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Abstract: The proposed system for detecting defects in composite materials, such as carbon fiber or tex-
tile fabric, is described. Defects in the structure of the product are detected using a computer vision sys-
tem based on optical sensors, i.e. a visual inspection is carried out - a necessary stage in the production
process of composite materials. The difference of the proposed method from the existing solutions is the
unique model of the sensor-material interaction and its strict mathematical description. A comparison
with the reference model of the structure specified analytically is used.
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Introduction

The object of inspection, which is considered in
this study, is the fabric formed by the mutual in-
terweaving of the threads of two systems located in
two mutually perpendicular directions from each
other. The threads of one system that go along the
fabric are called the warp, and the threads of the
other system that go across the fabric - the weft. In
the production of fabrics, it is necessary that the
warp threads have their own constant tension cre-
ated by a special mechanism. The value of the ten-
sion varies cyclically, which leads to multiple
stretching of the warp threads. Modern production
plants have a complex, highly developed techno-
logical base, which provides flexibility of control
and optimization of the parameters of technologi-
cal process when changing the properties of raw

materials. Technological processes for the produc-
tion of composite materials and textile fabrics are
complex and interconnected, which is explained by
the properties of the materials being treated and the
methods for their treating [1-5].

Let’s review on the prior techniques and mod-
els, which researchers have been using for fabric
defect detection. In statistical approaches there are
defect detection methods using: fractal dimension,
bi-level thresholding, gray level statistics, morpho-
logical operations, edge detection, normalized
cross-correlation, co-occurrence matrix features,
eigenfilters, local linear transforms, rank-order
functions, neural-networks. These methods are
based on very high-dimensional statistics. Thus,
they are very consuming in terms of processing
time and memory. Another problem with them is
inefficiency when there is several defects at the

NHDOPMALIMOHHBIE TEXHOJIOM MW 1 BIMUCNTUTENbHBIE CUCTEMbI 3/2020 13



NPUKNAOHBIE ACNEKTbI MHOOPMATUKN

A. A. Zhilenkov, S. G. Chernyi

same time. As for methods based on classification,
large number of fabric defect classes with large in-
tra-class diversity remain major obstacles in using
such systems as feed-forward networks [5, 11] and
support vector machine [11] for online fabric in-
spection.

In spectral approaches there are defect detection
methods using: discrete Fourier transform, optical
Fourier transform, windowed Fourier transform,
Gabor filters, Optimized FIR filters, Wigner distri-
butions, wavelet transform. In general, such ap-
proaches [3, 4] cannot detect defects that appear as
subtle change in fabric texture.

In model-based approaches there are defect de-
tection methods using: Gauss Markov Random
Field model, Poisson’s model, model-based clus-
tering. So, there is not many model-based ap-
proaches, and existing ones are based on stochastic
models. The performance of these methods is not
satisfactory when there is gray colors dominate in
the image [18].

On one side, mentioned methods are computa-
tionally expensive and require much tuning. On
another, inspection of patterned webs has remained
largely unexplored and most of attempts [15-18] to
deal with this problem have focused on mechatron-
ics approach. The detection of genuine defects and
separation of false alarms is achieved from the sub-
tracted image [18]. This problem requires the re-
newed attention using purely computer vision ap-
proach, i.e. automated location of patterns using
machine vision and detection of defects when the
patterns are arbitrarily rotated and/or partially oc-
cluded. This approach is studied in present paper.

As will be shown, the properties of a composite
material generate a specific class of mathematical
models that can be used to optimize production and
form controls in an automated control system
(ACS) [1, 3]. Despite the high level of automation
of technological processes in modern production,
today there is a fairly high percentage of defects in
production. Thus, the objective of the study re-
quired the solution of the following scientific prob-
lems [2, 5, 7, 9]:

- create an adequate control model of a compo-
site material that can be used to automate the quali-
ty control of the material in all technological sites
(steps) of production;

- solve the problem of identifying and assessing
the quality of the composite material on the basis
of an analysis of the real flow of events that occur
during the quality control of the material;

- develop appropriate algorithms and methods
for recognition of defects in composite materials
on the basis of pattern recognition methods during
identification of defects;

- solve the problem of creating technical means
for quality control of textile production, which
provide automation of the quality assessment pro-
cess, with the development of appropriate methods
and algorithms for their construction.

1. Generation of Reference Images

A reference image is generated, taking into ac-
count the results of preliminary analysis and a pri-
ori information about the object of control as a
function of g, by compensating for external dis-
turbances and comparing the image with the refer-
ence one to determine the phase shift. Next, the
sample model is adjusted in accordance with the
found phase shift - a comparison of the reference
and the image, and the decision on the defective-
ness of the fabric is made [4-8].

