)=F(g)-F(g-1), F(q)=TZZN(q—.\'(i.j)), g=012,..255

ENRSE =)

where #(z) is the unit jump function. If 220, itisequal to | and if z <0, itis equal to 0.

255

M[q)=Y qW(q)

g=0

3255

K, =(Dlg)) 2) (g~ M[q))'

Dlg)= Y (g - M[g)W(q)

g=0

255

4=0

K..=(Dlg)*Y (g-Mlq))".

(G)

As an example, in Fig. 3 the empirical laws of probability distribution of digital images brightness for dark p(i. /) = 0.25,
gray p(i,j) = 0.5 and light p(i, /) = 0.75 areas are demonstrated. Wherein any changes in the correlation of brightness
measurements do not entail their changes. The integral parameters of measurements of digital image matrices, three-tone
random surfaces and variously correlated gray p(i, /) = 0.5 surfaces are presented in Table | and 2, respectively.

BE7Y \X.(q)

505

RAAS:

Figure 3. Empirical laws of probability distribution of the digital image brightness.

Table 1. Intcgral parameters for mcasuring matrices of digital images of three-ton surfaces.

p=025 rl=r2=90 p—=05 rl=p2= p=0.75 rl=r2=0
3 64.01 128.01 192,01
JD 6.926 7.998 6.926
F -0.0006 -0.0005 -0.0006
K 0.00252 0.00248 0.00253
K. -0.00189 -0.00178 -0.00181 :
Table 2. Integral parameters for measuring digital image matrices of di [Tcrcnt'ly corrclated gray surfacces.
: ;:g :;g: r1=0.9r2=0.9 | r1=0 r2=0.5 | r1=0.5r2=0.9 | r1=0 r2=0.9
= 128.01 127.99 128.04 127.99 127.97 127.98
JD 7.998 7.999 7.961 8.009 8.004 8.002
F -0.0005 0417 0.870 0.167 0617 0.300
Ky | 0.00248 -0.00383 -0.00107 0.00052 -0.00368 -0.00207
K. | -0.00178 | -0.00306 0.00107 -0.00562 -0.00440 -0.00269
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Histograms and these statistical integral parameters arc used for visual obscrvation and control of technical objects to test
the hypothesis of their constancy and the absence of texture changes in brightness.



4. TRANSFORMATION AND ANALYSIS OF MEASUREMENT MATRICES OF THE
BRIGHTNESS OF DIGITAL IMAGE
The average value of matrix measurements x(/, /) is characterized by radiation sources or reflection of the surface of
controlled objects, and fluctuations Ax(i. j) = x(i. j)— X are the indicators of their reflective or radiative abilities. They
contain information about the texture changes in digital image measurements. Fluctuations arc also the changes m
brightness from the measurement point (i, j)to the points (i, j+1)and (i +1. /). i.e., brightness variation on a hine and on
columns which are characterized their correlations.

We denote the fluctuations as Ax(i. j) = v(i, j) . Then the rate of their change along the lines is described by the ditference
Av(j/i)= y(i,j)= v(i.j—1), and by the columns by the difference Ay(i/ j) = y(i. j)= vii=1. j). The first differences o
rows and coluinns are mutually perpendicular so that the velocity vectors and directions of measurements of the Tuctuanon
difference Ay(i, j)and ¢(i, j)are calculated by formulas

: A = SRR e Ay(jii
Ay, j) = \/A,V'(/ IN+Ay~(il)) ol.j)= a/'c'lg(Lf'.)j ()
Ay ),
Thus, the brightness fluctuations and the rate of their change are described by the matrices v(i. /), Av(/i. j)and (i /) They

contain information about the textures of the brightness of digital image x(i, /). We will carry out their statistical analy sis

First, let's test the hypothesis of the uniformity of a digital image x(i, j).. In this case, thc mathematical expectation ot the
fluctuations M[y(i,j)]is uniform. We determine the mean value 3°(i, j)and variance D'[)".-'(i, ./‘)] and if in this case the

—3,/5'[;'(1',/)]5 7)) < 3./5'!_?'(i.j)| ()

is executed, then the matrix x(i. j) can be regarded as one-ton with a probability of 0.997. In this case the variance of the

g D'y (i)

e
(N, =N, - 1)

The statistical parameters of the fluctuations y(i, j) differ from the measurement matrices x(7, /) only by the mean value

Let us now analyze the velocity and direction vectors for measuring the difference in the fluctuations Av(i. /) and ¢ ).

