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GCOMPARATIVE FEATURES OF MULTILAYERED ITERATIVE ALGORITHM
GMDH AND DEEP FEED-FORWARD NEWURAL NETWORKS

Introduction. Deep neural networks are effective tools for solving actual tasks such as data
mining, modeling, forecasting, pattern recognition, clustering, classification etc. They differ
with respect to the architecture design, learning methods and so on. Most simple and widely
used are deep feed-forward supervised NNs.

The purpose of the paper is to compare briefly main features of the deep feed-forward
deterministic supervised networks with the Multilayered Iterative Algorithm of GMDH (MIA
GMDH) and to formulate main ideas of constructing a new class of hybrid deep networks
based on the MIA neural network.

Methods. Most usable deep feed-forward supervised neural networks have been
studied: multilayered perceptron, convolutional NN and some its modifications, polynomial
neural networks, genetic polynomial neural network etc.

Results. There was carried out a comparative analysis of main features of the MIA
GMDH neural network with the characteristics of other deep deterministic supervised neural
networks. The most promising approaches are identified to improve the performance of this
network, particularly by hybridization with methods of computational intelligence. The main
idea of building a new class of hybrid deep networks based on MIA GMDH is formulated.
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Conclusions. MIA GMDH and its modifications are original representatives of the self-
organizing networks potentially giving best results, especially for big data case.
Hybridization of GMDH-based NNs with stochastic methods of computational intelligence is
suggested to achieve a synergetic effect.

Keywords: multilayered iterative algorithm of GMDH (MIA GMDH), self-organizing
neural network, neural network architecture, deep neural networks, feed-forward neural
networks, supervised neural networks, deep learning.

INTRODUCTION

Deep neural networks (DNNs) [1] are effective tools for solving actual tasks
such as forecasting, data mining, pattern recognition, clustering, classification
etc. Under the term “deep neural networks” is most often understood a neural
network with more than two hidden layers [2].

There are many various deep neural networks most usable of which are
presented in [1, 3—7]. As to the learning methods, they may be divided into:

— supervised (algorithms are learned to predict outputs from the input data
and all observations of a dataset are labeled);

— unsupervised (the internal structure is determined from the input data and all
the observations belonging in a dataset are unlabeled);

— semi-supervised (only part of the dataset observations are labeled);

— with reinforcement learning (labeled input/output pairs are not needed, the
machine is allowed to interact with its environment and is “rewarded” when it
performs the task correctly).

By architecture design neural networks (NN) generally are divided into feed-
forward and feedback neural networks (with memory cells). In this paper, the
emphasis is placed only on deep feed-forward supervised NNs.

ANALYSIS OF THE PROBLEM

Deep feed-forward supervised NNs include deferministic NNs such as
multilayered perceptron, extreme learning machines, liquid state machines,
convolutional NN and some its modifications (Deconvolutional NN, II-nets,
residual network, GoogleNet, AlexNet, VGGNet). Besides, there are used
networks with probability rules such as capsule network, deep belief networks,
deep convolutional inverse graphics networks etc.

At the same time, there are known algorithms realizing principles of the
Group Method of Data Handling (GMDH) and being typically interpreted as the
Polynomial Neural Networks of deterministic type and the GMDH-based
Genetic polynomial neural networks of probabilistic type.

Generally, modern deterministic deep feed-forward networks have such
main disadvantages as overfitting, slow operation speed, a large amount of the
needed computing resources. There is a need to search for such architecture of a
neural network and methods for its training which could help to eliminate these
shortcomings without appearing new ones.

PROBLEM STATEMENT

It is important to study the features of the deep networks, find ideas that
contribute to the elimination of some of the above shortcomings, which could
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help to create more efficient neural networks. Only strongly deep deterministic
feed-forward neural networks (with more than three hidden layers) are
considered below and compared with the architecture of the Multilayered
Iterative Algorithm of GMDH (MIA GMDH) to determine most promising
approaches to improving the deep NNs using some GMDH ideas.

Hence, the purpose of this paper is to compare briefly main features of the
deep feed-forward deterministic supervised networks with the MIA GMDH
neural network and to formulate main ideas of constructing a new class of hybrid
deep networks based on MIA GMDH.

CHARACTERISTICS OF THE DEEP FEED-FORWARD
DETERMINISTIC NEURAL NETWORKS

Multilayered perceptron (MLP) [9—11] feeds information from the input layer
of the network to its output layer, and there is no feedback between the layers
until inputs arrives at the outputs. The MLP consists of a large number of
perceptrons organized in layers and each unit in a layer connects to all other
neurons from the previous layer. Each connection is a parameter of the network.
These connections are not all equal and can differ in strengths or weights. The
weights of these connections represent the knowledge of the network. The MLP
consist of three kinds of layers: 1) input layer with raw data; 2) hidden layer(s)
with sequences of functions to be applied to the previous hidden layers inputs or
outputs; 3) the output layer is a finite function or a set of functions.

The MLP can use linear or non-linear activation functions. Every layer node
is a fully connected one, and in some realizations the nodes number in every
layer is the same. In many realizations the activation function across hidden
layers is identic. To find optimal parameters, a learning rule is needed. A general
approach is to determine an error function along with an optimization algorithm
for finding optimal parameters by minimizing the error for training data.

The MLP like most others feed-forward NN is trained by a back-
propagation algorithm, although the Stochastic Gradient Descent is presently
used for computational efficiency. The error being back-propagated is often
some change of the difference between inputs and the outputs. Given that the
NN has sufficiently hidden neurons, it can theoretically model ever relationship
between the input and output. Practically, their use is a lot more limited but they
are popularly hybridized with other networks for forming new NNs.

The Stochastic Gradient Descent computes a gradient for a set of randomly
chosen training samples (batch) and updates the parameters for this batch
sequentially. This leads to a quicker learning, a drawback is a growth in
inaccuracy. But for big data sets the speed edge outweighs this drawback. Using
the gradient descent leads to the overfitting that occurs when a function
corresponds too closely to a particular set of data and the model cannot give
correct results on samples that were not used as training samples.

The MLP output is obtained from the input as a model which can be usable
without knowledge how the output should be structured to build a relatively fast
and easy NN. The MLP NNs are good for both classification and prediction.

Convolutional NN (ConvNet) [12—15] receives images as an input, use
them for training a classifier and consist of eight weight layers [13]. In this CNN
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a neuron is only connected to nearby neurons in the next layer to essentially
reduce the full parameters number in the network.

Convolutional Layer applies a convolution filter to the image for detection
image features. In convolutional layers each node only concerns itself with close
neighboring cells. These convolutional layers also tend to shrinking with an
increase in the number of layers, by easily divisible input factors.

Each convolutional layer contains a series of filters known as convolutional kernels.
The filter is a matrix of integers that are used on a subset of the input pixel values of the
same size as the kernel. Each pixel is multiplied by corresponding value in the kernel,
and then the result is summed up for a single value for simplicity representing a grid cell,
like a pixel, in the output channel/feature map. These are linear transformations and each
convolution is a type of affine function. In computer vision the input is often a three
channel RGB image. The kernel strides over the input matrix of numbers moving
horizontally column by column, sliding/scanning over the first rows in the matrix
containing the images pixel values. Then the kernel strides down vertically to subsequent
rows. Note, the filter may stride over one or several pixels at a time. In other non-vision
applications, a one-dimensional convolution may slide vertically over an input matrix.

In CNN models there are often more than three convolutional kernels, 16
kernels or even 64 kernels in a convolutional layer are common. These different
convolution kernels act as a different filter creating a channel/feature map
representing something different. For example, kernels could filter top edges, bottom
edges, and diagonal lines and so on. In much deeper networks these kernels could be
filtered to animal features such as eyes or bird wings. Having a higher number of
convolutional kernels creates a higher number of channels/feature maps and a
growing number of data and uses more memory due to this.

A kernel will be shared totally with other neurons that are connected to their
local receptive fields. The results of these calculations between the local receptive
fields and neurons using the same kernel will be saved in a matrix defined as an
activation map. Various kernels will result in various activation maps, and the
kernels number can be regulated with hyper-parameters.

In this way, regardless of the full number of connections between neurons in a
network, the full number of weights corresponds only to the size of the local receptive
field (the size of the kernel). The convolutional network architecture generally consists
of four types of layers: convolution, pooling, activation and fully connected.

ReLU Activation Layer. The convolution maps are passed through a nonlinear
activation layer (such as Rectified Linear Unit (ReLu), tanh, sigmoid etc.) which
substitutes filtered images negative numbers with zeros and often applied to the
values from the convolutional operations between the input and the kernel. These
values are stored in the activation maps, which will be passed to the next network
layer. The shared local connectivity and weights help essentially in reducing the full
network parameters number.

Besides, shared local connectivity and weights are important in effective
images processing. Using a kernel that shares identic weights can find patterns from
all the local regions in the image and various kernels can recover various kinds of
patterns of the image.

Pooling Layer aims at decreasing the dimension of the input vector with
some pre-specified pooling method with conserving as much information as
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possible. Also a pooling layer is able to introduce spatial invariance into the
network to improve the model generalization. To carry out pooling, such layer
uses zero-padding, stride and a size of pooling window as hyper-parameters.

Pooling layers help to monitor overfitting by reducing the number of
parameters and calculations in the network. There are many kinds of pooling
methods, such as min-pooling, averaging-pooling, stochastic pooling and fractional
max-pooling. The most usable pooling method is max-pooling which to be superior
in dealing with images by capturing invariances efficiently. Max-pooling recovers
the maximum value within each specified sub-window across the activation map.

Fully Connected Layers. After a few iterations of pooling and convolution
layers, before output layer there is a classical MLP for further processing the data
and to further model non-linear relationships of the input features. These networks
are called DCNNs but the abbreviations and names between these two are often
used exchangeable. Fully connected layers get an input vector containing the image
flattened pixels which have been corrected, filtered and reduced using convolution
and pooling layers. The softmax function is applied to the outputs of the fully
connected layers to give the probability of a class the image belongs to.

However, newly the profit of this has been questioned because many
parameters are introduced by this, leading potentially to overfitting.
Consequently, many researchers started to construct CNN architecture without
fully connected layer using other techniques such as max-over-time pooling to
substitute the linear layers role.

II-Nets [14] are a new class of DCNNSs, particularly polynomial neural
networks with output as high-order polynomial of the input, and can be
implemented using special type of skip connections and their parameters can be
represented via high-order tensors. The [1-Nets have better representation power
than typical DCNNs and produce good results without the use of non-linear
activation functions in a large tasks number.

The I1-Nets make state-of-the-art results in solving such tasks as image generation.
In family of I1'Nets the output is a high-order polynomial of the input. For avoiding the
combinatorial explosion in the parameters number of polynomial activation functions,
IT"Nets use a special skip connections type to implement the polynomial expansion.

Normalisation [15] is the process of subtracting the mean and dividing by the
standard deviation. It transforms the range of the data to be between —1 and 1 making
the data use the same scale sometimes called Min-Max scaling. It is common to
normalize the input features, standardizing the data by removing the mean and scaling
to unit variance. It is often important when the input features are centered around zero
and have variance of the same order. With some tasks such as image analysis the data
are scaled so that its range is between 0 and 1, most simply dividing the pixel values
by 255. This also allows the training process to find the optimal parameters quicker.

Batch normalization [15] has benefits of helping to make a network output giving
more stable predictions, reduce overfitting through regularization and speed up
training by an order of magnitude. Batch normalization is the process of carrying
normalization within the scope activation layer of the current batch, subtracting the
mean of the batches activations and dividing by the standard deviation of them. This is
necessary as even after normalizing the input as some activation can be higher, which
can cause the subsequent layers to act abnormally and make the network less stable.
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As batch normalization has scaled and shifted the activation outputs, the weights
in the next layer will no longer be optimal.

Stochastic gradient descent (SGD) would undo the normalization, as it would
minimize the loss function. To prevent this effect, two trainable parameters can be
added to each layer to allow SGD to deformalize the output. These parameters are a
mean parameter “beta” and a standard deviation parameter “gamma”. Batch
normalization sets these two weights for each activation output to allow the
normalization to be reversed to get the raw input; this avoids affecting the stability of
the network by avoiding update the other weights.

Universal approximation theorem [15]. A large enough CNN can solve any
solvable problem. The Universal approximation theorem essentially states if a
problem can be solved it can be solved by a deep neural network, given enough layers
of affine functions layered with non-linear functions. Essentially a stack of linear
functions followed by non-linear functions could solve any problem that is solvable.

Practically when implementing this, it can be many matrix multiplications
with large enough matrices followed by RELU, stacked together these have a
mathematical property resulting in being able to solve any arbitrary complex
mathematical function to any arbitrary high level of accuracy assuming one have
the time and resource to train it.

Whether this would give the neural network understanding is a debated
topic, especially by cognitive scientists. The argument is that no matter how well
you approximate the syntax and semantics of a problem, you never understand
it. This is basically the foundation of Searle’s Chinese Room Argument. Some
would argue that does it matter if you can approximate the solution to the
problem well enough that it is indistinguishable from understanding the problem.

Deep convolutional NNs are mainly focused on applications such as
detection of objects, processing of images, processing of audio and natural
language processing, image classification, optical character recognition.

It is worth to emfasize that all the deep neural networks mentioned above
are those with the given number of layers.

MULTILAYERED ITERATIVE ALGORITHM GMDH
AS A SELF-ORGANIZING DEEP NEURAL NETWORK

The worldwide known MIA GMDH [16, 17] is effective data mining tool, one of the
most successful inductive modeling methods which extraction knowledge directly
from the data based on experimental measurements or statistical observations. It was
developed by O. Ivakhnenko in 1965 as multilayer deep feed forward neural network
that belongs to class of deep Polynomial Neural Networks with theoretically unlimited
number of layers which are set during learning process. It is now considered as the
first ever multi-layer self-organized NN and O. Ivakhnenko is often called as the father
of deep learning [1, 16]. The GMDH algorithm was first used in modeling complex
systems with a number of inputs and one output.

The main GMDH network goal is actually to construct a function in a feed-
forward network on the basis of a second-degree transfer function. The method uses
information directly from a data sample and minimizes the impact of an author a priori
assumptions on the modeling results; finds regularity in data and selects informative
input arguments; automatically finds the model structure and its parameters.
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Any GMDH algorithm solves a discrete optimization task to construct the
optimal complexity model by the given external criterion minimum based on the
data sample separation:

/" =argmin CR(f),

/e

where CR is a selection criterion as a measure of the model /' € @ quality.
A model selection criterion is called “external” if it is based on additional
information that is not contained in the data used for calculation of model
parameters. The set @ of models being compared can be formed using iterative
and sorting-out generators of model structures of diverse complexities which
differ by various variants of generation techniques and organization of minimum
search of a given external criterion based on additional information that is not
contained in the data used for calculation of model parameters.

For realizing the external supplement principle, the parameter estimations by
the least squares method LSM (usually) and criteria values are calculated on
various parts of a sample W=[X, y], where X, y are a matrix and vector of n
measurements of m arguments and one output respectively. The input sample W is
splitted into two subsets: training (4) and checking (B). The regularity criterion
calculated for a model fe ® is most commonly used among all GMDH criteria:

2 ~
ARB\A(f):HyB_JA/mA(f)H =HyB—XBf<9AfH

which means "a model f error on B with parameters obtained on 4", and X, X3/
are submatrices of the matrix X containing columns that correspond to a partial
model /'€ ® being considered.

One of main elements of an iterative GMDH algorithm such as the
polynomial partial description can be considered as an elementary neuron of
GMDH neural network. The GMDH NN solves discrete optimization task by
successive approaching to the criterion minimum: the models complexity on a
layer arises due to the pairwise "crossing" F best models from the previous layer.

The complication process stops after the criterion starts to increase.
Originality of the network with such neurons consists in high speed of local
adjustment of neuron weights and automatic global optimization of units
number. The depth of MIA GMDH network is determined automatically. The
MIA GMDH is used in different problems of knowledge discovery and data
analysis, modeling of nonlinear systems, function approximation, forecasting
and modeling, classification, pattern recognition and clustering.

Therefore, MIA GMDH is a kind of deep neural networks without given
number of layers. Other types of the GMDH-based networks are presented below.

GMDH-BASED DEEP POLYNOMIAL NNs

PNN [18] is a flexible neural architecture whose structure is developed through
learning. This network eliminates some GMDH drawbacks such as 1) tending for
generation quite complex polynomial for relatively simple systems; 2) tending to
produce an overly complex model with highly nonlinear systems; 3) enabling to
generate a highly versatile structure with less than three input variables.
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The PNN come with a high flexibility level as each node (processing
element forming a partial description (PD)) can have a various number of input
variables as well as exploit a various order of the polynomial (linear, quadratic,
cubic etc.). Architecture is not fixed in advance and becomes fully optimized
parametrically and structurally. Particularly, the number of the PNN architecture
layers can be modified by adding new layers, if necessary, namely network
grows over the training period. In this sense, PNN is a self-organizing network.
Performance of DPNN depends strongly on the input variables number and the
polynomial order which are determined by trial and error approach.

Genetic polynomial neural network (GPNN) [19] is used for improving the
PNN performance. GPNN determines the input variables number and the all
neurons order with genetic algorithm (GA). Genetic algorithm used for
searching between all possible values for the input variables number and the
polynomial order. Each of the PD outputs is obtained by using a few kinds of
high order polynomials (linear, quadratic, cubic) of the input variables. Although
the PNN is structured by a systematic design procedure, it has some drawbacks
to be solved. PNN productivity depends on the number of input arguments and
the each PD order. These parameters must be determined by trial and error
method, which has low efficiency and heavy computational load. The GPNN
uses GA to alleviate the above averted drawbacks. The GA is used for
determining the input variables number in each PD and to determine the
appropriate kind of polynomials in each PD.

There are also many GMDH-type NNs [20] which are characterized by
absence of the sample separation into training and checking parts and use
various model quality criteria. But they generally retain the MIA GMDH main
structure features, particularly selection process.

In general, the hybridization approach has proven to be effective for training
neural networks, in particular the GMDH-based NNs.

COMPARATIVE ANALYSIS OF DEEP FEED-FORWARD DETERMINISTIC NEURAL NETWORKS

The main features of complex NNs analysis are following:

1) overfitting,

2) number of layers,

3) ability to dimension reduce,

4) ability to synthesize the models,

5) type of connections between neurons,

6) training method,

7) number of outputs,

8) application areas.

The comparison of these features in MIA GMDH and others deep feed-
forward NNss is presented below.

Multilayered perceptron: 1) overfitting: exist; 2) number of layers: fixed;
3) availability of dimension reduce: absent; 4) ability to synthesizes the models:
exist; 5) type of connections between neurons: fully connected; 6) learning
algorithm: gradient descent; 7) number of outputs: many; 8) main application:
classification, modelling, prediction.
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Convolutional NNs: 1) overfitting: exist; 2) number of layers: constant;
3) availability of dimension reduce: absent; 4) ability to synthesizes the models:
exist; 5) type of connections between neurons: fully connected; 6) learning
algorithm: gradient descent; 7) number of outputs: many; 8) application:
processing of images, audio, natural language, image classification.

GMDH-based NNs: 1) overfitting: absent; 2) number of layers: dynamic;
3) availability of dimension reduce: exist; 4) ability to synthesizes the models:
exist; 5) type of connections between neurons: partly connected; 6) learning
algorithm: LMS; 7) number of outputs: one; 8) main application: modeling,
forecasting, classification, clasterization, clusterization.

Compared to MLP, CNN-based NNs possesses the following advantages:
1) local connections (each neuron connected only to a little number of neurons
for speed up convergence and reducing parameters); 2) sharing of weight
(a connections group can share the same weights for reducing parameters);
3) down-sampling reduction of dimensionality.

Neuron networks based on GMDH have the advantages in comparison with
convolutional networks by the absence of overfitting, self-tuning of the
architecture, the ability to obtain a model in explicit form, but their drawback is
the existence of only one possible solution.

Therefore, the main idea of constructing a new class of hybrid deep
networks based on MIA GMDH is to create hybrid structures with methods of

computational intelligence, in particular genetic algorithms.

Table 1. These comparative features are presented below in the table.

Features Multilayered Convolutional NNs GMDH-
perceptron based NNs
Overfitting present present absent
Number of layers fixed constant dynamic
Avallablhty of absent exists exists
dimension reduce
Ability to synthesize exists absent exists
the models
Type of connections fully partly pairwise
between neurons connected connected connected
Learning algorithm gradient descent gradient descent LMS
Number of outputs multiple multiple single
modelling, processing of images, modehpg,
. . D audio, natural forecasting,
Main application areas prediction, . . .
. . language, images classification,
classification ; . L
classification clasterization
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CONCLUSION

In this article a comparative analysis of neural networks based on GMDH and the
most well-known deep supervised feed-forward neural networks is presented.

Deterministic networks include networks in which the number of layers is
constant (extreme learning machines, liquid state machines, convolutional NN
and some her modifications), ones with given layers number that can change due
to the peculiarity of the problem being solved (multilayered perceptron), and
neural networks with a dynamic number of layers that is adjusted by the network
itself during the learning process.

The main representative of the latest self-organizing networks, which potentially
give the best results, especially in the case of a large number of input data, is MIA
GMDH and its modifications such as Deep polynomial neural network, Genetic
polynomial neural network and GMDH-type NNs. These NNs do not use gradient-
based methods for training and do not suffer from the overfitting.

The main output of this analysis is that hybridization of GMDH-based NN
with stochastic methods of computational intelligence is promising to achieve a
synergetic effect.
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HOPIBHAJIBHI OCOBJIMBOCTI BAATOPATHOI'O
ITEPAIIMHOTO AJITOPUTMY MI'VA
TA TI'NTIMBMHHUX HEMPOMEPEX ITPSIMOTI'O ITOIIMPEHHS

Beryn. T'nmuGuHHI HeWpoHHI Mepexi € e(peKTHMBHHM IHCTPYMEHTOM il pO3B’SI3aHHS
aKTyaJbHUX 3aJlad: aHaJi3y JaHWX, MOJEIIOBAHHI, MPOrHO3YBAHHS, PO3Ii3HABaHHS 00pa3iB,
Kjacrepusainii, kinacudikamii Tomo. BoHM BiApI3HAOTBCT MK CO0OK  30KpeMa
apXiTEeKTypOIO, METOJIOM HaBuYaHHs. HaWOpoCTIIMMH 1 IIMPOKO BHKOPHUCTOBYBAHUMHU €
TIIMOWHHI HEHpOMEpexki MPSIMOTO MOITUPEHHS.

MerTo10 cTaTTi € KOPOTKE TOPIBHSIHHS OCHOBHHX OCOOMMBOCTEH TJIMOMHHUX JETEPMIHOBAHMX
KOHTPOJIOBAaHUX HEHPOHHHX MEPEK MPSMOTO TOMIMPEHHS 3 HEHPOHHOIO MEPEKeI0 0araTopsiHoro
itepauiiinoro anroputMy (BIA) MI'YA Ta dopmyItoBaHHsI OCHOBHHX i/1el T00YJOBH HOBOTO KJlacy
TiOpUIHUX TIIMOMHHUX MepeK Ha ocHOBI BIA MI'VA.

Mertoan. Byno BuBYEHO HaWOIIBII BUKOPUCTOBYBAaHI IJTMOMHHI KOHTPOJILOBaHI
HEHpPOHHI MepeXi MPAMOTro MOMIHPEHHS: 0araTolapoBUH  MEPCENTPOH, 3TOPTKOBY
HelipoMepexxy Ta Jeski Ii Moaudikamii, moniHoMiagbHy HEHPOHHY MeEpEXY, I'€HETUYHY
MOJIIHOMIANIBHY HEHPOHHY MEPEXKY TOIIIO.
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Pe3yabTaTu. 37iifiCHEHO TIOPIBHSJIBHUN aHali3 OCHOBHMX OCOOJIMBOCTEH HEHPOHHOI
mepexi BIA MI'YA 3 xapakTepucTHKaMH IHIIMX IVIMOMHHUX JETEpPMiHOBAaHHX
KOHTPOJIbOBAaHMX HEHWPOHHUX Mepex. BH3Ha4eHO HaWOLIbIl NEpCIEeKTUBHI MIiIXOAU 0
BIIOCKOHAJIEHHS IIPOJYKTUBHOCTI I1i€i Mepexi, 30KkpeMa, Ha OCHOBI TiOpuau3aliii 3 MeTojaMu
obuncoBanbHOro iHTenekry. C(hopMyIbOBaHO OCHOBHY i7Iel0 MOOYJIOBH HOBOTO KIIacy
riOpuHUX IMUOMHHNX Mepexx Ha ocHOBI BIA MI'VA.

