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ONLINE MEDICAL DATA STREAM MINING
BASED ON ADAPTIVE NEURO-FUZZY APPROACHES

Introduction. Data mining approaches in medical diagnostics tasks have a number of special
properties that do not allow the use of such approaches in a classical form. That’s why adap-
tive neuro-fuzzy systems for online medical data stream processing tasks and its learning
algorithms have been developed. Proposed systems can process medical data streams in
three modes: supervised learning, unsupervised learning and active learning.

The purpose of the paper is to develop approach, based on adaptive neuro-fuzzy sys-
tems to solve the tasks of medical data stream mining in online-mode.

Methods. The methods of computational intelligence are used for medical data stream
processing and, first of all, artificial neural networks, neuro-fuzzy systems, neo-fuzzy systems,
their supervised, unsupervised and active learning approaches, gradient methods of optimi-
zation, methods of evolving system.

Results. As a result, approbation of the developed approach in supervised learning
mode using multidimensional neo-fuzzy neuron on medical data of patients with urological
disease was investigated. Percentage of errors in system testingusing all feature space is
11.11 %, using the most informative features the error rate becomes 6.4 %. Also multidimen-
sional neo-fuzzy neuron was used for diagnostic of the pharmacoresistant form of epilepsy,
percentage of errors in system testing is 5.82 %. Approval of the developed approach in the
mode of active training and association on the data of patients with pulmonary diseases was
performed. For all approbation results performance criterion was calculated, its values are
suitable for the tasks of medical diagnostics in data stream mode.

Conclusions. The proposed neuro-fuzzy approaches allow obtaining additional infor-
mation about patients diagnosis in conditions of limited a priori information about patient.

Keywords: adaptive system, neuro-fuzzy system, medical data mining, medical data stream.
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INTRODUCTION

Currently, data mining approaches are widely used to solve a wide range of
problems in industry, economics, finance, banking, agriculture etc. In the area of
medical diagnostics these methods are called medical data mining approaches
[1-4]. The specialty of this area is the inability to use the traditional methods of
data mining in its pure form, which is associated with a number of circum-
stances:

- limited sampling to be classified;

- significant overlapping of classes related to various diseases;

- nonlinear nature of hypersurfaces that divide these classes;

- the presence of anomalous observations that can distort primary information;
a significant role of the subjective human factor that does not provide
accurate data;

- aneed to process medical data sequentially in online mode;

- an ability to present medical data in the form of data streams.

All of these circumstances lead to the formation of non-convex and blurred
classes, for which the suitable mathematical methods are methods of computa-
tional intelligence, above all, artificial neural networks, fuzzy inference systems
and hybrid neuro-fuzzy systems. However, the systems listed are not a «pana-
cea» in the tasks of medical diagnostic because they require large amounts of
information for their training, which are often not available to physicians and are
not adapted to the need to process data in a sequential online mode. It should
also be emphasized that the compulsory stage is the preparation of medical data,
covering the task of filling in missing values (if any), normalizing the data and
reducing the number of features by compressing the data or selecting the most
informative features. The available approaches do not ensure compliance with
these online requirements for medical diagnostic tasks.

The eHealth system was introduced in Ukraine in 2018, with the ultimate
goal of creating a database of medical records for all Ukrainians by 2020. At this
stage, the processing of medical information in sequential mode using the medi-
cal data mining approaches will be relevant. The main tasks in this area are the
problems of diagnosis, which are solved by means of pattern recognition based
on paradigms of supervised learning and unsupervised one (self-learning), and
they are reduced to solving problems of classification or clustering.

The goal of this work is to improve the effectiveness of medical diagnostics in
online mode based on the intellectual analysis of medical datasets using hybrid neuro-
fuzzy systems in conditions of limited a priori information about patient.

DATA STREAM PROCESSING

High-dimensional medical data form data streams — sequential feeding to processing
at short time intervals. That is why all the approaches used to processing and analyzing
such datasets must be adapted to sequential data stream processing. An example is the
formation of a data streaming one of the departments of a hospital or one hospital as a
whole, when different physicians form separate data about each patient and these data
are sent to the central repository or hospital database. Thereafter, medical data from all
hospitals are transferred to the eHealth Repository (Fig. 1).

4 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198)
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Fig. 2. System training process

It is understandable that data stream characteristics (such as density and time
between patients) in a single hospital department will be less than those ones in the

entire hospital and country.
Medical data stream processing should be performed in several steps, which

depends on ability to know the diagnosis d; of a sufficient number of patients to

form training set for using supervised learning approaches or using unsupervised
or active learning methods in other cases. The use of the mentioned approaches
requires different initial data, depending on whether the system is trained or tested
(Fig. 2, Fig.3).
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At first we need to find out input data characteristics such as parameters of
one element of data stream, formed by N n — dimensional feature vectors

X:{x(l),x(Z),...,x(N)}, (1)

where x(k)e X ; k=1,2,..,N ; N— total number of patients; » — total number

of features for each patient.
In our case each element is a sample of observations

3 (k) = (3 (k)03 (k) (k) ey () > () )

Further analysis assumes a fuzzy partitioning of the original dataset into m
classes with some level of membership of & —th vector to the j—th cluster class

(diagnosis)d ; (k).

DATA PREPROCESSING STAGE

In the medical data stream mining tasks, the data of biomedical research are
collected from different sources (different hospitals, hospital departments, etc.).
That is why there is a problem of the absence of clearly defined parameters of
the organism, which were measured for a particular nosology. This problem is
expressed in gaps in the patient's features, in the presence of which it is not pos-
sible to process the whole table without filling them in advance. Approaches for
filling gaps was described in [5-6], for its online version adapted for medical
data processing see [7]. During data stream processing, the gaps will be filled in
such a way that the recovered elements would in some sense be most "similar"
or "close" to the a priori unknown patterns hidden in this table by improving the

6 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 4 (198)
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method of spatial extrapolation (Fig.4) [8]. To fill gaps in the features of patient
x(k) at first we need to calculate the partial distances dist(k, p) between x(k)

and all other patients x(p), k # p using formula
1 n

> | (k)= x; (p)

n=8r —8&p* 8kp i=1

dist(k,p) =

’ A3)

where g;, g, — number of gaps in the features of k-th and p-th patient, gz, —

number of gaps in common features of k-th and p-th patient.
Using partial distances values dist(k, p) we can calculate membership func-

tion mu (k,p) :

. —1
(k) = dist™ (k,p) ‘
N @)
dist_l(k,p)
p=1

At the final stage a gap value is filled using formula:

w(0)=3 mu(k.p) % (p), )

p=l

where x; ( p) does not contain a gap.

After filling all gaps online medical data preprocessing tasks require to cal-
culate basic sample statistics such as mean, variance, extreme values (maximum
and minimum) also sequentially without the need for accumulating data [9].This

step allows you to normalize the data stream to the necessary interval [—l;l]n or

[0;1]" in online mode.

A final stage of data stream preprocessing is a step of feature selection-
extraction. The need for such processing is due to the fact that medical datasets
often contain too many features with a small number of patients, which signifi-
cantly limits the possibilities of existing methods for further diagnosis. In order to
select the most informative features from the available feature space, it is pro-
posed to integrate the advantages of systems based on the combination of meth-
ods of compression of the original features space with the methods of finding the
most informative features and to create a single adaptive hybrid method of eval-
uating the informativeness of features with the selection of the most informative
ones [10-11]. A hybrid method of evaluating the informativeness of medical
features is presented in Fig. 5.

It consists of a block of normalization and centering of input features, a
block of calculating of first principal component using a modified Oja neuron
[12-15], a block of definition of the "feature-winner" where a feature with mini-
mal distance to the first principal component is defined.The distance in the sense
of the Manhattan metric is calculated according to:

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198) 7
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: m)_3 (1)
dist x_norm(z),pr_comp = Z X _norm; (z) — pr_comp 6)

i=1

in the reduction block, "feature-winner" is removed and the next informative
feature begins to be searched.

SUPERVISED LEARNING MODE

Medical data mining approaches in a supervised learning mode based on adaptive
hybrid neuro-fuzzy systems are appropriate to use in situations where there is a
representative training sample that means that diagnosis of many patients is
known. The first method in this approach is to modify a multidimensional neo-
fuzzy-neuron (Fig. 6) [16—-17].

Triangular structures are usually used as a membership function s, (x;), its
value is determined by the distance between the value of the input feature x; and
the centers of these functions ¢;;. So the output of this layer can be presented in

the form:

8 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 4 (198)
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Fig. 6. Multidimensional neo-fuzzy-neuron
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The signal at the output of the neo-fuzzy-neuron can be calculated as:

u(k)=W (k) (k) y(k)=signu(k), (8)

Wi (K)o Wit (Koo g (K)o Wiy (K)
(k)= w211.(k),..., Wapt (K) sy Wi (K) ey W (K)

where W e — synaptic
Wt 1(K)soes Wit (K)seees Wty (K)sevss Wy (K)
weights matrix, customizable using a modified procedure [18]
W (k+1)=W (k)+r" (k)(d(k)-sign W (k) u(k)) " (k).
r(k)=ar” (k=1)+|u(), 0sasl ®
that optimizes the learning criterion
£ (k) =36} (k) =3 (k) =, (0)) (10)

To enhance the capabilities of Medical Data Mining approaches in super-
vised learning mode, a hybrid neuro-fuzzy system (HNFS) has been provided
[19] (Fig.7). A particularity of this system is the ability to further change its
architecture in situation when number of features or diagnosis can be changed
[19-21].The normalized feature vector is fed to the input layer of the HNFS, that
consists of nih membership functions z;(x;(k)) and performs the fuzzyfication

of feature vector:

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198) 9
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(11

207}

() — )
i (x; (k) = exp(_wj ’

where ¢;; — center of membership function, o; — width of membership function.

n
At the output of multiplication block values [ [ s, (x;(k)) have been calcu-
i=1
lated. After we perform tuning of synaptic weights matrix, adder blocks (AB)
calculate signals:

h n
X (k)= wil ] (x; (k). (12)
I=1 =l
In Rectified Linear Unit (ReLU) block calculates [22]:
%i(k), if x;(k)>0,
Xj k = ’ ’ .:1723"'3 B
o(% (k) {0, it % (k)<0.’ ” (13)

which are transformed in normalizing block using adder block (AB) value

h n
12‘11_{ #4; (x;(k)) and provide calculating of u ; (k):
=]i=

(P(éwﬂﬁﬂli (xi (k))j

uj (k)= (14)

ifﬂ[iwﬂﬁﬂzi(%("))}
= Ua Tia

Calculation of
membership
function

Multiplication block
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of elements E y
of synaptic 5 —>
weights %
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Fig. 7. Hybrid neuro-fuzzy system (HNFS)
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Output signal of HNFS is calculated using maximum detector:
y(k)=max {uy,uy,...,u,,} . (15)

Learning criterion for training proposed system can be presented in the form [22]:
1 - 2
E; (k)=5||d(k)—x(k)|| . (16)

Modificated procedure that is used for tuning of synaptic weights matrix has
been written in the form:

e(k@uﬁ(x,-(k))f

w(k+1)=w(k)+ ' =

éﬂli (xi (k))

(17)

:W(k)+[d(k)_W(k)(lf[1ﬂli(xi(k))jJ(lf[lﬂli<xi(k))J ;
w“(k) le(k) Whl(k)

wzl.(k) wzz'(k) th.(k)

where W (k)= — (mxh)- synaptic weights

Wt (k) Wy (k) oo wyy (k)
matrix; d (k)= (dl (k),dy (k),....d,, (k))T — reference signal, which contains
information about the patients diagnosis and can take only two values of 0 or 1,
e(k)= (el (k),ey (k),....e,, (k))T — vector of training errors.