In Fig. 4 the histograms /{Ay) and /{A ) obtained by processing a gray image with difterent correlation parameters are
shown.

inequality

mean is described by the formula

The law of distribution of probabilities of the velocity vector of measurements of the difference of fluctuations Av(s. ;) is
close to the Rayleigh distribution. In this case, the more correlated the measurements are, the less scatter the values on the
histogram is. The law of the vector of direction measurement of the fluctuations’ difference ¢(i. /). depending on the

correlation, has a different form.
Obviously, in contrast to the histograms of the initial meaSurements obtained by the Habibie model, the shape and

parameters of the histograms of velocity vectors and of fluctuation difference measurement direction depend strongly on
the parameters of measurements’ correlation and allow us to obtain useful information for the analysis of textures.
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Figurc 4. Histograms of the velocity vectors and the direction of measurement of fluctuation differences '(Sy) and 110
Information about textures is also contained in the matrices of the covariance ot measurements, which are formed wilie
: > Too N
a moving window in size (] + r)’

=1
> ax(i, jNax(i+1.j)+ axli j+ 1)+ ax(i+1. j+1)
R(, j) = = : (1)
3t
where 7 is the shift, i.e., the number of measurements (i,j) adjacent to the investigated point participating in the
transformation. Matrices of covariance contain simultancously information about changes in variances and corrclations

within the moving window R(i, j) = D(i, j)r(i. j)-

We perform statistical factor analysis of the matrices of covariance of the Ist (7 =1)and 2nd (7 = 2 ) order from the matrix
x(i,j) described by the Habibie equation. The second-order covariance histograms are very similar to the first-order
histograms shown above. The differences between them are in their statistical indicators, given in Table 3.

Table 3. Integral paramcters of measurements of covariance matrices of the first and sccond order from the matrix x(i, /).

r1=0 ri=0.5 r1=0.9 ri=0 ri=0 ri=0.5
r2=0 r2=0.5 r2=0.9 r2=0.5 r2=0.9 r2=0.9
R -0.112 26.250 56.638 10.409 19.156 39605
JD(R) | 36.462 55.872 87.407 43.443 50.011 68 X7
ek K4 (R) | -0.068 2411 3.282 1323 1.959 2 %36
K..(R) | 5619 10.217 17.535 6.920 7.902 12,939
R -0.051 19.070 53.496 7.850 17.807 32,138
JD(R) | 25.956 44.586 83.344 31.872 40.587 60.021
e K, (R) |-0.011 2438 3.271 1.442 2.596 3.139
K,(R) | 6.199 12.129 17.432 8.020 13.024 16.793

It can be noticed the integral parameters of the measurements of the first and second order covariance matrices depend on
the scatter parameters and the correlation of the measurements, as a consequence, can be used for factor analvsis of
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measurements and allocation of textures. Second-order covariance estimates have a smaller spread, that is, the estimates
obtained are more accurate and carry more accurate information about the correlation of the measurements with Yuloy sky
sequences in measurements’ forming according the Habiby modcl.

S. THE THEORETICAL BASIS FOR THE EVALUATION AND DETECTION OF TEXTURES

Statistical theories of recognition and detection are based on knowledge of the laws of distribution of the probabiliny of

measurements or knowledge of samples of objects” measurements in different states [8, 9]. This theoretical knowledge 15
needed, but it is not enough to solve the problem of detecting texture changes in digital images that are only being designed.
developed or modernized.

The main feature of textures is the concentration of measurements with the same parameters (in the statistical sensc). This
set of measurements-neighbors with almost identical averages, selective variances, correlations, histograms. These are the
same fragments of texture matrices that need to be selected from the matrices x(i. j) . Av(/, j), @li.j)and R(i. /). then

determine the location of these textures, sizes, shape, intensity and density.

Texture patches can be visually seen by observing digital images. However, we should not forget that the visual
examination of images by operators is subjective, since they may have a lack of experience and skills, or be in anxicty.
stress and depression, as a result, lose the opportunity to concentrate attention and make the right decisions. The levels ol
anxiety, stress and depression of operators before each control should be assessed using modern computerized
psychometric testing. Therefore, matrixes for measuring digital images should be processed in order to contrast the
selection of textures as the support in making decision about operators.

The texture of the monitored object, which is changed on some part of the brightness surface, is shown on the histogram
in the form of a second maximum. But the histogram is strongly compressed information about the probability of brightncss
distribution. With small changes in the statistical parameters of the texture and in small areas, this texture may not change
the histogram. Japanese scientist Nobuyuki Otsu proposcd a computer technology of testing the hypothesis that & dizisid
image contains measurements of two classes, differing in their brightness and quantity [10,11]. The law of probabilin
distribution of brightness measurements ¢, as a random variable from 0 to 255 units, in this case is described by expression

W(q)=pW (q)+p.W,(g) 05q=<255 (12)
where p; and p, are probabilities that g refers to either the first or second class; W,(g)and W,(g) are unknown laws for
the distribution of probabilities of their brightness.

Since W(q) is the known function (6), it is possible to determine the dispersion of brightness measurements as a function
of the separation threshold

D(9.)=p(q,)D(g,) + p:(9,)D(g,)- (4
If the matrix contains measurements of two classes, then the dispersion relation D, (g, ) from the measurement separation
threshold has a minimum min(D,:(q“))and it can be used as a threshold for dividing the measurements x(i. /) into two
classes.