BucHoBku. OpHriHATBHEM TPEJCTABHIKOM CaMOOPTaHI30BHHX MEPEK, SKi TOTCHIIHO
JIAI0Th Kpallli pe3yJbTaT, 0COOIMBO B pa3i BeNMMKKX AaHuX, € BIA MI'VA Ta #ioro moaudikartii.
3anporoHoBaHO TiOpUaM3aliio Helpomepexk Ha OcHOBI MI'VA 31 CTOXaCTHYHMMH METOJaMH
00YHCITIOBATIEHOTO 1HTENIEKTY JUIS JOCATHEHHSI CHHEPTeTHYHOTO eheKTy.

Knrouosi cnosa: baeamowaposuii imepayivinuil aneopumm MI'VA (BIA MT'VA), camoopeanizosta
HEUPOHHA Mepedicd, apXimeKmypa HeUpPOHHOT Mepedicl, 2TUOUHHI HEUPOHHI Mepedici, HetpOHHI
Mepedrci nPAMO20 NOWUPEHHS, HEUPOHHI MePedXCE 3 yuumenem, 2IUOUHHE HABUAHHSL.
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AHAMITHYIHA CUCTEMA ANA MOHITOPMHIY
TA OUIHIOBAHHA PHIUKIB COXMWBAHHA NUTHOI BOAK

Bcmyn. Buxopucmanms enekmpoximiunoi ananimuunoi cucmemu «Ananizamop IXIly oae 3mocy
NPOBOOUMYU eKONOSIUHULL MOHIMOPUHE NUMHOT 600U MA BOOHUX 00 'EKMIG, OYIHIO8ANU A NPOSHO3)-
6amu pU3UKYU 6NIUGY MOKCUKAHMIB HA 300p08 5l I00ell MA HABKOTUUIHE cepedosuuye.

Mema cmammi — 600CKOHANCHHSL IHQOPMAYITIHOT MEXHONORI] GUBHAUEHHSI KOHYECHMPAYili
XIMIUHUX elleMeHmig Ol eKCNPeCHO20 BUSHAYEHHS AKOCMI NUMHOL 600U Ma mMemoodié OYiHIOBAHHSL
PUBUKY IXHbO2O 6NIUSY HA Olocepy.

© CYPOBLIEB 1.B., BEJIUKUIA I1IO., TPULIACHKO M.O., TAJIIMOBA B.M., 2021
ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne 4 (206) 17



Cyposyes 1.B., Benuxuii I1.10., I puyaecuxo M.O., ['arimosa B.M.

Memoou. Hoesa ingopmayitina mexHonoeis UKOpUCMOo8ye OJisi GUMIPIOBAHHS KOHYEeHmMpayill
IMNYbCHI MEMOOU XPOHONOMEHYIOMeMPIi, XPOHOIOHOMEMPUUHUL MEMOO NPAMOi NOMeHYIoOMempii
ma Memoou OYiHIOBAHHSL eKONIOSIYHO20 PUBUKY 6NIUEY XIMIYHUX PEUOBUH HA OOBKILIAL.

Pesynomamu. Pospooneno inghopmayitiny mexHonoeito 3 MauiuHHUM HAGUAHHAM, XMAPHUMU
TMEXHONORIAMU  MA BUKOPUCIAHHAM THMETeKNYaNbHUX Mooeneld Macu 000a8Ku XiMIiYHO20 ele-
Menma, AKa 0ac 3Mo2y 3a pe3yabmamamu 00H020 GUMIPIOGAHHS eKCAPECHO GUIHAYUUMU KOH-
yenmpayii enemenmie y 600HOMY 00 €Kmi, SUKOPUCTIOBYIOUU CHOCIO NOPIGHAHHS CUSHAILLS,
Mma oyiHumMu pu3uKu 6NAUGY XIMIUHUX PEYOBUH HA 300p08 5 M00el Y pa3i CHOJMCUBAHHA 3a-
6pyOHeHoi numHoi 600U.

Bucnoeku. Yoockonanena ananimuuna cucmema «Auanizamop IXI1» 3abesneuye excnpeche
sumiprosants kKonyenmpayii 12 xiviunux pevosun (Pb, Cd, Cu, Zn, Se, I, K, Na, Ca, F, NO;, NH,) y
600HUX 00 ’exmax Ha micyi ma we 6ocbmu mokcuunux eiemenmie (Hg, As, Sn, Ni, Co, Mn,
Cr, Fe) y nabopamopii, wo oano smoey onepamusHo ma 6 HOBHOMY 00CA3i BUSHAYAMU eKONIOIYHY
SAKICIMb NUMHOT 800U MA 00 €EKMIB HABKOTUUHBO2O CepedosULyd. 3ACMOCYBANHS iOH-CEeNEeKMUBHUX
ma SUMIPIOBANILHUX eNeKmPOoOi8 HA OCHOBI O1A20POOHUX Memaiié Ni08UYE eKON02IYHICIb
ma weuoKicmy GUKOHAHHL O0CHiOdceHb. Bukopucmanus memooonocii oyiniosants pusuky
BNIUGY XIMIYHUX eleMeHmi6 HA JI0OUHY ma OOBKILIA 0A€ 3MO2Y NPOSHO3Y8AMU GUHUKHEHHS
3aX80PI06AHL BHACTIOOK MPUBALO20 CHONCUBAHHS 3a0OPYOHEHO] NUMHOT 600U YU BUIHAYAMNU
npUOamHicms 8000UM OJist 3POULYBAHHSL MA PUOOPO36EOEHHSL.

Knrwouogi cnosa: xonyenmpayis XiMiunux enemenmié ma CHONYK, eKONO2IYHULL PUBUK, [OH-
celeKmueHi enekmpoou, iHgepciiina XpOHONOMEeHYIOMempis, NUMHA 8004d.

BCTYR

[HTeHCHBHUI PO3BUTOK MPOMHUCIOBOCTI Ta 3pOCTAHHS CLIIbCHKOT'OCIIONAPCHKOTO
BUPOOHHIITBA BEIYTh IO IMOCTYMOBOTO 3a0pyAHEHHs Oiochepn BaKKMMHU MeTa-
JaMy 1 IOKIJJIMBUMH XIMiYHHMH pPEYOBHMHAMH. AKTHUBI3allisi aHTPOIIOTEHHOTO
BIUIMBY BEJHMKOI KIIBKOCTI TOKCHKAHTIB HA JIIOAMHY Ta HABKOJUIIHE CEPEIOBH-
1€ BUMAara€ MoCTiHHOTO MOHITOPUHTY SIKOCTI MUTHOI BOJM Ta Xap4YOBUX MPOAY-
KTiB 1 BU3HAYEHHS €KOJIOTIYHOT'O CTaHy BOJHUX 00’ €KTIB JOBKIJIIA.

B VYkpaini Bozma, mpu3HaueHa JUI CIIOKUBAHHSA JIIOAWHOIO, TIOBHHHA BiAIO-
Bimatu Jlep>kaBHUM cCaHiTapHO-TirieHigHuX HOopMam 2.2.4-171-10 [1], B kpainax
EC — Hupexrtusi 98/83/€C [2], 3rimHO 3 SKMMU BU3HAYEHi Y BOJI CaHITapHO-
ririeHivHi (TOKCHUKOJIOTIUHI) MOKa3HUKH HE MOBHHHI MEPEBUIIYBaTH I'PaHUYHO
nonycrumux kKonuenrtpauiit (CAK). Tepmin I'/IK o3Hauae Taky KOHIIEHTpAIIiO
XIMIYHOTO €JIEeMEHTa YM HOro CIOJYK, siKa 3a IIOJACHHOTO BIUIMBY Ha OPraHi3M
JFOIMHYU MPOTATOM TPHUBAJIOTO Yacy HE BHKJIHMKAE MATOJOTIYHUX 3MiH UM 3aXBO-
pIOBaHb, BCTAHOBIIIOBAHNX CYYaCHUMH METOAAMH JOCHIIDKEHBb Y OyIb-sKi mepi-
OJTY JKUTTS TENEPILIHBOrO i HACTYITHOTO ITOKOJIiHb.

Cepen TOKCHKOJIOTIYHUX TTOKa3HUKIB JIy’Ke HeOe3NeUHHMH € Ba)KKi METalH
(cBUHEID, KaaMill, pTyTh, MHII SIK Ta 1HII), K1 TIPOSBIAIOTh HAWOUIBIINNA KaH-
LIEPOrCHHUI BIUIMB Ha 370POB’s JIFOJUHU, 1 iX 000B’SI3KOBO KOHTPOJIIOIOTh, i
9Yac MOHITOPUHTY Ta BU3HAYCHHS SIKOCTI MUTHOT BoAHM [3].

HaranpHor0 moTpe6oro € po3po0ieHHs] KOMIT IOTEPHUX CHCTEM Ta IPHJIaIiB
€KOJIOT1YHOTO KOHTPOJIIO, MOOYJOBaHUX 3 BUKOPUCTAHHSIM Cy4YacHUX 0e3qpoTo-
BUX TEXHOJIOTiH, XMapHHUX CEPBiCiB Ta CUCTEM MOOIIBHOTO 3B s3KY [4].

EnextpoxiMiuHi MeTomu aHamizy IMPOKO BHKOPHCTOBYIOTH [UISi BU3HAYSHHS
KOHIIGHTPAL[ii TOKCHYHHX €JIEMEHTIB y MUTHIH BOJi, Xap4OBUX MPOJYKTax Ta B iH-
X 00’ €KTaX HABKOJIMILIHBOTO cepeoBuIla. [lommpeHnMy € BObTaMIIepOMETPHUYHI
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Ananimuuna cucmema 013 MOHIMOPUHEY MA OYIHKU PUUKIG CHOJICUBAHHS NUMHOT 600U

71a00OpaTOpHi Ta MOOUTBHI MEPEHOCHI aHaJi3aToOpH, WO iX BUITYCKAalOTh Y 0ararbox
KpaiHax, Hanpuknas, npuinaan VA 694 ta 797 VA Computrace pipmu METROHM
(IBetimapist) [5], anamitmuHa cucrema Model 600C Series Electrochemical
Analyzer/Workstation (CIIA), aBToHOMHMI anamizatop PDV6000plus dipmu Cogent
Environmental (Bemmka bpuranis), pociiiceki npumamun: AKB-07 MK, ABA-3,
CTA-Dnement, OKOTECT-BA, Dkcneptuza-BA-3D Toro.

Jns MOHITOpHUHTY 00’ €KTiB HABKOJIMITHBOTO CEPENOBHILA IEPCTICKTHBHUM € BU-
KOPUCTaHHS eJIeKTPOXIMIYHMX METO[IB iHBEPCIIHOT XpOHOMOTEHIIIOMETPIi Ta MpAMOl
noteHIioMerpii. Y MiKHapogHOMy IIeHTpi iH(pOpPMAIIHIX TEXHOJOTIH Ta CHCTEM
PO3po0sIeHO 1HGOPMAIIiifHY TEXHOJIOri0 [6], peami3oBaHy B aHANITHYHIA CHCTEMI
«Amnaizarop IXII», ska 3acrocoBye MeTo iHBepCiitHOi XpoHonoTertiomeTpii (IXI1),
HOBI IMITyJILCHI MeTOH iHBepciitHOi xporomoteHmiomeTpii (IIXT1, AIXTI, OIXII) [7]
Ta MeToJl XpoHoioHOMeTpii [8, 9] mng JabopaTOpHOrO BHU3HAYEHHS KOHIIEHTpAIIiH
20 XiMiYHHMX PEUOBHH y TIUTHIN BOI, XapUOBHX MPOIAYKTax Ta 00’ €KTaX JOBKULIA.

SIKiCTh MUTHOT BOJM 3aJICKUTH BiJl €KOJIOTIYHOTO CTaHy JXKepes BOJOMOCTa-
yanHs. biausbko 80 % MUTHOrO BOAOMOCTAYaHHs B YKpaiHi 3/[IHCHIOIOTH 3 MTOBE-
PXHEBUX BOJHHMX 00’€KTIB, B KUX BOJa MOMIPHO 3a0py/HeHa a0 3a0pyaHeHa.
BuxoprcranHs MamoeeKTUBHIX TEXHOJOTIYHUX CXEM BOJOIIATOTOBKH HE JIO-
3BOJISIE€ 3a0€3MEUYNTH CaHITApHY i TOKCHYHY O€3IeKy MHUTHOI BOIH, TOMY HE0O-
XiZTHO MaTH MOXIMBICTH TEPIOJUYHO OIIHIOBATH SKICTh 3a0pyIHEHOI MHUTHOI
BOJIM Ta OL[IHIOBATU PU3UKHU 3aXBOPIOBAHOCTI 32 i CIIO’KUBaHHSI.

Y MiKHapoaHIi mpakTuili 0a30BOK0 METOJMOJOTIEI0 € KOMIUICKCHUM aHaii3
exonorivanx pmukiB (ERA — Environmental Risk Assessment), sikuii oxoruttoe
CTPYKTYPOBAHUI TIOSTAITHUH aHATI3 BCIX MOXKIIMBHX CHUTYaIlil, HECTIPUATINBHX JIJIS
JIFOIMHM 1 HAaBKOJIMIIIHBOTO cepenosuina [10]. ¥ €C nutaHHs OIiHIOBaHHS PHU3UKY
TIOTIPIIIEHHS 37I0POB’ Sl HACENICHHSI 3aTBEP/PKCHO 3aKOHOJIABYO B 0ararhboX JUPEKTH-
Bax Ta TEXHIYHHUX PEriiaMeHTax, sIKi IeTAIbHO PO3TIISIHYTO B YKPATHCHKHX HAYKOBHX
npamsix [3, 11]. B Ykpaini BumynieHo MeToIuuHi peKOMeH/allii OLiHIOBaHHS PH3HU-
Ky IUIsl 310pOB’Sl HacelleHHsl Bix 3a0pynHeHHs1 atMocdepHoro nositps [12], B PO
KOPHCTYIOThCS KEPIBHUIITBOM OIIHIOBAHHS PU3HKY JUIS 37I0POB’sSl HACENCHHS Y pasi
BIUTHBY 3a0pyJHIOBAJIbHUX XIMIYHHX peuoBHH [13].

MOKIMBICTh €KCTIPECHO BH3HAYATH TOKCHYHI MApaMETPH Ta OJHOYACHO OLIHIO-
BaTH PU3MKHU JUIS 37I0POB’S JIIOJMHU Y pa3i CIIOKUBaHHs 3a0pyAHEHOT MUTHOI BOIH
3HAYHO MOKpaniaTh (PyHKIIHHI XapaKTepHUCTUKH cucTeMU «AHaiizatop [XIDy».

MOCTAHOBKA NPOBNEMM

[MpoBenennii aHam3 NUIXIB BUKOHAHHS €KCIIPECHOTO BUMIPIOBAHHS KOHIICHTpAIIii
XIMIYHHX €JIEMEHTIB Yy THTHIM BOAI i3 3aCTOCYBaHHSM e€JICKTPOXIMIYHUX METOJIB
XPOHOITOTEHITIOMETPIi TI0Ka3aB, IO HEOOX1THO TOIeP)KyBaTHCh TAKHX ITPHHITHITIB:

— MiHIMaJbHa KUIBKICTH JTOCTI/KEHb XIMIYHHX E€JIEMEHTIB y BH3HAueHHI
TOKCHKOJIOTIYHOI SIKOCTi MUTHOT BOJIN;

— EKOJIOTIYHICTh MpPOBENEHHS IOCHiIKEHHS (3aCTOCYBaHHS BUMIpPIOBaIb-
HUX TBEpAMX CJIEKTPONiB 3 ONaropofHMX MeTaliB, SKi 3MOXYTh Cpi0-
HUH eJIeKTPO] 3 aMalbIaMolo pTYTi, 3a00pOHEHHH Uil BUKOpUCTaHHs J{upekTu-
Bamu €C B €BpOINEHCHKUX KpaiHax Ta BUKOPUCTAHHs JAOCTYITHUX XIMiYHHX pea-
KTHBIB 3 €KOJIOT1YHO JIOMYCTHMOIO KOHIICHTPAILII€I0);
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— BUKOPHUCTaHHS IHTEJIEKTyaJlbHUX MaTeMaTUYHUX Mojelneil iHBepcii (3a-
CTOCYBaHHSI aJallTHBHUX MOJICICH Mach M0OAaBKH XIMIYHOTO eJIeMeHTa, 00y 10-
BaHMX [UITXOM MAIIMHHOTO HAaBYAaHHS, 3 ypaxyBaHHSAM 00’€KTa BOJOKOPHCTY-
BaHHS Ta YMOB ITPOBEJICHHS €JIEKTPOXIMIYHOTO aHAIi3Y);

— MOOUIBHICTh MPOBEACHHS JOCIIPKEHb (MOXKJIMBICTh BUKOHAHHS aHAJI3y
y OPUPOJHUX yMOBax i3 3aCTOCYBaHHSM MEPEHOCHHX NPWIAAIB Ta CyYacCHHX
TEXHOJIOT1i 3B’S3KY).

st BIpOBa/KEHHST METOIB EKCIIPECHOTO BU3HAYEHHS IKOCT1 ITUTHOI BOAM
HEOOX1THO 30UTHITUTH IIBHIKICTh BUMIPIOBAHHS KOHIICHTpAIil XIMIYHUX elle-
MEHTIB, aji¢ He TMOTIPIINTH METPOJIOTIYHI XapaKTepUCTHKH aHami3y. Lle Moxiu-
BO 3[IIHCHUTH 32 PaxyHOK 3aCTOCYBaHHS HOBHX ITiJIXO/iB 0 OOpPOOIICHHS €JIeKT-
poxiMiuHOi iHpopMAaii:

1) Bu3HAuUCHHA KOHLEHTpALiii TOKCHYHUX EJIEMEHTIB 3a CHOCO0OM
MOPIBHSIHHSL CUTHAJIIB iHBEepCil y MpupojHiid Boxi (0e3 MiArOTOBKH MpoOH) i3
CUTHaJlaMH 1HBepcii MIaOJIoOHIB 0a3W MJaHUX, OJEPKAHUX 3a pe3yJbTaTaMH
TOCITIKEHHST OJIM3BKOTO 32 XapaKTepUCTUKAMH 00’ €KTa, IS SKOTO BHUMIipSHO
KOHIICHTpAIlil B aHATITHYHIA CUCTEMI 32 CITOCOOOM T00aBKH;

2) 3acTOCYBaHHS €JIEKTPOXIMIYHOTO METOAy I1OHOMETpii, OCHOBAaHOTO Ha
NPHHIMIAX TPSIMOI TOTEHIIOMETPIi 3 BUKOPUCTaHHSAM 10H-CEJIEKTUBHHUX €JIEKTPOIIB,
JUTsL €KCIPECHOTO BHMIPIOBaHHS Yy BOJi KOHIIEHTpAlil HaipO3MOBCIOIKEHIIINX
XIMIYHHX €JIEMEHTIB Ta CHONYK (Kajlito, HATPIIO, KaJbilito, ()TOPY, HITPaTiB, amMiaKy)
MPHJIAZIOM TSI XPOHOIIOTEHIIIOMETPHUYHOT0 aHawizy [8, 9, 14-19].

VY TexHIYHHX CHUCTeMaX BHMiproBaHHS iH(Mopmariiitna Texuonoris (IT) 3a-
Oesrreuye OOpOOJICHHS OTPUMAaHHUX CHTHANIB, SKI XapaKTepU3yIOTh (Di3UIHMI
00’€KT, Y BUTTISAAL MOCIIJOBHOCTI OOYUCIIOBAILHUX MpOUeayp, hopMyrodn 3a
noTpedu MaTeMaTH4Hi MOJeNi JOCTiKyBaHUX mpoueciB. Lle nae 3mory oTpu-
MaTH KUIBKICHI Ta SIKICHI OLIHKKA 00’ €KTa — Pe3yJIbTaT BUMIPIOBaHHSI.

IT Hepo3pHBHO MOB’s3aHA 3 MOTOYHHM CTAHOM IIPUCTPOIO BUMIpPIOBAHHS,
TOMy Oyab-SKa CYTTEBA 3MiHA TEXHIYHUX XapaKTEPUCTUK (TyTIUBOCTi, METOMIB
JOCTDKeHHS, iHTepdeiicy mepenaBaHHS AaHUX TOIIO) CHPUYHHSE MOTPeOy B
yAOCKOHaNIeHHI a0 po3po0OieHHI HOBOI iH(OpMaLiifHOI TEXHOJIOTI, SKa Bpaxo-
ByBaTUME OCOOJHMBOCTI BXIJIHUX CHTHaJiB, 00’€KTiB JOCHIIKEHHS, (i3WUHUX
MPOIIECiB Ta BUMOT JI0 Pe3yJIbTaTiB BUMIPIOBAHHS.

3a 3aranpHOI0 cXxeMor BHKOpHcTaHHs IT B TEeXHIYHHX cHCTEMax BUMIpIO-
BaHHA (puC. 1), mpUCTpii oTpuMmye iH(OPMAIIiIO TTPO MOTOYHUN CTaH 00’ €KTa
TOCITIKEHHST (MUTHOI BOOM) 1 mepenae iH(opmariiitHiii TexHOJIOTil oTpuMaHi
3HaueHHs (3MiHHI, cUTHaIN, 006pa3u ToIo), a iHdopMaliiiiHa TexXHoIOoTis 00p0o0-
Jsie OTPUMaHi JjaHi, CTBOPIOE MOJIENi IpolieciB, (hOpMye KiJbKIiCHI Ta SKICHI OLi-
HKM CTaHy 00’€KTa y BUIJIA1 Pe3yIbTaTiB BUMIPIOBaHHS.

IT BU3HAYEHHS EKOJIOTIYHOTO CTaHy 00’ €KTiB HaBKOJIMIIIHLOTO CEPEIOBUINA, Pe-
ami3oBaHa B aHATITHYHIN cuctemi «AHamizarop [XID», 1a€ 3MOry BU3HAYUTH MacoBY
KOHIIEHTpAIlif0 14 TOKCHYHMX €JIeMEHTIB (PTYTi, apCceHy, CBUHIIO, KaaMIil0, ITHHKY,
MiJIi, OJTIOBa, HIKEI0, KOOAIBTY, 3ai1i3a, MapraHITio, CEJICHY, HOIy Ta XpOMY) 3a METO-
JIlAMH iHBEPCifHOI XpoHOMOTeHmioMeTpil 3 uyTimsicTio 1o 0,01 MK/ M [6, 7] Ta
6 XIMIYHUX PEUYOBHH (KaJlilo, HATPIIO, KabLIi0, TOPY, HITPATIB, aMiaKy) 3a METOJOM
XPOHOIOHOMETPII (IPSIMOT OTEHIIOMETPIi 3 10H-CENEKTUBHUMU eNleKTpoiamMH) [8, 9].
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1) Komnrentpartis:
Pb, Cd, Zn, Cu,
' Sn,

| Hg, As, Ni, Co,
Fe, Se, Mn, Cr, J,
“" { K, Na, Ca, F,
% - NH,, NO;
O0’exr % Ipu- .| Indopmaniiina -
CTpikt | rexmomnorix "
|—| Curnaim, 1ami Exomoriunmii

cral 06’eKkTa

. ]
Puc. 1. Cxema BUKOPHUCTAHHA 1T JUIST BUBHAYCHHS €KOJIOTTYHOI'0 CTany 00 exTa

Meta — BaockoHaneHHs [T BU3HAYeHHS €KOJOTIYHOTO CTaHy 00’ €KTiB JI0-
BKULIS Il €KCIPECHOTO BU3HAYEHHS SKOCTI MUTHOI BOJM IILJISIXOM BUKOPHC-
TaHHS IMITYJIbCHIX METO/IIB XPOHOIIOTEHI[IOMETPUYHOTO aHAJII3y Ta PO3pOOIICH-
HSl HOBOTO METO/Iy €KCIPECHOT'0 BUMIPIOBaHHS KOHIIEHTpAITill.