For modeling, let’s choose a fabric of simple
weave as the object of control. Since the fabric los-
es its ideal structure under the influence of external
factors, it is necessary to model both the original
ideal fabric and the skewed fabric, and also the de-
fects that appear on its surface. Thus, to generate
reference images, models of various types are
needed:

- periodic models designed to describe periodic
structures, such as fabrics modeled by Fourier series;

- aperiodic models designed to create models of
local material defects using Kotelnikov time func-
tions (wavelets);

- distributed models designed to describe de-
fects that are distributed on the fabric, and for
which the tensor apparatus is more suitable.

At the first stage of creating the model the ob-
ject of control, the reference standard of the com-
posite material fabric should be generated [5, 9-
12]. Characteristic features necessary for the gen-
eration of the standard thread weave are:

- the radius of the threads, given by the style
(type) of the material;
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- the thread frequency - sets the density of the
weave, which can be determined by preliminary
Fourier analysis of the image.

For the formation of the ideal weave standard,
we choose the following assumptions (Fig. 1):

- weft and warp threads are considered as round
rods;

- cross-section of the threads remain unchanged
after bending;

- the effect of crease is not taken into account;

- small corners;

- the bend of the thread is a sinusoid;

- weft and warp threads are equally bent with
the same tensile strength.

These are common assumptions [6, 7, 14-16, 18]
for standard types of weaves. Failure to comply
with any of these assumptions should be taken into
account by complicating the model.

With an arbitrary value of applied tensile forces
on the weft and the warp, the picture is distorted.
Moreover, if the weft tensile forces are directed at
an angle to the perpendicular of the warp, then
weft threads may be tilted by an angle, it is also
should be taken into account in the model. There-
fore, for a geometric model of interweaving, it is
advisable to introduce correction parameters:
R, —F,-cosa F,-cosa -k,

P, = 1)

yp:—r
F,+F cosa’ * F +F,-cosa

where o — skew angle of weft threads.
With regard to the assumptions, the surface of
the warp thread with the number is explicitly de-
scribed by equations (A.2):
(y - yock )2 + (Z - Zo(:k )2 = r21
2o, =T+ (L+ p,) - COS(@, (X~ X, ),

Yoo, = Yoo, 70 (k=1),
X, =Xy, ta-(K=D)+Y, -tga.
The surface of the weft thread with a number is
given by equations (A.3):

(X=X, Y +(z— Z, )2 =r?,
Zycn =r- (1+ pz) : COS(Wy(y - yocn ))’
yocn = yocl +b '(n _1)1
X, =Xy, +a-(N=1)+y-tga.
The use of corrective parameters allows obtaining
a universal algorithm for generating a geometric

(2)

®3)

Fig. 1. The arrangement of fibers in the equilibrium state
a) warp threads, b) weft threads

model of interweaving for arbitrary tensile forces
on weft and warp from 0 to Fmax.

x=f,(u,v),y=f,(uyv),z=f,(u,v). 4)

To generate a reference image of a given size,
the number of warp threads and the number of weft
threads are ideally calculated, the coefficients and
the corresponding tolerances are set. The image of
each weft and warp thread is formed by equations
(1) = (3). Thes equations have no explicit solution,
and their parametric representation is used to build
the thread surfaces. Fig. 2 shows the results of im-
age generation by the developed algorithm for var-
ious values of characteristic parameters.

The speed of the automatic quality control system,
in particular, the recognition system, can be increased
through the use of a knowledge base on the basis of
the generated samples, since the size of the library of
reference images in this case turns out to be much
less than the amount of memory needed to store all
the reference images. The developed approach allows
generating a mathematical description of the refer-
ence image, taking into account the mechanical char-
acteristics of the composite material. Correction of
the reference image created using periodic functions
consists of adding defect models. To model local de-
fects, it is advisable to use the wavelet apparatus, and
for distributed defects, it is necessary to model the
presence of tension in the node, turns, etc., which al-
so allows comparing the weaving state with the refer-
ence image [4, 9, 17].
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r=2, a=16, b=16,
Fwe=5, Fwa=5, a=0
a) b)

r=2, a=8, b=16,
Fwe=0, Fwa=10, a=0

r=2, a=16, b=16,
Fwe=15, Fwa=10, a=15

c)

Fig. 2. The results of modeling reference images by the described method

The description of the interaction of the sensor
and the object of control, in the case of using a fre-
quency image, comes down to multiplying the
spectral characteristic of the sensor window by the
spectral characteristic of the object of control.
However, the essential features of the mathemati-
cal description of composite materials and, in par-
ticular, textile fabrics as a test object impose their
own characteristics on the mathematical model of
the interaction of the inspected sample and sensor.
Let us determine the response of the “object-
sensor” system for a rolling window in the case of
control of the material in the optical range (Fig. 3).