In situation when number of features of any patients or number of its possible di-
agnosis can be changed, HNFS architecture also changes (HNFS evol — Fig. 8) [19].
If patient vector x(k) is fed to the system input and it characterized by the

same set of features as all previous patients and one more feature n+1:

(k) = (351 (K)o () 1 (K)) - (18)

System evolution can be realized in the layer of membership function calcu-
lation, were new functions y,l-(xi(k)), i=1,2,..,n+1, [=1,2,...,h appear. These
n+l
functions are multiplied to / values [] 4;(x;(k)) and HNFS_evolworks ac-
i=1

cording to the equations(11)—(15).

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198) 11
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In situations when a patient is diagnosed with a new diagnosis, the HNFS_evol
architecturally evolves at the level of synaptic weights calculation: a new synaptic
weights w,,,11,....W,,11, » @ ReLU activation function and one more normalization

block for defuzzyfication system results appear in the system architecture. The most
probable diagnosis is formed by the maximum detection block a:
y(k)=max {uy,...u,,,uy 1} . (19)

For training of HNFS_evol criterion (16) is used. For synaptic weights tun-
ing we should concatenate the pre-trained matrix # with a new weight-vector

that corresponds to the new diagnosis:

W(k+1) w (k)
W (k+1)=| —————- N
Wy (k+1) W1 (£)
d (k) x(k)

i (a0 @0

dm+1 (k) im+1 (k

12 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198)
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So synaptic weights matrixis transformed to the form of ((m +1)x h) -matrix:

wi (k) owip (k) (K)
war (k) wn (k) wy ()
wik)= : : St 1)
Wyt () Wi (k) e Wi (k)
Wm+1)1 (k) Wm+1)2 (k) . Wm+1)h (k)

This matrix must be trained on m+1 diagnosis without retraining previ-
ously trained synaptic weights for m diagnosis.

UNSUPERVISED LEARNING MODE

The need of using unsupervised learning methods arises in mass health examina-
tion when the diagnosis of all patients is unknown or they are considered condi-
tionally healthy. Structural diagram of a method of adaptive robust fuzzy cluster-
ing of a patient features using a Manhattan metricsis shown in Fig. 9 [23].

For calculating distances in Manhattan metrics between x(k) and ¢,, we can use:

dist(x(k), ) =|x(k)—c,] - (22)

Calculation of position of cluster centers ¢,, and membership level of each

patient to each of clusters g, is performed using self-learning algorithm [23]:

S (6) e ()] @3)
Cm (k + 1) =cp, (k) + n(k),u,%, (x(k))sign(x(k) —Cpy (k))

Thus, the diagnostic physician receives the degree of membership of each
patient to each of clusters-diagnosis.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198) 13
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Fig. 9. Method of adaptive robust fuzzy clustering of a patient features using a Manhattan metric

ACTIVE LEARNING AND ASSOCIATIVE MODE

Approaches based on active learning are necessary in situations when a non-
representative dataset is being processed, that is some patients diagnoses are
known, but their numbers are insufficient for supervised learning mode [24-25].
In situations where the diagnosis of only a few patients are known, the use
of associative neuro-fuzzy memory methods is appropriate. The associative clus-
tering method based on neuro-fuzzy auto-associative memory realizes in few
stages (Fig.10). At first stage a membership function is introduced, which can be
described by (11) and its centers correspond to features of patients with known
diagnosis with which it is necessary to associate. Width parameter of Gaussian
functionis adjusted using level A that corresponds to a given level of intersec-
tion of two neighboring membership functions.These membership functions are

n
fed to the multiplication blocks, in which values [, (x;) are calculated. These
i=1
m n
values are summarized ) [] My (x;) at adder block. A normalizing procedure is
p=li=l
realized at the system output:

up (x):”f:ln—’ p=1,2,...,m. (24)
Z H:up (xi)
p=li=l
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Fig. 10. Associative neuro-fuzzy memory

Thus, when patient’s feature-vector is fed to the system input, signals
u, (x) appear at the system output which correspond to levels of association

with patients with known diagnosis.

As a part of the active learning mode, the neuro-fuzzy network with active
learning is proposed. The system switches between self-learning and supervised
learning modes, depending on whether the patient has a known diagnosis or not.
In situations where the diagnosis is unknown, the system switches to self-
learning mode and the first stage is the competition process when for each cen-
troid-diagnosis cd; the distances dist are calculated:

dist® (cd ; (k),x(k)) =[x (k) - cd, (k)”2 : (25)

Then the next step is the processes of cooperation and synaptic adaptation,
presented in the form:
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cdp(k)+77(k)ui (k) (x (k) —cd, (k))

cdp(k+1)= vV p=12,..,m,
e () +17()a2 () (x() = ()
0<u, (k)=[x(k (o) - [g"x(k) —edy ()| j_ <1, (26)

In situations where the patient's diagnosis is known, the system switches to
supervised learning, in which two situations may occur. If the feature vector falls
into one of the specified Voronoi cells, the procedure for pulling up this particu-
lar centroid cd, (k) to x(k)is implemented:

cd, (k+1)= cdp (B) 1)k ) =124,

Jed, () + (k) (x(x )H @n
n(k)=r"(k), r(k)=ar(k—1)+1, 0<a<l.

In a situation when x(k) falls in a Voronoi cell with a centroid winner
ca’;xf (k) that does not relate to particular diagnosis, the center of gravity is pushed

away from x(k):

(1-cos(ed; (k).x(k))

od; (k)= (k)

((k) = ed (1))

> (1-cos(cd; (k). x(k)))”"
cd ; (k+1)= = :
—cosled; (k),x(k - . (28)
o (K)-n(k) ,,El (). +(6) (x(k) - ed (k)

3 (1-cos(ed; (k). x(k))) "

n(k) =r_1(k), r(k)=ar(k-1)+1, 0<a<l.

PERFORMANGE CRITERION

To compare the effectiveness of online medical diagnosis methods, the quality
information criterion (Performance Criterion PerCr) was provided, taking into
account the Fault diagnosis and the time for decision making (7ime) required to
process one patient:
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PerCr = ZjFault + 2, Time , (29)

where 4;,4, — weighting coefficients that are chosen under the conditions
that) A=1.

By analyzing the processing time for diagnostics of one patient, it was as-
sumed that the processing time (Time) should be normalized [0;1] where O cor-
responds to a zero processing time and 1 to a possible maximal processing time
equal to 1 ms. For diagnostic tasks in the data stream mode a value of perform-
ance criterion should be from 0 to 0.25, acceptable from 0.25 to 1 under the con-
ditions of controlling the accuracy of diagnostics. All the results were obtained
using MacBook (Retina 12-inch, Early 2016), processor 1,1 GHz Intel Core m3,
8 Gb 1867 MHz LPDDR3. Python 3.7 programming language in Spyder 3.3.2
was used for programming.

RESULTS OF RESEARCH IN SUPERVISED LEARNING MODE

Approbation of the developed approach in supervised learning mode for patients
with urological diseases on the basis of evaluating the information content of the
symptom complex was conducted. The medical sample contained information
about features of patients with six urological diagnoses. The number of patients
who participated in the study was 188, each described by 106 features. At first
step Feature Selection-Extraction method was used to evaluate the informative-
ness of the features, number of features was reduced to 12. At second step all
188 patients were divided into training and testing sets (126 patients were in the
training set, 62 patients were in the testing set). Table 1 lists the training and
testing errors of multidimensional neo-fuzzy neuron and the value of the per-
formance criterion.

It is easy to see that error percentage and performance criterion were less when
input data were represented by 12 features compared to initial 106 features.
A fuzzy diagnostics of the pharmacoresistant form of epilepsy using a multidi-
mensional neo-fuzzy neuron was performed. Examination of 309 patients with
epilepsy was used as input data, the experience of the disease in each of the pa-
tients was at least one year. The total number of features was 25. All patients
were divided into two groups: the first group with efficacy of drug treatment and
the second group were patients with pharmacological resistance. A visualization
of position of the classes-diagnosis in the space of the first three principal com-
ponents is presented in Fig. 11.

Table 1. Results for multidimensional neo-fuzzy neuron

Errors PerCr
Training set Testing set
All features (106) 7.19 % 11.11 % 0,085
The most informative
features (12) 53% 6.4 % 0,0545
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Fig. 11. Dataset was divided into training and testing sets in a ratio
of 206 patients to 103 patients. The results of multidimensional
neo-fuzzy training and testing were presented in Table 2.

Table 2. Results for multidimensional neo-fuzzy neuron

Errors on training Errors on testing
set set
(206 patients) (103 patients)
Number of patients 2 6
% of patients 0,97 5,82
PerCr 0,0683 0,0501

Approbation of the hybrid neuro-fuzzy system (HNFS) and hybrid neuro-
fuzzy evolving system (HNFS evol) in supervised learning mode performed on
datasets from UCI Repository [26-29]. In the first step, datasets were normalized
at interval x; €[0,1]. The columns corresponding to the patient's health status (5"
for the Iris.data, 9™ for Pima-indian-diabetes.data, 35" for dermatology.data and
17" for parkinson.data) were moved to the vector d (k). In the next step, one ran-

dom attribute was removed from all datasets. The system was trained on n fea-

tures, after this deleted attribute was returned. The results are shown in Table 3.
All values of the performance criterion are acceptable for Medical Data

Mining Tasks (its value is more than 0.25) in situations where the data is re-

ceived sequentially, including situations when it is necessary to work in the con-
ditions of data stream.
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In the next phase of the approbation, patients with one of the diagnosis clas-
ses were excluded from all datasets. The system was trained on n+1 attributes
and m diagnoses. Further removed patients were added to the experiment. The
classification results are shown in Table 4.

Thus, it should be noted that the HNFS, HNFS evol and procedures of its
training showed a high percentage of correct classification for medical diagnosis
tasks. Testing the operation of a system on three medical datasets confirms its
performance in overlapping diagnostic classes on small datasets with variable
numbers of features and diagnoses.