IIIIIIIIPMAIII“II_A TEXHONOTIA BU3HAYEHHA
KOHWEHTPAWIN XIMIYHHX EREMEHTIB TA CNORYK

IT cxmamaetnses 3 indopmMartiiiaoi cuctemu (IC) oOpoOIEeHHS aHATITHYHUX Ja-
HUX, eJIEKTPOXiMIYHOTO OJIOKY BHMIipIOBaHHS aHATITUYHHUX CHUTHAJIB, IPUCTPOIO
Bisyasizanii pe3yJbTaTiB BH3HAUYEeHHS KOHIIEHTpALiil Ta OLIHIOBAHHS PU3HKIB
JUTSL 37I0POB’S JIFOJMHU (KOMIT I0Tep, TUIaHIIeT, MOOIbHNN npucTpiit). IC 36epi-
rae B po3TalioBaHiil y xmMapHOMy cxoButi 6a3i manux (bJl) Taky iHdopmariito,
sk 3HadeHHs ['JIK pi3zHuUX THMIB 00’€KTIB: Xap4OBHX MPOAYKTiB (X1i0a, MOIIOKa,
3epHa, AMTAYOTO XapuyyBaHHs;), MPOAYKLIl POCIMHHMITBA Ta TBAPUHHHLTBA,
BOJIM PI3HOTO TPHPOJHOTO TOXOKECHHS (TMUTHOI, TOBEPXHEBOI, MiA3eMHOI,
OYHMINEHOT), TPYHTIB Pi3HUX THIIB, TOBITps pobodoi 30HU Tommo. Y bJl 36epira-
I0THCSI TApaMeTPU OLIIHIOBAHHS PU3MKIB AJIS1 300POB’ S JIIOIUHHM, IIa0JIOHH eJIeK-
TPOXIMIYHUX TIApaMeTpiB BUMIPIOBAHHS XIMIYHUX PEYOBHH JJISI PI3HUX METOJIB
TOCITIKEHHS, 00pOOJIeHI aHAITHYHI CUTHAIN, PE3yIbTaTH BUMIPIOBAHHS KOH-
[EHTpaIiil XIMIYHUX €IEMEHTIB Ta BH3HAuU€HI 3HAYEHHs PHU3UKiB. MOXJIHBICT
BUKOpPHUCTaHHs Takoi BbJ] crpolye Ta mokpariye cepBicHe 0OCIyrOBYBaHHS [is-
JBHOCTI XiMiKa-aHaTiTHKA.

KoHIeHTpaIiito TOKCHIHOTO €IEMEHTY BH3HAYAIOTh 332 METOJIaMH iHBEpCiHi-
Hoi xpoHonoTermiomeTpii (IXII) cmoco6oM q006aBKM BiIOMOT Macu CTaHIAPTHO-
ro 3pa3ka 10HiB XiMiuHOi peyoBuHHU. CyTh MeTony IXII momnsrae B enekrpoximi-
YHOMY KOHIEHTPYBaHHI Ha BUMIpIOBaJIbHOMY CIEKTPOJ 10HIB BaXKKUX METAiB
Ta IXHbOMY €JICKTPOPO3YMHEHHI 32 BOJBTAMIIEPOCTATUIHOTO peXXUMYy (iHBepCii).

OcHoBHuMU aHamiTHaHUME (yHKIIsMH Metony IXII e gac imBepcii eneme-
HTa, KU 32 CTAaHIAPTHU30BaHMX YMOB KOHIEHTPYBaHHS Ta BHMIPIOBAHHS €
NPSIMO TIPOTIOPIIfHAM HOTO KOHIEHTpAllii B PO34MHI, Ta MK MOTEHIlialy iHBep-
cii — sKicHa XapaKTepUCTHKA EJIEMEHTA.

[Ipouec iHBepcCii HAKOMTMYEHNUX €IEMEHTIB 3/IHCHIOETHCSA B PEXKHUMI MOCTIiH-
HOTO CTPpyMy Ta (IKCYETbCS y BUINIAAI XpOHOMOTEHIiorpamu E(f) (3HaueHHS
MoTeHIiamiB iHBepcii £ y 4aci f). Yac iHBepcii eJeMEeHTa BU3HAYAETHCS 3a/IaHH-
MH €NeKTPOXIMIYHUMH IMapaMeTpaMy BHMIpIOBaHHS: HOTEHLIAJIOM Ta 4acoM
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pereHeparii (€IEKTPOXiMIYHOTO OUYMILEHHS pPOOOYOi MOBEPXHI €NEKTPONy), MO-
TEHI[IAJIOM Ta YaCOM KOHIICHTPYBAHHS, MIOTSHIIIAJIOM PO3YUHEHHS, TIOTSHIIAIOM
00pobeHHs (KIHIIEBHI IMOTEHITial XPOHOIIOTEHITIOTPAMH) Ta 3HAYEHHSIM OTIOPY
B JIAHIIIO31 PO3YMHEHHS, SIKUIl PETYIIOE MIBUIKICTh IPOIleCy iHBepCii 10HiB.

KoHueHTpaliro TOKCHYHUX €JEeMEHTIB BU3HAYAIOTh 32 METOAOM J00aBKU
CTaHIAPTHOTO PO3YMHY 10HIB €JIEMEHTA Y TaKiil MOCIiT0BHOCTI:

— aHaNmi3yloTh (POHOBHIA pO3YMH ab0 XOJOCTY MpoOy Ta BH3HAYAIOTH Yac
iHBepcii Gony 7y;

— aHaJI3yITh PO34YMH NPOOU Ta BU3HAYAIOTh Yac iHBepCii MpodH T, ;

— y npoOy BHOCAITH M00aBKy (0mHY a00 MeKiTbka 100aBOK) CTaHIAPTHOTO
pO3UMHY i0OHIB €IeMEeHTa, 0 aHANi3yI0Th, Ta BU3HAYAIOTh Yac iHBepCii mpodu 3
00aBKOIO 7,

— 3a BU3HAYEHMMH 3HaYEHHAMH Yacy iHBepcii ¢poHy 77, IpodH 7, , Ipodu 3
I0OABKOIO 7; Ta BiJOMOIO Maco0 JOOABKH i0HIB 1 BH3HAYAIOTh KOHIIEHTPAIIIIO
C enemeHnTa Me B aHaNi30BaHOMY 00’ €KTi 32 (hOPMYIIOI0

T,-T
Cope=L—L m-k,

e
T, (D)
ne k — xoedilieHT po3paxyHKYy MacoBOi KOHIIGHTpAlii eleMeHTy y Mpooi

00’€eKTa 3a 3HaYCHHSIMH HOT0 KOHLEHTpaLii B po3uuHi mpodu [6].

MIPOBNEMA EKONOTIYHOCTI ENEKTPOXIMIHMX LOCTI[KEHD

VY po3pobiieHiii ananiTuuHii cuctemi «AHaiizarop IXIT» koHIEHTpaIll AeKiIb-
KOX TOKCHYHHUX CJIEMEHTIB (CBHHIIIO, KaIMif0, Miji, IUHKY, 3ai3a, MapraHilio,
XpOMy, CeJIeHy, HO/1y) BU3HAYAIOTh 3 BUKOPUCTAHHIM BHMipIOBAILHOTO CPiOHO-
TO ENEKTPOAY 3 aMajabraMoro pTyTi, mo 3abopoHeHo JupektuBamu €C. Tomy,
OJIHUM 3 Ba)KJIMBHUX 3aBAaHb JJISI CTBOPCHHS TEXHOJIOTIT €KCIPECHOTO BUMIpIO-
BaHHS TOKCHKOJIOTIYHOI SKOCTI TMTUTHOI BOJW € 3aCTOCYBAHHS BUMIPIOBAILHUX
€JIEKTPO/IiB 3 OJAropoJHUX METANliB, TAKUX SK MJaTHHA Ta 30J10TO. J[is mporo
HEOOX1THO 1T KO’)KHOTO TOKCHYHOTO €JIeMEHTa MigiopaT BUJ €ICKTpOa, elie-
KTPOJIITHYHUH PO3YHH Ta MApaMETPH EJIEKTPOXIMIYHOTO JOCIIIKEHHS.

Cepen 3a0pyIHIOBAYIB, sIKI TIOTPAIUIIOTE JI0 MIUTHOI BOJH, HaitHeOe3eTHi-
IIMM € CBUHEIIb, IKUI HANEKHUTH JI0 PEUOBHH MEPIIOTO Kiacy HeOe3neku, i ToMy
HOro BMICT y BOAI, XapuOBHX MPOAYKTaX Ta aTMOCPEPHOMY IMOBITPi CTPOTO KOH-
TPOJIIOIOTE. BioMO, 1110 BiH € OJIHUM 3 BaXKJIMBUX BHJIIB MiHEPAJIbHOT CUPOBUHH
1, BOIHOYAC, € OJHHUM 3 TJIOOQIBHHX 1 HagHEOE3MEIHNX 3a0pyIHIOBAUIB JOBKIJI-
7151, BITHECEHMX JI0 KJIacy KaHIEPOTSHHUX JIJIS JIFOMHU.

3a pe3ynpTaTtaMu JAOCHTIIKEHb BCTAHOBJICHO, M0 HaWe(EKTUBHIIIIAM /ISl BU3HA-
YeHHsI KOHIICHTPAIlii CBUHIIIO Y MHUTHINA BOJ € IJIATHHOBHI BUMIPIOBAILHUN €JICKT-
pox. PosrisHeMO TpHKIam BUMIPIOBAHHS KOHIICHTpAIld CBHHITIO Y THTHINA BOI 3
BUKOPUCTAHHSIM IIIATUHOBOT'O Ta CPIOHOTO €JIEKTPO/IIB 3 aMaJIbraMOO PTYTI.

BukoHaeMo BUMIpIOBaHHsI CBUHIIO y MonenbHOMY po3urHi 10 ma 2M HCl 3
xoHrentpamieo Cp, = 10 Mxr/mm® (0,01 Mkr/cM’), o BimmoBimae rpaHmdmHO
nmoryctumii konneHTparii (/1K) ceunmto y mutsii Bozi 0,01 mr/om’ [1]. Enex-
TPOXIMi4HI MapaMeTpu Ta NOXMOKH BUMIPIOBaHHs KOHLEHTpaLili CBUHIIO y MO-
nenbHoMy po3unHi Cp, = 0,01 MI/IM° HaBeaeHO B Tab. 1.

22 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne4 (206)



Ananimuuna cucmema 013 MOHIMOPUHEY MA OYIHKU PUUKIG CHOJICUBAHHS NUMHOT 600U

Taébauysa 1. EnekTpoxiMivHi TapaMeTpy Ta HOXUOKHM KOHIIEHTPAIii CBUHITIO

Horenuwian | Yac konne- | Ilorenmian . Bumipsina .

Enexrpon KOHLIEHTPY- | HTPYBaHHS, | 3UHTYBAHHSL Hac insep KOHIIEHTpPa- Biuocna
’ > |cii mpoOm, | . noxudka, %o

BaHHsI, MB C mB 10ist, MKI/eM’
CpibHuii 3
aMabraMoro -900 90 -280 0,52 0,00962 3.8
pryTi
InatunoBuit -600 90 +150 51,9 0,00947 53

Pesynbrati mOpiBHAHHS CBiguYaTh, IO ENEKTPOXiMiYHI YMOBH BHMIpIOBaHHS
KOHIICHTpAIlI HA IHIUKATOPHHUX EJICKTPOJaX BiIPI3HSAIOTHCS, Yac iHBEPCIl CBHHIIIO
JUTS CPIOHOTO €NIeKTpoIa Habarato MeHIIe HbK [UTS TUIATHHOBOTO €JIEKTPO/IA, BiITHOC-
Hi MOXMOKM BU3HAYEHHS KOHIIEHTPAI CBHHITIO Ha 000X €JIEeKTPOAaX MEHIIe Hik
HopMoBaHa noxuoka 10 % [2], ane maTHHOBUIA €1eKTpo] Mae OUIBITY Yy TIUBICTD.

3acToCcyBaHHS IUIATHHOBOTO Ta 30JI0TOTO €JIEKTPOMIB IS BHMipIOBaHHS
KOHIICHTpAIlill TOKCHYHHUX eJeMeHTIB 3a Meromamu IXII € MOXIUBHAM, IO Y-
MOKJIMBITIOE PO3POOIEHHS 1HPOPMAIIIIfHOT TEXHOIIOTIi eKCIIPECHOTO BU3HAYSHHS
SAKOCTi MUTHOI BOAW Ta BOJH Pi3HOTO MPUPOTHOTO MTOXOKEHHS.

MATEMATHYHA MOJIENb MACHM JIObABKM XIMIYHOTO ENEMEHTA

OpnHi€ro 3 HEBHUpIIEHNX Npo0iIeM 3acTOCYBaHHs eneKTpoxiMiuHux MetoniB [XTI1
B aHAJTITHYHUX JOCITIPKEHHSIX € MPOIeC BU3HAYEHHS Macu NOOAaBKH CTaHOApT-
HOTO 3pa3Ky iOHIB eleMeHTa Y BUMIpIOBaHHI KOHIIEHTpaIiid criocoboM 100aBKH
JUIsE 00’ €KTIB JOBKULIS 3 HEBIIOMOIO KOHIIEHTPAIIEID JOCTIIKYBAaHUX EJIEMCH-
TiB, KOJIM HEOOXIJHO IIJISXOM €KCIEPUMEHTAIBHOIO MiJ00py BU3HAYMTH HEOO-
XiHI eTeKTPOXIMIUHI TMapaMeTpH JOCIiHKeHHs a00 BHOpaTH MIa0IOH BU3HA-
YEeHHS 33J]aHOi KOHIICHTpAIIii.

Leit mpouec motpedye Garato 4acy, TOMy HarajibHOIO HpOOIEMOIO € HOro
aBTOMATH3allisl HUIIXOM IMOOYJOBH MAaTEeMaTUYHOI MOJENI BH3HAYCHHS MAacH
00aBKH 1HBEPCIi eleMeHTa 3aJIe)KHO BiJl 3HAUYEHD €JIEKTPOXIMIYHUX ITapaMeTpiB
OCIIKEHHS.

3rigHO 3 TEOPETHYHHMH OCHOBAMH iHBEpCIHHOI XpOHOMOTEHLIOMETpii, Oc-
HOBHE aHAIITHYHE PIBHSIHHS METOJYy Ma€ BUTJISLII:

R
T :%tkon ,

' (2)

1
Ie 7; — d4ac iHBepcii, k — mepeximgamii koedirieHT, R — ormip y 30BHIITHOMY
NaHI031 BUuMiptoBaHHs, Cy, — KOHIEHTpAILlis eIEMEHTY, f4,, — 4Yac KOHIICHT-

pYyBaHHsI, ¢; — TOTEHLIal iHBepcCii.

3 piBHSHHS (2) BUIUIMBAE, M0 32 HE3MIHHOCTI 1HIIMX MapaMeTpiB (00’ €My, TeM-
TIepaTypH TOITIO) Yac iHBEPCii € TPSMO MPOIOPITIHHAM KOHIIEHTpAITii i0HYy eleMeHTa B
PO34MHI, 4acy KOHIIEHTPYBaHHS Ta OMOPOBi B 30BHIIITHFOMY JIAHITFO31 BUMIPFOBaHHSI.

3 iHmoro OOKy, 3TiAHO 3 iH(OPMAIITHOI TEXHOJIOTIE [6], KOHIICHTPALlis
enemenTa Cy, (Maca i0HIB y po3unHi IpoOH m) y pa3i BUKOPUCTAHHS O/HIi€ET 200
JEKIIBKOX JJ0OABOK BH3HAYA€THCS 33 3BOPOTHOIO €JIEKTPOTHOIO XapaKTEePHUCTH-
KOO — JIIHIHHOFO 3aJIC)KHICTIO MaCH 1 10HIB €JIEMEHTA BiJl 4acy iHBEPCil 1,
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m= SOﬂ< + S* : tinvs (3)

nie m — Maca 100aBKH CTaHIapTHOTO 3pa3Ka i0HIB eleMeHTa, Sp* — mapaMerp
JIOCTOBIPHOCTI BHUMIPIOBaHHS KOHIIGHTpAIliii 3a crmocoboM 06araThoxX H00aBOK,
MPUIMAIOTh PIBHUM HYNIO; S* =m / t;,, — HaXWUJI 3BOPOTHOI XPOHOCIEKTPOIHOT
XapaKTePUCTUKH (YUM BiH MEHIIE, THM Yy TJIMBIIIOIO Ta SKICHIIIOK € Tapa ele-
KTPOJIB 32 OJHAKOBUX YMOB BUMIPIOBAHHSA); tiny = T; = Ig — ly; — PI3HHIA MIXK
yacoM iHBepcii 100aBKu #; Ta yacoM iHBepcii podHu ¢, (mpupict yacy iHBepcii 3a
PaxyHOK 00aBJICHHS B pO3UYHWH MacH i0HiB 7).

[lincymoByrouHn, 3p0OMMO BHCHOBOK, IIIO TPOIIEC iHBEPCii y KOXKHOMY Jlia-
Ma30HI KOHIICHTpAIliif, 3a CTaOUTHPHUX 3HAYCHb IHINUX 3MIHHHX, 3aJICKHUTHh Bil
TPHOX MapaMeTpiB:

1) Mmacu 1o0aBKH m CTaHJAPTHOTO 3pa3Ka i0HIB eNeMEeHTa;

2) gacy iHBepCii tiyy;

3) yacy KOHLEHTPYBAHHS fi,p.

Kpim Toro, 3rigHo 3 piBHAHHAM (3), 3aJI€KHICTh Macu JOOABKU 7 Ta 4acy
1HBepCii t,, Bill MapaMeTpy HaXWIy 3BOPOTHOI XPOHOEICKTPOIHOI XapaKTepHC-
TUKU MOKHA HAIaTH y BHTIISAL

m = fliny 'f(tkon)' (4)

PosrnsaeMo anropuT™M MOOYIOBHM MAaTeMAaTHYHOI MOJEN MacH J00aBKH
eJIeMEHTa Ha MPUKJIaJi BUMIPIOBaHHS KOHIICHTPAILil CBUHIIO HA TUIATHHOBOMY
EJIEKTPO/Ii.

ANFOPHTM NOGYJ0BH MATEMATHYHOT MOJIEMI MACH 10BABKM

Anroput™m moOyIOBH MaTeMaTHYHOT MOJIENi Mach JOOABKU XIMIYHOTO elIeMeHTa
CKJIQ/IAETHCS 3 TAKUX KPOKIB.

Kpok 1. BuMiproBaHHsI KOHIIEHTpaLiil y CTaHAAPTHUX PO3YMHAX CIIOCOOOM JI0-
0aBKH. BIKOHY€EMO BUMIpIOBaHHSI MacOBOT KOHLIEHTPALii 10HIB eleMeHTa CBUHIIO Cpy,
y cranmapTHEX (oHOBHX po3urHax 2M HCI, 06’emom 10 cM’, st 3HaueHDb mabiio-
uiB: 1 Mxr/em’; 0,1 mxr/em’; 0,01 mxr/em™; 0,001 mMir/em’ (puc. 2).

115t KO)KHOTO CHTHay IHTEHCHBHOCTI BUKOHYEMO MOJICIIIOBAHHS Ta BH3HA-
yaeMo 4ac iHBepcii GoHy ¢, mpobu ¢, Ta A00ABKH #; 3a IJIOUIEIO BiIIOBIIHUX
KOMITOHEHTIB Y cIleKTpax [6]. 3a 3HaYeHHSIMH ITX IMapaMeTpiB OyIyeMo 3BOPOT-
HY XPOHOEJIEKTPOAHY XapakTepHCTHKY (puc. 3).

PozpaxoByemo 3HaueHHs KoHIeHTpalii cBUHIIO Cp, 32 popmynoro (1) mms
KOYKHOTO CTaHIapTHOTO PO3UYHHY.

Kpok 2. ®opmyBaHHS eNeKTPOXIMIYHUX MapaMeTpiB AociimkeHHs. Dopmy-
€MO Ta 30epiraeMo 3HaueHHS €JIEKTPOXIMIYHHUX MapaMeTpiB MPOBEACHUX BUMi-
pIOBaHb KOHIIEHTpALil eneMeHTa (Tab. 2):

— wMaca 100aBKH CTaHAAPTHOTO 3pa3Ka iOHIB CBUHIIIO 711 [MKT|, HATIPUKIIA],
Jutst koHneHTpartii Cp, = 1 mkr/em’, m =10 em® - 1,0 mxr/em® = 10 Mkr;

— dYac iHBepcCii CBHHINIO [C] pO3paxOBYeEMO SIK PI3HHUINI0 MK 4YacoM iHBepCii
J00aBKU f; Ta 4yacoM iHBepcii MpoOH f, MiCisA MOJEIIOBAHHSA, 3a ILIOIIEIO
KOMITOHEHTIB CBHUHIIIO Y CIIEKTPaX CUTHAIIIB IHTEHCHBHOCTI:

Ly = 84— tp;
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-250 -200 150 -100 -s0 o s0 100 150

Puc. 2. CurHanu IHTEHCHBHOCTI BuMipioBaHHS cBuHIIO CPb 0,001 mkr/cm’
(HmKHS KpuBa (3€JIEHOTO KOJILOpY) — POHOBUI pO34MH, cepellHs KpuBa (CHHBOTO KOJIbO-
PY) — PO3UHH IpoOH, BEPXHs KpHUBa (YEPBOHOTO KONBOPY) — PO3YHH IPOOH 3 JOOABKOO
m = 0,01 Mxr)

0025
0024
005

0.01 4

Maca, mMkr

00054

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Yac iHBepcil, Mc

Puc. 3. 3BOPOTHA XPOHOEJIEKTPOIHA XapaKTEPUCTUKA BUMIPIOBAHHS CBHHIIIO

Taonuysn 2. EnexTpoxXiMiuHi HapaMeTpd BUMIPIOBaHHS Ta BU3HAYCHHS KOHIICHTPAIii
CBHUHIIIO y PI3HHX Jliara30Hax

BumipsiHa . Haxun Yac
Konnenrpa- KOH a Maca Yac iuBep- son. xapak- | K Al
wist, C, OHUCHTD JI00ABKU cit 3B0p. Xap OHUCHTPYB:
MKI/CM i 3 m, MK tims C TCpHCTHIKH, A,
Cpy, MKT/CM ’ " S* MKr/c Lions ©
1,0 0,986 10 1,163 8,6 60
0,1 0,1001 1,0 1,330 0,752 90
0,01 0,0979 0,1 2,933 0,0341 120
0,001 0,001015 0,01 3,636 0,00275 150
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-
® o
y’“

Massa / Tinv, mkg/s
=y

Tkon, s

Puc. 4. ExcnepuMeHTalbHI 1aHi Ta MOJieNbHa 3anexHicTh S* = f (tkon)

T~

Ln (Massa / Tinv)
"

=]

60 90 120
Tkon, s
Puc. 5. Jlinitina orapudmivaa Mogens 3anexxHocTi In(S*) = f (tkon)

Tabnuysa 3. CraTucTUYHI XapaKTEPUCTUKK MATEMaTHYHOI MOJIEITi Mac iHBepCii CBHHIIIO
. Maca Yac Yac KOHLIEH- Mozemsa Biasocna
KonueHntparis, . maca J100aB- MOXHOKa

C. act/ort’ J00aBKI iHBepCil TPYBaHHS - Mozen

’ m, MKT' Linys € Yrons © m* MK & %

1,0 10 1,163 60 10,83 8,37

0,1 1,0 1,330 90 0,813 18,7

0,01 0,1 2,933 120 0,118 17,7

0,001 0,01 3,636 150 0,00957 43

— HaxuJ] abo TaHTeHC KyTa 3BOPOTHOT XapaKTEPUCTUKU PO3PAXOBYEMO IS
KOKHOI KOHIICHTpAITIT 32 3JIeKHICTIO S* =m / ty,, [MKF/CMS] (puc. 3).

Kpok 3. I[ToOynoBa excriepuMEHTaILHOTO Tpadiky 3aiexHOCTI S* = f (#4,).
Bu3HagaeMo TOUKM €KCHEPHMEHTAIBHUX JaHUX 3aJICKHOCTI HaXMIIy 3BOPOTHOI
XapakTepUCTUKHU S* [MKT/C] Bix 4acy KOHIIGHTPYBaHHS &, [c] (puc. 4).

Kpox 4. Po3paxynok mozeni S* = f(¢,). Jdns niHeapu3zanii gnaHux jmorapu-
dbMmyemo opauHatu S* Ta Oymyemo rpadik In(S*) = f (t.,) (puc. 5).

BukoHyemo niHiHY anmpoOKCHMAaILilo JOrapU(PMIYHHX E€KCIIEPUMEHTAIBHUX
JAHUX 332 METOJOM HalMEHIIMX KBaJpaTiB Ta BH3HAYaeMO Koe(illieHTH piB-
HaHHA In(S*) = a + b b, (a=7,68;b=-0,0908).