Otsu showed that there is also a dependence of the interclass dispersion on the separation threshold, which is determined
by the formula

D,,(4,)= p(a,)P(q,)(M,(q,) + My(q,)) (14)
has a maximum max(D;z(qn)), and this threshold value can also be used in the problem of classifying mcasurcments ot

matrices of random variables. By placing a histogram 1#'(¢) of the digital image x(/, /) and calculating probabilitics and
mathematical expectations

9o dn 255
P4 =Y W), pyg)=1-p(g,). Mlgl=d gV(g), Mylg,]=> gW(g) (15)
g=0 ¢=0 URA
,it is possible to determine the value g,, at which the interclass dispersion is maximal. Using the threshold, we'll perform

a binary transformation of the measurement matrix x(i, /),
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B.(i. )) = ulx(i, j)~q,)- (16)
This matrix of zeros and ones forms a black and white image. which is examined with the following aim:
- determination of brightness textures exceeding the threshold;
— determination of coordinates, sizes and area of textures;
— selection of matrix texturesAy(i, /), &, j) and R(i, /).

For example, let’s consider a gray digital image p(i, /) = 0.5 with correlation r1 = r2 = 0.5, in which there is an anomalous
area with 64 x 64 dimensions, which center is in the coordinate 160 = 154. This part differs only in its corrclation
ri =r2=0.8. The results of its statistical processing are shown in Fig. 5, where the digital images of the martrices viz. /)
Ay(i, j), i, ), D(i, j) and R(i, j) are on the left, and their binary representation are on the right.

Fig. 5. Digital images of matrices x(i, ), AW(i, ), &i, ), D(i, j). R(i. /) and their binary rcpresentation.

6. THE INTRODUCTION OF METHODS FOR THE EVALUATION AND DETECTION OF
TEXTURES IN THE STUDY OF IMAGES OF THE SURFACE OF HEAT-SHIELDING
STRUCTURES IN THE RST. EFFICIENCY OF THE METHOD

Currently, one of the priority areas in the development of rocket and space technology is the creation of rcusuble aircrufi.
which allow a significant reduction in the cost of bringing cargo into orbit. With the repeated use of complex and expensive
equipment operating under extreme conditions, the task of diagnosing its condition becomes particularly acute. One ol the
most important designs of reusable aircrafts are their external heat-shielding structures, subject to high temperatures and

aerodynamic loads when starting and returning products. A 3D model of such a heat-shielding system is shown i Fiz2. 6
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Figure 6. 3D modcl of hcat-shiclding system.

The quality control of the thermal protection of reusable aircrafts is carried out with unilateral access to these structures
within the apparatus. Therefore, one of the main methods of their control is the assessment of the state of technical objects
through visual control of surfaces. But visual control is not enough to make a decision about the state of the object under
study and is supplemented by the results of processing measurements of more informative methods: holographic and
thermometric. When using these methods, information on the state of the monitored thermal protection structures is
contained in digital images of their surface.

As an example, in Fig. 7a the thermographic and holographic measurements of the honeycomb metal pancl ol the heat
shielding structure are shown. Such measurements were processed using the visual analytical method of processing digital
images of technical objects, statistical matrices x(/, /), Ay(i, ), &i. /), D(i, /), R(i, j) and their binary representations were
obtained. The results of their analysis of the presence and size of the textures (in this case, defects in the form ol impuritics)
are summarized in the visual defectogram shown in Fig. 7b, on which all the detected defects are brought together.

a) b)

Figure 7. Thermographic and holographic measurcments (a) and visual defectogram (b) of a cellular metal pancl of heat-
protective structurc.

The efficiency of the visual-analytical method for processing digital images of technical objects 7 was estimated by the
ratio of the area Swor of textures (defects) from the defectogram, obtained during the processing of measurements of’
nondestructive testing with the area S« of real defects, obtained by contact measurement of the non-adhesive places of the
cell to the upper skin after removal of the lower skin cellular metal panel.
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1= Sxr!Sa- (7
The efficiency 7 of the visual-analytical method for processing digital images of technical objects in the case of cxamining
the cellular metal panel of the heat-shielding structure shown in Fig. 6, is 0.948. In this case, the probability ol defects
detection and the accuracy of determining the geometric dimensions of the method using the results of analysis of all
matrices x(i, j), Ay(i, /), ¢i, ), D(i, j), and R(4, /) is much higher than using the results of analysis of cach ol the matrices
separately.

7. CONCLUSIONS

In the conditions of a lack of prior knowledge about statistical regularities of measuring the brightness ot surface dignal
images of'technical facilities being developed that arc inaccessible to visual observation and non-destructive testing devices
use, the visual.analytical method of preparing data to support decision making about their condition is the most informatin ¢

Changes in the state of technical objects are manifested in changes of statistical regularities’ measurements in individual
sections of digital images and their detection, estimation of coordinates, dimensions and statistical parameters is the goal
of the proposed visual-analytical method.

Digital images, as matrices of experimental brightness measurements, are samples of rows and columns of auto- and
mutually correlated normal random variables, with unknown parameters (mathematical expectations, variances.
correlations). The sections on them with the changed parameters (textures) can be simple (onc-parameter) and comples
(two and three-parameter). Information on texture changes is contained in the matrix of brightness fluctuations and in the
matrix of the velocity vector of fluctuations’ changes of the experimental matrix.
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