Table 3. Classification results for HNFS and HNFS_evol

% errors for n features / % errors for (n + 1) features /
Dataset Time(HNFS) Time(HNFS evol)
Training set Testing set Training set Testing set
Iris.data 1,4%/130us | 2,68 % /70 ps | 3,57 % /128 us | 8,23 % /70 ps

Dermatology.data 0,87 % /171 pus | 6,5%/91 ps 4,75 % /158 ps | 16,55 % /90 ps
Pima-indian- 0,45% /136 us | 7.33%/79us | 025%/135pus | 7.94%/77 ps

diabetes.data
Parkinson.data 1,33 % /135 us | 4,66 % /81 us | 0,56 % /132 us 7,92 % /76 ps
PerCr <0,0898 <0,07615 <0,0102 <0,127

Table 4. Classification results for HNFS and HNFS_evol

% errors for m diagnosis / | % errors for (m+l) diagnosis /

Dataset Time (HNFYS) Time (HNFS_evol)
Training set Testing set Training set Testing set
Iris.data 1%/ 2%/ 9%/ 16,6 % /
) 820 us 640 us 850 us 630 ps
Dermatology.data 0,5%/ 4%/ 13,16 %/ 20 % /
) 980 us 690 us 990 ps 720 ps
PerCr < 0,492 <0,365 <0,56 <0,46

RESULTS OF RESEARCH
IN THE ACTIVE TRAINING AND ASSOCIATION MODE

Approval of the developed approach in the mode of active training and association
on the data of patients with pulmonary diseases was tested. The medical data set
consists of 132 patients, each is characterized by 104 features (gender, age, patient
complaints — 24 features, medical history — 14 features, objective description of
the patient's condition — 26 features, clinical blood test — 10 features, biochemical
blood test — 8 features, clinical analysis of urine — 10 features, chest radiography
— 6 features, ECG — 8 features, spirometry — 2 features).

The entire data set was divided into three groups-diagnosis: 46 patients with
chronic obstructive pulmonary disease, 53 patients with bronchial asthma, and 33
patients with pneumonia. Data visualization in the space of the three principal compo-
nents is presented in Fig.12.
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Table 5. The results of fuzzy association patients

Patients ID A -value Errors PerCr -value
0.2 18,15 % 0,469
1D25 0.5 24,7 % 0,502
D64 0.2 21,44 % 0,486
0.5 35,8 % 0,558
0.2 26,7 % 0,512
ID18
0.5 30,66 % 0,532
D32 0.2 19,75 % 0,477
0.5 25,78 % 0,507
D65 0.2 17,89 % 0,468
0.5 19,9 % 0,478
D70 0.2 21,33 % 0,485
0.5 30,02 % 0,529
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Fig. 12. Data visualization: ¢ — patients with pneumonia;
* — patients with chronic obstructive pulmonary disease;

+ — patients with bronchial asthma.

The physician identified the most typical representatives of each of the disease
groups (five for each group). All other patients were fed to the system input unmarked
(with unknown diagnosis). The neuro-fuzzy network with active learning showed the
percentage of correctly classified patients at the level of 84.38 %. One patient's proc-
essing time is Time = 36 ps. Performance criterion value is PerCr = 0.0961.

Associative neuro-fuzzy memory methods were used for fuzzy diagnostics of hy-
pertension and coronary heart disease.The following medical data of patients were
obtained: age, gender, patient complaints coded from 0 to 1 (12 features), the value of
clinical (8 features) and biochemical (22 features) analysis, heart rate. So, each of the
patients can be represented as a vector containing 44 features. The total number of pa-
tients was 95. Physicians identified 6 patients who could be considered as the most
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representative of each group (patients with ID18, ID25, ID64 for hypertension; patients
with ID32, ID65, ID70 for ischemic heart disease). The results of fuzzy association at
different values of centers of fuzzy membership functions are shown in Table 5 with
different parameters A . The best percentages of association with value of A=0.2 has
shown for patient with ID65 and ID25, as evidenced by the minimum value of the per-
formance criterion.

CONCLUSION

Online medical data stream mining based on adaptive neuro-fuzzy approaches in the
mode of supervised, unsupervised and active learning was considered.Special learn-
ing algorithm for neuro-fuzzy systems training was introduced. The proposed ap-
proaches allow obtaining additional information about patient diagnosis in condi-
tions of limited a priori information about patient.Testing results on clinical medical
data confirm the efficiency of the developed approaches.
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IHTEJ'IEKTYAJ'II?JHI/Iﬁ AHAJII3 TIOTOKIB MEJJUYHNX JAHUX
HA OCHOBI HEMPO-®A33I IIIIXOAY

Beryn. ITinxou iHTEIEKTYalbHOTO aHAli3y MAaHUX B 3aBJAHHIX MEIHYHOTO TIarHOCTYBaHHS
MAaroTh Psiji OCOOJIMBHX BJIACTHBOCTEH, SIKI HE JJAIOTh 3MOTY BUKOPUCTOBYBATH TaKi i IXOIH B
ki1acuuHii ¢opmi. 3 miei mpuuuHK Oysio po3polIIeHO ajanTHBHI Helpo-¢has33i cucTeMu Uit
3aBJjaHb 0OPOOJICHHS MOTOKY MEAMYHUX JAHWX B PEKUMI OHJIAWH 1 alTOPUTMHU TXHBOTO Ha-
BYaHHA. 3alpOIIOHOBAHI CHCTEMHM MOXYTh OOpOONATH NMOTOKM MEAMYHHMX AAHMX B TPHOX
pexuMax: y KOHTPOJIbOBAHOMY HaBUYaHHI, HEKOHTPOJIHOBAaHOMY HAaBYaHHI Ta AKTHBHOMY
HaBYaHHi.

MeTtoo cTaTTi € po3pobIeHHS MMiAX0y, OCHOBAHOTO Ha aJlaTHUBHUX Helipo-¢ha3ssi cuc-
TeMax, JUis pOo3B’sI3aHHS 3aBJaHb OOPOOJICHHS MOTOKIB MEIMYHHX JIAHUX B OHJIAHH-PEXKUMI.

Metoan. [Ins oOpoOIeHHS MOTOKIB MEMYHUX TaHUX BHKOPHCTOBYIOTHCS METOIH 00-
YHCITFOBAJILHOTO 1HTEJIEKTY i, TIepIll 3a BCe, MITyYHI HEMPOHHI MepeKi, Helpo-(a33i cucremu,
Heo-(a33i CHCTeMH, IXHE KOHTPOJIbOBAHE HABYAHHSI, CAMOHABYAHHS i aKTHBHE HaBYaHHS,
rpajlieHTHI METOIM ONTHMI3allil, METOAH E€BOJIOI[IHUX CUCTEM.

PesyabTaTu. IIpoBeneno anpobaiiro po3poOIeHOro mjgxony B peXHUMi KOHTPOJIbOBA-
HOT'O HAaBYaHHS 3a JIONIOMOTH 0aratoBUMipHOTo Heo-(a33i HelpoHa 3 BUKOPUCTAHHIM MEIIH-
YHUX JaHHUX TMAMi€HTIB 3 YPOJIOTIYHIUMH 3aXBOPIOBAaHHIMHU. BiJCOTOK MOMUJIOK TIiJ] 4ac Tec-
TyBaHHS CUCTEMH 3 BUKOPUCTAHHAM BChOI'O IIPOCTOPY O3HaK cTaHoBUTH 11,11 %, 3 BUKOpuc-
TaHHAM HaliHpOpMaTHBHIMIMX 03HaK — 6,4 %. Takox U1 fiarHOCTYyBaHHS (hapMaKOpe3uc-
TeHTHOT popMu emiserncii OyJI0 BUKOPUCTAHO OaraTOBUMIpHHIA Heo-(a33i HEWPOH, BiICOTOK
noMuIiku ckiaB 5,82 %. [IpoBeneHo anpoOariiro po3po0JIEHOTO MiIX01y B PEKUMI aKTHBHOTO
HABYaHHS Ta acolliallii 3a JaHMMH TAIi€HTIB 13 3aXBOPIOBAHHAMHU JiereHb. [IJif BCIX pe3yJbTa-
TiB anpobarii 0yi10 po3paxoBaHO KpUTepill epeKTUBHOCTI, HOro 3HAYEHHS € 3a10BUIBHUMHU
JUTS 3aBJJaHb MEAWYHOTO IarHOCTYBaHHS B PEXKHMIi IIOTOKY JTAHUX.

BucHoBKH. 3arponoHOBaHM MiJXif 1€ 3MOTY OTPHMATH JI0JATKOBY iH(OpMAIIiio TIpo
JIiarHO3 MAIliEHTa B yMOBaX 0OMEXEHOT anpiopHOi iHpopMaIIil Mpo NalieHTa.

Knrouoei cnosa: adanmuena cucmema, Heupo-ghazsi cucmema, iHmenreKkmyanvhe 00poonents
MEOUYHUX OAHUX, NOMIK MEOUYHUX OAHUX.
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I/IHTEHHEKTYAJ}BHBIVI AHAJIN3 IIOTOKOB MEJIMITMHCKNX JAHHBIX
HA OCHOBE HENPO-®A33U ITIOAXOOA

Baenenne. ITox0/1bI HHTEIUICKTYAIBHOTO aHATIN3A JAHHBIX B 33/[a4aX MEIUIMHCKON IMarHOCTUKU
00MaatoT PSIOM OCOOBIX CBOMCTB, KOTOpBIE HE IO3BOJIIOT MCIIONB30BAaTh MX B KIACCHIECKOH
¢opme. 1o 3700t prdMHE OBUIH Pa3pabOTaHbI aJANTHBHBIC HEHPO-(pas33y cHCTeMBI T 3a71a4 00pa-
0OTKM TIOTOKa MEIMIMHCKUX JAHHBIX B PeKIME OHJIAMH W aJrOPUTMBI UX 00ydeHws. [Ipemmarae-
MBI€ CHCTEMBI MOT'YT 00pabaThIBaTh IIOTOKM MEANLIMHCKUX JAHHBIX B TPEX PEXKUMAX: KOHTPOJIIPY-
€MOM 00y4YeHHUH, HEKOHTPOIUPYEMOM OOYUEHUN U AKTUBHOM OOYUEHUH.

Ieab craTbu — pa3paboTKa MOJX0/a, OCHOBAHHOTO Ha alaNTHBHBIX Helpo-(has3u cucremMax,
JUTS peIeHus 3a1a4 00pabOTKU TIOTOKOB METMIIMHCKUX JIAHHBIX B OHJIAHH-PEKHME.

Metoasbl. {11 06pabOTKH MEIUIMHCKUX ITOTOKOB JAHHBIX HUCIIOIB3YIOTCS METOABI BBI-
YHCITUTEIBHOTO WHTEIUIEKTa M, MPEXIEe BCEro, MCKYyCCTBEHHbIC HEHpPOHHBIC CETH, HEHpo-
(azs3u cucremsbl, Heo-(ha33U CHCTEMbI, UX KOHTPOJIMPYEMOE, CaMo- M aKTHBHOE OOYy4YeHHeE,
TPaJUCHTHBIC METOABI ONTHMHU3ALNH, METOIBI YBONIOHOHUPYIOLIHX CHCTEM.

