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An artificial neural network (ANN) is proposed, which allows to make ex-
press-analysis of the chemical composition of production objects metal-
containing materials in automatic mode with high accuracy and real-time
performance. The proposed ANN for automatic recognition of chemicals
(ANN ARO0C) is an alternative to traditional high-cost and time-consuming
physical and chemical methods and labelling analysis, which are significantly
complicate and slow down technological processes, as well as environmentally
hazardous to human health and environment. The mean square error of pro-
posed ANN ARoC does not exceed 5% , the time of determining the chemical
composition of production objects metal-containing materials is not more
than 2.5 s. ANN ARoC is built on the principle of a multilayer perceptron
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with a tunable structure of neurons and practically implemented in the form
of an appropriate software product. The latter ensures its versatility in terms
of the possibility of retraining and readjustment when new tasks arise in ac-
cordance with the rapidly changing conditions of modern dynamic production.

Key words: artificial neural network, photosensitive CMOS-matrix, laser,
chemical composition, spectral distribution, saturation current, light wave-
length, sensitivity of photocells.

3amponoHoBaHo MTYyYHY HeliponHy Mepe:xky (IITHM), axa mo3Bosise 3ailicHIO-
BATU eKCIIpec-aHaJIi3 XiMiuHOro CKJIaay MeTaJOBMicHHX MaTepiaaiB 06’eKTiB
BUPOOHUIITBA B aBTOMATUYHOMY PEKUMi 3 BUCOKOIO TOUHICTIO Ta IIBUIKOIi€I0
y peanbHOMY uaci. IIpononosana [ITHM aBTroMaTHYHOTO po3misHaBaHHA XeMi-
yuaux peuoBuH (IITHM APXP) € anbTepHATHUBOIO TPAAUIIAHNM BUCOKOBapPTiC-
HUM i TPYZOMiCTKUM (PidMKO-XiMiUYHMM MeTOJAaM Ta MapKyBaJIbHOMY aHAJi3y,
AKi 3HAYHO YCKJIAIHIOIOTH Ta CIIOBLILHIOIOTH TEXHOJOTIUHI IPOIecH, a TAK0XK €
€KOJIOTiuHO He0e3IeUHNMH IJIA 340POB’ s JIofeil Ta HaBKOJUIIHLOTO CEePeIo-
Bumia. CepenHs KBagpaTudyHa moxubKa pobortu sampomnounoBanoi [ITHM APXP
He nepeBuInye 5% , yac BUBHAUEHHS XiMiUHOro CKJIaJy METAJI0BMiCHUX MaTe-
pianiB 06’exTiB BupoOHUIITBA He mepeButye 2,5 c. ITHM APXP mobymoBaHo
3a TMPUHIIUIIOM 0araToIapoBOTO IEPIENTPOHY 3 HAJATOIKYBAHOIO CTPYKTY-
POIO HEHPOHIB Ta MPAKTUYHO peajliisoBaHO y BUTJIALL BiZIOBiZHOTO mporpam-
HOro npoaykty. Ocramue 3abesreuye ii yHiBepcaJIbHICTH IOA0 MOKJIUBOCTL
IIepeHaBUaHHA Ta IIepeHaAJaroAKeHHA YV Pa3i BUHUKHEeHHA HOBUX 3a/1a4 Bifmo-
BiZTHO IO MIBUAKO 3MiHIOBAHMX YMOB CY4aCHOTO AUHAMIUHOT'O BUPOOHUIITBA.

KuarouoBi cioBa: miTyuHa HelipoHHa Mepexxka, porouyrainsa CMOS-maTpuiis,
Jasep, XiMiuHUH CKJak, CHeKTPAJbHINA PO3IIOAiJ, CTPYM HACHUUYEHHS, JOBIKU-
Ha CBiTJIOBOI XBWJIi, UyTJAUBiCTD (hOTOETIEMEHTIB.