Toni, momens S* = f(#4,,) MAaTUME BUTIISA;

S* = exp (7,68 - 0,0908 - ton). 5)
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I'padivuno 300paxyeMo eKCIIOHEHIIaIbHY MOJIETIBHY 3aJIeXHICTh (5) Ha puc. 4.
Kpok 5. Maremaruuna Mojiesib Macu 100aBKM TOKCHYHOTO €JIeMEHTa. 3TijI-
HO 13 3aJiexHICcTIO (5) MareMaTnyHa MOJellb Macu J00aBKH CBUHIO m* y pasi
BHMIPIOBAaHHS KOHIIGHTpAIliil ITUTATHHOBUM EJIEKTPOJIOM 3a CIIOCOO0M J00aBKH
MaTHMeE BUIJIAL
m* =ty - exp (7,68 - 0,0908 - 10). ©)

BusHaunMo cTaTUCTHYHI XapaKTepUCTUKH (Ta0. 3.) OOy I0BaHOT MOJIE 3a eK-
CTIepUMEHTATbHUMU JITAHUMH, JIe BITHOCHA TIOXHOKa Moieni € = (m —m*) -100/m.

3a mapuMu Ta0I. 3, MareMaTH4Ha MOJEIh MacHh J00ABKH CBUHIIO afeKBAaTHO
OITHCY€ EKCIIEPUMEHTANIbHI JaH1 3 MAKCHIMAJTLHOIO BITHOCHOIO TOXHOKor0 18,7 %, 1110
He TIePEBHIIy€ HOPMATUBHOI BiTHOCHOT MOXuOKH 20 %, 3riflHO 3 METOAWKAMH BUMi-
PIOBaHHS KOHIICHTpAIlii CBHHIIO Y Boji 3a MeTomamu [XT1.

METOJl EKCNPECHOrO BU3HAYEHHA KOHUEHTPALIA Y MMTHIA BORI

Po3pobiena mozens Macu 100aBKH Ja€ 3MOTY 3a pe3yJbTaTaMH OJHOTO BHMi-
pIOBaHHS 4acy iHBepcii BU3HAUYUTH Macy iOHIB Y PO3UMHI IpoOU Ta po3paxyBaTH
KOHLIEHTPAIIi}0 XIMIYHOTO eJIeMEHTa B 00’ €KTi.

OcCoO0NHBICTIO €KCITPECHOTO BU3HAUCHHS KOHIICHTpAIIiil €JIeMeHTa y MPUpO-
JHIN TUTHIA BOJII € BIJICYTHICTh MiITOTOBKH MPOOH, a 1I€ 3 XIMIYHOT TOUKH 30Dy
HE Ja€ 3MOTy TOBHICTIO BH3HAYHWTH HasBHI pyxoMi (opmu i0HIB, 00 JacTHHA
MacH i0HiB mepeOyBa€e y 3B’s3aHOMY CTaHI OpTaHIYHUMH CIIOTyKamMu. BuzHauu-
TH CTYIIHB 3B’SA3aHOCTI 10HIB TEOPETUYHHUM IIIISIXOM HEMOXKIIMBO, BiH 3QJICKHUTH
BiJl 0araThb0X MPUPOAHUX (PAKTOPIB: CKJIATy PO3YMHEHUX y BOJII COJIeH, HAsSBHO-
CT1 OpraHiYHUX JOMIIIOK, JTYKHOCTI TOLIO.

s BupimieHHs 1i€i mpoOiaeMu BBEIEMO TOHSATTS TaKOTO Koeiuichma
AKmMueHOoCmi iOHA TOKCUYHOTO eJIeMEHTa (Pyr) Y BOIHOMY PO3YHHI KOHKPETHO-
ro 00’€KTa BOJOIOCTAYaHHS, KU BKa3ye, HACKUIBKH TpeOa 3MIHUTH pO3paxo-
BaHy Macy iOHiB, OJIepXKaHy 3a MOJIEIUII0 MacH iHBepcii, 1100 BOHA BiAMOBixana
peanbHil Maci i0HIB, BU3HAYEHIH aHATITHYHUM [UIIXOM CIIOCOOOM A00aBKu. 3a
TaKUM CaMe NMPUHIMIOM y NACIOPTHUX JAHWX Ha 10H-CENEKTHBHI €JIeKTPOIU
HABOJATHCS KOS(DIli€EHTH aKTUBHOCTI 10HIB y P00, 3aI€:KHO Bijl IXHIX KOHIICH-
Tpamii y QoHOBHX po3unHaxX. DakTWYHO, KOeQIIliEHTH aKTHBHOCTI 10HIB P,
BKa3yIOTh Ha 3B’S3aHICTh PyXOMHX (OpM 10HIB TOKCHYHOTO €JIEMEHTa OpraHiy-
HHUMH CIIOJyKaMH Yy THITIOBUX 00’€kTax BojgonocradyaHss. [IpupoaHo, mo koedi-
IIEHTH aKTUBHOCTI 10HIB OYAyTh PiI3HUMH I TOKCHIHUX €JIEMEHTIB, 3aJIC)KHO
BiJl BUMIpIOBaJbHUX E€JIEKTPO/IB Ta 00 €KTiB BOAONOCTayaHHs (IiA3eMHOI apTe-
3iaHCHKOI BOJAM, BOJM LIEHTPATI30BAHOTO BOJOIOCTaYaHHS — 3 KpaHy, BOIH
KPHHUIb, TOBEPXHEBOT PIYKOBOI Ta 03€PHOI BOAHU TOIIIO).

KoeimieHT akTUBHOCTI 10HY P PO3PAXOBYIOTH 3@ CITiBBiTHOIIEHHIM

Due = Mo/ m*, (7)

Jie my — Maca i0HIB eJIeMEHTa y BOJli, BU3HAYCHA 3a CIOCOOOM T00aBKH MiCIIs
MiArOTYBaHHS MPOOU BOJH, 3TiJHO 3 METOJMKOK BUMIPIOBAHHS; m* — MOJIEb-
Ha Maca T0OaBKH 10HIB €JIeMEHTa, BU3HAYCHA y MIPUPOIHI BOAI Ta po3paxoBaHa
3a MOJICJUTIO MacH iHBepcCii, HalpUKIIa JJ1s BUMIPIOBAHHS CBUHI[IO HA IJIATHHO-
BOMY enektpoi (6).
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Opientyrounch Ha (HopMyiy BuzHaueHHsS KoHueHTpaniin Cy, (1) 3a cmoco-
Oom mo0aBku, popMyIIa I €KCIPECHOTO BU3HAUEHHS KOHIeHTpamii C eneme-
HTa Me Oyne TaKoro:

Cyve = Pye - m*- k, (8)

Ie k — mepeBinHAi KoeilieHT I pO3paxyHKY MacoBoi KOHIIGHTpALlil eleMeHTy B
BOZHOMY 00’ €KTi 32 3HAYCHHSIMH HOTO KOHLIEHTPAIIIH Y eNeKTpOXiMiYHINA KOMIipIIi:

4
VoH’ ©)

ne Vi — 06’eM pO3uUMHY 3 MiArOTOBICHOIO MPOGOIO BOIH, CM’; Vs — 06°€M po3-

YMHY 3 MiArOTOBJIECHOI0 MPO0OI0 BOAHM B €NEKTPOXIMIUHIM KOMIpI, B3ATOrO JUIS

aHanizy, cM’; H — 06°eM npoGH 06’ €KTa BOJIONOCTAYaHHs, B3TOT TS MiHepari-
3alii Ta miAroToBKU Ipo6H BomH (cM’).

VY BHUMNaAKy eKCIpecHOro BHMIPIOBaHHS KOHIIGHTpAIl eleMeHTa Y TIPHPOJIHIH

Bomi V)= V,=H, popmyina i1 po3paxyHKy MepeBiHOro KoedimieHta oy e

- 1

CH (10)

OcTtaro4Ho, 3 ypaxyBaHHsM 3aiiexHOCTi (4) Ta (10), popmyrna ekcrpecHOro
BU3HAYEHHS MAaCOBOI KOHIIGHTPALlii TOKCHYHOTO eneMenTa ¥ Bomi Cyz [MKr/cM’]
MaTHUME BH/I

CMe:pMe'tinv'S*/Hs (11)

IIe Pye — KOSOIIIEHT aKTUBHOCTI 10HY €JIEMEHTa B HATYpaIbHIN BOJI, fi,, — Yac
iHBepcii eneMeHTa [c] 3a pe3ylbTaTaMH MOJICIIOBAHHS CUTHAIIY iHTEHCUBHOCTI,
S* — Hax®JI 3BOPOTHOT ENIEKTPOTHOT XapaKTEPUCTUKH [MKI/c| 3aJIeXHO BiJ 4acy
KOHICHTPYBaHHSA S* = f (t1on), (151 CBHHIIIO fpp (Lon) = €Xp (7,68 - 0,0908 - #1,,)),
H — 06’eM Boam, B3ATOI 711 aHAITI3Y, oM.

Hasenemo y Tabn. 4 po3paxoBaHi 3HaUeHHsI HAXWITy S* I CBUHITIO HA TUIATH-
HOBOMY €JIEKTPO/Ii 3aJIEKHO BiJl YaCy KOHLIEHTPYBaHHS f,, 3 KpokoM 30 c.

®opmyny (11) 11 BUMiproBaHHS CBUHIIIO B TIUTHIM BOA1I MOKHA CIIPOCTHTH
JUISE. KOHKPETHOTO 00’€KTa BojomocTavyaHHs. [IpoBeieHi XiMiUHI JOCITIKCHHS
BKa3yIOTb, 1110 B apTe3iaHChKiil Boxi OtoBeTiB MicTa KueBa peanbHa KOHIIEHTpa-
1is cBHHIIO He nepesuinye 3nadeHns [ J1Kp, = 0,01 MKT/CM’ [11]. Jns BuzHa-
YeHHS KOHIICHTPAIlii CBUHITIO Ha TUIATHHOBOMY €JIEKTPO/Ii B apTe3iaHChKii BOII
HEOOXi/THO BUKOPHCTATH eIeKTpoXiMiuni mapamerpu mabiaony 0,001 Mkr/cM® 3
tron = 150 ¢ (Tabm. 2), B3siTt Tpo0y HaTypanbHOI Boau H = 5 My, nobaBuTH 5 M
¢oHOBOrO po3unny coinsHoi kucinotu (4M HCI) Ta BUKOHATH TOCIIHKEHHS.

3riiHO 3 OMMCAHOI METOAMKOIO €KCIIPECHOIO BHMIPIOBAHHS CBUHIIIO B ap-
Te3iaHchKil Boai, it S*/ H=0,002632 /5 =0,0005264 popmymna (11) Oyne:

Cpy = 0,0005264 - Dge - tinvs (12)
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Tabnuys 4. 3HaueHHs HAXWITY 3BOPOTHOI €JIEKTPOIHOI XapaKTepUCTH-
KU JUTsI CBUHITIO HA TUTATHHOBOMY €JICKTPO/Ii

Haxuu 3BopoTHOI
Yac KOHIEHTPYBAHHS
fiom € XapaKTePUCTHKH
S*, MKT/C
30 142,0
60 9,319
90 0,6114
120 0,04012
150 0,002632
180 0,0001727

Omxe, MaTeMaTU4HA MOJIENTb MAacH J00aBKH (60) 1a€ 3MOTY €KCIPECHO BU3HAUUTH
KOHIICHTPAITIF0 CBUHITIO B TIMTHIN apTe3iaHChKii Bomi 3a (opmyoro (12), BUKOHABIITN
TUTGKA OJTHE BUMIPIOBAHHSL.

ANTOPMTM OUIHIOBAHHA PH3HKIB NOABH 3AXBOPIOBAHD NHOMHM
Y PA3I CNOMMBAHHA SABPYJIHEHOI NHTHOI BOJM

O1iHIOBaHHS PU3MUKIB TMOSBH 3aXBOPIOBAHb Y pa3i CIIOKUBaHHS 3a0pyaHEHOi
MUTHOT BOJIN 31CHIOETHCS TIOCIIOBHUM BUKOHAHHSAM TaKHX TPbOX €TAIliB:

eran | — BUMIpIOBaHHS KOHIICHTpPAIIii XIMITHIX €JIEMEHTIB P00 MATHOT BOIW;

eTan 2 — OIIHIOBAHHS PU3UKY JUTSI 3A0POB’SI JIFOINHU;

eram 3 — aHai3 pe3yJbTaTiB OI[IHIOBAHHS PU3UKIB y pa3i CIIOKWBaHHS 3a-
OpyaHEHOI MUTHOI BOJIN.

Ha nepuwiomy emani 3a nonomororo npunany «Anamizarop [XII» BuKoHye-
MO BHMIipIOBaHHS KOHIIEHTPALil XIMIiYHUX €IeMEHTIB Y MUTHIH BOI.

Ha opyeomy emani, BIATIOBITHO IO METOIMYHOTO ITiIXOMY Ta peKOMEHMIAITIH [12,
13], OLIHIOEMO PU3MK IS 37I0POB’ S JIFOIMHU OKPEMO I HeKaHIIEPOTCHHUX Ta KaH-
[EPOTreHHHX e(PEKTiB.

st oriHIOBaHHS PHU3UKY IS 370POB’S JIFOAWHU, TIOB’SI3aHOTO i3 3a0py-
HEHHSIM [TUTHOI BOAY TOKCHYHUMH PEUOBHHAMH, BUKOPUCTOBYEMO O€3MOPOrOBY
MOJENb OLIHIOBAHHS IOTCHLIHHOTO HEKaHLEPOTeHHOTO PU3HKY, IO 0a3yeThCs
Ha KMOBIPHICHUX OLIHKaX PO3BUTKY HECTIPUATINBUX €(PEKTIB.

O1iHKy NOTEHLIHHOTO HEKaHLIEPOT€HHOTO PU3UKY BIUIMBY i-0i XIMi4HOT pe-
YOBUHH, II0 MICTHTBCS Y TIUTHIA BOZ1 Ta Ma€ TOKCHYHUI e€EKT BILUTUBY, BU3HA-
9a€eMO 3a PIBHAHHAM

Risk;= 1 —exp (( In(0,84) / (TIIK, x K,)) )xC,), (13)

ne Risk; — iMOBIpHICTb PO3BUTKY HeCIeIU(IYHUX TOKCUYHMX €EKTIB 32 XPOHIYHOT
iHTokcuKaii (Bix 0 10 1); C; — KOHIIEHTpAIlisl XIMIYHOT I-01 PEYOBUHH Y MTUTHIN BOJII:
cepeiHs T000Ba KOHIICHTPAIlis PEUYOBUHH, 1110 MOTPAILISE B OPTaHi3M JIFOMHU 3 ITHT-
HOIO BOJIOIO BIIPOZOBK TPHBAIOTO YacCy; VIS OITIHIOBAHHA €(EKTIB Bijl TPHUBAJIOrO
(XpOHIYHOTO) BIDIMBY PEYOBHH BUKOPHCTOBYEMO 3HAUCHHS iXHIX CEpeNHIX KOHIICHT-
paiii (tonarimene 3a 1 pik); I'JIK; — HOpMaTiB rpaHUYHO JOIMYyCTHMOI KOHIIEHT-
patii pedoBunu (TadI. 6.5); K,; — xoedimieHT 3amacy (Tabm. 5).

OriHKy cymapHOro (KOMOIHOBaHOTO) HEKAHIIEPOTCHHOTO PU3UKY Risk, Bin
BIUIMBY BCIX /71 3a0pyIHIOBAJIbHMX PEUOBHH BU3HAYAEMO 33 JOIIOMOT'OI0 PiBHSHHS
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Risk, =1 — (1 — Risk))x(1 — Risks)x...x(1 — Risky), (14)

ne Risk,, Risk,, ..., Risk, — HeKkaHIEpOTEHHUI PU3WK BiJl BIUINBY KOXKHOI pe-
YOBUHH, 200 PO3PaXxOBYEMO 3TiHO 3 METOMOJIOTI€I0 BU3HAYCHHS E€KOJIOTIYHOTO
PHU3UKY KOMOIHOBAHOTO BIUIMBY KUJIBKOX XIMIYHMX PEYOBHH JIS1 OLIIHIOBAHHS
3mopoB’s ronei [20].

OCHOBHHM MapaMeTpoM JIsl OLIHIOBAaHHS KAaHIEPOTEHHOTO PU3UKY € YHH-
HUK KaHIIEPOT€HHOTO TOTeHIiamy SF,, o BimoOpakae BEpXHIO, KOHCEPBATHBHY
OITIHKY KaHIIEPOTCHHOTO PHU3UKY 3a OUIKYBaHOI (CepeaHbOoi) TPUBAIOCTI KHUTTSI
moauan (70 pokiB). Lleli YMHHUK XapakTepusye Mipy JOJaTKOBOTO iHIUBiAya-
JILHOTO KaHIEPOT€HHOT0 PH3HUKY a00 CTYHiHb 3011bLICHHS] HMOBIPHOCTI PO3BHT-
Ky paKy BHACIi/IOK BIUIMBY KaHLIEPOTEHY.

O1iHKY KaHIIEpOTeHHOI'O PH3UKY PEYOBUHHM, L0 Ma€ TOKCHYHUHN e(eKT, BU-
3HAYa€EMO 32 BUKOPUCTAHHS €KCIIOHEHIT1aIbHOT MOJIEII:

Risk; =1—exp (— SFo; X LADD), (15)

ne LADD; — Benu4nHa CepeHbOA000BOT 103U, SIKY BU3HAYAEMO TAKHM YHHOM:
LADDi = (C; x CR x ED x EF) | (BW x AT x 365), (16)

ne C; — KOHIIGHTpAITisI PSYOBHHN y TUTHIN Bomi, Mr/1; CR — MIBHAKICTH TTOTpaI-
nsHES (KUTBKICTR 332 OJWHMITIO Yacy) NMATHOI BOAW B OPraHi3M JIFOMWHH, /100y (2
/100y — nopocii, 1 /100y — nitn); ED — TpuBamicTh BILIUBY, poKiB (30 pokiB —
nopocii, 6 pokiB — nith); EF' — dactoTa BBy, AHiB/pik (350 muiB); BW — Maca
Tina momuay, Kr (70 kr — nopocni, 15 xr — giti); 4T — mepio eKCIo3ullii, pOKiB
(70 poxiB); 365 — KiNBKICTb THIB Y POIIi.

S0 oTpuMaHe 3Ha4YeHHsS PU3UKY Risk; € BumuM 3a 0,001, Toxi cymapHuit
KaHIIEPOTCHHUH PU3HK IepepaxoByeMO 3a piBHIHHAM (14).

3aranbHy OIIHKY PHU3HKIB TOSBH 3aXBOPIOBAHb y Pa3i CIIOKUBAHHS 3a0py-
HeHOi mUTHOI BOMU Risk BU3HAYa€MO SK CyMy OIIIHOK HEKaHIEPOTEHHOTO Ta
KaHIIEPOT€HHOTO BILTUBY:

Risk = Risk, + Risk. (17)

Ha mpemvomy emani ananizyemMo ofepkaHi 3HAYCHHS OIIIHOK PU3UKIB ITOS-
BU 3aXBOPIOBAHb.

KoskHa mkijmuBa pedoBHHA, IO MOTpANWia y HABKOJIUIIHE CEPEIOBHIIE,
CTBOPIOE PHU3HK 3arpo3u 310poB’r0. Lleil pu3HK 3aiMeKUTh BiJ 103M PEYOBHHH,
IO MOTpanuia B OpraHi3M JIOAWHH.

st aHamizy BENWYMHU OLIHKYA XPOHIYHOTO HEKAHIIEPOT€HHOTO PU3HMKY BH-
KOPUCTOBY€EMO 3Ha4eHHS Riskn Ta BiAMOBiIHIM BILUIMB XPOHIYHOTO HEKaHIIEPO-
TEHHOTO PU3HKY, 3TiTHO 3 TabII. 6.
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Tabnuys 5. [lapamerpy OLIHIOBAHHS XPOHIYHOTO HEKAaHLIEPOI€HHOTO PU3KKY Y pasi CHOKHBaHHS
3a0pyIHEeHO1 MUTHOT BOAU

Koei-

X UMHHUK KaHLIepo-
CAS PeuoBmna RID HIEHT | etmoro pusuky SF,, Bpasnusi opranu Ta cucteMu
MI/KT | 3amacy, 0
K. [Mr/(xr100y)]

6484-52-2 | AmoHiit - 10 - KpoB

7439-89-6 3aizo 03 10 ) CIII330Ba, IIKipa, KPOB, IMyHHA CHC-
TeMa

7553-56-2 Hon 0,017 - - TOPMOHH, IIIUTOIIOIIOHA 3271032

7440-43-9 | Kammiit | 0,0005 100 0,38 HUPKY, TOPMOHU

7681-11-0 Kaiit 0,017 - -

7440-70-2 | Kambmiit 414 - - HHPKH,

7440-48-4 | Kobamsr 0,02 10 - KpOB

7439-96-5 | Mapranenn | 0,14 10 - HHC, xpos

7440-50-8 Mins 0,019 10 - [IUTYHOK, HUPKH, TICYiHKa

7440-38-2 | Mumr'sk | 0,0003 100 1,75 mikipa, ITHC, ceprie, imyHiteT, ropmo-
HH, CHCTEMa BYIJICBOJHOIO OOMIHY,
LITYHOK

7440-23-5 Harpiit 343 - - ceple

7440-02-0 Hikens 0,02 10 - TeYiHKa, CepIie, ILTYHOK, KPOB,
crcTeMa OOMiHy PeUOBHH

14797-55-8 | Hitpatu 1,6 10 - KpOB, ceplie

7440-31-5 Os0BO 0,6 10 - TIeYiHKa, HUPKH, IITYHOK

7439-97-6 Pryts 0,0003 10 - imyHHa cucrema, aupku, [THC, rop-
MOHH, PENpPOAYKTHBHA CHCTEMa

7439-92-1 | Csumens | 0,0035 3 0,047 IHC, kpoB, TOpPMOHHM, pO3BHTOK,
penponyKiiliHa cuctemMa

7782-49-2 Cenen 0,005 10 - IIKipa, TIeYiHKa, BOJIOCCS, CENEe3iHKa

7782-41-4 ®drop 0,06 10 - 3y0OH, KICTKH

7440-47-3 Xpom 0,005 10 0,42 TeYiHKa, HUPKH, IIUTYHOK, CIT30B1

7440-66-6 [y 0,3 10 - KpoB

Ipumitkn: CAS — HOMep 3a peecTpoM XIMIYHHX PEUOBHH AMEPHUKAHCHKOTO XiMIYHOTO TOBAPHCT-
Ba; RfD — pedepenTHa 1032, TOOTO BENMYMHA, SIKa XapaKTepHu3ye JOOOBY KO XIMIYHOT PEUOBHHH
HPOTSTOM BCHOT'O JKHTTS 1, AMOBIPHO, HE MPU3BOJUTH 1O BUHUKHEHHS HETIPUIHATHOTO PU3HKY UL
310poB’st uyTuBuX rpym; [IHC — nenTpanbHa HepBOBa cucteMa.
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Tabnuysa 6. BIjuB XpOHIYHOTO HEKAHLIEPOICHHOTO PU3MKY Ha 37I0pPOB’Sl JIIOIMHU Yy pasi
CIIO’KMBAHHSI 3a0pyIHEHOI TUTHOI BOJU

Jiamazon .

OIiHOK 3HauyeHHs BIIMBY XPOHIYHOI0 HEKAHLIEPOTeHHOT0 PH3UKY
<05 MPUAHATHUHN, BIJICYTHI HECHPUSATIUBI MEIUKO-€KOJIOT1UHI TeHAEH-
’ mii

0.05-0.16 BUKJIMKAa€ MOOOIOBaHHS, BUHHKAE TEHJCHIIS J0 3pOCTAaHHS Hecre-
’ ’ udigHOT MaToorii

0.16-0.50 HeOe3NevHuil, BUHUKAE JIOCTOBIpHA TEHJEHINS IO 3POCTaHHS He-
s LUV,

crnenudiyHoi naTosorii y pasi nosBu OAUHUYIHUX BUIIAJIKIB

Ha/I3BHYAHO HeOe3INeyHHid, BUHUKAE JIOCTOBIPHE 3POCTaHHS He-
0,50-0,84 crenn(ivHOT MaTONOTIi Y pa3i MOSBU 3HAYHOI KIIBKOCTI BHIAJKIB,
a TaKOXK TEHJICHILis 10 30UIbIIICHHS] CMEPTHOCTI HACEJICHHS
KaTacTpo(iuHuii, 3a0pyJHEHHS HABKOJUIIHBOIO CEPEOBHIIA
MepelnuIo B iHMMK AKICHUM cTaH (MOsiBa BHUIIAJKIB XPOHIYHOTO
OTPY€HHS, 3MiHAa CTPYKTYPHU 3aXBOPIOBAHOCTI, TEHJAEHIs 10 30i-
JIBIIEHHSI CMEPTHOCTI TOMIO)

~1,0

Y GinpmmocTi kpaid 3aximHoi €Bpomny Ta B YKpaiHi iHAWBIAyaIbHUH 3arajib-
HUull Risk Ta KaHUEPOTEHHUI PU3UK Risk;, AKOMY HIATAETHCS JIIOJMHA, BBaXKa-
€ThCS Ty)e MalkM, AKIIO HOro piBeHb He mepeBmiiye Bemmumun 10° 3a pik.
ToOTo, Bix ITi€l IPUYWHA MOXKE 3aTMHYTH OJIHA JIFOAWHA Ha MiIBHOH 0cib. 3a
IIUX YMOB JOJATKOBMX i JIO 3HMXKCHHS PU3UKY Yy pa3l CIOXHBAHHS MUTHOI
BOJIA HE MOTPiOHO.