In this case, the reaction U (x,y) is determined
by the convolution (A.1) of the weighting weaving
function f(x,y) and the sensitivity distribution
function of the sensor H(x,y):

Let us consider the formation of the reaction of
the optical sensor in the control of the material de-
scribed by the model f(x,y). Due to the mis-
match between the definition area of the model and
the window, the possibility of using convolution in
the form (A.2) is lost.

Vi & f(xuy)
A
Vil ] H(n.9)
y frommmmmmmepeeee- ——
1 H :Xl
X X1

Fig. 3. Coordinate system for rolling window

16

Indeed, the measurement of coordinates of the
model and the sensor window do not coincide,
which leads to a violation of the convolution sym-
metry. This feature is almost ignored in modern
studies. Actually, this property is inherent in the
description of television systems. In this case, to
change the variables, it is advisable to move to the
X, Y coordinate system and the moving system

n,& . As a result, the rolling window signal is de-

scribed by the equation (A.3).

Introducing the model of weaving in the form
of a Fourier series into the response equation, we
get (A.4). Applying the transformation, we distin-
guish the spectral characteristic (5) of the sensor.

From the equations of the spectral matrix ele-
ments, we can distinguish the components associ-
ated with the moving coordinate system, which, in
turn, will make it possible to obtain explicitly the
components of the spectral characteristic of the
sensor. Indeed, after grouping factors with moving
coordinates and using the properties of operator
linearity, we obtain an expression to determine the
response of the system (A.10).

Designating elements associated with sensor
characteristics as components relating to the corre-
sponding elements of the spectral matrix of the
fabric model, we obtain:

he. .= ” H (17, &) cosnpcosmédnd &,
h®. .= H H(n,&)sinnpcosmédndé, ©)
hen = j j H (17, &) cosnysinmédnd &

h..= jo(n,g)sin npsinmédnd &
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Substituting into [4-7] greatly simplifies the
model of the system response. In expression (A.8),
all elements of the weave model interact with the
elements of the sensor model, which makes it ex-
pedient to move to a higher dimension space. To
do this, we introduce vectors (A.9) with compo-
nents of the spectral characteristics of the sensor h
and the material a.

To describe the interaction, we introduce matri-
ces that describe the sequence of interaction be-
tween the elements of the sensor model and the
material (A.10). It is important that the resulting
matrices are essentially cellular, the elements of
which are the “tensile-compression” matrices and
the rotation matrices (A.11). In this case, the ma-
trix of the model of interaction between the sensor
and the material has the form (A.12).

In the first place, the resulting model differs
from the existing ones in that it allows saving the
shape of the response image as a result of the inter-
action of two main elements of the material and the
sensor model in the form (A.13).

In addition, the description of the control of the
fabric of a deformed material is considerably sim-
plified. Indeed, due to the fact that expression
(A.10) has a simple core, the introduction of a de-
formed weave model comes down to simple opera-
tions on matrices. Using the matrices of the de-
formed weave model and the vectors of the excited
model (A.11) allows determining the response of
the “object-sensor” system (A.16) with the help of
the spectral matrices (A14) and (A.15).

Next, the sensor signal is generally described
by the equation (A.16). Thus, a simple model was
obtained that allows describing the structural prop-
erties of the composite material. On the other hand,
spectral vectors can be written as the sum of the
eigenvectors and conjugate vectors (A.17).

Thus, the evaluation of the components of spec-
tral vectors cannot be done separately using a sin-
gle sensor. Considering the actual capabilities of
scanning systems that are used to control the quali-
ty of composite materials, we consider two main
cases - scanning with the probe beam and using
television sensors.

In the first case, the scanning (A.18) is per-
formed by an element with a Gaussian energy dis-
tribution and an effective radius o . The compo-
nents of the spectral matrix of the decomposing

Fig. 4. The image of a test sample

element have the form (A.19), and therefore, the
spectral matrix consists of elements (A.24). In this
case, the spectral characteristic of the sensor pro-
vides filtering of the upper spatial frequencies
without making significant distortion in the control
signal. When using modern scanning methods us-
ing television cameras, the image of a scanning el-
ement in the form of a rectangle with uniform sen-
sitivity is typical (Fig. 4).