(Received June 5,2020 )

1.INTRODUCTION

Real-time high accuracy automated determination of the chemical
composition of production objects (PO) metal-containing materials is
an extremely important and specific task of modern metallurgical, ma-
chine-building, processing, etc. productions. The relevance of this task
is caused by ever-increasing requirements of global industrial market
and international product quality standards. Its successful solving
promotes to the stability of technological processes, the required prod-
uct quality and competitiveness of enterprises in general.
Determination of the chemical composition of PO metal-containing
materials in modern flexible and continuous productions usually is
performed by rapid analysis using special measuring instruments, as
well as appropriate physical and chemical methods in conjunction with
marking analysis. The last despite the relatively high accuracy of de-
termining the chemical components in PO materials, according to sci-
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entists and manufacturers [1, 2], involve a number of high-cost, time-
consuming and complex operations that significantly complicate and
slow down technological processes, and are environmentally hazardous
to human health and the environment. In view of the above there is no
doubt in necessity of automation the express analysis of the chemical
composition determination of PO metal-containing materials, aimed to
improve performance with high accuracy. This can be achieved
through the synergistic integration of the latest advances in science
and technology in the field of information and computer technology,
electronics and laser spectroscopy. In particular, it is by using the lat-
est neural network technologies with the development of an appropri-
ate artificial neural network (ANN). The advantages of using neural
network technologies to solve this problem are undeniable, given the
experience of development and application of ANN to handle infor-
mation in a highly dynamic environment, high accuracy and speed of
their work in real time.

Analysis of known studies and publications [3—6] showed that to de-
termine the intensity of the spectral distribution of chemicals in metal-
containing materials X-ray and laser spectrometers are used, the oper-
ation of which involves short-term irradiation of the studied PO with a
concentrated and powerful energy pulse. As a result, a radiation spec-
trum of different intensity is formed due to different ability of energy
absorbing by atoms of different substances contained in metals. The
presence of the corresponding chemical compounds in metals is deter-
mined by the results of measuring the scattering angle of the emitted
light. Today, the list of modern tools for determining the chemical
composition of metal-containing substances is quite significant. Some
of widely used devices are the optical emission spectrometer ARL 4460
(Thermo Fisher Scientific, USA) [3], the emission spectrometer ‘Is-
kroline 100’ (the company ‘Iskroline’, Russia) [4], the atomic emission
spectrometer ‘ISKROLINE 300’ (the company ‘Iskroline’, Russia) [5],
spectrophotometer ULAB 102 (Ulab, China) [6]. Analysis of the prin-
ciples of construction and operation of these tools allows us to state
that they all have different measurement ranges, low accuracy (for ex-
ample, the relative random error of the emission spectrometer ‘Is-
kroline 100’ and atomic emission spectrometer ‘ISKROLINE 300’ is
about 0.5 to 40% [4, 5]) and insufficient speed (for example, the dura-
tion of chemical elements determination by optical emission spectrom-
eter ARL 4460 [3] is up to 1 min). Known tools are based on the use of
various complex mathematical models, methods, and algorithms for
information processing, such as multidimensional analysis by least
squares [7], calculations of multidimensional regression in orthogonal
Chebyshev polynomials, which are transformed into algebraic polyno-
mials [8], etc. It is not possible to use such complex methods and algo-
rithms in real time.
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In view of the above, it can be argued that today, despite the obvious
significant scientific and practical achievements in this field, the task
of automated determination of the chemical composition of metal-
containing materials with high real-time performance and high accu-
racy is not yet fully solved.

An alternative to the above known methods may be a known intelli-
gent precise goniometric system (IPGS), which is used for precision
goniometric measurements, as well as to determine the chemical com-
position of metal-containing substances in PO in real time [9]. IPGS is
based on the known goniometric system with a ring laser GS1L[10] and
is organized as a functional set of different technical methods with
other properties. The main new elements that have been isolated and
additionally introduced into the system are the photosensitive matrix
on the complementary metal-oxide-semiconductor structures—CMOS-
matrix and ANN [9]. The operation of the CMOS-matrix and ANN is
based on the physical phenomena of laser spectroscopy, the principles
of semiconductor photosensitive elements and neural network technol-
ogies. Synergetic integration of CMOS-matrix and ANN in IPGS allows
to apply the latest methods of automated processing of measuring in-
formation in determining the chemical composition of metal-
containing materials with higher real-time performance (up to 2.5s)
and accuracy (at least 95%).