Pe3yabTathl. [IpoBenena anpobarus pa3pabOTaHHOTO IMOAXOJA B PEXKUME KOHTPOIIH-
pyeMoro o0y4eHHs ¢ MPUMEHEHUEM MHOTOMEPHOT0 Heo-(a33u HeHpoHa MMPH UCIIOIb30BaHUH
MEIULIMHCKUX AAaHHBIX MAIMEHTOB C YPOJOTMYECKHMH 3a00ieBaHMAMH. IIpOIeHT ommboK
MPU TECTUPOBAHUH CHCTEMBI C UCIIOJIB30BAHUEM BCETO MPOCTPAHCTBA MPU3HAKOB COCTABIISET
11,11 %, ¢ ucnonp3oBanueM Hanbonee HHGOPMATUBHBIX NMpHU3HAKOB — 6,4 %. Tawke st
JIMarHOCTHKH (papMakope3UCTEHTHON (HOPMBI SMIICTICHH OBUT HCIOJIB30BaH MHOTOMEPHBIH
Heo-(}a33u HeHpOH, MPOIEHT omuboK coctaBmi 5,82 %. [IpoBenena ampobanus pazpaboTaH-
HOTO TOJIX0/Ia B PEKMUME aKTHBHOTO OOYUCHHUS U aCCOLMALMH 110 JAHHBIM ITAI[UEHTOB ¢ 3a00-
JICBAHUAMHU JIeTKUX. [ BceX pe3ysbTaToB anmpoOaiu ObUT paccuuTaH Kputepuid 3dhdexTu-
BHOCTH, €TI0 3HAYCHHS SIBJIIOTCS YAOBICTBOPUTEIEHBIMY UL 33124 MEIUIIMHCKOTO ANAarHOC-
THUPOBaHHMS B PEKHUME MTOTOKA JaHHBIX.

BeiBoabl. IIpeioxeHHbII TOAX0/ MO3BOJISIET NMOJTYYUTh JOIOJHUTENIBHYIO HH(pOpMa-
MO O AWAarHo3e MalyeHTa B YCIOBUIX OrPaHUUeHHOHN alpHOpHON HH(POPMALUH O HalUeHTe.

Knrwouesvie cnosa: adanmuenas cucmema, Heupo-gaszu cucmema, UHMENIEKMYANbHbI
AHANU3 MEOUYUHCKUX OAHHBIX, NOMOK MEOUYUHCKUX OAHHDLX.
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CONSTRUCTION OF A COMPUTER TECHNOLOGY FOR INFORMATION
SUPPORT OF DECISIONS IN THE FOUNDRY PRODUCTION PROCESS

Introduction. To ensure the high-quality manufacture of foundry products, advanced com-
puter technologies are required which would contain not only a database of metals and al-
loys but also information on defect formation processes and methods for producing castings
of a given quality. Software development requires detailed analysis not only of existing ad-
vanced technologies, but also the needs of the customer, compliance with all stages of the
technological process, determination of the production profile.

The purpose of the paper is to analyze existing approaches and tools used in the foundry
support industry to develop a computer technology containing a database of Ukrainian stan-
dards and specifications and providing guidance on the tasks involved in the casting process.
To construct such technology for supporting the foundry making in the casting process, it is
necessary to identify the advantages and disadvantages of existing facilities, assess the feasi-
bility of using these tools in the domestic production and formulate requirements for com-
puter technology developed in accordance with specifics of the Ukrainian foundries and
oriented to work with the domestic base of metals and alloys.

Results. The analysis of modern software for computer modeling of processes in the
field of formation of metals and alloys is carried out. It is planned to use the results of the
analysis when creating a computer technology for modeling thermal processes in the field of
foundry production focused on the Ukrainian industry to simplify the casting process. This
will increase the production volume and reduce the appearance of defects in casting products
during the technological process to make them more competitive. The block diagram of the
computer technology of information support for decision-making in the foundry process is
given. The main blocks of this system and the tasks they will solve are described.

© TOKOVA 0.V., SAVCHENKO YE.A., STEPASHKO V.S., 2019
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Conclusions. An analysis of modern software for computer simulation of processes in
the field of metal molding and the methods which are the basis of sofitware products is exe-
cuted. The results of the analysis are used when creating the computer technology of simula-
tion of the thermal processes in the field of foundry, which will be oriented on Ukrainian
industries, simplify the process of the casting obtaining. This will result in an increase of the
production volume and reduce the appearance of defects in casting products during techno-
logical process to make them more competitive.

Keywords: casting, foundry production, computer technology, information support of deci-
sions, group method of data handling (GMDH).

INTRODUCTION

Casting is a process in which various transformations are involved and it carries
risk of failures producing defects in casting which ultimately leads to rejection
of the casting product [1].

In order to provide fast and qualitative production of casting products, ad-
vanced computer technologies are needed that would contain not only the data-
base of metals and their alloys, but also information on the processes of defect
formation, methods of obtaining castings of the given quality for a particular
production, conditions and factors that influence the structure of casting during
thermal treatments.

The use of information technologies at the Ukrainian foundries means mak-
ing adjustments to the structure of the production process and the correction of
existing outdated software complexes, which currently use founders in the man-
ufacture of metal products. Focusing on the best foreign information technolo-
gies, identifying their advantages and disadvantages, the principles and methods
by which they operate, it becomes possible to create a qualitative technology for
the founders, highlighting the main stages of working with the melt and its sub-
sequent processing. The development of software requires a detailed analysis of
not only existing advanced technologies, but also needs of the customer, the
observance of all stages of the technological process, the definition of the profile
of production, its specialization.

The aim of this work is to perform an overview of existing software tools for
computer modelling of foundry processes, to determine their advantages and disad-
vantages, to evaluate the possibilities of using these tools at domestic production and
to propose the way to constructing a computer technology developed in accordance
with the requirements of Ukrainian foundry enterprises and oriented to work with the
Ukrainian base of metals and alloys and suitable for implementation.

The importance of computer simulation is based on the accuracy of simulat-
ing the process' physics so that important process variables can be identified and
controlled. Visualization of the pouring process in a virtual environment allows
founders to timely see and eliminate problems associated with fluid flow, hard-
ening and distortion of the part [2].

The casting process modeling will allow predicting the quality and accurate
sizes of foundry products before production, which will significantly reduce the
process of producing products and help to determine the possibility of defect
formation to eliminate it as well as the chemical composition and mechanical
properties of casting.
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OVERVIEW OF THE SOFTWARE USED IN THE FOUNDRY INDUSTRY

Today in the world various software products are used, which are related to metal-
lurgical and foundry processes.

An overview of modern software in the field of molding has shown that today
there are many different software products that are used by technologists-founders at
the enterprises, but they are not available for a number of parameters for many in-
dustries, especially small ones, in particular, they are expensive, need constant up-
dating and maintenance, but do not solve all the problems facing the foundry during
the casting process [3, 4].

A comparative analysis of the most common computer systems for simulation
of physical processes accompanying metallurgical and foundry technologies was
done in [5]. Mathematical modeling of metallurgical and foundry processes, anal-
ysis of possible variants of their optimization related to the improvement of vari-
ous technologies, allows reducing costs for preparation for production and manu-
facturing of castings.

Below we describe shortly the most used software in the world such as MAG-
MASOFT, ProCAST, LVMFlow / NovaFlow, POLYGON, advantages and disad-
vantages of these programs, their functionality.

Magmasoft simulates metal filling, crystallization, stress and strain calculation,
structure, distribution of perlite and ferrite, and many other useful parameters.

In the base version, the MAGMASOFT standard allows you to simulate mold-
ing in sand-clay shapes and into chalk. For simulation of other types of casting it is
necessary to purchase additional modules [6]:

* MAGMAlIpdc (low pressure casting);

* MAGMAhpdc (high pressure die casting);

* MAGMAdisa (simulation of casting in the form of bezomaty forms for the
DISAMATIC line);

* MAGMAiron (cast iron casting).

Flow Science, SantaFe, NewMexico, announced that they have released a new
version of FLOW-3D Cast in software for the metal casting industry. FLOW-3D
Cast v4.2 offers an advanced What You See Is What You Need (WYSIWYN) inter-
face, process-oriented work space sand a new cooling model.

FLOW-3D Cast v4.2’s WYSIWYN design methodology places the most im-
portant information at the top level so that users can quickly see and determine what
options need to be set.

Following the design principle of WYSIWYN, FLOW-3D Cast v4.2 introduces
the first process-oriented work space for high pressure die casting. Users are guided
through the distinct stages of a high pressure die casting process — thermal die cy-
cling, filling, solidification and cooling [7].

A large number of publications on various aspects of metal casting proc-
esses there appears to be a lack of gap in technology to specifically define proc-
ess knowledge. Process knowledge is defined as the list of process variables,
their collection system, visualization system and analysis to determine the ranges
of relevant process variables that are related to the product characteristics for
specific castings made in the foundries [8].

Conducted in [9] review shows that AFS Solid 2000 software combines ther-
mal and volumetric calculations to predict shrinkage porosity. ProCAST uses fi-
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nite element technique and has been adopted for micromodeling, stress, distortion,
and automatic meshing. It is also applicable for sand, shell, die casting, permanent
mold and lost foam processes. Foundries have used its software for improving the
methoding and simulating the solidification process for producing radiographic
quality castings. MeshCAST foundry software package is used for fully automatic
3-D mesh generation and is very convenient for design purposes. It can handle
complex geometries, and generates the mesh at a faster rate. It is an automatic 3-D
tetrahedral mesh generator. AutoCAST foundry software package is a knowledge-
based system involving large eddy simulation for combining all the three essential
tasks, casting design decisions, casting model creation and process simulation.
This approach reduces the overhead of importing and exporting data between the
systems for each layout iteration, saving time, and eliminates the possibility of
making errors during data transfer.

The book [10] contains a broad collection of data on properties and characteris-
tics for aluminum alloy castings, describes the factors that influence these properties,
taking into account composition, microstructure, molding, heat treatment and quality
assurance. Also presented are the curves of the heating and cooling process. These
data are presented in agreed formats, which make it easy to compare different alloys
and temperatures. The authors tried to consider all casting technologies that are
available for aluminum alloys. The focus of the process is to review the influence of
process selection and process variables on the properties and performance of casting.

In [11] a comparative analysis of the most common computer systems for mod-
elling of physical processes accompanying metallurgical and foundry technologies
was conducted. Mathematical modeling of metallurgical and foundry processes,
analysis of possible variants of their optimization are connected with the improve-
ment of various technologies which allow reducing costs for preparation for the
production and manufacturing of castings. It is clear that at present it is impossible to
unambiguously propose a computer system that would satisfy both factory tech-
nologists and engineer researchers. When choosing a computer system, the founder
must take into account his financial capabilities, as well as the amount of tasks that
need to be solved using a modern scientific tool.

In [12] advanced casting modelling tools like Procast™ allow the foundry en-
gineer to quickly bridge the gap between design and manufacturing. Optimization or
improved efficiency during the manufacturing cycle leads to substantial time and
cost savings. Computer analysis provides the means for verifying design ideas and
viewing the effects of “what ifs” at minimal costs by avoiding time-consuming and
expensive rework and retooling.