3a 3HAYEHHSAM PU3UKY BUIIUM 3a 10 o 10 HEOOXiTHUM € OIOBIIlEHHSA
BCIX 3aIlikaBlIeHHX 0ci0, OpraHi3aiili, yCTaHOB Ta BHPINICHHS MUTAHHSA IIOJ0
3HIDKCHHSI PIBHS PU3HKY.

BepxHs Mexka A0MyCTUMOTO PU3UKY (MaKCHUMAaJbHO TOMYCTUMHIA PU3UK) €
PI3HOIO JUIsl HACEJICHHS 1 AJIS TIepCOHally, KU Mpalfoe y MIKIIJIUBIX YMOBAaX.
3rigHO 3 HOpMATHUBaMH BEPXHS MeXa JIOIyCTHMOTO PH3HKY BiJl BIUIMBY PEYOBHH
3 KaHI[EPOreHHUMH BIACTUBOCTSIMHU [UTSl JTIOAMHH B YKpaini cranosuts 107, mo
noTpedye MpoBeeHH PO3MIMPEHNX JOCTIHKEHb Ta 3/IICHEHHS €KCTPEHUX 3a-
XO/JIiB MO0 3HWKEHHS PU3UKY JUIS 3I0POB’ S HACEIIEHHS.

SIKIIO KOHIIEHTpaIlil XIMiYHUX €JIEMEHTIB € OJM3bKUME 200 TICPEBUIIYIOTh 3HA-
yenns [JIK, To aHami3zyeMO MOXJIMBICTh TOSIBU 3MiH 3I0POB’s, CKJIAal0uy BILTHB
TOKCHYHHUX €JIEMEHTIB Ha BPa)KeHI OPraHu Ta CUCTEMH JIFOIMHU. B pe3ynbTati aHasizy
(hOopMy€EThCST BECHOBOK IIIOJT0 TOKCHKOJIOTTYHO]I SIKOCTI IMTHOT BomH [21-28].

Omxe, iHPOpMAIIiHiHA TEXHOJIOTISI €KCIIPECHOTO BU3HAYCHHS KOHIICHTPAITIH XiMi-
YHUX €JIeMEHTIB y TIHTHIN BOJi, peai3oBaHa B aHAJITHYHIN CHCTEMi «AHai3arop
IXII», cknagaeTbes 3 SITH OJIOKIB:  0a3W JaHMX y XMapHOMY CXOBHII, OJIOKIB eKc-
Mpec-aHajli3y TOKCUYHOCTI TIMTHOI BOIM 32 HOBUM METOJIOM TIOPIBHSHHS CHUTHAJIB,
AHAJI3y EKOJIOTIYHOI SKOCTI 00 €KTIB JOBKILIA 3 BUKOPUCTAHHAM ULl BUMIPIOBAHHS
KOHIICHTpAI[Ii HOBUX IMITYJIbCHUX METOJIB XPOHOMOTECHI[IOMETPIi, 10HOMETPUYHOTO
aHaJIi3y 3a HOBUM METOJIOM XPOHOIOHOMETpIl Ta OJIOKY OIIHIOBAHHS PU3HKIB TIOSBH
3aXBOPIOBAHb JIFOAWHH Y Pa3i CIOKUBAHHS 3a0pyTHEHOI ITUTHOT BOAM (PHC. 6).
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Ba3a gaHux
Excnpec-aHanis AHanis IoHOMeTpUYHMIA
TOKCUYHOCTi eKornori4Hoil AKocCTi aHanis
NUTHOI BoaOM 006’eKkTiB OOBKINNA
Pb, Cd, Cu, Zn, Se,| Hg, As, Mn, Ni, Co, K, Na, Ca, F, NO;, NH,
Cr, Fe,Sn
MeToa nopiBHAHHA .
R v il i e
P u p XPOHOIOHOMETPIT

Y
OuiHKka pU3KKiB rno-
fAIBM 3aXBOPHOBaHb
NOOUHU NPU CNOXKU-
BaHHi 3abpyaHeHOT
NUTHOI BOOM

A

Puc. 6. Cxema iHHOpMAIIITHOT TEXHOJIOTIT €KCIIPECHOTO BU3HAUCHHS KOHIICHTPAILIH

3acTocyBaHHs pO3p0O0JICHOT TEXHOIOT] 3a0e3neuye 3ano0iraHHs MOSIBH 3a-
XBOPIOBaHb, CIIPUYMHEHUX BXXMBAaHHAM HESKICHOI MUTHOI Boxu. [lomanbmii 3y-
cryuIa OyJie CIIpsSIMOBAaHO Ha PO3POOSICHHS MOOIUTEHUX 3aCTOCYHKIB, SIKi BUKOPH-
CTOBYIOTh XMapHI TEXHOJOTII Ay 30epiraHHs TaHWX BUMIPIOBaHHS KOHIICHTpa-
ifl XIMIYHUX €JIEMEHTIB, OIep)KaHUX MpHIagaMu THITY «AHamizatop [XII».

YaockoHanieHa aHamTHYHA cructeMa «AHamizatop IXID» 3a0e3redye ekcrpecHe BrMi-
proBanHsI KoHIeHTparlii 12 ximiuanx pedoBuH (Pb, Cd, Cu, Zn, Se, I, K, Na, Ca, F, NO;,
NH,) y BomHMX 00’€KTax Ha MiCIIi Ta 11ie BiciM Tokcuunux eneMeHTiB (Hg, As, Sn, Ni,
Co, Mn, Cr, Fe) B 1abopatopii 1110 1a€ 3MOTy ONepaTHBHO Ta B IOBHOMY 0OCsI31 BU3Ha-
YaTH €KOJIOTIYHY SIKICTh IIMTHOI BOJIM T2 00’ €KTIB HABKOJIMILIHBOTO CEPEIOBHIIIA.
3acTocyBaHHS 10H-CEJIEKTUBHHX Ta BHMIPIOBAJIBHUX €JIEKTPOMAIB HA OCHOBI
OJTaropoAHUX METANTIB MIIBUILYE €KOJOTIYHICTh Ta MIBHUAKICT, BUKOHAHHSI JTOC-
JipKeHb. BUKOPUCTaHHS METOJONOTI] OMIHIOBAHHS PU3WKY BIUIMBY XIMIYHHX €IIe-
MEHTIB Ha JIFOJIMHY Ta JOBKULISI YMOXIIMBIIIOE MPOTHO3YBAaHHS BHHUKHEHHS 3a-
XBOPIOBaHb BHACIIZOK TPUBAJIOTO CIIOXKMBaHHS 3a0pyHEHOI MUTHOI BOAU abo
MOYKJIMBOCTI BUKOPHUCTAHHS BOJOWM IS 3pOLIYBaHHS Ta pPUOOPO3BEACHHS.
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ANALYTICAL SYSTEM FOR MONITORING AND ASSESSMING OF RISKS OF
DRINKING WATER CONSUMPTION

Introduction. The use of the electrochemical analytical system "Analyzer SCP" allows the
environmental monitoring the conditions of drinking water and water objects, assessing and
predicting the risks of toxicants on human health and the environment.

The purpose of the paper is to improve information technology for determining the
concentrations of chemical elements for rapid assessment of drinking water quality and
methods for assessing the risk of their impact on the biosphere.

Methods. Pulse methods of chronopotentiometry, chronoionometric method of direct
potentiometry and methods of assessment of ecological risk of influence of chemicals on
environment are used for measurement of concentrations.
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Results. Developed information technology with machine learning, cloud technologies
and the use of intelligent models of the mass of chemical element additives, that allows the
results of one measurement to quickly determine the elements concentrations in the water
objects by comparing signals and assess the impact risks of chemicals to human health when
consuming contaminated drinking water.

Conclusions. Advanced analytical system "Analyzer SCP" allows you to quickly meas-
ure the concentration of 12 chemicals (Pb, Cd, Cu, Zn, Se, I, K, Na, Ca, F, NO;, NH,) in
water bodies on site and eight more toxic elements (Hg, As, Sn, Ni, Co, Mn, Cr, Fe) in the
laboratory, which allowed to quickly and fully determine the environmental quality of drink-
ing water and the environment. The use of ion-selective and measuring electrodes based on
precious metals increases the environmental friendliness and speed of research. The applica-
tion of risk assessment methodology for the chemical elements impact on humans and the
environment allows to predict the consequences and occurrence of diseases with long-term
consumption of contaminated drinking water or the possibility of using water bodies for
irrigation and fish farming.

Keywords: concentration, ecological risk, ion-selective electrode, inversion chronopotenti-
ometry, drinking water.
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DEVISING AN ACOUSTIC METHOD FOR INVESTIGATION
OF A COMPLEX FORM OBJECT PARAMETERS

Introduction. The general principles of the technique of synthesis of reflective characteristics
of complex surfaces for small wavelengths are considered in the article. The problem is set in
the conditions of using sound waves and sonar. The calculated scattering characteristics are
obtained using a facet model.

© VOLKOV O.Ye, TARANUKHA V.Yu,, LINDER YaM., KOMAR M.M., VOLOSHENIUK D.O., 2021
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Purpose. The purpose of the paper is to create a method of acoustic research and
determination of spatial characteristics of objects of complex shape, which contains the
developed facet model of the object and the model of the reflected signal. This method
consists artificial models of objects and models of the reflected signal, with the further
purpose of research and determination of spatial characteristics of objects, recognition of
objects, etc. It is expected that based on the simulation of signals reflected from these models,
it will be possible to classify objects. An important difference from most studies is a number
of assumptions about what to do with the model and how to calculate the result, because, as a
rule, the main element of such studies is the reflection surface only.

Results. For the purpose of this research simplified model of signal reflection from a
surface area in space is considered. We established a correspondence between wave
propagation in the space and change of the value of the function representing reflecting
wave. At any given moment of time the total reflected signal is the sum of all reflected signals
from all surfaces. The integral form was proposed for this purpose. The analytical formula
intended for the integral was designed for one of the specific cases of reflection. There were
numerical experiments performed to test such formula with regard of facet model of the ship.
Resulting waveform looks in accordance to expectations.

Conclusion. In accordance with the task the paper demonstrates the method of constructing a
model of objects and sound signals reflected from them, paper also considers the general principles
of the method of synthesis of reflective characteristics of complex surfaces for small wavelengths. It is
shown why and how exactly such a model is built and the presence of a significant difference in the
signal characteristics for different angles is clearly demonstrated. The main advantage of this model
is the ability to conduct experiments exclusively in digital form, without the need for expensive field
experiments. Further research should continue in the direction of selecting or creating an optimal
recognition system based on neural networks.

Keywords: facet model, remote sensing, underlying surface, sonar image.

INTRODUCTION

Nowadays, researches in the acoustic field and solving the task of determining
the direction and distance to the sound source bear high relevance, especially in
the context of developing information technology to improve the defense and
security of the state [1, 2]. The transition from the development of methods and
means of passive location of sound sources to active location is actively per-
formed, which particularly affects hydroacoustics field. First of all, it has been
widely adopted for practical marine problems solving, because no types of elec-
tromagnetic waves propagate in water over any significant distances due to its
electrical conductivity. Therefore, the only effective type of waves to be created
and propagated underwater is the acoustic wave.

Compared to the similar task of active location with the help of radio waves, ultra-
sonic location has a number of features that complicate the development and possible
use of such tools. This is most pronounced in the problem of determining the parame-
ters of the mobile maneuvering objects, foremost their shape. In the case of radiodetec-
tion, a high-speed maneuvering object is an aircraft, observation of which for a certain
period of time, e.g., for half a minute, gives in addition to distance, speed, maneuver-
ability such parameter values as radar cross-section (RCS) and its variance [3]. The
value of the variance is an important parameter for identification. At the same time, for
sound waves and marine transport due to much lower speeds and much less maneuver-
ability of objects, the power of the reflected signal, which is a function of the radar
cross-section, has much less informative variance because objects are irradiated by
waves mainly from the singular direction. In addition, there are other features that re-
quire that the task of studying the sonar reflected signal is set and solved independently.
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PROBLEM STATEMENT

Currently, the most interesting and promising tasks relate to the problem of
probing objects with short wavelength sound, which potentially allows to obtain
maximum information about the relief of the underlying surface or the shape of
the object under study.

Audio frequencies from 300 to 20 kHz and ultrasounds from 20 kHz and
above are used for communication and probing. In addition to communication
and probing in hydroacoustics, the following tasks are set:

— detection of noise signals and determination of the direction unto them;

— classification of the received signals.

Today, a significant amount of research is focused on the collection and
processing of natural data and the design of models for natural objects, as pro-
posed in [4]. Also, the task of building object models uses additional sources of
information. An example of developing a technology for the study of cultural
heritage objects, which sunk underwater, is given in the source [5]. For moving
objects (ships) the main source of information is the acoustic signature [6, 7].

Thus, for artificial but stationary objects or for objects that do not emit sound
waves for one reason or another (including sunken ships) there are no reliable methods
to determine the parameters and the fact of their artificial origin.

However, under visual inspection of the underwater part of an object, very
often it is possible to make the conclusion about its artificial origin similarly to
the definition of its parameters (size, shape, type).

The approach to the study is based on the construction of facet models simi-
lar to how it is done for radiodetection [8]. Based on the simulation of signals
reflected from these models, it is possible to classify objects.

Thus, usually, the main element of such studies is the RCS [8-11]. However,
as noted above, RCS and its variance are not always good sources of informa-
tion. The study suggests that the reflection calculated from the facet model may
provide enough information to identify both certain characteristics of the object
and the complete identification of the object. For this purpose, a facet model of
the object and a method of synthesis of the reflected signal were developed.

Accurate analysis of how the value of the amplitude of the reflected signal
from the facet model is constructed was performed. For convenience, the system
of the emitter and sensor is considered to be monostatic, i.e. the source of sound
radiation and the receiver (microphone) are so close that the distance between
them can be neglected.

The purpose of the paper is to create a method of acoustic research and deter-
mination of spatial characteristics of objects of complex shape, which contains the
developed facet model of the object and the model of the reflected signal.

GEOMETRIC CHARACTERISTICS OF THE FACET MODEL SECTION

A simplified model of signal reflection from a surface section in space is consid-
ered. The section is represented by a triangle with a certain order of vertices {A, B, C} .
The signal is represented by an arbitrary function f'(¢). The spherical wave is most
often considered. For sufficiently small areas, it is possible to consider a locally flat
wave. Since the dimensions of the triangle are determined only by the choice of the
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surface partition, a wave with a flat front will be considered. Due to this interpretation
a rectangular coordinate system is used. Let’s carry out the translation of the coordi-
nate system so that the observation point (source and receiver) is at the origin. Let the
vertices of a triangle have the following coordinates: 4= (Ax,Ay , AZ),

B= (Bx,By,BZ), C= (Cx,Cy,CZ). According to the condition it is known that the

wave front moves in the direction of the vector directed to the center of the trian-
gle I = (1 1,1, ), the coordinates of which are determined as follows:

x>ty
a=|B-d||.b=|4-C|. c=]4- 5] (1)
_ (ady +bB, +cCy)
Ix= xa+bx+c = @

(a4, +5B, +cC))

I, = , 3
Y a+b+c )

I (a4, +bB, +cC,)
z a+b+c

4)

The next step is to choose a convenient basis. In order to obtain the first
vector of the new basis, the vector of the direction of motion of the wave
front w is fixed and normalized:

Whew =

=1

I (%)

=|

When passing the front of the wave cuts off the strips of the triangle in par-
allel lines. It is expedient to choose the second base vector as the directional for
all such lines. Therefore, it must belong to the plane of the triangle and the front
of the wave at the same time. Let # be the vector normal to the surface of the
triangle, the orientation of which depends on the order of the vertices:

Bx_Ax Cx_Ax
ﬁl = By _Ay N _2 = Cy _Ay 5 (6)
BZ_AZ CZ_AZ
ﬁz_lxﬁz. (7)

Then the second basis vector:

m=%- ®)

Xnew <1

The vector constructed in this way is orthogonal to the vectors of the wave
front’s normal and the plane of the triangle at the same time.

42 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne4 (206)



Devising an Acoustic Method for Investigation of a Complex Form Object Parameters

The new basis is expanded as follows:

_ Xpow XV
Zpew = |"6W—"€W (9)

|xnew x ynew"

Then the coordinates of the vertices of the triangle can be obtained from the
following equations:

X Ay
new
[)_Cnew|)7new|znew]' Ay,,ew = Ay (10)
L Znew | —AZ .
. B Xnew _Bx_
[xnew|ynew|znew]' Bynew = By (1 1)
Znew —BZ .
Xnew _Cx_
[)_Cnewb_/new'Enew]' Cynew = Cy (12)
z C
L Znew | L J

DESIGN OF THE REFLECTION MODEL

The projections will be considered in the next steps.

Let's project a triangle on a plane (fig. 1) x,,,,,0,010

Red lines represent the straight intersection of the wave front with the plane
of the triangle at different points in time. We introduce the spatial step % and the
moment in time #, at which the wave front first touches the triangle. Let
the #, wave step pass for some time #(%).

The purpose of the upcoming steps is to calculate the signal obtained by the re-
ceiver (microphone) at the time moments 2ty , 2ty +#(h), 2ty +21(h), 2ty +3t(h),...
(starting from the moment of return of the first part of the reflected wave).

Given the flat front of the wave, let’s assume that from the point of view of
the source the triangle is visible in the projection on the front’s plane. By defini-
tion, the new basis vectors are equivalent to the plane projection z,,.,,0v,0, -

Where z(z))is the coordinate of the peak closest to the wave’s front. Note

that the projection can always be oriented so that this vertex is on the left, with-
out changing the area.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne4 (206) 43



Volkov O.Ye., Taranukha V.Yu., Linder Ya.M., Komar M.M., Volosheniuk D.O.

new_y

-10.0

new_x

x(t0) | x(t_0)+2n
X(t.0)+h  x(t.0)+3h

Fig. 1. Steps of wave propagation by projections

A
W

triangle projection

a-mn/2

Fig. 2. The wave propagation step and its angles

the
wave will be reflected from the bands of the width triangle 4’ . Therefore, it is
necessary to establish a correspondence between A and 4’ . To do this, first enter
the angle between the normal vector to the plane of the triangle and the wave
propagation vector « . Given the condition of visibility of the triangle, only the

Thus, during the elementary steps of time #(k) in the plane y,,,,Oz

new

7 . . . .
case > <a <z is considered. By construction, the vector of the normal 7 lies in

the plane x,,,0z,., . Therefore, the projection of the triangle on this plane will
be a segment (Fig. 2).

44 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and Comp. Eng. 2021. Ne4 (206)



Devising an Acoustic Method for Investigation of a Complex Form Object Parameters

According to fig. 2 we have:

= _r
h=h tan(a 2). (13)

Therefore, formula (13) establishes a correspondence between the step of
wave propagation in space i, the step of changing the value of the

function A'=h- tan(a —%j and the step of calculating the area of the triangle.

CONSTRUCTION OF THE INTEGRAL FORMULA OF THE REFLECTED SIGNAL

At any given time, the total reflected signal is the sum of all reflected signals
from all bands. This approach, with explicit construction of the integral, differs
significantly from the sum of the shiny dots, as done in [11].

Assume that from each band of a triangle of width %’ some part of the signal is
returned to the receiver. Denote this part of the reflected signal g(f(¢)) . Let the wave

front correspond to the value f(¢,) . Thus, the part of the reflected signal that returned
first corresponds to the value g(f(¢y)). Further, the receiver will record the
return g(f(fp —n-h)), ne N . At each point in time, the superposition of signals

reflected from the strips of the triangle with weights corresponding to the area of each
section will be processed. Our goal in this step is to obtain a formula for the superposi-
tion of the signals received by the receiver at any given time.

t=t 0 t=t_0+t(h) t=t_0+2t(h)

t=t_0+3t(h) t=t_0+4t(h)

Fig. 3. The process of wave reflection
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Again, consider the projection on the plane x,,,,,0z,.,, and depict the stages
of reflection of the wave with a time step #(#) (Fig. 3).

In fig. 3 different colors of the oncoming wave correspond to different values
f(¢) . In order to simplify the illustration the condition g(f)= f was assumed.

From fig. 3 it is evident that the parts of the returning wave are shifted
by 2¢(h) (taking into account the full path in both directions). So, we can write

the following sequence:
t =2ty +1(h):

t =2t +2t(h): f(tg)A(z(ty) + h)
t=2to +3t(h): f(ty —t(h) A(z(to) + 1)
t =2ty +4t(h): f(ty —2t(h) A(z(ty) + h) + £ (t9) A(z(ty) +2h")
t =2ty +5t(h): f(ty —3t(h) A(z(ty) + h) + f (ty —t(h) A(z(ty) + 21)

t=2to +6t(h):
S (1o —41() A(z(t) + h) + f (tg — 21(h)) A(z(tg) + 21") + f () A(z(10) + 3h")

where A(z(ty)+it(h)), ie N is the area of the corresponding projection
band.

If the value of % is small enough it is convenient to replace calculation of the ar-
eas of trapezoids with calculation of the areas of rectangles. To do this, first perform a
parallel translation of the projection of the triangle on the plane z,,,,,0v,,,, so that the
whole figure lay above the axis Oz,,,, . Next, we introduce a piecewise linear func-
tion 7'(z), which is defined as the difference between the functions of the upper and

lower sides of the triangle, and is identically equal to zero outside of it. So, the follow-
ing generic formula is obtained:

-1
t(@O=h_,

S(z)= th a(f (o +2G+1)-t(h)—7))- I -T(2(t9) + i+ DA . (14)
i=0

Or, given the formula (13):
o

S(r) = th g(f(to +2Gi+1)-t(h)—1)) - h- tan(a - %J : T(z(to) +(i+1) -k tan(a —’;D (15)

i=0

Finally, under # — 0+ we get:
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o)1 V4
I(r)= .[0 Eg(f(to +t(x)—1))- tan(a —E) [z(to) + Etan(a ——Ddx (16)

The resulting integral takes into account almost all characteristics of the signal.

CONSTRUCTION OF ANALYTICAL FORMULA
FOR THE INTEGRAL FOR ONE OF THE CASES

Let’s have a piecewise constant function as an input:

0 , tg <t
f(O)=C , ty—length<t<t, (17)
0 , t<ty—length

The speed of propagation: v:#(x)=x/v . The integral takes the form:

tv- tan(,b’)

I(x):= J — Sy +x- f)T[—tan(ﬂ)JrZ(fo)jd (18)

Perform the following transformations by replacing the variable:

fé%n(’g)f(fo +x—t)T[%tan(ﬁ)+Z(’0)jd =

- w I(; I {t—xslength}T(x_; tanf)+=(to ))dx ) (19)

C v- tan(,B)I

t—length z(t—length)

(7’) tan(B) + z(to))dx —C-["  Pu)du

Replace the variable in the last two lines as follows: z(¥) ::%Utan(ﬂ) , which

in fact it means the transition to the projection plane of the triangle.
From the previous stages we know the structure of the function for calculat-
ing the area of a triangle 7'(z) . It is guaranteed to have a bend at the midpoint of

the triangle along the axis Oz,,,, . Let's mark this pointas z,,;. Respectively,

the beginning of the integration of the triangle and the end are denoted
by zj,5 =2(f) and z,;4,, . It is necessary to investigate the location z(7),

z(t—length) relative t0 zj5, Zyig, Zpgn - Since the integrand is of the

form T(z)=0, z¢ [z,eﬁ,z,ightj, simplify limits of integration:
b= min{z(t) ~ Zyight }

(20)
a= max{z(t —lenght), z;,4 }
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Therefore, it is necessary to consider only the following cases:

b<ZlefZ
b< Zmid
a<zyig<b

Zmid <a<b
Zright <4

Denote the two nonzero components of the function 7(z) :

A2 =T(2),2 €|zteptsZmia) 1)
12(2)=T(2),2 € |2mias Zrigh | (22)

Selecting and fixing two arbitrary corresponding antiderivatives Fj(z)
and F;(z)we get:

0 , o b<ziy
C-(F(b)-F(a)) . b<zyg
1(b) =1 C-(F2(0) = F5(Zpig) + F1Zpig) = F1(@)) . a<zpiq<b  (23)
C-(F(b)— F(a)) s Zmid <a<b
0 > Zright <4

The final model is obtained by summarizing over time of all the models of
individual sections.