It is known that ANN are successfully used to solve various prob-
lems of data processing and analysis in conditions of incompleteness,
contradictory and high dynamics of input information based on the
methods of parallel processing. So there are a number of works in which
ANN are used in the algorithm for estimating the bending angles of the
knees [11], in the method of predicting the bending angle of the finger
joint [12], in the method of estimating the angle and speed of the gener-
ator rotor, in particular to assess the stability and control of transients
in real-time mode [13], in the method of determining the component er-
rors of measuring angles on the principle of their decomposition [14].
In publications [11-14] it is proved that the use of ANN allows increas-
ing the speed, accuracy and productivity of work performed.

Purpose. Develop an artificial neural network for automatic recog-
nition of chemicals (ANN ARoC), as part of the known IPGS for ex-
press analysis of the spectral distribution intensities of the chemical
substances for definition of their content in PO metal-containing ma-
terials with higher speed and accuracy in real time.

2. DESCRIPTION OF THE PROPOSED ARTIFICIAL
NEURAL NETWORK OF AUTOMATIC RECOGNITION
OF CHEMICAL SUBSTANCES

The proposed ANN ARoC is a component of IPGS and performs the op-
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eration of automatic recognition of chemical elements in metal-
containing materials of different PO by their spectral distribution,
which is formed on the surface of the CMOS-matrix in real time. De-
veloped ANN on the type of implementation of neuroalgorithms, the
nature of the implementation of nonlinear transformations and the
possibility of construction, is implemented on one of the known models
(multilayer perceptron) with a customizable structure of neurons.

Figure 1 presents a schematic model of the developed ANN ARoC.
The basic unit of information processing in ANN, including ANN
ARo0C is a neuron, which produces the output OUT, forming the sum of
the products of the weights w of the inputs x. The mathematical model
of the neuron is represented by a well-known expression given in the
paper [9].

ANN ARoC performs the operation of recognizing chemical ele-
ments that may be contained in metal-containing PO materials by their
spectral distribution, which is formed on the surface of the CMOS-
matrix and induces saturation currents i,(};) in its sensitive elements
(pixels). The input signals of ANN ARoC meaningfully reflect the in-
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Fig. 1. Schematic model of the developed ANN ARoC: input neurons 256, hid-
den neurons 275, output neurons 62.
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tensity of the reflected light radiation, which depends on the chemical
composition of metals. Thus, a set of saturation currents of the photo-
cells of the CMOS-matrix is fed to the input of the ANN ARoC when
they are irradiated with light with wavelengths A;: {i(},) | i € {C, P, S,
Mn, Si, Cr, Ni, Cu, Nb, N, Al, Ti, V, Mo, W, Co, B, Fe, ...}, where C, P,
S, Mn, Si, Cr, Ni, Cu, Nb, N, Al, Ti, V, Mo, W, Co, B, Fe—symbols of
some elements that may be contained in the PO materials. The set of
saturation currents, in accordance with the requirements of the ANN
technology, forms an input vector X supplied to the inputs of the
ANN. The size of the input vector is defined as follows:

X ={x,|s =1,S}, 1)

S=cr,

where ¢ is number of columns of the CMOS-matrix, r is number of rows
of the CMOS matrix.

For example, when using a CMOS-matrix OV16880 or OV20880
manufactured by OmniVision (USA), Sis 307500 pixels.

Pre-normalized values of spectral distribution intensities, which
have a digital form and contain 256 components, are fed to the input of
the proposed ANN, so the number of input neurons is 256.