TECHNOLOGICAL PROCESSES OF GETTING CAST PRODUCTS

Metal casting is a technological process of obtaining various billets and parts. There
are different casting methods which differ in their technology of obtaining castings.
The casting is an original design, which leads to the need to create an independ-
ent sprue-feeding system (SFS) for each casting, which serves to fill the mold with a
metal by optimal speed, which excludes the formation of casting imperfections and
nonmetallic inclusions, and compensation of volumetric shrinkage during the hard-
ening of the casting to obtain in it a metal of a given density. SFS must meet the
requirements of technological capability in the manufacture of models, molds and
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castings. However, molded parts have a lot in common in the sizes of walls, nodes,
and their joints, thus opening up opportunities for typing SFS constructions and
generating general methods for their calculations [12].

EXISTING PROBLEMS AND FEASIBLE SOLUTIONS

The main direction of improvement of any production is the modernization of
known and creation of new technological processes in order to reduce the consump-
tion of materials, reduce energy and labor costs, improve working conditions, elimi-
nate or reduce the harmful effects on the environment. All of this ultimately im-
proves the efficiency of production and output [13].

The authors [11] concluded that it is currently impossible to unequivocally pro-
pose a computer system that would satisfy both factory engineers and engineer re-
searchers. Consequently, when choosing a computer system, the founder must take
into account the scope of tasks and production, the future use of products, which will
result in the selection of the technological process of obtaining the workpiece or
finished component, the type of metal or alloy and its financial capabilities. The
survey showed that there is a need to develop a software product that would allow
the following tasks to be performed:

1) calculation of the filling speed of the form;

2) calculation of hardening;

3) calculation of voltage;

4) thermal voltage;

5) the possibility of automatic computing;

6) analysis of defects;

7) analysis of the type of casting;

8) determination of cooling modes;

9) displaying the image of the process of pouring and freezing on the screen-
visualization of the entire technological process, from the injection of molten metal
to the form and before its solidification;

10) creating SFS for specific production;

11) analysis of casting of alloys.

In order to increase the competitiveness of graphitized steels with respect to such
machine building materials as high-strength pig-iron, bronze, low-alloy steel, it is
promising to create a new technology that provides the crystallization of hypereutec-
toid steel with the formation of spheroidal graphite inclusions and eliminating the
formation of structural free cementite. This can be achieved by developing a highly
effective modification application in the pre-crystallization period in combination with
the optimization of the chemical composition and the rate of cooling of the castings.

As a result of the studies carried out in [14], a highly effective modification
process was developed, the main technological parameters for obtaining hypereutec-
tic alloy of steel with spheroidal graphite were determined. The obtained scientific
results open the perspective of the development of highly effective technologies and
creation of new brands of graphitized steel.

In foundries casting, defect analysis is one of the common applications of ex-
pert system. In modern foundries expert systems are mainly used for casting defect
analysis. Expert systems are computer programs in which the knowledge and ex-
perience of one or more experts is captured and stored to make it widely available.

30 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198)



Construction of a Computer Technology for Information Support Decisions

The knowledge in an expert system may originate from many sources such as text-
books, reports, databases, case studies, empirical data and personal experience.
These systems can be of great assistance in the decision-making process as the com-
puter can be made to think, reason, make inferences and give judgment, conclusions,
and solutions to problems [9].

The emergence of software tools at the Ukrainian foundries not only simplifies
the process of obtaining the casting, but also increases the volume and speed of pro-
duction, will reduce the appearance of defects by improving the physical and chemi-
cal properties in the casting products.

Taking into account the direction of foundry factories, it becomes possible to
create a software tool with auxiliary modules that will be oriented towards the type
of casting and industry, the type of metal or alloy, the methods of obtaining casting,
the analysis of the assessment of temperature impact on the material and characteris-
tics of its physical properties.

SAND CASTING TECHNOLOGY

The process of casting in sand forms is the process by which molten metal is poured
into a sandy form. Sandblasting is a relatively cost-effective process with fast set-
tings, ideally suited for prototyping or small production cycles. It can be used to
produce components of almost any size and shape, from the simplest to the most
complex. The precision of the sizes is good and the excellent surface texture can be
achieved with the correct finish. Sand can also be recycled, providing both environ-
mental and economic benefits.

Other characteristics of the form (volumetric, shell, refractory, etc.): composi-
tion and properties of molding mixtures, methods of their consolidation or harden-
ing, characteristics of castings and alloys for their manufacture, scale of production,
etc. determined only as variants of this process and types of equipment for perform-
ing specific operations [15].

The paper [16] considers the methods of casting, from which we have selected
those that are oriented on the technology of casting in sand forms. Sand casting is
the most common method of metal casting, accounting for approximately 75 percent
of all metal cast. It consists of forming a cavity in sand with a pattern, filling the
cavity with molten metal, allowing it to cool and solidify and then releasing the cast-
ing by breaking away the sand [17]. Shell-mold casting is a variation of sand casting
in which sand containing a resin binder is cured by heat. Lost-foam casting is a
technique similar to investment casting in that it uses an expendable pattern, one
made of polystyrene foam rather than wax. The pattern is coated with a refractory
material and then encased with sand, forming a one-piece sand mold.

CONSTRUCTING A SPECIALIZED
COMPUTER TECHNOLOGY IN FOUNDRY PRODUCTION

A computer support system for casting solutions is being developed. With its help, the
specialist would have the opportunity to get recommendations on what impurities and
in what proportions should be added to the initial raw materials and on the choice of a
suitable cooling mode to achieve a certain quality of casting. Equally important is the
displaying some images on the screen: visualization of the cooling curves of the cast-
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ing (experimental data) and the content of raw materials by its chemical composition
in the form of a diagram (mass fraction). The software is aimed at optimizing work-
flow support and casting process automation. General scheme of the main units and
their relationships with the computer system is demonstrated (Fig. 1).

The system will consist of the three main blocks:

1. Database

2. Recommending subsystem (before production and in the process of

manufacturing at a specific installation);

3. Analytical subsystem.
The recommending subsystem is linked to both the database and the analytical
subsystem. The database contains standards, requirements, experimental data,
and recommendations based on analytics on cooling process management.

Standards | Experimental
(DSTU, data
ISO)

1T

RECOMMENDING SUBSYSTEM TO
SUPPORT USER'S DECISIONS

1L

ANALYTICAL SUBSYSTEM
FOR HANDLING THE CASTING PROCESS DATA

il

Visualizing and documenting the results

Fig. 1. Flowchart of the foundry support system
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STANDARDS AND EXPERIMENTAL DATA
TECHNICAL

REQUIREMENTS

Experimental data

Data on grades of metals
and alloys according to
DSTU /ISO

Data on
cooling modes of vari-
ous metals and alloys

Data on the chemical
composition of the
known metals and alloys

Data on cooling curves
of different metals and

alloys
Data on physical and
mechanical properties of )
foundry products Customer requirements
for the future product

Technical requirements
for the product manu-
facturing

Other documentation

\ Adding new /

information to the database

Fig. 2. Block diagram of the database

The block diagram of the database is shown (Fig. 2).

The database consists of two main blocks. The first one contains standards and
technical requirements. This data is independent of the installation on which the
casting will be processed, it is invariant for all installations.

The second block contains the information of the casting user, which depends
on the existing installations and conditions in which the process of casting and
measuring the cooling temperature of the alloys takes place, as well as data on all the
products that were manufactured and all other documentation required in the operat-
ing the casting machine at a specific installation. If necessary, this unit can be
adapted for use on another installation with updating all the necessary information.

The user has the opportunity to supplement the database with new information
both in the block of standards and specifications and in the block of data.

A flow chart of a recommending subsystem for supporting casting solutions
which also consists of two separate blocks is presented (Fig. 3).

This subsystem can be used at the beginning of the casting (reference block) to
determine what products can be made from the available raw materials if their
chemical composition is known, to select from the database information about the
selection of certain additional components of raw materials (its chemical composi-
tion) to obtain products of a given quality, and also to select from the experimental
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data of the user information about various alloys that were already made according
to the technical requirements of the customer.

In the second block of the subsystem, for example, some types of recommenda-
tions are presented based on the results of the experiments performed and models
constructed. This unit addresses the analytical subsystem and is intended to provide
ongoing guidance to the caster during the casting process.

The analytical subsystem is intended for solving various computational tasks
necessary for active support of the foundry maker's decisions. As for now, the fol-
lowing three tasks are implemented in this subsystem:

- construction of models of dependence of the intermediate temperature of cast-
ing on the mode of its cooling;

- construction of models of dependence of mechanical properties of a product
on the chemical composition of raw materials;

- comparison of the curve of the unknown alloy curve with the standard curves
of standard alloys introduced into the database.

The construction of models of temperature dependence on cooling modes
makes it possible to use the simulation results to select a suitable cooling mode. This
can be done by calculations of the intermediate temperature in different modes [18].

The construction of models of dependence of the mechanical properties of cast-
ing on the chemical composition of raw materials makes it possible to adjust the
chemical composition of raw materials to obtain certain products. It also helps to
evaluate how the increase or decrease of each of the components of the raw material
affects the mechanical properties of the finished casting [19].

34

1. The choice of grades of
metals and alloys that can be
made from a given raw
materials

1. Choosing the right cooling
mode to achieve a specific
product quality

2. Selection of impurities to the
available raw material to obtain
quality products (with specified
properties)

2. Determination of alloy qual-
ity by comparing its cooling
curve with reference curves

3. Information on the charac-
teristics of the manufactured
products and the respective
operating modes of the foundry

3. The choice of the chemical
composition of raw materials
for the manufacture of prod-
ucts with specified physical
and mechanical properties

Recommendations based on
the available database

Recommendations based on the
results of experiments and
simulations
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Construction of Construction of Comparison of the
models of tem- models of mechani- cooling curve of an
perature de- cal properties de- unknown alloy
pendence on pendence on the with the reference
cooling modes chemical composi- curves from the
tion of row materials database
GMDH

Fig. 4 Scheme of the analytical subsystem (an example)

The third problem which can be solved with the help of the analytical subsys-
tem is to compare the proximity of a curve of an unknown alloy with the reference
curves entered in the database, which allows determining its chemical composition.

The block diagram above presents a computer support system for the foundry
and its main subsystems. Individual modules are developed using the VBA MS
Excel language. This software package can be used on any Windows PC with MS
Office installed. Given that the process monitoring data is in Excel or easily im-
ported, such a product will be easy to use and will not require a special training.

The proposed technology substantially develops, supplements and clarifies the
general principles of designing the computer technology for modeling the thermal
processes of foundry production described in [20].

CONCLUSIONS

On the basis of the overview of processes and methods of casting with the main
attention to the detailed consideration of the methods of casting in the sandy form,
we can draw the following conclusions.

The advantages of the molding method in sand forms are: the possibility of
manufacturing castings of high weight and of complex forms; ability to automate
production; castings are made from cast alloys, besides refractory that allows using
scrap in remelting; cheap cost of receiving castings.

The disadvantages include the following: roughness of the surface which re-
quires further treatment of castings and leads to a large amount of waste; the prob-
ability of defects occurrence is of greater extent than in other methods of casting;
bad sanitary conditions of production.