MODEL OF A SUNKEN SHIP
AND ITS REFLECTED SIGNAL

In fig. 4. shown a simplified facet model of a sunken ship, and in fig. 5 and fig.6
shown the shape of the reflected signal, for two different angles: on the bow-
stern axis and on the starboard side. This model is obtained as the sum of signals
from individual sections.

As can be seen from fig. 5 and fig. 6 there is a certain interdependence between
the angle of the upcoming scanning wave and the shape of the reflected signal.
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Fig. 4. Model of the ship.
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Fig. 5. The structure of the reflected signal when irradiated along the
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Fig. 6. The structure of the reflected signal when irradiated from the
starboard side
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Of particular interest are the sections corresponding to the following:

1. for a time interval until the wave has covered the ship completely and,

2. for a time interval when the wave no longer covers the ship completely.

Potentially, these areas contain much more information compared to the cri-
terion proposed in [11] based on the frequency correlation of fluctuations of the
effective scattering surface of the target with a discrete adjustment of the emitter
frequency. Because both radars and sonars create oscillating processes with the
same mathematical description.

Certain inaccuracies that distort the overall model are in fact insignificant as
long as the following conditions are met:

1. data of the same nature is used for recognition: either only real data, or only
modeling data, if it is necessary to distinguish between natural and artificial objects;

2. to determine the characteristics of a particular type of object a neural
network trained on all perspectives of the potential target is used.

CONCLUSIONS

In accordance with the stated task the method of model construction of objects
and the sound signals reflected from them is presented, the general principles of
a synthesis technique of reflective characteristics of difficult surfaces for small
wavelengths were considered. The purpose and the approach of such a model
construction are shown, and the presence of a significant difference in the signal
characteristics for different angles is clearly demonstrated.

The developed method and models allow conducting experiments exclusively
in digital form, without the need for expensive field experiments. The application of
the proposed models does not corrupt the effectiveness of the features that will be
used in the future for objects recognition.

The proposed method provides more information about the object in comparison
with the criterion based on the frequency correlation of fluctuations of the effective scat-
tering surface of the target with a discrete adjustment of the frequency of the emitter.
And it is also insensitive to inaccuracies introduced by distortions into the general model.

Further research will continue in the direction of selecting or creating an op-
timal recognition system based on neural networks.
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PO3POBJIEHHA METOY AKYCTUYHOI'O JOCIIIIPKEHHA
IMAPAMETPIB OB’€KTA CKJIAJHOT ®OPMU

Beryn. V crarTi po3riisHYTO 3arajibHi NMPHHIWAIK METOAY CHHTE3y BiIOMBHHX XapaKTepHC-
TUK CKJIQJHUX TTOBEPXOHb JUTS MAJUX JOBXKHUH XBIIb. [IpobiieMa BU3HAYCHA JJIsI YMOB BHKO-
pHCTaHHS 3BYKOBHX XBHJIb Ta Tigpojokaropa. Po3paxoBaHi XapaKTEpPUCTHUKH PO3CIFOBAHHS
OTpUMaHi 3a JOIOMOroI0 (haceTHOi MOAEII.

MeTow poOOTH € CTBOPEHHS METOIY aKyCTHYHOTO JTOCIIJKCHHS mapamerpiB 00’ekTa
CKJIaIHOT (POPMH, SKHH MICTHTh MOZEN 00’€KTIB Ta MOJAENI BIIOMTOrO CHUTHANY, 3 HOAAlb-
[IAM JTOCHIDKSHHSIM Ta BU3HAYCHHSIM MPOCTOPOBHX XapaKTEPUCTHK 00’ €KTIB, pO3Mi3HABAH-
HSM 00’€KTiB Tomo. Ha 0cHOBI MozenoBaHHS BIJOUTHX CHTHAMTIB 33 IIMMH MOJETSIMH MOYKHA
Oyne knacugikyBaTu 00’ ekTH. BaXJIMBOIO BIIMIHHICTIO 1i€] poOOTH € HU3KA NPUITYIIEHb I1PO
Te, 0 POOMTH 3 MOJEIUIIO 1 K OOYHCINTH PE3YJbTaT, OCKIJIbKH, SIK IPABHIO, OCHOBHHUM
€JIEMEHTOM TaKUX JOCTIDKEHD € JINIIE TOBEPXHS BiIOUTTSI.
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Pe3yabTaTu. Y IOCHIIKEHHI PO3MNISHYTO CIPOINEHY MOAENb BiOUTTS CUTHANy BiX
TUTOIII TIOBEPXHi y MPOCTOpi. BCTaHOBICHO BiAMOBIAHICTH MK TOIMIMPEHHSAM XBHIII Y TPOC-
TOpi Ta 3MIHOIO 3HaueHHS (yHKLIi, sKa MOAa€e BiAOUTY XBWIIO. Y OyIb-sKMH MOMEHT 4acy
3arajJbHUN BIIOWTHH CHTHAJ € CyMOIO BCiX BIIOWTHX CHTHAJIB BijJl yCix TOBepXOHb. s
IILOT'O 3alIPOIIOHOBAHO IHTErpalibHy (OpMYy 3amucy. AHAITHYHY (GopMyIly, IpU3HAYEHY JUISL
IHTETpyBaHHs, PO3pPOOJICHO VIS OJHOTO KOHKPETHOTO BUMAIKY BimoOpakenHs. 1[o0 mepesi-
putu GopMmyny Ha ¢aceTHill Mozelni kopabiis, IPOBEJCHO YHCENIbHI eKcliepuMeHTH. OTpuMa-
Ha (popMa CHUTHAITy Mae OYiKyBaHMIT BUTIIAL.

BucHoBoK. BifnmoBiTHO /10 MOCTaBIEHOTO 3aBJaHHS B POOOTI IEMOHCTPYETHCS METO]
noOynoBu Mozeni 00’€KTiB Ta BIIOMTHX Bifl HUX 3BYKOBHUX CUTHAJIB, PO3LVIIHYTO 3arajbHi
INPUHLIUINA METONY CHUHTE3y BiIOMBHHMX XapaKTEPUCTUK CKIATHUX MOBEPXOHb JUII MAJIUX
JIOBKHH XBHJIb. [Ioka3aHo, 4oMy i ik came OyIyeThes Taka MOJENb i HAOYHO IIPOJIEMOHCTPO-
BaHO HAsBHICTh ICTOTHOI Pi3HHUII B XapaKTEPUCTUKAX CHTHATY JUIS Pi3HUX KyTiB. OCHOBHOIO
MIepeBaroo I1i€i MoseNi € MOXKIJIMBICTh IPOBEJCHHS €KCIIEPUMEHTIB BUKIIIOYHO B IH(pPOBIH
dopmi, 6e3 HEoOXiTHOCTI NPOBEIEHHS AOPOTUX MOJBOBUX eKCIepuMeHTiB. [lomamnmbiii
JOCTIDKEHHS CTOCYBaTHMYTHCS HANpsMy BHOOPY YHM CTBOPEHHS ONTHMAJBHOI CHCTEMH
PO3Mi3HaBaHHS HA OCHOBI HEHPOHHUX MEPEK.

Knwwuosi cnosa: payemna moodenv, oucmanyiine 30HOY8AHHS, NIOCMULAIOYA NOBEPXHI,
2I0ponoKamopHe 300PaAHCeHHS.
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PREDICTION OF SURGERY CONTROL PARAMETERS
IN CARDIOLOGY TO OPTIMIZE THE EMISSION FRACTION VALUES
WITH THE HELP OF NEURAL NETWORKS

Introduction. In the Big Data era, decision tree methods, machine learning, and neural networks,
along with other Data Mining methods became an alternative to classical statistical methods as a
more useful tool for analyzing large and inhomogeneous data. Neural Networks methods have
emerged as a more accurate and effective technology in a wide range of medical problems such as
diagnosis, prediction, treatment.

The purpose of the paper is to indentificate the control parameters of the surgical inter-
vention to optimize the EF ejection fraction after the surgery using a Data Mining method
(neural network) models.

Results. The analysis of changes in hemodynamic parameters of children with severe
heart defects due to surgery — implantation of conduit. Changes in these parameters after
surgery were analyzed using analysis of variance for repeated measurements (RepANOVA).
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It was determined that after the surgery there was a significant, statistically significant de-
crease in 3 hemodynamic parameters (end diastolic index, aortic pressure gradient, and aug-
mentation index). According to the cluster analysis, three groups of patients were identified,
which were differed in all hemodynamic parameters and in the peculiarities of changes in the
studied parameters after surgery. A model based on a neural network of the RBF type (with
radial-based activation functions) was built using the Data Mining Automated Neural Net-
works module of the STATISTICA package. According to the developed models, the depend-
ence of the emission fraction after the surgery on the control parameters — dopamine dose
and conduit diameter was determined.

Conclusions. The use of predictive models of neural networks developed by the type of
RBF network with radially symmetric functions in single-layer networks, allowed to analyze
the effectiveness of surgical interventions in the case of congenital heart disease in infants and
children. Taking into account the results of the developed prognostic model of the dependence
of the cardiac output fraction on the parameters of surgery (dose, conduit diameter) and
factors such as age, weight, hemodynamic status, gives the surgeon essential information to
achieve good results of a surgery.

Keywords: Data Mining, classification models, predictive models, neural networks, surgical
efficiency.

INTRODUCTION

Severity scoring models that can be used to predict patient deterioration, care
outcomes and the likelihood of patient mortality in intensive care units have been
developed for more than 30 years. Today it is a recognized classic and available
tool for risk assessment and an indicator of the quality of hospital work.

In recent years, intelligent data processing technologies for various fields of
medicine have been developed. In the early 2000s [1, 2], a new strategy for de-
veloping prognostic models using an ensemble of methods was introduced. By
definition, ensemble methods are learning algorithms that build a set of classifi-
ers and then classify a new data by weighted forecast voting. It has been shown
that there are no "ideal methods" that work equally well on different databases.

Already, in 2011 researchers began to use a hybrid approach in order to
achieve greater efficiency of solutions [3—6]. Such schemes and algorithms use a
combination of different types of machine learning methods (classification and
clustering) to select informative features and improve model performance. It has
been demonstrated in various data that accuracy depends not only on the method
but also on the set of classification features.

PROBLEM STATEMENT

In the Big Data era, decision tree methods, machine learning, neural networks,
along with other Data Mining methods, became an alternative to classical statisti-
cal methods as a more useful tool for analyzing large and inhomogeneous data.
Decision tree methods, which were developed more than 20 years ago, have
become widespread in medical research in the last decade. They are easily per-
ceived by professionals in clinical practice, because they are clear and turn into
logical conditions (decisive rules, classification rules). Previously, classification
trees were used, for example, to calculate the probability of death from coronary
pathology [7], intracerebral hemorrhage or traumatic brain injury [8], to predict
Parkinson’s symptoms [9], to assess the severity of the disease [10-12], to strat-
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ify patient groups by probability of mortality among the general population pa-
tients in intensive care [13—16].

Truyjillano et al. [13] predicted the probability of hospital mortality using three de-
cision tree classification algorithms: CART, CHAID and C4.5. All models are based
on assessing the severity of patients during the first 24 hours after admission. The au-
thors point out that the main advantages of decision trees are that the obtained decision-
making rules can be easily interpreted, and the composition of the group of patients
("leaf" of the tree) obtained in each end node is relatively homogeneous.

In our previous studies, a method and information technology (IT) for classifying
human health using a set of Data Mining methods based on objective and expert char-
acteristics were developed [17, 18]. The use of IT to assess the disease activity of chil-
dren with dysplasia made it possible to identify diagnostic markers of cardiovascular
dysfunction and to develop diagnostic rules for determining the stages of the disease by
ECG parameters (symmetry of the T wave, an integral indicator of the shape of the
STT segment). The functional status and reliability of operators under conditions of
intel-lectual load were also assessed. That made it possible to identify the most infor-
mative indicators of HRV, in which the changes of operators’ reliability can be pre-
dicted, taking into account the type of autonomic regulation.

Note the intelligent support system for medical decision-making in intensive care
units by the ensemble of classification models Data Mining — On-line knowledge dis-
covery in the intensive care unit (INTCare), which is based on collecting data from bed-
side monitors and updating the model, which reduces the need for human intervention
[16]. The system was used to predict organ failure (cardiovascular, coagulation, respira-
tory systems, liver and kidneys) and the treatment results of 129 patients (living or dead)
of the Portuguese intensive care unit, based on the first five days of their stay. The sys-
tem attributes were: monitor data, results of laboratory tests, systems of drugs and medi-
cal records. The predictive accuracy of the classification models ensemble varied from
43 % to 83 % (64 % to predict the outcome of treatment of an individual patient).

INTCare modeling and forecasting targets are survival and length of stay in
bed. Note that the prognosis of patient length of stay (LOS) is considered as an
indicator that helps to plan resuscitation resources and individualize patient care
in the intensive care unit.

Two approaches were used to model and forecast these indicators. The first ap-
proach is to use data and physiological variables collected during the first 24 hours of
inpatient treatment. The second approach used real-time patient clinical data.

The first approach achieved forecasting results with an accuracy of 73 %. How-
ever, when the duration of the stay was predicted using real-time data collected, effi-
ciency increased (model sensitivity — 96.1 %). The following models were used:
Support Vector Machine, Decision Trees, Naive Bayes. To predict survival, the De-
cision Trees method showed the best result (sensitivity — 87.3 %).

The most important feature of the intelligent decision support system INTCare is
the ability to work autonomously and in real time. But such models, which are based
on several measurements, are not designed to work with streaming data.

In recent years, in addition to decision trees [20], machine learning methods, arti-
ficial neural networks (ANN) [21], the method of support vectors machine (SVM) [22]
have been increasingly used to verify and model the severity of patients. Intelligent
systems for supporting hospital and diagnostic decisions with an accuracy of over 80 %
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have been proposed [23—27]. Such systems use Data Mining methods and techniques.
Once again, the advantage of decision trees is that they are clear and become logical
conditions (classification rules).

Machine learning techniques can provide accurate predictions based on large
data sets obtained from electronic medical records databases (EHRs). The most
common goals of modern research are: predicting complications, mortality,
length of hospital stay, improving health [27]. These authors have analyzed more
than 150 articles on this subject and draw attention to the need of appling valida-
tion and verification procedures to avoid the risk of systematic modeling errors.

The conclusion concerning the possibility and usefulness of appling artificial intel-
ligence methods for the evidence-based analysis of clinical data sets, the results of which
are aimed at improving patient health, was made in 78 studies (2008-2018) in [29].
Such a study of analysis methods of clinical data stored in electronic medical records
provide trustworthy evidence to support the decisions of health professionals.

Recently, there have been works that use Deep Learning methods, namely:
Recurrent Neural Networks, neural networks with LSTM-blocks (Long Short-
Term Memory) [30, 31]. It is demonstrated that predicting the patient's vital
signs, using them to calculate the Prognostic Index and taking it into account in
the treatment tactics development allows to predict future complications with
high accuracy (> 80 %), which would be impossible using only the analysis of
current vital signs patient: in 50 % — 60 % of cases, the probable deterioration of
the patient's condition would not be detected [31].

Kwon J.M. [31] described a rapid response system for detecting and predicting
cardiac death in a hospital. The system was developed as a deep learning-based early
warning technology (DEWS). The DEWS system has a high sensitivity with a low
error rate in detecting patients with in-hospital cardiac arrest. DEWS is easy to apply
in different hospital settings, because it uses as input data time series of four vital
signs. The DEWS artificial neural network consists of 3 recurrent layers with a short
memory unit. For DEWS, the highest AUC ROC (Area Under the receiver operating
Curve) values > 0,85 were obtained, which is higher than for the models of Logistic
Regression, Random Forest and MEWS (Modified Early Warning Score), which is
calculated according to six vital indicators [31].

Over the last fifteen years, another area of Data Mining has emerged — Mining
symbolic time-intervals. Such methods use a subset of Allen time relations, Kar-
malego algorithms and H-DFS (Hadoop Distributed File System) [33].

An example of such a development is Maitreya framework for the prediction of
outcome events that leverages these symbolic time intervals. Symbolic elements based
on clinical records are used as attributes: conditions, procedures, influence of hospital
drugs. The Maitreya system uses the Karmalego algorithm to form a complete set of
templates named Dharmalndex [33]. It is argued that the use of this approach ("time
pattern analysis") is more effective than other timeless methods.

Deep Neural Networks of different types have found application in cardiology for
solving problems of diagnostics diseases, prediction cardovascular events [34, 35].

The most common tools for Data Mining and IT development are software
products such as: SAS Data Mining [36], Statistica Data Mining [37], WEKA [38],
RapidMiner [39], KNIME [40], Pyhton environment, R programming, among which
are available, open source.
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An example of such technology is the creation of predictive models of the
critical patients’ condition (survival) based on the integration of the clinical database
MIMIC-II in the environment of Data Mining (RapidMiner) [41]. The RapidMiner
platform supports scalable forecasting analytics according to the CRISP-DM
standard process (CRoss-Industry Standard Process for Data Mining. RapidMiner)
and with the help of visual tools (RapidMiner Radoop extension) allows to automate
loading, data conversion, construction and evaluation of forecasting models
according to various schemes function selection and parameter optimization. The
authors concluded that prognostic analytics based on the accumulation of large
amounts of medical data can stimulate the transformation of traditional medicine to
prognostic, preventive and personalized medicine, which ultimately has a positive
effect on both the cost and quality of care [41].

The Kong study [42] proposed a toolkit based on several machine learning
methods (LASSO, RF, GBM, LR, implemented in the R environment) to predict
in-hospital mortality in patients with sepsis. The efficiency of the developed
models in comparison with the traditional SAPS II scale (Simplified acute physi-
ology score). The MIMIC III clinical base was used for model training and vali-
dation. The advantage was shown by the GBM (Gradient Boosting Machine)
model, which made it possible to identify a set of clinically significant variables
that differ from those commonly used in practice (in the SAPS II scale).

The purpose of the paper is to indentify control parameters of the surgical in-
tervention to optimize the EF ejection fraction after the surgery Data Mining
method (neural networks).

ANALYSIS OF CHANGES IN PATIENTS' CONDITIONS AS A RESULT OF SURGICAL INTERVENTION

The study was conducted based on the results of surgery - implantation of con-
duit, in patients with severe heart defects. Conduit implant surgery is performed
to treat severe heart defects such as aortic stenosis, aortic valve abnormalities (or
left ventricular outflow obstruction). The success of the operation depends on
many factors, among which the choice of the conduit parameters and the drug
dose are important. We analyzed the database provided by a private clinic in the
field of pediatric cardiac surgery (Kyiv). The database contained data of 79 chil-
dren (aged from birth to 18 years).

Here are the studied indicators for the following blocks.

Anthropometric indicators: age of the patient (X1); weight (X2).

Hemodynamic (cardiac) parameters before surgery:

- end diastolic index (X3 — before surgery, X7 — after it);

- aortic pressure gradient (X4 — before surgery, X8 — after it);

- augmentation index (X5 — before the operation, X9 — after it);

- ejection fraction (X6 — before the operation, X10 — after it).

Characteristics of the studied indicators.

End diastolic index (EDI, ml/m®) — the value of the end diastolic volume (EDV,
ml) normalized by body surface area (BSA, m?) :

X3 =EDV/BSA.

Aortic pressure gradient (A Pm), which in a healthy person ranges from 3 to
14 mm Hg, in a person with a mild form of aortic stenosis: 12—-53 mm Hg.
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Augmentation index (Al), reflects the level of compression of the vessel un-
der the influence of external factors (high blood pressure, etc.). Its value reflects
the endothelial dysfunction: a high Al index is a cardiovascular complications
predictor, an indicator of subclinical atherosclerosis and the severity of left ven-
tricular hypertrophy. Norm Al is 0,4—1,4.

The ejection fraction (EF) is a percentage of the blood ejected from the heart
into the aorta during each contraction. Usually, at rest, a healthy heart throws out
50-70 % of the blood that is in it. In many people with heart failure, the ejection
fraction is less than 40 %.

The analysis also includes data that are control parameters.

- Dopamine dose (U1). Dopamine is a cardiotonic agent that increases car-
diac output and provides increased oxygen delivery.

- Conduit diameter (U2). Conduit is a widely used in clinical practice — surgical
treatment of ascending aortic aneurysms, which is a synthetic corrugated vascular pros-
thesis of constant cross-section with a mechanical or biological valve.

Descriptive statistics of all indicators are presented in table 1.

Analysis of changes in cardiac parameters. Changes in cardiac parameters after
surgery were examined using the analysis of variance for repeated measurements (Re-
pANOVA). It was determined that after the surgery there was a large, statistically sig-
nificant decrease in 3 hemodynamic parameters — EDI, A Pm, Al, as well as some
decrease in the average value of EF (F (1,78) = 3,27, p=0,07) (Fig. 1, a-d).

Determination of typological groups according to the dynamics of the studied
indicators. For in-depth analysis of the surgery effectiveness, a cluster analysis of data
was performed to determine homogeneous groups. The A-means algorithm with
10-cross-validation is used, which allows to determine the optimal number of groups.
The analysis was done on the basis of 4 hemodynamic parameters (before surgery).
Three clusters are defined; cluster centers profiles are given in Figure 2.

Table 1. Indicators descriptive statistics

Model indicators Mean Minimum Maximum Std.Dev.
X1 119,10 0,67 216,63 66,67
X2 35,99 33 94 21,05
X3 83,62 32 211 36,71
X4 63,97 9 177 34,54
X5 2,10 0 4 1,27
X6 68,34 10 88 12,92
Ul 302,68 137,5 488 89,89
U2 23,43 14 32 3,41
X7 59,73 22 133 18,10
X8 7,25 1 17 3,38
X9 0,75 0 5 0,92

X10 65,86 30 78 8,14
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Fig. 1. Average values of cardiac parameters before and after surgery
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Fig. 2. Profiles of selected three clusters (groups)
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Fig. 3. Comparison of hemodynamic parameters in the three groups before (dashed line)
and after (continuous line) surgery

Clusters differ significantly in all studied hemodynamic parameters. The fol-
lowing differences were found between the three identified groups of children.

Group 1 (cluster 1) included 34 children, average age 156 months (senior
group). Feature of group 1: in children the lowest values of EDI are accompanied
by the highest values of the pressure gradient on the aorta.

Group 2 (cluster 2) consists of 17 babies, the youngest aged — 28.2 months.

Group 3 (cluster 3) included 28 children aged 79 to 204 months, in whom
the augmentation index was the highest.

An analysis of hemodynamic parameters changes in certain groups after surgery
was performed (Fig. 3, a-d). The results of the analysis (Fig. 3) show that in all groups
there is a large, statistically significant decrease in indicators and preservation of the
level of PV, which was the purpose of the surgery. Only in the older group of children
(cluster 1) with low EDI there is a slight but statistically significant decrease in EF:
from 73,0 % to 67,4 %: F (1, 33) = 10,055, p = 0,00327.

CONSTRUCTION OF MODELS FOR PREDICTING THE PATIENT'S CONDITION AS A RESULT OF SURGERY

It is known that artificial neural networks can be used not only for recognition, classifi-
cation, but also for predicting functional dependencies. That is, neural networks can
reveal hidden dependencies, relationships between the input data and the target variable.
And then, based on this predictive function, management decisions can be made.
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One of the main problems of such modeling is the choice of the neural net-
work model type. Given the peculiarities of the task — the prediction of the val-
ues of the many variables function, we chosen a neural network type RBF (with
radial-based activation functions). The mathematical basis for choosing such a
model is the statement that arbitrarily accurate approximation of functions is
achieved by a combination of radially symmetric functions.

Traditionally, the term RBF network is associated with radially symmetric
functions in single-layer networks that have the structure shown in Figure 4.

Define the input data vector as X. Each of the n components of the input vec-
tor is fed to the neural network input with consists of m neurons. The output of
the RBF network is a linear combination of a basic functionsset

0= 2wk (X),

where w; is weight j-neuron connection, /;(X) is the neuron activation function is
radially symmetric, in our case it is a Gaussian function:

pr-of
h(X) = exp(="—3—),
where c is bias coefficient, 7 is range parameter.