The elements of the spectral matrix with the use
of television sensors have the form (A.21). Proba-
bly, in this case, the influence of the geometric di-
mensions of the decomposing element of the con-
trol signal is more complex, which leads to a loss
of sensitivity, as well as maxima of sensitivity to
elements of the material structure. On the other
hand, expression (A.21) determines a coefficient
depending on the parameters of the decomposing
element (A.22).

When building a model, it is necessary to take
into account that preserving the explicit form of
topological dependence ensures the unity of the
approach to the identification of deviations in the
quality of the material from the previously speci-
fied ones. In this case, to obtain a mathematical de-
scription, we use the complex form of a member of
the series, where the partial sum of the series can
be written in the form (A.23).

Considering the fact that in this expression we
have samples over the lattice points with a shift along
the coordinates by 3/2m, we can write down (A.24).
Thus, it is possible to obtain a description of the ma-
terial while preserving the topological properties for
shifts consistent with the geometric dimensions of the
report. Returning to the control problem with a small
rectangular window, we obtain a convolution (A.25).
Taking into account that the sample is inscribed in a
rectangle, for uniform sensitivity of the transducer in
the window, we can write (A.26). So, the scanning
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X, Y+A X+A, y+A

X+A, Yy
X,y

Fig. 5. Coordinates of function sampling

signal is formed of four components representing the
Kotelnikov series. Samples are taken at points
(X y), (X+A,Y), (X, y+A), (x+A,y+A) (Fig. 5).

Thus, the preservation of the sensitivity of the
model to the topological properties of the sample is
achieved by controlling the signal at its four points.
Actually, given the fact that the spectrum of the
fabric signal is limited, it can be argued that using
(A.26) as a model provides the ability to reproduce
the signal. On the other hand, it is possible to make
an important conclusion - to control the quality of
the composite material without losing information
about the structural features, it is enough to have a
2x2 window that is comparable to the sample size
(Fig. 6).

It is worth noticing that the presence of disturb-
ances associated with the deformation of the mate-
rial causes complications of the original model in
the form of (A.16), and, as a result, two windows
are required for control. However, in this case, the
deformation matrix B is not predetermined. There-
fore, it is impossible to determine the exact win-
dow configuration, and it remains to use the sym-
metry of the model (20) and the properties of the
spectral vectors (A.17).

It follows from the analysis of equation (A.16)
that only four components of spectral vectors are
linearly independent. To control the fabric, in gen-
eral, it is necessary to have a fairly simple window
supplemented by delay components (Fig. 7).

Another important point is the need to deter-
mine the initial step in the window. This question
is solved simply, if we consider that only the first
harmonic is of interest in the control. So, the sam-
ples are taken at the points of maxima and zeros of
the function. This statement is illustrated for the
first harmonic in Fig. 8.

Thus, it is sufficient to simply build a model
that preserves the main topological properties of

f(X,y+A)
f(x,y)

Fig. 6. The minimum size of the scan window
in the absence of fabric deformation

f(X+A,y+A)

f(X+A,Y)

f(x,y+4) f(x+A,y+A)
f(x,Y) f(x+4,y)
f(x,y—A) f(X+A,y—A)

Fig. 7. The structure of the scan window while controlling
the deformed weave

Unpaired component

N

Paired component

Fig. 8. Definition of paired and unpaired components

the material as an object of control according to the
maxima of the function and its derivatives. Analyz-
ing the resulting model, we can draw the following
conclusions:

- a mathematical model of the interaction of
fabric and the sensor is a sum of two rows;

- components of spectral vectors are determined
only in the absence of deformation of the fabric
structure;

- in the tasks of controlling the local fabric
structure, it is possible to represent a mathematical
model in the form of the Kotelnikov series;

- to preserve the topological properties of the
weave in the model, the samples must be performed
at the maxima of the function and its derivatives.

Composite fabric is a complex object of con-
trol, its description when interacting with the sen-
sor and taking into account possible disturbances
demonstrates the occurrence of a number of effects
that can cause a decrease in the accuracy of con-
trol. The adequacy of the obtained mathematical
description of the object of control and the phe-
nomena arising in the process of control are not
obvious and require careful verification.
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2. Properties of Composite Fabrics
as an Object of Control, Identified in
the Course of Experimental Studies

The main feature of the studied materials is a
certain frequency of repetition of the interweaving
of the threads with respect to the simple structure
of the fabric itself. Fig. 9 shows the image of some
fabric samples with characteristic defects, obtained
by scanning fabrics in the optical range [3-7].