Although sand casting technology has certain disadvantages, it still remains one
of the most widely used casting technologies in the world due to the possibility of
creating any shape of various sizes at a low price.

Therefore the creating computer technologies that will take into account all the
peculiarities and help to enhance the casting quality is obviously of great impor-
tance. The paper presents the design features of a technology oriented to support
casting solutions in the process of casting cooling. It is designed to automate some
stages of the casting process as well as help specialists to make the casting process
more manageable and replace costly experiments with their modeling to evaluate the
influence of various factors on the casting during the cooling process.
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The general scheme of technology for support of decisions of the foundry and its
main subsystems — recommending and analytical, as well as the structural scheme of
the database as a necessary component of the developed technology are presented.
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KOHCTPYIOBAHHS KOMIT'FOTEPHOI TEXHOJIOT'Ii IHOOPMALIIMHOT
IITPYMKH PILIEHG V ITPOIECI JINBAPHOI'O BUPOBHHUIITBA

Beryn. [lng 3a0e3nedueHHs SKiCHOIO BUTOTOBJICHHS JIMBApHUX BHPOOiB HEOOXiqHI MepenoBi
KOMIT FOTepHI TEXHOJIOTIi, SKi MICTHIIM O He Juiie 0a3y JaHHX METAJIB Ta CIJIaBiB, a i iH(O-
pMallifo Ipo MpOLECH YTBOPEHHS Ae(eKTiB, CriocoOn OTpUMaHHs BHJIMBKIB 33JaHOI SKOCTI,
YMOBH Ta YHHHHKH, SIKi BIUTHBAIOTH HA CTPYKTYPY JIUTTS IIiJ] 4aC TEPMIYHOTO 0OPOOICHHS.

Buxopucranns iHpopManiifHuX TeXHOIOrH Ha YKpaiHCHKHX JIMBApHUX MiJPUEMCTBAX O3Ha-
Yyae BHECEHHSI 3MiH Y CTPYKTYPY BUPOOHHYOTO TIPOLIECY Ta BUIPABICHHS HASBHUX 3aCTApUINX TIPO-
IPaMHHX KOMIUICKCIB, 5IKi Hapa3i BUKOPUCTOBYIOTh 3aCHOBHHKH y BUPOOHHIITBI METAJICBHX BUPOOIB.
3ocepenKyIoUrCh Ha KpalliX 3apyOihKHUX 1H(POpMAIIIfHUX TEXHOJIOTISAX, BUSIBIISIIOUM TXHI IIepeBary
Ta HeJIOJiKH, IPUHIUIN Ta METOIH, SIKUMH BOHH KEPYIOTHCS, CTa€ MOYKJIMBUM CTBOPHTH IS 3aMOB-
HUKIB SIKICHY TE€XHOJIOTiO, BUIUIMBIIN OCHOBHI €Tary poOOTH 3 PO3ILUIABOM Ta MOJAIBIIOTO HOro
niepepoOIieHHs. Po3po0iieHHsT IPOrpaMHOro 3a0e3MeUeHHs] BUMArae JeTAIbHOTO aHalli3y He TUIbKH
HAsBHUX IIEPEIOBUX TEXHOJIOTIH, a i moTped 3aMOBHMKA, JIOTPUMAaHHSI BCIX €TarliB TEXHOJIOTIYHOTO
TpOIIeCy, BU3HAYCHHS MPOQLITI0 BUPOOHHUIITBA, HOTO CreliaTi3arlii.

MeTo10 J0C/IiIZKeHHS € aHAJli3 CyYacHHUX IIiIXOIiB Ta 3ac00iB, 110 BUKOPUCTOBYIOThCS
B Tajy3i MIATPUMKH pillleHb JTHUBAPHHUKA 3 METOK PO3POOJICHHS TaKOi KOMIT FOTEPHOT TE€XHO-
Jiorii, sixka Oyne MicTUTH 06a3y JaHUX YKpaiHCHKUX CTaHJApTIB Ta TEXHIYHUX BUMOT 1 HaJlaBa-
THUME 3MOTY OTPUMYBATH PEeKOMEHalii 1010 3aBJaHb, Ki BAHUKAIOTh Y MIPOLEC] JIUTTS.

PesyabTaTu. [IpoBesieHO aHai3 Cy4yacHOIO NPOrPaMHOro 3a0e3MeueHHs /s KOMII'IoTe-
PHOTO MOJICITIOBAaHHS TPOLIECIB B raiy3i (hOpMyBaHHs METAJIB 1 METO/IB, 11O JISKATh B OCHOBI
MPOrpaMHUX MPOAYKTIB. Pe3ysbTaTi aHami3y BUKOPUCTAHO y CTBOPEHHI KOMIT'IOTEPHOI TeX-
HOJIOT11 MOJICIIIOBaHHS TEIJIOBUX MPOIIECIB y Tally3i JIMBAPHOTO BUPOOHUIITBA, OPIEHTOBAHY
Ha YMOBU IIPOMUCIIOBOCTI YKpaiHH, [0 HaacCTh 3MOTY CIIPOCTUTHU IPOLEC OTPUMAHHS JIUT-
Ba, BHACIJIOK YOI0 MOXHA Oyie 30UIbIINTH 00CAT BUPOOHUIITBA T 3MCHIITUTH TOSABY Je(eK-
TiB JIMBAapHUX BUPOOIB y TEXHOIOTiYHOMY IpOIECi, O MiBUIIUTh IXHIO KOHKYPEHTOCIIPO-
MOXHicTh. HaBeneHO OJOK-CXeMy KOMITIOTEPHOI TEXHOJIOTIT iH(opMaliiHOl MiATPUMKH
IPUMHATTSA pillleHb y Ipoleci JIUBApHOro BUPOOHUNTBA. ONUCAaHO OCHOBHI OJIOKHU 1LIi€l cuc-
TEMH 1 3aBJaHHS, SKi BOHH OYyAyTh BUKOHYBaTH.

Knrouogi cnosa: numms, ausapne upooHuymeo, 8UIUBOK, KOMN 10mepHa mexHono2is, ingho-
pmayiina niOmpumKa Kepy8anbHUX pilielb, Memoo epynoeoeo Ypaxy8auHs apeyMeHmig
(MI'VA).
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KOHCTPYNPOBAHHUE KOMITbFOTEPHOM TEXHOJIOTH
NMHOOPMAILTMOHHOU ITOJJEPXKKHY PEINEHWN B ITPOLECCE
JIMTEMHOI'O IMTPOU3BO/ICTBA

IIpoBesicH aHANHM3 COBPEMEHHOTO MPOrPAMMHOTO O0CCIICYCHHMS U KOMITBIOTEPHOTO MOJICNIMPOBa-
HUsI IPOLIECCOB B 00MacTy JOPMHUPOBAHKS METAIUIOB U CIUTaBOB. Pe3ynbTarhl aHaIM3a IIAHAPYETCS
HCITIONB30BaTh TIPU CO3MAHNH KOMITHIOTEPHOM TEXHOMIOTHUH MOJICITAPOBAHHS TETUIOBBIX MPOIIECCOB B
0011acTy IUTEHHOTrO POM3BOACTBA, KOTOpas OyAeT OPHEHTHPOBAaHA HA MPOMBIIUICHHBIC YCIOBHS
YKpauHbI 1 MO3BOJIUT YIIPOCTHTH MPOLIECC MOMYUYEHHUS JINThSI, B PE3YIIHTATE YEr0 YBEUUHUTCS 00BEM
TPOM3BOJICTBA, YMEHBILHTCS TOSIBIICHUE IS(DEKTOB M3/ICIHI B TEXHOJIOTHYIECKOM IIPOLIECCE, YTOOBI
clienaTh MX 0oJee KOHKYPEHTOCIIOCOOHBIMH.

[puBeneHa ONOK-CXeMa KOMITHEOTEPHOM TEXHOJIOTMH MH()OPMAIMOHHON TOMICKKA TIPHHSTHS
PeLICHHIT B TIpoLiecce IMTEHOro Mpor3BosicTBa. ONMCaHBl OCHOBHBIC OJIOKH 3TOM CUCTEMBI M 33/1a-
YH, KOTOPbIC OHU OYyT peliaTh.

Knrouesvie cnosa: numve, numetinoe npouzso0cmeo, OmMiueKa, KOMNbIOMEPHAs MEXHON02US,
UHDOPMAYUOHHASL NOOOEPIHCKA YNPABIEHUECKUX PEUIeHUT], MemoO 2PYNno8o20 yyema apey-
menmos (MI'VA)
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PRINCIPLE OF TIME STRETCHING IN GAME DYNAMIC PROBLEMS

Introduction. There exists a wide range of mechanical, economical and biological processes
evolving in condition of conflict and uncertainty, which can be described by various kind
dynamic systems, depending on the process nature. This paper deals with the dynamic games
of pursuit, described by a system of general form, encompassing a wide range of the func-
tional-differential systems. The deciding factor in study of dynamic games is availability of
information on current state of the process. In real systems information, as a rule, arrives
with delay in time. Also, there are a number of problems for which Pontryagin’s condition,
reflecting an advantage of the pursuer over the evader in control resources, does not hold.
Establishment of close relation between its time-stretching modification and the effect of
variable information delay offers much promise for solving the above mentioned problems.

The purpose of the paper is to deduce, sufficient conditions for termination of the
games, for which Pontryagin’s condition does not hold, by the use of the effect of informa-
tion delay, to specify these conditions for the case of integro-differential dynamics, and to
illustrate the obtained result with the model example.

Methods. For investigation of the dynamic game of pursuit we apply the scheme of Pon-
tryagin’s First Direct method providing bringing of the trajectory of conflict-controlled proc-
ess to the cylindrical terminal set at a finite moment of time. In so doing, construction of the
pursuer’s control is accomplished on the basis of the Filippov-Castaing theorem on measur-
able choice that insures realization of the process of pursuit in the class of stroboscopic
strategies by Hajek. To deduce solution of the conflict-controlled integro-differentional sys-
tem in the Cauchy form, the method of successive approximation is used.

Results. It is shown that the dynamic game of pursuit with separated control blocks of the
players and variable delay of information is equivalent to certain perfect information game. Based on
this fact, the principle of time stretching is developed to study the games with complete information
for which classic Pontryagin’s condition, lying at the heart of all direct methods of pursuit, does not
hold. The time-stretching modification of this condition, proposed in the paper, makes it feasible to
obtain sufficient conditions for bringing the game trajectory to the terminal set at a finite moment of
time. In so doing, the control of pursuer, providing achievement of the game goal, is constructed.
These conditions are specified for the integro-diffential game of pursuit. By way of illustration, an
example of integro-differential game of pursuit is analyzed in detail. The time stretching function,
providing fulfillment of the modified Pontryagin’s condition is found. Simple relationships between

© G.Ts. CHIKRIL, 2019
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dynamics parameters and control resources of the players are deduced that provide feasibility of
capture of the evader by the pursuer, under arbitrary initial states of the players.