As a result of the work of the proposed ANN ARoC at its outputs a
digital signal is formed in the form of a vector Y, which reflects the
chemical composition of the material of the studied PO:

Y ={y, |m =1, M}, (2)

where y,, is the output signal of the proposed ANN ARoC, which corre-
sponds to the presence of the m-th chemical element in the PO metal-
containing material; M is the number of chemical elements that can be
determined. The maximum value of y,, at the m-th corresponding out-
put of ANN ARoC corresponds to the presence in the composition of
PO of a certain chemical element.

The dimension of the source layer of the proposed ANN ARoC is 62
neurons, according to the list of chemical elements that may be con-
tained in metal-containing substances. The dimension of the hidden
layer is determined empirically by the results of ANN training and is
275 neurons.

The decision on the presence of a chemical element in the PO materi-
al is made by the so-called interpreter of the answer ‘the winner takes
all’, in which the number of output signals corresponds to the number
of response options, and the response number corresponds to the num-
ber of neuron that issued the maximum signal. When determining the
chemical composition of PO materials at the corresponding outputs of
the ANN ARoC, a digital code is formed, and the maximum values of
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the signals correspond to the presence of the corresponding chemical
elements.

In general, the task of identification of chemicals in the composition
of metal-containing materials of various PO proposed ANN ARoC can
be represented as follows. Based on the set of digital signals (including
currents i(A) of photocells saturation) from the CMOS-matrix, which
receives the proposed ANN ARoC during the short-term irradiation of
the PO surface with a concentrated and powerful energy pulse of the
laser emitter IPGS (Fig. 2), it is automatically determined what chemi-
cal elements are contained in the PO metal-containing materials. To do
this, the drive 1 of IPGS rotation (see Fig. 2) is mechanically connected
to the objective table 2, which is mounted on the rotating device 3.
There are rigidly fixed a ring laser 4 and an autocollimator 5 with a la-
ser emitter 6, CMOS-matrix 7 for recording radiation in the infrared
and ultraviolet range, which are connected to the power supply 8.

The investigated PO is mounted on a rotating table 2. PO is exposed
to a short-term irradiation of a concentrated and powerful energy
pulse from the laser emitter 6. The generated light flux is projected
from the optical system 5 on the CMOS-matrix 7, which converts it in-
to a corresponding electric signal. The electric signal from the CMOS-
matrix 7 through the control unit 8 is transmitted to the ANN ARoC,
which determines the chemical composition of the investigated PO ma-
terial. Different chemical elements that can be contained in the PO,
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Fig. 2. IPGS flowchart.
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absorb the energy pulse from the laser 6 with different intensities, and
form different light fluxes that are reflected at different angles and,
accordingly, projected at different positions on the CMOS-matrix 7.
The absorbing ability of metals does not depend on the frequency of in-
cident laser radiation and is determined only by the electrical proper-
ties of materials, which, in turn, depend on the chemical composition.
As aresult, a spectrum of radiation of different intensity is formed.
The presence of the corresponding compounds in PO metal-
containing materials is determined by measuring the scattering angle
of the emitted light. In particular, the scattered emitted light when
exposed to photosensitive elements (pixels) of the CMOS-matrix at ap-
propriate angles synthesize saturation currents i(A) in photosensitive
elements of the CMOS-matrix, the values of which are determined by
the chemical composition of the investigated material (Fig. 3). The set
of saturation currents i(A) in the photosensitive elements of the CMOS-
matrix forms a corresponding set of digital signals o € {U,,, fli(\)]},
that is transmitted to the input of the proposed ANN ARoC. The input
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Fig. 3. Schematic representation of the functional interaction of ANN ARoC
with CMOS-matrix in IPGS during definition of chemical elements in PO met-
al-containing materials.
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signals of SHNM ARHR meaningfully reflect the intensity of the re-
flected light radiation, which depends on the chemical composition of
the PO materials. The set of saturation currents, in accordance with
the requirements of the ANN technology, forms the input vector X,
which is fed to the inputs of the ANN ARoC. The dimension of the in-
put vector X and the number of neurons at the input of the proposed
ANN ARoC, which is designed to receive input information from the
CMOS-matrix, is determined by the resolution of the last one.