The models were built using the Data Mining Automated Neural Networks
module of the STATISTICA package. This module provides the ability to auto-
matically search for the best neural network, allows you to configure the follow-
ing learning parameters: network type (radial-based functions or multilayer per-
ceptron), activation function, minimum and maximum number of neurons in the
hidden layer, error function and others. That is, it is possible to adjust the com-
plexity of the neural network, to control the parameters that affect the quality of
the model, as well as the ability to import the resulting neural network in various
programming languages such as Java or C +.

In network training, the task is to optimize the system parameters according
to the selected criteria. Such a criterion, in particular, may be the criterion of the
minimum mean square of the error on the learning set (E(w)):

1 P
E(w)y=— E —d)?,
(w) Iy (v, —d)

where y; _is the value of the j-th output of the neural network, d; is the target val-
ue of the i-th output, p is the number of neurons in the final layer.

Table 2. Performance indicators of the selected model

)
o« b s 5 S S =
2 2 | ¢ | 2 | 5| 5| 52 g
< on g g =0 b = on £ =]
= = 2 = g - £ E g “E
- I <
2 || £ | F| & E7 | E
= g = = = =
> >
RBF 2-7-1 0,42 0,44 0,47 30,3 | 21,9 15,5 RBFT SOS
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Fig. 4. The structure of the RBF neural network

Neural network learning outcomes. The entire data sample was divided into
three parts: training — 75 %, control — 15 %, test (for validation) —15 %. The crite-
rion for selecting models is the minimization of the error function (SOS — the sum of
squares of errors).

Automated search — training of the neural network under the conditions of initial
selection (minimum number of neurons in the intermediate layer — 5, maximum —
16), enables to determine model of 7 neurons as the best one (table 2).

The parameters of the neural network model 2- RBF-2-7-1 are shown in the table 3.

Prediction of control parameters in surgical intervention to optimize the
ejection fraction values. In the first step, the regression dependence of EF after
surgery on the control parameters (model 2- RBF-2-7-1) have been ditermined,
namely: conduit diameter and dopamine dose, the surface of the three-dimensional
graph has a maximum (optimal value) EF, which depends on the diameter of the
conduit and the dose of dopamine (Fig. 5). Visual analysis shows that the surface
of the three-dimensional graph has a maximum of more than 70 % EF, which de-
pends on the dopamine dose and the conduit diameter. The forecast of EF value
was calculated for arbitrary values of control parameters that changed in ascending
order in the given ranges (Table 4).

According to this model, the optimal value of EF — 70,7 %, can be obtained
under the following conditions: dopamine dose — 280 ml and conduit diameter —
22 mm. Note that for this neural network, under the condition of a constant level of
the parameter Ul (dopamine) and an increase in U2 (diameter of the conduit), the
level of EF increases (see Fig. 5). Therefore, there is no global maxim for all possible
values of control parameters in this model.

In order to improve the forecasting results, model studies were done to iden-
tify other possible predictors to achieve the maximum level of EFout (target
function) and a number of possible predictors were identified (Table 5, the best
predictors are sorted by F-criterion value).

Therefore, in addition to the control parameters Ul, U2 (dopamine dose,
conduit diameter), which were selected by experts and taken into account in the
2- RBF-2-7-1 model, the ejection fraction before surgery (EF-in, X6) can be pre-
dictors of EFout, as well as the child's weight -X2.
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Table 3. Neural network parameters for 3- RBF-2-7-1. (1aTu aHr Ha3Bu)

N Connections Weight values
1 Ul dopamine dose --> hidden neuron 1 0,001912
2 U2 conduit diam.--> hidden neuron 1 0000

3 Ul dopamine dose --> hidden neuron 2 0,694722
4 U2 conduit diam.--> hidden neuron 2 0,388889
5 Ul dopamine dose --> hidden neuron 3 0,340086
6 U2 conduit diam.--> hidden neuron 3 0,500000
7 Ul dopamine dose --> hidden neuron 4 0,774608
8 U2 conduit diam.--> hidden neuron 4 0,555556
9 Ul dopamine dose --> hidden neuron 5 0,306705
10 U2 conduit diam.--> hidden neuron 5 0,666667
11 Ul dopamine dose --> hidden neuron 6 0,326676
12 U2 conduit diam.--> hidden neuron 6 0,888889
13 Ul dopamine dose --> hidden neuron 7 0,266762
14 U2 conduit diam.--> hidden neuron 7 0,333333
15 radial spread hidden neuron 1 0,425743
16 radial spread hidden neuron 2 0,184823
17 radial spread hidden neuron 3 0,169977
18 radial spread hidden neuron 4 0,184823
19 radial spread hidden neuron 5 0,169977
20 radial spread hidden neuron 6 0,223118
21 radial spread hidden neuron 7 0,182083
22 hidden neuron 1 --> X10 EF-out 0,035833
23 hidden neuron 2 --> X10 EF-out 0,013107
24 hidden neuron 3 --> X10 EF-out 0,069697
25 hidden neuron 4 --> X10 EF-out 0,017845
26 hidden neuron 5 --> X10 EF-out -0,064549
27 hidden neuron 6 --> X10 EF-out 0,168681
28 hidden neuron 7 --> X10 EF-out -0,011007
29 hidden bias --> X10 EF-out 0,561705

Modification of the model taking into account additional predictors. After
training the model with 4 input variables based on radial functions, a neural network
(index 3) with the number of neurons 7 was selected, which is denoted by RBF 4-7-1
(Table 6). Note that the model's performance was better in the training and test samples
than in other models with the same number of neurons, and the validation error was

smaller than in the previous model with two input variables — RBF 2-7-1.
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Fig. 5. Three-dimensional graph of the model 2-RBF-2-7-1 for forecasting the fraction of PV
emissions after surgery, points on the surface — real data

Table 4. Forecasted values of the emission fraction calculated according to the model
in case of control parameters change

N‘—’J‘f‘)—’pft‘;:;‘l’lca“ 2‘())(1113(';:1? Ul dopamine U2 conduit diam
1 58,3 140 15
2 59,4 160 20
3 60,6 180 20
4 62,1 200 20
5 66,9 220 22
6 69,0 240 22
7 70,7 280 22
8 69,9 300 24
9 69,1 320 24
10 67,6 340 26
11 66,8 360 30
12 58,0 250 15
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Table 5. Indicators — the best predictors of EF after surgery

EFout predictors F-value p-value
X7 EDI-out 8,167062 0,00001
X6 EF -in 7,682503 0,0002
X2 weight 3,795432 0,001490
Ul dopamine dose 2,434001 0,022043
U2 conduit diameter 2,190949 0,032986

Table 6. Performance indicators of the RBF 4-7-1 model in neural network training

o S S = 1 =
L E 4 g g E" é E‘) g
v £ 2 = ) I @ = S
3 s o g £ e g = o S £
- = £ - 3= £ e 2 £S5 | £
= ko) 5 g 3 g 2 g E T 5
z £ = = g = = £ £
= > | S | F s
2 RBF 4-7-1 | 0,34 | 0,65 | 0,68 | 33,26 | 14,65 | 10,62 | RBFT | SOS
3 RBF 4-7-1 | 0,50 | 0,47 | 0,59 | 27,47 | 25,84 | 13,02 | RBFT | SOS
4 RBF 4-7-1 | 0,42 | 0,61 | 0,61 | 30,02 | 16,43 | 11,99 | RBFT | SOS
5 RBF 4-16-1 | 0,60 | 0,33 | 0,61 | 23,43 | 27,37 | 12,79 | RBFT | SOS
6 RBF 4-16-1 | 0,56 | 0,16 | 0,60 | 25,16 | 29,58 | 12,86 | RBFT | SOS

The model with index 3 RBF 4-7-1 has 4 input variables and consists of sev-
en neurons. Figure 6 shows graphs of the calculated surface of the dependence of
EF values after surgery on the diameter of the conduit and dopamine. The marks
in Figure 6 are the same as in Figure 5.

As can be seen from Figure 6 three-dimensional surface, calculated on the
neural network 3- RBF-4-7-1, has a global maximum at the level of EF > 65 %.

More concrete results can be obtained if we approximate the dependences of
EF on control parameters, taking into account their real values and calculated by
the neural network. In Figure 7 shows such comparisons of dependences, which
are approximated by polynomials (red line — values calculated by the neural
network and blue line — real data).

By analyzing the data and calculations of the EFdependence on the conduit diame-
ter (Fig. 7a) and the dopamine dose of (Fig. 7b), we can conclude that to achieve max-
imum EF (more 65 %) after the surgery there are the following optimal values of con-
trol parameters: conduit diameter — 20-26 mm, dopamine dose — 250-350 ml.,
depending on weight (age) child.
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Fig. 6. Three-dimensional graph of EF dependence on 4 input
parameters, calculated on the neural network 3- RBF-4-7-1
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Fig. 7. Graphs of dependence of EF on the conduit diameter (a) and on the dopamine dose (b)
(real data — blue and model — red)

Thus, with the help of the developed model it is possible to predict obtaining a sat-
isfactory result according to the target indicator — the value of EF after surgery, using
the input data: child's weight, EF before surgery, conduit diameter, dopamine dose.
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CONCLUSIONS

A retrospective analysis of changes in the children cardiac parameters after sur-
gery showed the expected changes in clinically significant indicators (decrease in
the aortic pressure gradient and augmentation index). But the average value of
the emission fraction after cardiac surgery has slightly decreased, although the
main goal of the operation is to keep it at a level of at least 65 %.

The cluster analysis revealed three subgroups of children who differed in
hemodynamic parameters before the surgery. In addition, these groups were dis-
tinct in age and weight. A subgroup of older children was identified in whom the
effectiveness of the operation was somewhat unsatisfactory, as after the surgery
the emission fraction values decreased statistically significantly.

The use of predictive models developed by the type of RBF neural network
with radially symmetric functions in single-layer networks, allowed to analyze
the surgical interventions effectiveness in the case of congenital heart disease in
infants and children. Taking into account the results of the developed predictive
model of the dependence of the cardiac output fraction on the control surgery
parameters of dopamine dose, conduit diameter and factors such as age, weight,
hemodynamic status, gives the surgeon essential information to make a more
effective decision on the choice of control parameters.
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ITPOTHO3YBAHH1 KEPYBAJIbHUX ITAPAMETPIB OHEPAL[IFIHOFO BTPYUAHHS
Y KAPJIOJIOI 7151 OITTUMIBALI 3SHAYEHD ©PAKIII BUKUAY
3A JIOIIOMOI'OXO HEMPOMEPEXI

Beryn. B enoxy Big Data Metoiu epeB pillieHb, MAIIMHHOTO HABYAHHSI, HEHPOHHUX MEPEX PasoM 3
iHmMH Metomamu Data Mining cTaiy aJbTepHATHBOK KIIACHYHMM CTATHCTAYHUM METOIAM SIK
KOPHCHIIINIA IHCTPYMEHT JUIS aHAJTi3y BEJTMKUX Ta HEOAHOPITHUX JaHUX. MeTo HeWPOHHHX MEpeK
CTaIY TOYHIIIMMU Ta €(EKTUBHIIIMMU TEXHOJNOTISIMUA BUPIIIEHHS IIMPOKOTO CIEKTPY MEIUUHUX
TIpO0JIeM, TAKHX SIK TIATHOCTHKA, TPOrHO3YBAHHSI, JTIKYBaHHSL.

MeTa po0OTH — BHM3HAYUTH KOHTPOJIbHI MapaMeTpH XipypriuHOro BTPYYaHHS IS
onrtuMmizamii ¢pakiii BUKHIY IiCIs Omepariii 3a JomoMorow Mmozenei meroxy Data Mining
(HEeWpOHHOT Mepexi).

PesysbraTu. 31iiicHeHO aHaII3 3MiH TeMOIMHAMIYHHIX NOKA3HUKIB CTaHy JiTeH 3 TSDKKUMU Ba-
JIAMHU Ceplis BHACIIIOK XipypridYHOTO BTPYUYaHHS - BKUBICHHS KOHAYITY. [IpoaHanizaBaHO 3MiHH IIUX
TMOKA3HUKIB TICJIs Omepalii 3a JONOMOIOK JIMCIIEPCIHHOTO aHalli3y s MOBTOPHHUX BHMIPIOBaHb
(RepANOVA). BusHaueHo, IO TICIsI OMEpallii CHOCTEpIraiocs 3HAYHE, CTATUCTUYHO 3HAYHME
3MEHILEeHHS 3-X TeMoanHaMiuHuX rokasHukiB — KJII, I'p, Al 3a knactepHuM aHasizoM BU3HAYEHO
TPH TPYITH MAIEHTIB, SKI BiPI3HIINCH 32 BCIMA FeMOIMHAMIYHIMH TIOKa3HUKAMH Ta 332 OCOOIMBOC-
TSMH 3MiHH JIOCJI/DKYBaHUX TOKA3HHUKIB TICIIs onepariiiHoro Brpy4anHs. [ToOymoBaHO Mozenb Ha
OCHOBI Hefipomepesxi Tury RBF (3 pagianeHo-0a3ucHAMY (DYHKIISIME aKTHBALIi{) 3 BUKOPHCTAHHIM
Moxymmo Data Mining Automated Neural Networks makery STATISTICA.

3a po3poOICHUMH MOJEISIMEI BU3HAYCHO 3aJIKHICTh (GpaKiii BUKHIY MiCIs onepaii Bix
rapaMeTpiB KepyBaHHS — JI03M JONaMiHy Ta JiaMeTpy KOoHIyita. BcTaHOBIHO, IO MOJemb
HEWPOHHOI Mepexi, sKka JOMAaTKOBO BPAaXOBYE Bary MUTHHU Ta MOYATKOBUH piBeHb (paxiiii
BHUKHJY, Ma€ OLIBIIY MPOTYKTHBHICTD.

BucHoBKkH. 3acTOCYBaHHS NMPOTHO3HUX MOJIENIeH HelpoMepex, po3podieHux 3a Turiom RBF
Mepexi 3 pamialbHO-CUMETPUYHUMH (DYHKIIISIMH B OJTHOIIAPOBUX MEPEXax, Jajlo 3MOTy IpoaHali-
3yBaTH pe3yJIBTATUBHICTb ONEPALifHIX BTPYYaHb y pa3i BpOIKEHUX BaJ] CEpII Y HEMOBJIAT Ta JITEH.
BpaxyBaHHS pe3yJIbTaTiB 3aCTOCYBaHHS PO3pOOJIEHOT MO 3aJIeKHOCTI (hpaKiii cepreBoro BUKUIY
BiJI MapaMeTpiB OIepallifHOro BTpyYaHHsI (103a mperapary, JiaMeTp KOHIYiTy) Ta Takux (hakTopis
K BIK, Bara UTHHY, CTaH TeMOJMHAMIKY, a€ Xipypry CyTTeBY iHGbOpMALito V11 IPUIHATTS edek-
THBHIIIIOTO PIlIICHHSI TIPO TOJIOBHI KEPYBaIIbHI ITapaMeTpH.

Knwuosi cnosa: xnacugixayivini mooeni Data Mining, npoenosmi mooeni, Hevpomepexici,
epexmueHicmy XipypeiuHo2o mpyuaHHsL.
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MOBILE AI-TECHNOLOGY FOR FORMING THE PERSONALIZED
MOVEMENT REHABILITATION PLAN AFTER A STROKE

Introduction. The consequences of stroke seriously change the quality of life. Especially
suffers motor activity. Speech disorders occupy a significant place. Synthesis of effective
technologies for recovery of the movements, fine motor skills of the hand, which plays a sig-
nificant role in recovering the speech motility, is an the urgent scientific and applied task.

Recently, the use of artificial intelligence (A1) in medicine has attracted attention. At the
same time, mobile technologies are being developed. It is believed that Al in a smartphone
will make the medicine of the future accessible to all.

The purpose of the paper is to develop a technology for movement recovery after a
stroke which uses the Al tool to increase the effectiveness of rehabilitation process. This Al
tool is a specialized software module for mobile platforms, which assists the user (physician)
in creating personalized plans at different rehabilitation stages.

Results. An Altechnology for creating a personalized movement training plan in patient after a
stroke has been developed. This technology uses Al tool. The software module for information assis-
tance in creating the plan "MovementRehabStroke 1.0 (MD)" installed on mobile platforms. This
module provides the user with recommended movement training plan based on the results of quanti-
tative assessment of movement disorders and the patient’s general state. These disorders are
determined by the software module "MovementTestStroke 1.1 (MD)". If necessary, this plan
may be corrected by the user (physician).

The structural and functional model of interaction of the user (physician) and software module
"MovementRehabStroke 1.0 (MD)" is presented, and the algorithm for creating the personalized
movement training plan, recommended and finally corrected by the user, is provided.

© VOVK M.L,KUTSIAK O.A., 2021
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Conclusions. The application of Al tools will help to reduce the physician’s error in
making diagnostic and treatment decisions, prevent complications, reduce the risk of ac-
quired disability, and will improve the quality and widespread usage of medical and rehabili-
tation services for patients after a stroke.

Keywords: stroke, Al-technology, personalized plan, movement training, rehabilitation, di-
agnostics, software module, structural and functional model, algorithm.

INTRODUCTION

Stroke is a common neurological disease and the leading cause of chronic dis-
ability worldwide. It is accompanied by various complications, including motor,
speech, visual, perception and cognition disorders, and paresthesia. Stroke seri-
ously affects the quality of daily life.

The increase of stroke severity among people of working age is of concern.
Motor activity disorders, such as paralysis, paresis, problems with coordination,
muscle hypertone, loss of sensitivity in the arms and legs are some of the main con-
sequences of a stroke. According to the World Health Organization, 80 % of stroke
survivors have varying degree of extremity dysfunction, and more than 60 % of
them still have upper extremity dysfunction after the transition to a chronic phase.

Of high importance are also speech disorders, among which the most frequent is
motor aphasia caused by damage to motor speech zone of cerebral cortex, where the
motor program of speech is formed [1-8]. The number of people who need the reha-
biliation after a stroke is growing rapidly, and the costs and pressure on medical budg-
ets increase too [9, 10]. The quality care for stroke survivors can significantly reduce
the risk of acquired disability. The synthesis of effective technologies for personalized
restoration of voluntary extremity movements, including fine motor skills of the hand,
which plays a significant role in restoring the speech motor skills [11], is the actual
scientific and applied task.

Lately, more and more attention is paid to applying an artificial intelligence
(AD) in medicine [12]. The Oxford Dictionary defines Al as the theory and de-
velopment of computer systems that capable to perform the tasks that typically
require human intelligence [13]. "Al is poised to play an increasingly prominent
role in medicine and healthcare because of advances in computing power, learn-
ing algorithms and the availability of large datasets (big data) sourced from
medical records and mobile health monitors" [14]. It is believed that Al in a
smartphone will make the medicine of future accessible to everyone. Any mo-
bile phone user will have a personal medical assistant, capable of solving prob-
lems related to an individual’s health in real time. Al is already able to greatly
facilitate the work of health professionals, increase the diagnostics accuracy and
help patients to cope with everyday tasks [8, 15]. Computers can be programmed
to make decisions in real situations. The integration of machines, software and
specific information allows the system to transmit thought process, explanation
and advice to the end-user [13—15].

Utilisation of Al tools will increase effectiveness and mass usage of rehabili-
tation services for patients after a stroke, and will improve the quality of these
services. In particular, Al tools can be used for personalization and expansion of
rehabilitation process functionality aimed at restoring the motor and, indirectly,
speech functions, reducing the user’s (physician’s) error, and for personalization
of preventive and rehabilitation measures based on disorders specifics.
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Mobile Al-technology for Forming the Personalized Movement Rehabilitation Plan After a Stroke

The main purpose of the rehabilitation process is the utilization of methods
and tools, which mobilize, trigger and strengthen patient’s reserves, aimed at
recovering the functions damaged by pathology, in accordance with their state at
each rehabilitation stage, taking into account the patient’s general state,
concomitant diseases, etc.

Regarding the movement recovery, the reserves mobilization involves de-
velopment and realization of the individual complex rehabilitation plans, where,
along with medication, the programmed electromyostimulation as a method of
training forced muscle contractions by certain programs, as well as by biological
feedback (biofeedback) as a training method of voluntary muscle contractions.
Innovative TRENAR® technology, which is implemented by portable electronic
devices TRENAR-01 and TRENAR-02, uses a set of original programs for
movement training by methods of programmed electrical stimulation and bio-
feedback. The general advantage of these programs is a combination of physical
and cognitive influences that trigger and stimulate the patient’s reserves to re-
cover the movement and involve a patient in the training process, thus increasing
the rehabilitation effectiveness.

The purpose of the paper is to create intelligent information technology to de-
sign a personalized rehabilitation plan after a stroke that uses Al tool for increasing
the effectiveness of rehabilitation process. This Al tool is a specialized software
module for Android mobile platforms to assist the user (physician) in designing a
personalized plan. This plan consists of the method, program, movements and train-
ing duration with using TRENAR® devices.

To assist the user (physician) with rehabilitation decision-making, the specialized
program module for designing personalized rehabilitation plans "MovementRehab-
Stroke 1.0 (MD)" is used. This module provides the user with recommended move-
ment training plan based on the results of the quantitative assessment of movement
disorders, determined by the software module "MovementTestStroke 1.1 (MD)", and
taking into account patient’s neurological status, concomitant diseases, etc.

THE STRUCTURAL AND FUNCTIONAL MODEL OF THE USER AND SOFTWARE MODULE
INTERACTION TO CREATE THE PERSONALIZED MOVEMENT TRAINING PLANS
FOR MOBILE PLATFORMS

Creation of the personalized training plan using the Al tool, the specialized
software module "MovementRehabStroke 1.0 (MD)" for mobile platforms, which
provides information and consulting assistance to a physician in creating the
personalized training plans for patients after a stroke, is provided and described
on structural and functional model (Fig. 1).

This software module consists of the graphical user interface (GUI) and the
main information units: I — Database, II — Unit for quantitative assessment of
movement disorders "MovementTestStroke 1.1 (MD)" (hereinafter — Unit for
movement diagnostics), III — Unit for creating the personalized movement
training plans (Fig. 1).

These units are combined with a GUI that provides the user with a dialog
mode of interaction with them:
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Fig. 1. Structural and functional model of the user and software module

"MovementRehabStroke 1.0 (MD)" interaction (markings are in the text)
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Mobile Al-technology for Forming the Personalized Movement Rehabilitation Plan After a Stroke

— inputting the patient’s express information and information about a pa-
tient’s general state in the Database (1);

— providing the access to the patient’s individual electronic medical record
(EMR) in the Database (2);

— inputting the information from the patient’s medical record about the pa-
tient’s general state, in particular the neurological status and concomitant
diseases, in the Database (3);

— marking the concomitant factors of the patient that prohibit or restrict
the patient’s movement training (4);

— selecting the movement testing object (extremity, hand, gait) and evi-
dence criteria for its assessment, selecting the right verbal characteristic on the
assessment scale by selected evidence criterion, outputting the quantitative indi-
cator of motor functions disorders in points by selected evidence criterion (5);

— outputting to the user (physician) the general results of distributed expert and in-
tegral quantitative assessment of movement, and movement recovery effectiveness (6);

— loading the data of integral quantitative assessment in points from the
first test to assess the movement recovery effectiveness (7);

— storing the current results of distributed expert and integral quantitative
assessment of movement in points in the Database (8);

— loading the information from the patient’s medical record (9), information
on prohibition / restriction for patient’s movement training (10), the results of dis-
tributed expert assessment of movement disorders for current test from the Database
(11) to create the recommended movement training plan for the patient;

— notifying on inability of the patient’s movement training; outputting the
recommended personalized movement training plan to the user; user’s correction
of the personalized training plan by selecting the specific movements, methods,
programs in the recommended plan (12);

— storing the recommended personalized movement training plan in the
Database (13);

— outputting the created recommended personalized movement training
plan and the patient’s information to the user (14);

— storing the user-corrected personalized movement training plan in the
Database (15);

— sending the request to Database to display patient’s information (16);

— loading the patient’s information from Database (17).

Information unit I, "Database", is designed for storing the information about
each patient who has already passed or is passing the rehabilitation for the first
time. It contains two main components: 1./ "Patients list" and 1.2 "Patient’s in-
dividual electronic medical record".

Component /./ is formed in the tabular list view. Each patient on the list is repre-
sented by the express information record (hospitalization date, patient’s surname-
initials-sex, medical record number, physician's surname) according to the standard
(form 003/0 "Medical record of the in-patient"). The user checks (1) the presence of
the right patient. If the patient is absent, the user adds (1) to the Database this patient’s
express information from the medical record. The presence of a patient on the list
makes it possible to provide (2) the access to his individual EMR in the Database.
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From the medical record the user inputs (3) information about the patient’s
general state (indicators of neurological status, concomitant diseases, etc.) in the
cluster 1.2.1 "Information from patient’s medical record" of the Database.