The above mentioned samples of defects do not
exhaust the entire spectrum of possible violations
of the quality of the fabric, but these are the most
difficult to detect types of defects.

Based on the theoretical assumptions and ex-
perimental data, we use the first harmonics of the
Fourier series as the working model:

U(x,y) =Uy + > U, cos(@X) + Y U, cos(emyy) .
i1 1
(6)

Considering the fact that the system must make
a scanning motion to control the entire fabric web,
we introduce the displacement speed of the scan-

ning element along the coordinates V,,V, and the

i

a) Incomplete threads
and skew of weft threads

speed of displacement of the fabric web V. . Then,

taking into account the linear dimensions of the
sample, we obtain a model for the extremely small
size of the scanning spot:

Ut)=U,+> U, cos(zl—”vxt]+
i=1 X

. ) ()
+Zin cos[l—”(\/y +VT)t].

The resulting ratio is a weighting function and
allows describing the actually expected signals
with the introduction of the weighting function of
the scanning element h.(X,y). Transforming the
weighting function of the window with the re-
sponse of the material, taking into account the
moving coordinates, we obtain:

U (1) =U,S + [[{h(x+V, 8,y +V,t+V;t)
S

n m 8
{ZU § cos(zl—” xj + ZU ,i COS [ZI—”(y)j]}dXdy :

X X

With this representation, we obtain a fairly
simple mathematical model of the scanning signal.

E TR

ifhR

1
;

-

ford 3
1

=t s
sk

P .J:.nl

i B
N E-RE T

d) Stain

g) Sectioning

e) Different shading

h) Local deformations of the fabric

f) Oil stains

i) Thread skip

Fig. 9. Samples of textile fabric defects
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However, it is necessary to take into account
that the function of the scanning element window
depends not only on the coordinates but also on the
spectrum of the optical signal as follows:

U () =U,S + [[{h(x+V,t,y +V,t +Vit, )
S

{anu ) cos[zl—” xj + Zm:U ,i(A)cos (Zl—ﬂ yD}dxdy
(9)

The obtained description of the scanning signal
allows us to represent it as a combination of three
processes - scanning the backing layer, the warp
threads system, and the weft threads system. Thus,
it is advisable to limit the mathematical weave
model to the following components:

- mathematical expectation of the fabric struc-
ture described as a weighting function (6) with the
dependences of the coefficients on the skew of the
fabric elements;

- convolution of the weighting function of the
sample and the characteristics of the decomposing
element (7);

- random field U,(X,y) associated with une-

ven fabric web and scanning noise.

Thus, the canonical image of a random process
was chosen as the working theoretical model,
where the role of the mathematical expectation is
played by the first harmonic of the binary image of
the fabric web structure, and the elementary func-
tions have a Fourier basis. With this representation,
it becomes possible to obtain a description of de-
fects in the sample structure as a Fourier image of
the generating binary function.

The study of the process of defect identification.

On the scanner mock-up, the study of signals
for scanning composite fabric defects was per-
formed. The results for the main types of fabric de-
fects obtained during the experiment are given in
Table 1 —Table 5 and in Fig. 10 — Fig. 14 (U(B) is
scanner output, n — corresponds to defects in the
fabric elements).

Table 1. Results according to the distribution of the signal at the defect “Oil stains”

Uu@B) | -1.2 | -1.125 -1.05 -0.975 | -0.9 | -0.825 -0.75 -0.675 | -0.6
n 3 8 28 29 0 28 5 4 3
2 y = 0,3586¢ - 6,2566x + 30,20 - 23,119
25 1 —
20 =
e /' I \_\ —
10 // — B
5 ||
ol I 1T B =
1 3 a2 ] el 2 ] o] o
RN I SR G S
Fig. 10. Signal distribution at the defect “Oil stains”
Table 2. Data on the distribution of the signal at the defect “Seam”
U (yY) -2.3 -2.2 -2.1 -2 -1.9 -1.8 -1.7 -1.6 -15
n 7 10 25 10 15 11 7 3 1

20
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30
y = 0,1115x3 - 2,327x2 + 11,927x

25

N -
piininininininlins .