In addition, the system contains a computer 11, in which in real time
in the appropriate software module (block 11.1 in Fig. 2) the analysis
and processing of results from ANN ARoC and decision making are
performed, as well as automated measurement data processing with
the presentation of results in a user-friendly form through the user
interface 11.2.

3. METHODS OF FORMING THE TRAINING SET DATABASE
AND TRAINING ANN ARoC

For training ANN ARoC it is performed an appropriate training set
(TS) or training database (DB) with a set of training examples <X, Y>,
where X = (X4, X,, ..., Xs)—vector of input data (signals) ANN ARoC;
Y=(,, 7Y, ..., Yy)—vector of output data (signals) ANN ARoC. The
dimension of TS is 150 training examples and 120 test cases. The TS
fragment is given in Table 1.

The examples of TS given in Table 1 are normalized and presented in
the form of a digital code the voltage values of the outputs of the
CMOS-matrix photosensitive elements depending on the intensity of
the spectral distribution of the corresponding chemical elements (for
example, Aluminium, Calcium, Bromine and Barium), which may be
contained in PO metal-containing materials. The training database was
synthesized by hardware measurement using an intelligent precision
goniometric system and by simulation on a PC, due to the impossibility
of practical obtaining the whole set of results of experimental instru-
mental measurement of saturation currents i,(1,) of all possible chemi-
cal elements of PO metal-containing materials.

The training of the proposed ANN ARoC is carried out according to
the method of ‘teaching with a teacher’ and the well-known algorithm
bask propagation.

The construction and training of the proposed ANN ARoC is carried
out using the neuroimulator Neural Analyser of analytical package
Deductor Professional (Lite-version) and Excel spreadsheet. By se-
quential changing the number of neurons L in the hidden layer in the
range [1, 280], calculated by expressions (3) and (4), the following
ANN ARoC architecture is determined: multilayer network of direct
propagation with dimension of input layer 256 neurons, hidden—275
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TABLE 1. The TS fragment for training ANN ARoC.

Chemical element/ Spectral distribution Graph of spectral
Output vector Y component intensity distribution intensities

v [ ()
3§1MA,M J_L

i
sromine Br)—v,, [ {TNNNHNMARANANN

partun 8., [N

2 28882282828 .,

neurons, output—62 neurons, activation function of neurons—
sigmoid (or Fermi function):

L=-tu 3)
n+m

where L is the number of neurons in the hidden layer, L, is the number
of synaptic weights of neurons. Here n is the dimension of the input
layer of the ANN, m is the dimension of the output layer of the ANN:

mN

—SLwSm(£+1 n+m+1)+m, (4)
1+log, N m

where N is the number of examples in the training set database.

The value of the error E, which should not exceed 0.05 or 5%, is ac-
cepted as an evaluative training functional of the ANN ARoC. The re-
sults of training are presented in Fig. 4, illustrating the value of the
mean-square error E of the ANN ARoC operation in determining the
presence of various chemical elements. Figure 4 shows that during the
ANN ARoC work the value of the error in determining the chemical
elements do not exceed 5% , what indicates excellent training results.
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Fig. 4. Graphical representation of the mean-square error E value during the
operation of the developed ANN ARoC under the condition E<5%.

4. PRACTICAL IMPLEMENTATION AND RESULTS
OF THE ANN ARoC WORK COMPUTER SIMULATION

ANN ARoC is practically implemented by using the neuroemulator
Neural Analyzer of the analytical package Deductor Professional (Lite-
version) [16], and is integrated as a specialized software application
into the operating system of a personal computer, which is equipped
into IPGS. The high speed of determining the chemical composition of
the PO material in real time is ensured by the fact that in the ANN
ARo0C a method of parallel data processing is implemented, according
to which the information supplied to the ANN ARoC is processed all
simultaneously and not sequentially. The total time of determination
of chemicals in the PO materials does not exceed 2.5 s.