Conclusion. Thus, in the paper an efficient tool is developed for analysis of conflict sit-
uation, for example, interception of a mobile target by controlled object in condition of con-
flict counteraction. The situation is analyzed, when the pursuing object lacks conventional
advantage in control resources over the evading counterpart, that is, the classic Pontryagin’s
condition does not hold. Suggested approach makes it feasible to realize the process of pur-
suit with the help of appropriate Krasovskii’ counter-controls.

Keywords: dynamic game, time-variable information delay, Pontryagin’s condition, Aumann’s
integral, principle of time stretching, Minkowski’ difference, integro-differential game.

INTRODUCTION

In the theory of dynamic games a number of efficient methods are created to
make decision in conditions of conflict and uncertainty. They originated in fun-
damental works of R. Isaacs [1], L.S. Pontryagin [2], N.N. Krasovskii [3], L.
Berkovitz [4], A. Friedman [5], O. Hajek [6], B.N. Pshenitchny [7] and their
disciples, which are based on various mathematical ideas respective to availabil-
ity of information to opposing sides in the course of game [8—10]. There exists a
wide range of mechanical, economical and biological processes which can be
described by dynamic systems of various kind, in particular, by the ordinary
differential, difference, difference-differential, integral, integral-differential,
partial differential and fractional equations, as well as by impulse systems, de-
pending on the process nature [11]. Any disturbance, counteraction or inaccu-
racy readily leads to game situation. The deciding factor in study of dynamic
games is availability of information on current state of the process, its prehistory
or various kind counter-parts discrimination, that results in the problems of pur-
suit-evasion by position or in the class of stroboscopic, quasi- or & -strategies.

Sometimes, in real systems information arrives with delay in time. It is
shown that the dynamic game of pursuit with variable information delay is
equivalent to certain perfect-information game with the changed dynamics and
terminal set. It was first proved for the linear differential games with constant
delay of information, then for the case of variable information delay [12]. This
effect of information delay opened up possibilities for application of classic
methods to analyze the games with delay of information [12], [13].

At the heart of the First Direct method, developed for solving the linear differen-
tial pursuit games, lies Pontryagin’s condition [2]. This condition reflects an advantage
of the pursuer over the evader in control resources in terms of the game parameters.
However, there are a number of problems for which this condition does not hold, e.g.
the problems of soft meeting (simultaneous coincidence of geometric coordinates and
velocities of objects), pursuit problems for oscillatory processes or different inertia
systems etc [14], [15], [16].

Analysis of Pontryagin’s condition performed by Nikolskij [14] greatly advanced
its understanding and was a contributory factor to the modification of this condition
[17], prescribing construction of the pursuer’s control on the basis of evader’s one in
the past. Unfortunately, analysis of the model example contains slips.

Establishment of close relation of the modified condition with the passage
from the original game with perfect information to an auxiliary one with delayed
information [18], [19] gave impetus to the development of efficient approach
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(the principle of time stretching) to solving complicated games of pursuit,
namely, those for which Pontryagin’s condition does not hold [19], [20], [21].

This paper deals with the dynamic games of pursuit, described by a system of
general form that encompasses a wide range of the functional-differential systems.
The gist of this approach consists in artificial abandoning the availability of informa-
tion on the current evader’s control to the pursuer. In fact, the passage is made from
the original game with complete information to the game with the same dynamics
and the terminal set, yet with special kind information availability delay. This delay
is a function of time, decreasing as the game trajectory approaches the terminal set
and vanishing as it hits the target. The central idea of the time stretching principle
consists in introduction of certain function, called the time stretching function, in
which terms the time delay is expressed in explicit form. Then the obtained game
with delayed information is analyzed on the basis of its equivalence to the perfect-
information game with the changed dynamics, for which Pontryagin’s condition
includes the time stretching function.

The time stretching principle proved its efficiency in solving the problems of
soft meeting in various cases of second-order dynamics, for which formula for the
time stretching function is deduced in explicit form, in their number, in the case of
different-kind dynamics of the pursuer and the evader [20-22]. Simple conditions
on the games parameters insuring feasibility of the pursuit termination are de-
duced. The geometric-descriptive situation of finding ‘tracks’ of the evader is
studied in detail, that provides realization of the time stretching principle by the
way of the pursuer following the evader’s trajectory with delay in time [20].

In the paper the time stretching principle is applied to the dynamic games,
described by a system of general form, encompassing a wide scope of the func-
tional-differential systems. The result of investigation is specified for the inte-
gral-differential games of pursuit. To this end, we derive solution to the integro-
differential system in the Cauchy form. In so doing, the method of successive
approximations is used to solve the Volterra integro-differential equation of
second order. To support the suggested technique, an example of integro-
differential pursuit game is examined in detail.

EFFECT OF INFORMATION DELAY IN THE DYNAMIC GAMES OF PURSUIT

Statement of the pursuit game usually includes a system of equations, describing the
conflict-controlled process. But subsequent analysis of the game, as a rule, employs
only presentation of the system solution. In the case of differential game it is the Cau-
chy formula. To begin with, we recall the impact of information delay in the dynamic
games of pursuit, that is, the equivalence of the game with variable information delay
to certain complete-information game with the changed object’s dynamics and the
terminal set and, on its basis, outline the time stretching principle.
Let a trajectory of the conflict-controlled process be given in the form:

)= ¢0) [(i(1.0.1(6)) £5(0.0.1(60))d8. ¢ <1 1). 0

Iy

Here z(t)e R", where R"is the real n-—dimensional Euclidean

space, g : [to,+o0)— R" is continuous vector-function. Controls u and v are picked
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by the players at each instant of time from the compacts U and V' in a way their
realizations in time be Lebesgue measurable functions. Functions f;(¢,6,u) and

£(6,6.v), f:A(t,)xU — R", £, At )xV — R", where
A(to) = {(t, 9): 0<t,<0<t< +oo} are assumed to be Lebesgue measurable both
in ¢ and @ and continuous in u and v, respectively; U € K (R”), Vek (R”), where

by K (R”) is denoted the set of all non-empty compacts from R" .
Besides, a terminal set M, having a cylindrical form is given:

M, =My+M. )

Here M|, is a linear subspace of R” and M — a convex compact from the
orthogonal complement to M, inR", i.e. M € coK(L). By coK(L)is meant the

set of all convex sets from K ( ")
Let us denote by € and €, the sets of all measurable functions taking their

values in the compacts U and V', respectively. In the sequel, they are referred to as
the sets of admissible controls of the pursuer and the evader, respectively.

We analyze the game, standing on the pursuer side (u« ). The goal of the pur-
suer is at a finite moment of time to bring a trajectory of the system (1) to the
terminal set M, , under arbitrary admissible control of the evader (v ). By the
moment of the game termination is meant the first moment of time
t when z(t) € M, . Such dynamic game is called the game of pursuit.

Let 7 be the operator of orthogonal projection from R” ontoL, 7:R" — L.
Then bringing the system trajectory to the terminal set is equivalent to the inclusion
ﬁz(t)e M . 1t is supposed that g(to)eéM « and the players know the parameters of

conflict-controlled process (1), (2), namely vector- functions g(t), functions f; (z, 0, u)

and f, (t, 0, v) , the control domains U , V', and the terminal set M *.

Let us suppose that current information on the game state become available
to the pursuer with the delay in timez(f). The functionz: [t +7g,+®)— R,

T(lo + TO)Z 7, is assumed to be piecewise-continuous, besides, it can have at

most countable number of discontinuities and all discontinuities are of the first
order, and is absolutely continuous on the intervals of its continuity. What is

more, r'(t) <1 at the points at which the derivative 7(¢)exists. The last condition

provides for access of fresh information in the course of the game.
The game starts at the moment ¢, but information on the evader control be-

comes available to the pursuer only beginning from the momentz, + 17y, 7, > 0.
In the course of the game, i.e. at each current instant of time#, ¢ >1, +7,, the
pursuer has access to information on the evader control at the momentz —z(t).

Denote by u' () realization of the pursuer control on the half-interval [t - z'(t),t) ,
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u'(s) = {uls):s et —2(e)2)}.

We name the pair (g(t),u’ ()) by the position of game at the moment?. Sup-
pose that on the initial half-interval [to,z, +7,) the pursuer applies some admis-

sible control " (),

w070 () = {uls):s eftg.t+ 7o)}, w0 (e Q.

The pair (g(to ),utOHO ()) is referred to as the initial position of the delayed-
information game.

Definitionl. Let X and Y be non-empty sets from R” . The geometric dif-
ference of sets is defined by the formula

X#Y={z:z+Yc X}= n (X-y).
yeY

In what follows, the notion of Aumann integral of set-valued mapping
is used [23].

Definition 2. Let F (t) be a measurable mapping, F : [tO,T]—>P(R”) where
P(R" ) is a set of all closed subsets of the space R". The union of integrals, taken
over all its measurable selections f(¢), f(t)e F (t), namely,

T
U [re)a
SOeF (),
is called the Aumann integral of set-valued mapping F (t) and usually denoted

T
by [F(t)d:.
1o
Let us take into consideration the following set-valued mappings

z(¢)

V(z(t)= {x x= [ £(6,6-0,10))d0, () e QV},

0

M(z(t)= M=V (z())..
Conditionl. The set-valued mapping M (r(z)) has non-empty images for all
t> ty +79.
Let us take a look at the pursuit game with complete information, starting at
the moment #, + 7,,, which current state is defined by the formula

t

H0)-20)- ] Aloalo)do+ [1-#6)fs(0.0-r(0)kvlo—c(o)do . 3)

to+70 th+70
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to+70

Z(tg +70)=&lto +70), &(£)=g(r) - [ £i(t.6.u(6))d6
fo
and the terminal set M, (r) having the form of set-valued mapping,
M, (t)=Mq+M(z(t)). (4)

We observe that, by virtue of Condition 1, the terminal set M,(¢) has the
solid set component M (Z'(t))

Theoreml. Let in the dynamic game (1), (2) with variable information delay r(t)
Condition 1 hold. Then this game can be terminated at the moment7', T >¢, + 17y,
starting from the initial position (g(to ),u0tr0 (.)), if and only if the game (3), (4) with
complete information can be terminated at the same time 7.

PRINCIPLE OF TIME STRETCHING IN DYNAMIC GAMES OF PURSUIT

Now we outline an approach to solving games of pursuit in the frames of the
First Direct method [2] and derive sufficient conditions insuring the game termi-
nation at some finite time, which, generally speaking, is not optimal. In such
case they say about guaranteed result. It is achieved by using counter-controls by
Krasovskii [3], provided by stroboscopic strategies by O. Hajek [6]. We name
this approach by the time stretching principle.

The First Direct method, created to study the linear differential games of
pursuit is based on the Pontryagin’s condition that reflects an advantage of the
pursuer over the evader expressed in terms of the game parameters.