-2,3 -2,2 -2.1 -2 -1.9 -1.8 -1.7 -1.6 -1.5

U (B)

Fig. 11. Data on the distribution of the signal at the defect “Seam”

Table 3. Data on the distribution of the signal at the defect “Stains”

Uu@®)|-15|-1125 | -1.35| -1.275 | -1.125 | -1.05 | -0.75 | -0.975 | 0.9

n 1 6 21 0 30 21 15 7 3
35

30

25 v =00288x4 3 2

. ,/ ~

) // \

5 “Z _\
| .= A

-15 -1425 -135 -1275 -12 -1125 -105 -0.975 -09

Fig. 12. Data on the distribution of the signal at the defect “Stains”

Table 4. Data on the distribution of the signal at the defect “Holes”

U®B) 1 2.969 3.1 3.41 3.63 3.8 4.1 4.28

n 4 10 15 16 22 16 9 5
25 y = 0,0367x* - 0,6736x° + 2,9522x2 + 1,2781x
20 ]
g

15
10 — \

5 / O \

0 |_'T } } f f f f f f

Fig. 13. Data on the distribution of the signal at the defect “Holes”
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Table 5. Data on the distribution of the signal at the defect “Sectioning”

U®B)| 15 | 175 ] 2

2.25

25 | 275 3 3.25

n 4 12 23

33 33 20 5 1

y =-0,0107x° + 0,2902x° - 2,8039x* + 11,355x3 -

40 17,629%2 + 13,396X

35

30 /

25 /

20

15 N

10 Y ERAN

AN

0 rj - - - - - - M
15 175 2 225 25 275 3 325 35

Fig. 14. Data on the distribution of the signal at the defect “Sectioning”

As can be seen from the experimental results,
the defect signals have statistically stable interfac-
es. At the same time, it is necessary to take into ac-
count the entire ensemble, including the distribu-
tion characteristic of fabrics without defects. Based
on the assumption of using a mathematical model
of fabric in describing the processes of automated
quality control of fabric using the optical system, it
is important to determine the effect of system pa-
rameters on the quality of control. The analysis of
a mathematical model of a fabric shows the pres-
ence of a multiplier that relates the amplitudes of
the harmonics to the geometric dimensions of the
scanning window. Consequently, when building a
laser scanner to detect fabric defects, there is a real
possibility of confidently separating signals from
defective areas.

Thus, a model of dependence of the control sig-
nals on the size of the sensor window appears:

sin(2z1/L) sin(2zh/H)

u(,h)y=U,+U, :

(10)
271 /L 27l /H

where U, - the value of the average response;

U, — the value of the maximum error; | — the size

of the window in the direction of the weft; h — the
size of the window in the direction of the warp;
L- the maximum size of the window in the direc-
tion of the weft; H — the maximum size of the win-
dow in the direction of the warp.
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To determine the adequacy of this model of the
influence of the window size, an experiment was
conducted, in which the window size changed in
the direction of the weft. In this case, a response
dependency was expected in the form:

sin(2zl/L)
2zl/L

Fig. 15 shows the polygon of the amplitude distri-
bution of the signals of fabric defects without taking
into account the sign of the defect and taking into ac-
count the sign of the defect detection signal, which
was obtained using the computer vision system.

The computer vision system included optical
sensors, implemented an algorithm for processing
its output according to the equations described
above. As a result, the series of experiments on the
detection of defects on test tissue samples, signal
amplitude distributions were constructed depend-
ing on the nature of the defect. The diagrams show
the analysis of the distributions, taking into ac-
count the sign of the defect detector signal, allows
us to classify almost all types of defects consid-
ered. For example, using artificial neural networks
and more classic, deterministic methods. Certain
difficulties arise in the determination of defects
such as “strain” and “falling of threads”.

Preliminary experiments have shown that the
model is effective when used in conjunction with a
direct propagation neural network and the support
vector method.

u(,hy=U, +U,, (11)
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Fig. 15. Distribution of amplitudes of signals of fabric defects (space m)

a) without taking into account the sign of the defect b) taking into account the sign of the defect detection signal

Conclusion

The goal of the study is the development of
methods for the automatic inspection of composite
materials in production using optical sensors and
computer vision systems. To achieve the goal, the
following scientific problems were solved: the
model of the composite material adequate to the
task of control was created, which can be used to
automate the quality control of the material at all
technological sites (steps) of production; the prob-
lem of identifying and assessing the quality of the
composite material was solved on the basis of the

Appendix A
The reaction:

U0 y) =[] £ Oy HOG =%y, = y)dxdy, .

analysis of the real flow of events occurring during
the quality control of the material; appropriate al-
gorithms and methods for recognition of defects in
composite materials based on pattern recognition
methods for identifying defects are developed.