Computer simulation of the developed ANN ARoC is performed.
ANN ARoC demonstrated high speed of performance (time of determi-
nation of chemical elements did not exceed 2.5 s, what corresponds to
the real time mode) and high accuracy of determination of chemical
elements (the rate of the evaluating functional corresponds to the ac-
cepted value, E <5% (Fig. 4)).

Interpretation of the ANN ARoC work results. Analysing the
above, it can be said about the excellent work of ANN ARoC, as indi-
cated by the following:

1. Positive results of ANN ARoC work are obtained for the entire
test set of the measured PO materials spectral distribution value;

2. The probability of the correct answer of ANN ARoC is at least
95% ’

3. The mean square error of ANN ARoC does not exceed 5% ;

4. The operating time of ANN ARoC does not exceed 2.5 s, what cor-
responds to the real-time mode and indicates on the high speed of the
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TABLE 2. Comparative characteristics of the proposed ANN ARoC with
known methods.

Auto- | Versatility (possi-

Work 1. . Compatibility
Accu Perfor- |inreal mated | bility of read]l'lst— of specialized
Name cu- . data ment and/or in-
mance time . software and
racy mode | PTO crease the list of 0S Windows
cessing | chemical elements)
ANN ARoC 95% Upto2.5s + + + +
Optical emission
spectrometer ARL 90% }JII;J:E - + - -
4460[3]
Emission spec-
trometer 60% gﬁiz - + - +
‘Iskroline 100’ [4]
Atomic emission
spectrometer o Up to 3 B
ISKROLINE % 2min - -
300’ [5]
Spectrophotome- o Upto 3 _ 3
ter ULAB 102[6] 507 1 min -

system performance;

5. Comparing the proposed ANN ARoC with other known methods
(Table 2) indicates its absolute advantage.

It is worth noting that the training of all ANN, without exception,
including the proposed ANN ARoC, is a time-consuming process. At
the same time, the quality of training and the reliability of further
work of ANN ARoC depend on the following factors—the quality and
dimension of the training set, and the qualifications of employees.
This is due to the fact that the preparation of the training set requires
from employees special knowledge and skills in the field of neural net-
work technologies, and also requires the availability of a priori infor-
mation about the conditions of experiments.

5. CONCLUSIONS

1. For the first time, an artificial neural network ANN ARoC is devel-
oped and studied, what allows automatic recognition of chemicals in
metal-containing materials with high accuracy (at least 95%) and
speed (up to 2.5 s, what corresponds to the real-time mode).

2. High performance of ANN ARoC is provided by simultaneous pro-
cessing of multiple digital data by methods of parallel information
processing. At the same time, the time spent on information pro-
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cessing is significantly reduced compared to the known results of sci-
entific research and does not exceed 2.5 s. Thus, real-time operation is
provided.

3. High accuracy of ANN ARoC (the accuracy is at least 95%, and the
mean square error does not exceed 5% ) is achieved due to: determined
experimentally sufficient dimension of the hidden layer, which has
275 neurons; training by the method of ‘teaching with a teacher’ and
the algorithm bask propagation; high resolution sensitive elements
that receive spectral radiation in the measuring system, in particular
CMOS-matrix (it is proposed to use a matrix with a pixel dimension
1.0x1.0 um, for example, OV16880 or OV20880 of OmniVision produc-
tion (USA)).

4. The developed ANN ARoC is a universal instrument of automation
of process of the express analysis of chemical elements in materials of
metal-containing PO due to the adjusted structure of neurons and
practical program implementation. The above allows to change the
structure of the proposed ANN ARoC and to carry out its retraining to
solve new problems, as well as readjustment without additional capital
investment in accordance with rapidly changing production condi-
tions.

Thus, it can be argued that the developed ANN ARoC is the latest
development, which is an alternative to traditional high-cost and time-
consuming physical and chemical methods and labelling analysis,
which are significantly complicate and slow down technological pro-
cesses, as well as environmentally hazardous to human health and en-
vironment. The implementation of the proposed ANN ARoC is appro-
priate and promising.
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