Component /.2 of the Database receives the specialized information:

— the user-marked (4) prohibition / restriction factors of movement train-
ing (e.g., acute period of illness, diabetes mellitus on decompensation, the artifi-
cial cardiac pacemaker presence, etc.) are stored in the cluster 1.2.2 "Prohibi-
tions / limitations for movement training" of the Database;

— the results of expert and integral quantitative assessment of movement
disorders before and after rehabilitation (8) from the information unit II (Unit for
movement diagnostics) are stored in the cluster 1.2.3 "The results of expert and
integral quantitative assessment of movement disorders" of Database;

— recommended and user-corrected personalized movement training plans
from information unit Il (Unit for creating the personalized movement training
plans) are respectively stored in the clusters 1.2.4 "Recommended personalized train-
ing plan" and 1.2.5 "User-corrected personalized training plan" of the Database;

Information unit 11, the Unit for movement diagnostics (Software module for
quantitative assessment of movement disorders "MovementTestStroke 1.1
(MD)" [16]), is designed for distributed expert and integral quantitative assess-
ment based on relevant scales of the Protocol for quantitative assessment of
movement disorders of a patient after a stroke [16, 17]:

— by main evidence criteria (muscle strength, volume of movements) [18]
of movement disorders of upper and lower extremities at the level of individual
joint in proximal (2 joints) and distal (1 joint) parts;

— by additional evidence criteria, such as fine motor skills of the hand (contrast-
ing the thumb, flexing the hand’s fingers in fist, the hand’s main motor function (cap-
turing), the hand’s fingers extension) and structure of walking [17, 19];

— of muscle hyper- or hypotone [17, 18].

Also, the integral quantitative assessments at the level of one joint of afore-
mentioned parts of upper and lower extremities or hand are calculated, and the
movement recovery effectiveness are determined.

The functional purpose of the Unit for movement diagnostics is a separate
presentation of movement testing objects (extremity, hand, gait) and the evi-
dence-based evaluation criteria in tabular form. The movement disorders at the
level of the joint of the proximal and distal parts of the upper and lower extremi-
ties, fine motor skills of the hand and the gait can be assessed by choice.

In this unit the user selects movement testing object and the evidence crite-
ria of its assessment (5). Depending on the testing object the relevant assessment
scales are loaded according to the selected evidence criteria. Based on the scale,
the user chooses the right verbal characteristic of this criterion, which allows the
program to assess and display on the GUI the quantitative indicator of the
movement disorders in points (5).

Summarized results of distributed expert and integral quantitative assessment of
movement disorders for current test are displayed for all chosen testing objects (6).

If test of the patient’s movements is performed not for the first time in the
rehabilitation course, integral assessments of movement disorders from the first
test are automatically uploaded (7) to the Unit for movement diagnostics from
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the cluster 1.2.3 of the Database. By comparing the integral assessments for the
current and first tests in unit I, the movement recovery effectiveness are calcu-
lated, and also are output (6) to the user.

The results of the distributed expert and integral quantitative assessment of
movement disorders for current test, and the movement recovery effectiveness
are stored (8) in the cluster 1.2.3 of the Database.

It should be noted that in contrast to the PC version [20] there is no function
for creating the dynamics of the results of movement tests in the information unit
II (Unit for movement diagnostics). In addition, the limitation of the screen size
of mobile devices causes a difference in the algorithms of interaction between the
user and the information units.

Information unit 111, the Unit for creating the personalized movement train-
ing plans, is used to create the personalized movement training plan, which acti-
vates additional patient’s reserves for movement rehabilitation according to the
severity of movement function disorders and the general state of the patient. The
following information is uploaded to this unit from the Database:

from cluster 7.2.1, the information on the neurological status, concomitant
diseases, state of emotional and volitional sphere (9);

from cluster 1.2.2, the prohibition / restriction factors for movement
training (10);

from cluster 7.2.3, the results of distributed expert and integral quantitative
assessment of movement disorders for the current test (11), which differs from
the PC version [20], where these results come to this unit directly from the Unit
for movement diagnostics.

According to the relevant decision-making rules, this unit provides the per-
mission / restriction / prohibition for movement training based on certain factors,
the determination of permitted movements, methods, programs and movement
training duration based on quantitative expert assessment of patient’s movement
disorders; the correction of these indicators with taking into account concomitant
diseases and the state of emotional and volitional sphere; the distribution of the
methods, programs, movements and their training duration by priority.

Giving the priority to method, training program comes from the principle of
biologically adequate activation of additional patient’s reserves to recovery
movement at the current rehabilitation stage of the patient [21]. The priority for
movement depends on the severity of movement disorders. However, if the pa-
tient has elements of motor aphasia, training of the fine motor skills of the hand
gets a higher priority. The main factors, determing the training duration, are
concomitant diseases, the state of emotional and volitional sphere, individual
sensitivity to electrical stimulation, etc.

If there are factors prohibiting completely movement training, the user is
notified and the session with the patient ends (12). In case of movement training
restrictions, the program continues to work taking into account these restrictions.

The recommended personalized training plan according to priority of its com-
ponents (methods, programs, movements and their training duration) is displayed on
the GUI for the user (12) and is also stored (13) in cluster 1.2.4, “Recommended
personalized rehabilitation plan” ,0f the Database.
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The user checks (12) the recommended personalized plan and marks in this
plan specific movements, methods, movement training programs, i.e. creates a
personalized plan for movement training at a certain rehabilitation stage.

Next, the user-corrected personalized plan is stored (15) in the cluster 1.2.5,
“User-corrected personalized rehabilitation plan”, of Database, and is also dis-
played to the user (14).

According to the created personalized plan, the user begins to train the pa-
tient’s movements at a certain rehabilitation stage. After completing the move-
ment training sessions, the user diagnoses the patient’s movements and deter-
mines the rehabilitation effectiveness [20].

ALGORITHM FOR CREATING A PERSONALIZED MOVEMENT TRAINING PLANS
WITH A SPECIALIZED SOFTWARE MODULE FOR MOBILE PLATFORMS

Creating a personalized recommended and user-corrected movement training
plans is based on the results of quantitative assessment of movement disorders
taking into account the patient’s general state (neurological status, concomitant
diseases, the state of emotional and volitional sphere, etc.).

The algorithm for creation of these plans with the specialized software
module "MovementRehabStroke 1.0 (MD)" is aimed at providing the
information and consulting assistance to the physician in forming the movement
training plan of the patient after a stroke (Fig. 2—4).

According to the structural and functional model (Fig. 1) the creation of the
personalized plans begins with I. Operating with Database (Fig. 2): loading the
patients list, checking the presence of right patient on the list by the user (physician).

Start

1. Operating with Database

\4

@i—>| Patients list |4— Creating / updating
s the patients list

y'Y

| Checking the patient on the list l

Is th:hgi;it;f;l ton No Inputting the express information of
: new patient
YES +
The work with the patient Creating the access to

patient’s EMR

\ 4

Inputting the data from the patient's medical record.

EMR Marking the prohibition / restriction factors for movement training

To diagnostics of movement disorders

Fig. 2. Algorithm for creating a personalized movement training plans: Operating with Database,
Inputting the data from the patient's medical record
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1. Operating with Database

1.1 Quantitative assessment of movement disorders

o| The user selects the testing object (extremity / hand / gait)
and evidence criteria

'

Automatic output of the verbal characteristics of
selected assessment criteria on GUI

v

The user selects the right verbal characteristic
of the selected criterion

'

Automatic calculation and output of the quantitative
assessment of movement disorders in points on GUI

Is it enough data
Next testing object | NO for current test?

YES

Automatic integral assessment of the movement disorders and
determination of paresis degree for the selected testing objects

11.2 Presentation of the quantitative assessment results

Is it enough data to assess
the movement recovery
effectiveness?

Assessment of recovery P
effectiveness

v Loading the integral

Storage of the current expert and integral assessments of .
g p g disorders of the first test

disorders, and movement recovery effectiveness in EMR from EMR

v

Output of the general expert and integral assessments of the movement disorders,
and movement recovery effectiveness on GUI

NOJ

Creation of the personalized

To the Database L
plans for movement training

Is it necessary
to continue?

Fig. 3. Algorithm for creating the personalized movement training plans: diagnostics of
movements disorders with an information unit for quantitative assessment of movement disor-
ders (“MovementTestStroke 1.1 (MD)” software module)
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If the list isn’t yet created or such patient is absent, the user inputs express
information from patient’s medical record for creating / updating the patients
list. At the same time, the access to patient’s individual EMR is created. The
user returns to the updated list.

Then the user inputs the information from the patient medical record
(Fig. 2): neurological status, emotional state, concomitant diseases, as well as
marks the prohibition / restriction factors for movement training in case of their
presence. The information is stored in the patient’s EMR.

After that the user moves to II. Diagnostics of movement deficit, which is per-
formed by software module «MovementTestStroke 1.1 (MD)» [16]. The algorithm of
diagnostics is separated on two parts: /1. Quantitative assessment of movement disor-
ders, and 1.2 Presentation of the results of quantitative assessment (Fig. 3).

The presentation of the results of quantitative assessment includes determin-
ing the movement recovery effectiveness and outputting the results for current
movement test.

In case of insufficient data in current test, the user proceeds to another test-
ing object. Otherwise, for selected testing objects the integral assessments of
disorders are calculated, and the paresis degrees are determined. Then there is
crossing to /1.2 Presentation of the results of quantitative assessment.

The presentation of the results of quantitative assessment includes determining the
movement recovery effectiveness and outputting the results for current movement test.

In case of sufficient information for assessing the movement recovery effec-
tiveness of selected testing objects, the integral assessments of movement disor-
ders for these objects from the first test are loaded from relevant component of
EMR. The effectiveness is determined by comparing the integral assessments for
the current and first tests, and isn’t determined in case of data absence of the first
test for selected testing object.

The results for current test and movement rehabilitation effectiveness (in case of
its presence) are stored in individual EMR and are displayed by program on the GUI.

The patient session ends if only a quantitative assessment of movement dis-
orders is required, and the user returns to patients list. Otherwise, the user cre-
ates the personalized movement training plans.

In case “III. Creation of personalized movement training plans” (Fig. 4) there is
a check of the permission / restriction / prohibition to perform the training based on
prohibition / restriction factors for movement training. If there is a movement train-
ing prohibition, the patient session ends and the user is notified on prohibition.

Creating the personalized movement training plan continues in case of training
permission. The recommended personalized movement training plan (distributed by
priority the permitted movement, methods, programs and movement training dura-
tion) is output to the user. This plan is stored in the patient’s EMR.

After reviewing the plan, the user corrects it: marks the specific movements,
methods, programs. At the same time, user’s choice is based on patient’s infor-
mation, which can be viewed optionally. The personalized user-corrected plan is
also stored in the patient’s EMR and is displayed to the user. If the user doesn’t
approve this plan, it is possible to correct it with rewriting in the patient's EMR.
Finally the patient’s personalized user-corrected movement training plan is that
plan, according to which the movements are trained at this rehabilitation stage.
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To the Database from diagnostics of movement disorders

11 Creation of the personalized
movement training plans

YES Is there prohibition for
EMR movement training?

NO

Determination of the allowed movements, programs and
duration of their training, their distribution by priority

I

Creation of the recommended

personalized movement EMR
training plan A
. . v
Is it necessary to review NO

the patient’s information?

YES
A 4

Output of the patient’s
EMR | information

A4

Correction of the recommended
personalized plan by the user

Is the plan v
approved? NO
User-corrected
— | .
personalized plan
YES

Is it necessary to end Y
YES
the program? —>| End the program

NO

)4

@ To the Database

Fig. 4. Algorithm for creating a personalized movement training plans:
recommended and user-corrected movement training plans
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Then the user either ends the session with the current patient and returns to
patients list (Database) or ends the program.

It should be noted that the created personalized movement training plan at a
certain stage of rehabilitation course needs to be updated at the following stages.

The patient’s rehabilitation course ends with assessment of rehabilitation ef-
fectiveness, i.e. comparing the quantitative assessment of movement disorders at
the end and at the beginning of the rehabilitation course by the information unit of
quantitative assessment of movement disorders "MovementTestStroke 1.1 (MD)".

The feature of the software module "MovementRehabStroke 1.0 (MD)" is
that it can be used both to create a personalized movement training plan depend-
ing on the quantitative assessment of movement disorders, and only to diagnose
the motor function disorders at different rehabilitation stages with the help of
information unit "MovementTestStroke 1.1 (MD)".

CONCLUSION

The Altechnology for creating a personalized movement #raining plan for pa-
tients after a stroke has been developed. The technology is designed for Android
mobile platforms. In order to increase the effectiveness of the rehabilitation
process we utilized the the Al tool, the specialized software module "Movemen-
tRehabStroke 1.0 (MD)", which provides the information assistance to the user
(physician) in creating the personalized training plan. The personalized plan is a
multicriteria prioritization of the recommended movements and their training
duration, as well as methods and programs of training with using TRENAR"
devices. Movement training according to this plan provides the activation of the
patient’s reserves to recover movements, as well as speech motility based on
training the fine motor skills of the hand, depending on severity of movement
disorders, neurological status, psycho-emotional status, concomitant diseases
and rehabilitation stage.

The theoretical basis of the synthesis of Al-technology is the phenomenon
of neuroplasticity [22], and principle of personal activation of the patient’s re-
serves to recover movements damaged by pathology (in particular a stroke) [21].
According to this principle, a structural and functional model of the user (physi-
cian) interaction with the software module for information assistance in creating
the personalized movement training plan after a stroke for mobile platforms
"MovementRehabStroke 1.0 (MD)" has been developed.

The module’s structure consists of main information units: Database, where
information about the patient is stored, the Unit for quantitative assessment of
movement disorders by software module "MovementTestStroke 1.1 (MD)", the
Unit for creating the personalized movement training plans, recommended and
finally corrected by the user, and a GUI that allows the user to work in dialog
mode with information units.

The practical basis of synthesis is an algorithm for creating the personalized
movement training plans, recommended and finally corrected by the user.
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The developed Altechnology enables:

— creation of the personalized movement training plans, recommended and

finally corrected by user, and their review on the interface;

— determination of the rehabilitation effectiveness based on quantitative
assessment of movement disorders before and after the movement training;

— storage of complete information about a patient (neurological status, concomi-
tant diseases, psycho-emotional state, etc.), assessments of movement disorders before
and after the movement training and rehabilitation effectiveness, and movement train-
ing plans in the individual EMR of the Database.

Advantages:

— reduction the physician error in diagnostic and treatment decisions;

— the ability to identify the specifics of movement disorders after a stroke;

— personalization of preventive and rehabilitation measures based on ad-
vanced functional capabilities for movement disorders diagnostics (distributed
and integral quantitative assessment based on evidence criteria at the level of
joints of proximal and distal parts of upper and lower extremities, fine motor
skills of the hand and gait).

The results of the research enable the creation of new competitive tools of
mobile digital medicine to solve urgent problems of quality care for patients
after a stroke, the provision and monitoring of rehabilitation and health services
not only in clinics but also at home, as well as and enable utilization of new in-
formation technologies with Al tools in educational programs.
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Mi>xkHapoHUH HaYKOBO-HAaBUAJIbHUI LIEHTP

iH(popMaNifHAX TEXHOJOTIH Ta CHCTEM

HAH VYxpainu rTa MOH Ykpainu,

mp. Akan. ['mymkosa 40, m. Kuis, 03187, Ykpaina

MOBUIBHA AI-TEXHOJIOI'TA ®OPMYBAHHS ITEPCOHAJII3OBAHOI'O ITJIAHY
PEABIIITALIII PYXIB IICJIS IHCYJIBTY

Beryn. Hacnigky iHCYIbTYy cepi0o3HO 3MiHIOIOTH SIKICTh KUTTSA. OCOOIUBO CTpaxIae pyxoBa
aKTHUBHICTh. BaroMuMu € Takox MOBICHHEBI nopyiieHHs. CuHTe3 e(eKTUBHUX TEXHOJIOTiN
BiZTHOBJICHHSI PYyXiB, TOHKOI MOTOPHUKHU KHUCTI, sIKa BiAirpa€ 3HauHy pojb y BiJHOBJICHHI MOTO-
PHKH MOBJICHHSI, € aKTyaJIbHIM HAaYKOBO-IIPUKIIAJTHIM 3aBIaHHSM.

OcraHHIM YacoM y MEIMIUHI yBary IPHBEPTa€ 3aCTOCYBAHHS LITYYHOIO IHTENIEKTY.
OpHOYaCHO pPO3BUTKY HaOyBarOTh MOOUIBHI TEXHOJIOTII. BBaXKaOTh, 1O IITYYHHH IHTEIEKT Y
cMapTQoHi 3p0OUTh MEAUIUHY MallOyTHBOTO JOCTYITHOO JIJISl BCIX.

Meta — po3po0IIeHHs TEXHOJIOTIi BIIHOBICHHS PYXIiB MICNs IHCYJbTY, B KM JUIS TTi/I-
BUIICHHS e(EeKTHUBHOCTI pealimiTaliifHOro mpouecy 3acTOCOBAHO IHCTPYMEHT LITYYHOTO
IHTEJICKTY — BCTAHOBJICHHH y CTPYKTYpi MOOUIbHUX TIaT(opM crielianizoBaHuil mporpam-
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Vovk M.I., Kutsiak O.A.

HUI MOy b iH(GOPMALIIHHOT I0IIOMOTH KOpHUCTyBauy (JIikaproo) y popMyBaHHI IIepCOHAII30-
BaHOTI'O IUIaHy Ha Pi3HUX eTarax peaduriTarii.

PesyabTaTu. Po3pobineno Al-texHomnorito (OopMyBaHHS IEPCOHATI30BAHOIO IUIAHY
TpeHyBaHb PYyXiB y MAI[i€HTIB MHicCIsA 1HCYJNBTY i3 3aCTOCYBaHHAM IHCTPYMEHTIB LITYyYHOTO
IHTEJICKTY — BCTAHOBIICHOTO Y CTPYKTYpi MOOITbHUX MIaTdopM MpOrpaMHOro MOIYJIS iH-
(opmariiiHoi gonoMoru y BusHaueHHi miaHy «MovementRehabStroke 1.0 (MD)», sikuii 3a
pe3yabTaTaMy KUTBKICHOTO OLIHIOBAHHS Ie(IIUTY PYXiB MallieHTa MPOTPAMHHM MOJIYJIeM
«MovementTestStroke 1.1 (MD)» 3 ypaxyBaHHSIM 3arajbHOr0 CTaHy IallieHTa HAJla€ KOpPHC-
TyBady PEKOMEHIOBAaHMH IUIAaH Ta YMOXKJIMBIIOE HOTO KOpHTryBaHHs. HamaHo cTpyKTypHO-
¢yHKIiiHY Momenb B3aeMOAii KopucTyBada  (Jikaps) 3 IPOrpaMHUM  MOZYJIEM
«MovementRehabStroke 1.0 (MD)», a Takox ajaroput™m (HOpMyBaHHS MEPCOHATI30BAHOTO
IUIaHy peadiniTanii pyXiB — peKOMEHI0BaHOI'O Ta OCTATOYHO C(HOPMOBAHOTO JiKAPEM.

BucHOBKH. 3aCTOCYBaHHS IHCTPYMEHTIB IITYYHOTO IHTENIEKTY CIIPHATAME: 3MEHIIICHHFO MOYK-
JIMBOCTi IIOMWJIKHY JHKapsl y MPUHAHSTTI AiarHOCTUYHO-PeadLlIiTalliiiHNX pillieHb, 3a100iraHHIO PO3BHU-
TKY YCKJIAJIHEHb, 3MCHILICHHIO PU3UKY HA0YyTOl IHBAITHOCTI, YMOKIIMBUTH MiJBUIICHHS SKOCTI Ta
MAacOBE BUKOPUCTaHHS pealLliTalliifHIX MOCITYT MAlli€HTaMU ICTIs iHCYJIbTY.

Knrouosi cnosa: incynvm, Al-mexuonoeis, nepconanizoeanuii niaH, mpeHysants pyxie, peabinima-
yisl, OlaeHOCMUKA, NPOSPAMHULL MOOYIIb, CIPYKNYPHO-DYHKYILIHA MOOEb, ANCOPUMM.
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J10 YBATH ABTOPIB!

VY >KypHalli HalaHO Pe3yNbTaTy JOCHIKEHb Y rally3sX Teopii Ta IpaKkTHKH 1HTe-
JIEKTYyaJIbHOTO KepyBaHHA, 1HPOPMATUKU Ta iHQOpMAIifHUX TEXHOJIOTiH, a Ta-
KOJK 010JIOTTYHOT Ta MEMYHOT KiIOEPHETHKH.

LlinboBa ayauTopisi — HayKOBI, iH)KEHEpPH, acMipaHTH Ta CTYACHTH BHUIIUX

HaBYAJIBHUX 3aKJIAIIB BIAMOBIIHOTO (haxy.

Bumoru 1o pykonuciB craTei

1. Pykomuc HamaroTh Ha Iarepi y IBOX MPUMipHHUKaX (MOBa — aHTIIIHCHKA,
yKpaiHcbka, 17-22 ¢.) Ta enekTpoHHY Bepciro. /o pykomucy 101ar0Th:

* aHOTAITl — YKPAiHCHKOIO Ta aHTIIHCHKOI0 MOBaMH (TIPI3BHIIE, iHIITIAN aB-
Topa/iB, Miclie poOOTH, MiCTO, KpaiHa, Ha3Ba cTatTi, TekcT 250—300 ciB, 3 BujLICH-
HSM PYOpHK: BCTYII, METa, Pe3yJIbTaTH, BACHOBKH, KITFOUOBI CII0Ba 5—8 CITiB);

* CIIMCOK JIiTepaTypH MOBOIO OPUTiHATY — Y TOPSAKY 3TayBaHHS B TEKC-
Ti, 32 crangaptom JACTY 8302:2015;

* CITMCOK JIITEpaTypu — MEPeKIIa]] [HKepeN aHTIHChKOI MOBOIO, MPi3BH-
112 Ta iHiliadu aBTOpiB — TpaHCIiTepaLis;

* JiIeH31HHUI TOTOBIp;

* BiJOMOCTi PO aBTOPa/iB yKPaTHCHKOIO Ta aHIMTIHCHKOI0 MOBaMHU TIOBUHHI
mictutu: [116, BueHuit cTymiHb, HAYKOBE 3BaHHS, 110CAa, BIUIUI, MiCIle pOOOTH,
MOIITOBA ajpeca opraHizailii, TenedoH (1 3B’I3Ky pelakTopa), aBTOPChKI ife-
Htudikaropu ORCID a6o ResearcherID, E-mail.

2. Tekct cTarTi MoAarTh 3 000B'I3KOBUMHU PyOpPHKaMH: BCTYII, TOCTAHOB-

Ka 3aBJaHHs/TIPOOJIEMH, MeTa, pe3yIbTaTH, YiTKO c(HOpMYIIbOBaHI BUCHOBKH.



Bumoru 10 TekcTtoBoro gaiay

®opmat ¢aitny * .doc, * .rtf. daiin noBuHeH OyTH MiArOTOBIEHHH 3a J0-
MOMOTH TEKCTOBOTO peaakTopa Microsoft Word.

BukopucroBysani ctumi: mpudt Times New Roman, 12 nt, Mi>kpsakoBuii
inTepBai — 1,5. ®opmar nanepy A4, Bci 6eperu — 2 cwm.

®opmynn HaOMparoTs y penakropax (opmyn Microsoft Equation Editor 3.0.
ta MathType 6.9b. Onuii penakropa Gopmyin — (10,5; 8,5; 7,5; 14; 10). Illnpuna
dopmya — 1o 12 cm.

Pucynku noBuHHI OyTH SKICHIMHE, CTBOPEHI BOYIOBAaHUM PETAKTOPOM PH-
cynkiB Word Picture a6o immmmm Windows-nmogatkamMu (pUCYHKH HAIalOTh
okpemuMu ¢aiinamu Bignosigaux dhopmarie). lllupuna pucynkis — mxo 12 cm.

TabmuIli BUKOHYIOTh CTaHIAPTHUM BOymoBaHUM y Word iHCTpyMeHTapieM

«Tabmuusy. upuaa Tadaumi — 10 12 cm.

Hepenniaty Ha :xxypHaJ (IpyKoBaHa Bepcisi) B YKpaiHi 31iliCHIOIOTH:

- 3a «Karanorom Bumanp YKpaiHu», IHAEKC epearuiaTi ApyKoBaHoi Bepcii — 86598;

-3a JomoMoru nepenmnatHoi areHuii «Ykpindopmuayka» HAH VYkpainwm,

ukrinformnauka@gmail.com, iHaekc xypaany — 10029
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