The method for generating mathematical models
of reference fabric samples and the method for com-
paring images of physical samples of composite ma-
terials with them are proposed. The high efficiency of
application of the proposed methods in conjunction
with defect classification systems, for example, using
artificial neural networks, can be shown.

(A1)

The possibility of using convolution is lost in the following form:

U y) =[] £ 0w =%y = YIH O, v, )dxdy,

(A2)

The rolling window signal is described by the equation:
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U y) =[] fr+x &+ y)H(n,&)dnds .

U y) = FO0y)®HEY) = [[ Flr+x.&+y)H (@, &)dndé =

= ” H (n,g)[ii/lm,n(am'n cosn(n +x)cosm(& +y) +...

m=0 n=0
+b, ,sinn(n +x)cosm(& +y) +c, , cosn(r +x)sinm(& +y) +...
+d,, sinn(y +x)sinm(& + y))]dnd <.

Spectral characteristic of the sensor:

F00Y) = [ HO ALY D A (@ COSN(7 + X) cOSME + y) +

m=0 n=0
+b,, ,sinn(r +x)cosm(& + y) ++c, , cosn(n + x)sinm(< +y) +
+d,, ,sinn(m +x)sinm(& + y))dnd&;

where
a, ,cosn(n +x)cosm(& +y) = a,, ,[(cosnny cos nx —sin nzysin nx) x
x(cosm& cosmy —sinmésinmy) =
= a,, ,[cos Nz cos nx cos m& cos my —sin Nz sin Nxcos m& cos my —
—Ccosnzy cosnxsinmésin my + sin nzsin nxsin mé sin my];

by, SinN(; +x)cosm(& +y) =D, ,[(sinnz; cosnx + cos nz; sin nx) x
(cosnn cosnx —sinnzpsinnx)] =

=D, ,[sinnz cosnxcosm& cos my + cos nz; sin nxcosmé cosmy —
—sinnzp cos nxsin mé& sin my — cos Nz sin nxsin mé& sinmyf;

Cp.n COSN(77 + X)SINM(E + y) = ¢, [(COS N7 COS NX —Sin Nz sin nx) x
x(sinmé& cosmy +cosmésinmy)] =
= C,, ,[cosnz cos nxsin m& cos my —sin nz; sin nxsin mé cosmy +

+C0S N7y cos Nx cos ME sin my — sin Nz sin nxcos mé sin my)]J;

d,.,sinn(z+x)sinm(& +y) =d, ,[(sin n; cosnx + cos Nz sin nx) x
x(sinmé& cosmy + cosménsinmy)] =
=d,, ,[(sin n7 cos nxsin m& cos my + cos iz sin nxsinmg cos my +

+sin N, cos nx cos mé&z sin my + cos Nz sin nxcos mézn sinmy)].

The response of the system.
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U(x,y)= 2ioﬂm,n(am,n{[ [[ H@2.€) cosnn cosmédnd £l cosnxcosmy —
][ H(r.)sinncos mgdgr;dﬂsinnxcos my -

—[}} H (7, &) cos nypsinmédpd ] cos nxsin my +

+[}}H(n,ff)sinnnsinmfdndﬂsinnxsinmyh

+bg:,n{[ [[ H@.&)sinnn cosmédnd £]cosnxcosmy +

+[f H?;.g)cosnncosmgdnd:]sinnxcosmy—

—[}}H(n,g“)sinnnsinmédndé]cosnxsinmy—

—[}2} H (7, &) cos nypsin médpd £]sin nxsin my} +

+c?n{[ [[ H(2,€)cos npsinmédnd £]cosnxcosmy — (A9
1] H?;,é)sinnnsinmfdndé]sinnxcosmy+

+[}} H (,£) cos ny cosmédd ] cos nxsin my —
—[H H (7,£)sinnn cosmédpd £]sin nxsin my)} +
+er:,n{[ [[ H@.&)sinnnsinmédnd £]cosnxcos my +
+HJf H;;,acosnnsinmfdndg]sinnxcosmy+
+[}} H (7, &)sin ny cosméndnd £l cos nxsinmy +
+[}} H (17, &) cos ny cos méndnd £]sin nxsin my)}).

Designating elements associated with sensor characteristics as components relating to the corresponding
elements of the spectral matrix of the fabric model, we obtain:

h® .= J'J' H (7, &) cosnpcosmédnd &£,
h®. = H H(n,&)sinnpcosmédnd&,
he,. = ﬂ H (17, &) cosnpsinmédnd & (A7)

h.. =jo(n,§)sin npsinmédnd £
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Simplifying the model of the system response:

U(X:Y)=sz1m,n(hamnamn+hbmnbmn+h°mn wn N dL ) cosnxcosmy +

m=0 n=0
+(=h°, . 0% —h e+ 0o d ) sinnxcosmy + (A8)
+(=h®, han, —h% b +he e+ 00 d )cosnxsinmy +
+(hdm n m n_ hCm,nbm,n - hbm n m nt ham nYm, n)SIn nxsin my.
Vectors with components of the spectral characteristics of the sensor h and the material a:
_ham n am n

hbm,n bm,n
hm,n = hc ! am,n = C h (Ag)

hdm,n dm,n

We introduce matrices that describe the sequence of interaction between the elements of the sensor
model and the material:

1 000 0 -1 0 O
0100 1 0 0 O
Ma = ) Mb = ]
0010 0 0 0 -1
0 001 0 0 1 O AL0
00 -1 O 0 1 (A-10)
00 0 - -1 0
M, =
1 0 O 0 -1 0 O
01 O 0 O
The rotation matrices.
F(X1,X2) (A11)
The matrix of the model of interaction between the sensor and the material has the form:
s a,,Mh, . a,.Mh_ ALD
m'n a Mchmn a‘m,nMdhm,n ' ( . )
Te sensor model in the form:
UOCY) =D D A (s Sty ) - (A13)
m=0 n=0
The spectral matrices:
a+m n aim n
a+ _ ber,n af _ b_m,n A 14
mn C+m’n 1 mn — C_myn ' ( . )
d+m,n d_m n
Su+ _ a‘er,nl\/lal”'m,n a+m,n'\/lbhm,n
e aernlvlchm,n a‘ernlvldhm,n ,
(A.15)

m,n

u- [amnMahmn amn'\/lbhmn]
S =] " | e
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The sensor signal is generally described by the equation:

U(xy)= 2 wo A <¢7§x ' Su+m,n$r;)'>+
G’ (A.16)
DI ACI LY

Spectral vectors can be written as the sum of the eigenvectors and conjugate vectors:

The scanni

p(Xy)=

+ +
a m,n + d m,n
+ +
b m,n +C m,n

: (A.17)

_ b mn~ %mn 1

_d _m,n —-a m,n

ng is performed by an element with a Gaussian energy distribution and an effective radius c:

exp(—o? (x* +y?)). (A.18)

The components of the spectral matrix of the decomposing element have the form:

h, =1/2exp(—(m* +n®)/ 457, (A.19)

and the spectral matrix consists of the following elements:

A =1/2ra_ exp(-(m®+n®)/4c°);

B,,, =1/2xb,, exp(—(m? + n?*)/4c?);

A.20
X, =XS=SIGNY - (XY); ( )
D,, =1/2zd,, exp(—(m* +n?)/4c?).
The elements of the spectral matrix with the use of television sensors have the form:
A _ 8y, sin(mL/2) sin(nh/2)
" 2% mL/2 nh/2
B - —b,,, sin(mL/2) sin(nh/2)
™ z® mL/2  nh/2 Aol
c —C,,, Sin(mL/2) sin(nh/2) (A21)
™ 22 mL/2  nh/2
D _ d, sin(mL/2) sin(nh/2)
™ z* mL/2  nh/2
The parameters of the decomposing element:
sin(mL72) sin(W/2) _ et /2,nh72). (A.22)

mL/2

nh/2

NHDOPMALIMOHHBIE TEXHOJIOM MW 1 BIMUCNTUTENbHBIE CUCTEMbI 3/2020 27



NPUKNAOHBIE ACNEKTbI MHOOPMATUKN

A. A. Zhilenkov, S. G. Chernyi

The partial sum of the series can be written in the form:

f..(X,y)=a,,cosnxcosmy+b,
+C,,cosnxsinmy +d_

— J(nx+my) j(nx—my)
=TI +I .6 +

we can write down:

m=0 n=0
_,’_i irmﬁnej(—nm-my +

ir
£7(x, y+A)+f

O

DM

o

n=0

3

*

sinnxcosmy +
sinnxsinmy =
ej(—nermy) + l’,m

-m)

nx+my)

(A.23)

— j(nx+my)
e :

(A.24)

(x+A,,y)+f (x+AX,y+Ay).

Returning to the control problem with a small rectangular window, we obtain a convolution:

U y)=H®{f (x,y)+ f (x,y+A,)+

+f (x+AL )+ T (x+A,,y+A )}

we can write;

(94
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