The linear differential game is described by the system of linear differential

equations
()= Az(t) - ule)+v(t),

zeR", z(O): 2y, A 1is a quadratic matrix of orderz . It presents a particular case
of the conflict-controlled process (1) with

glt)=ezy, £i(.0.u) = =01, , fo(t,0,v) = =0y,

(by ¢ is denoted exponent of the matrix ¢4 ).
Condition 2 (Pontryagin’s condition). The set-valued mapping

wt)= ﬂetAUfﬂetAV 5)

has non-empty images for all 7 € [0,+oo).
Note, that in the case of linear differential game the state variable Z(¢) of

the equivalent game with complete information, evolving on the half-
axis [z, +0), satisfies the differential equation

£(0) =200 o)1= ()™ 1),
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70
Z(cg)= 70z — [ 0"My(0)d0
0

and the terminal set of the equivalent game appears as the set M, (t) (4) with

V(e(e) = {x . TILHAv(Q)dG, W) e QV}.

The set-valued mapping W (¢) (5) is applied in the First Direct Method as follows.

It is shown that if at some time £, the initial state of the game z, satisfies the inclusion

n
ﬂetlAzo € IW(H)dH ,
0
then the game of pursuit can be terminated at the moment #, under arbitrary

admissible controls of the evader.
Below we give generalization of Pontryagin’s condition to the case of dy-
namics of general form (1).

Condition 3. W (1,0)= 7 fi(tg +1,0,U )xz f5(tg +1,0,V )= D , t, <O <t <+00.
In the case Condition 3 does not hold we propose its modification con-

structed with the help of the function of time stretching.
Definition 3. By the function of time stretching is named a non-negative,

monotonically increasing function of time I(z), ¢ € [0,+oo), 1(0)=0, 1(t)>t,
t >0, which can have at most countable number of discontinuities and all dis-
continuities are of the first order, absolutely continuous on the intervals of its

continuity, and such that sup | (t)< +o0, where A is the set of /(¢) disconti-
1e[0,+0\A

nuity and non-differentiability points.
Condition 4. There exists time-stretching function / (t), such that the set-
valued mapping

wWi(t,0)=7r fi(t.tg + 1(t)- 0,0 )x1(0)x f5(t,00 + 1(t)-1(0).V )= B ,tg <O<t < +o0.

Theorem 2. Let in the perfect-information game (1), (2) Condition 4 hold
and let for the given initial state g(to) there exist a finite moment of time ¢ :

to+1(e)-t
t={mint:t20,7| gltg +1(t)- [ filto +1(t),9,U)d9J
fo

(6)
ﬂ[M +jW1(t,¢9)d¢9J = @}.

0
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Then a trajectory of the process (1) can be brought by the pursuer to the
terminal set M, (2) at the moment of time ¢, +/(f; ), under any admissible con-
trols of the evader.

Proof. Let us set 7y =1 (zl)—tl and divide the interval of time [to,zo +1(1 )]

into two parts — the initial half-interval [to,to +175) and the closed inter-
val [to + 70,00 +1 (tl )] In view of the assumptions concerning non-emptiness of
the intersection in definition of time #, (6) and non-emptiness of the images of
the set-valued mapping Wl(t,49) (Condition 4) there exist an admissible control
u'0*70(9), 0 elty.to+19), point m, me M , and measurable selection w(f,6),
wi(1,0)e W(11,0), 6<[0,4), such that the following equation is fulfilled:

to+1(n))-1 ) 1
A glio+ 1)~ | Ailio+10)0. 00 @)d0 | =m+ [wn.0)d0. (7
to 0

We set the pursuer control on the initial time-interval [to,to +ro) to be

equal tou'0*70 ().
The trajectory of the conflict-controlled process (1) on the interval
[to + 70,0 + 1(t;)] can be presented in the form:

Z(to +79 +I)= g(lo +79 +I)—

t

—J.((fl(to +7o9+1,tlg+70+ 6,14(1‘0 +7p + 6))—f2(fo +79+1,1lg+70+ H,V(l‘o +7p+ 6)))d0 .
0

Let us build current control of the pursuer at each instant of time ¢y + 7y + 6,

0e [0, f1] on the basis of the evader control at the instantz, + (¢ )—I(t, — 6). It is
easy to see that

ty+1(t)-1(t, —0)=t, +7,+0—(I(t, - 0)— (1, - 9)).
One can observe that in such case control of the pursuer at current instant
to+t9+0,0 € [0, t, ], is constructed in accordance with the evader control at the
moment on the time /(¢ —0)— (1 — 0) earlier.

Thus, on the interval [ty + 7,7y + 1(t )] transition is made from the original

perfect-information game to the auxiliary game with the same dynamics and the
same terminal set but with variable delay of information

T(l0+70+9)=1(11—9)—(l1—9), 96[0,1‘1]. (8)

By Theorem1, this game with information delay is equivalent to the perfect-
information game having the dynamics
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t
g +7o+1)=8ltg +70 +1)— [ filtg + 70 + 1.9 + 79 + 0, ulty + 79 +0))dO+

0
. ©)
+[1(t - 0)foltg +1(e).tg + 1(ty)— 1(ty = 0)V(tg + 1(t)~ 1(¢, - 0)))d @,
0
to+70
glty+ry+t)=glty+z,+1) - | fl(zo +70 +1,0,u'00 (9))d9.
fo

The terminal set of the equivalent game has the form (4) with
M*(to + 7 +t)=M0 +M(T(f0 +7p +t)),
M (c(ty +7o +1))= M*V(c(ty + 7o +2)) = M*V(I(t; — 1)~ (e, -2)).

In view of the formula for the time delay (8), z(zy + (1)) = 7(zg + 79 +4,)=0,
therefore, M,(ty+1(t))=M,. Thus, at the moment of the game termination
1o +1(¢,) the terminal set of the equivalent game is the set M, .

Let us prescribe control of the pursuer on the interval [to +Ty,t, +1 (tl )] to
be equal a measurable solution of the equation:

ﬁﬁ(to +](t1),t0 +79 +0, l/t(to +79 +9))=

=1t =0)7 oo +1(1 )10 +1(01)= 10 = 0), v(to + (1)~ 1y = 0)))+ wley, 1, =)
0e [O,tl ]
Such solution exists by virtue of the Filippov-Castaing theorem on a meas-
urable choice [24].
With the help of the above formula, from the relationship (9) one can easily
deduce that zZ (¢ + 1(t;))=m, where m € M . Therefore, at the moment , + /(¢

the trajectory of the original game (1) with complete information hits the termi-
nal set M, , under arbitrary control of the evader. In so doing, the pursuer con-

structs its current control on the basis of the evader’s control in the past. The
theorem is proved.

In case of the linear differential game Condition4 and Theorem?2 take the
forms of Condition5 and Theorem3, respectively.

Condition 5. [17]. There exists time-stretching function / (t), such that the
set-valued mapping

Wy(t) = we U =i () e! Oy

has non-empty images for all #,0<¢<+o0.

Theorem 3. Let the linear differential game (5), (2) meet Condition 5 and
suppose that for the given initial state z,, there exists a finite instant of time?, ,
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I(t)-t

[ e(I(t)_e)AUdﬁjﬂ[M+}W1(9)d'9J¢®} (10)
0

0

tl = tl(Z())Z min{t >0: ﬂ'[el(t)AZo —

Then the game can be terminated by the pursuer at the time instant [ (t1 ),

under arbitrary admissible controls of the evader.
To this end, on the half-interval [0,7,) control of the pursuer is set equal to

u™ () and on the interval [z, 7 +¢] it is built in the form of a measurable so-
lution of the equation

eli=o)4 u(ry +6)=
= (- 0) ! O (1( )~ 1, - 0))+ w (1 - 6), O [0,1,].

Note that controlz™ (9), 0 €l0,7y), where z(=1I(f)—#, and measurable se-
lection w, (9) , w(0)em;(0), 6<0,4] are determined by the formula (10).

INTEGRO-DIFFERENTIAL GAME OF PURSUIT

Let us consider two controlled systems evolving in R according to the integro-
differential equations, respectively:

t

)'c(t)z Alx(t)+ in(t,s)x(s)ds + fl(u), uel, x(0)= XQ» (11)
t)= 4px(0)+ ﬂjl(taS)y(S)dS +/2(v),ve?,3(0)= yp. (12)

Here A1 and A2 are constant matrices, K(t,s) and L(t,s) are matrix functions
whose elements are continuous on the set A= {(t, s): 0<s<t< +oo};

fi(u):U = R" and f,(v):¥ — R" are continuous vector- functions; u and v —
control parameters of the pursuer and the evader, respectively; 4 and u are real
numbers.

The goal of the pursuer is in the shortest time to achieve meeting with the
evader, i.e. x(t)= y(t), t <+o0 and the evader tries to escape or maximally post-
pone the meeting.

We assume that the pursuer constructs its control on the basis of information
about initial states of the players and current control of the evader, i.e. employs
counter-controls by N.N. Krasovskii [3].

Solutions to the equations (11), (12), under the initial state x(0) = x, »(0) =y,

and chosen controls (@), v(9), 6¢ [0, t] can be presented in the forms, respectively:
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0 0

x(t)zeA Xo +IeAlt e)f( (9))d0+2.j.e‘41(t 0 []?K ds]ds,

o(1)= ey + jeAZ’ 0 1, (v(0)d0+ ﬂ}eAzOH{fL(e,s)y(s)ds]ds.

0 0 0

Let us interchange, by virtue of the Dirichlet rule [25], the order of integra-
tion in the last terms of the both expressions. Then we obtain

.tf e (Z_H)ﬁ’K(H, s)x(s)ds}d@ = 't[[_t[ e (Z_H)K(H, s)d@}r(s)ds ,

0 0 0\s

0 O\s

j et (t_e)[]?L(@, s)y(s)ds]d& = Jt.[j. eh2 (t_e)L(Q, s)d&}v(s)ds

Thus, we come to the linear integral Volterra equations of second order

x(t)= I (£, x(s)ds + 2,(0). (13)

20)= 1 Lless)lsds + g5 ¢). (13)
0
Here
git)=eM'xy + I =0 11 (u(o))ao, (15)
0
ga(t)=e™ 3 + [ 20 1, ((0)o, (16)
0

Kless)= A0k (0,510
0

Les)= [ O)n(o,sh0
0

Using the method of successive approximations [26] one can find solutions
to the equations (13), (14):
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t

x{t) = 2] Rit5: 2)e (s)es + 1 1), a7
$(0)= 1] Rt e (s + 20, as)

AN A
where R(t,5;1) and R, (t,S; ,u) are the resolvents of the integral equations (13),
(14), defined by the Neumann rows

A o i1 ¢

Rl(t,S,ﬂ)zzﬂv K[(tas)5 (19)
i=1

A © A

Rz(t,S;l)zz,ul Lj(tas)' (20)

i=1

These rows are absolutely converging and the iterated kernels K, (t, S) L. (t, s),

1
i =1,2,... are given by the recursive formulas:

A

A A LA
K (t,s)= K(t,s), K(t.5)= [ Ky (t.c) K (c.5)ds

A A A A
L, (t,s) = L(t,s) Li(t,S)Z jL1(t,g)Li—1(§,S)d§ ,i=2,...

0
Let us substitute formulas (15), (16) for gl(t) and gz(t)into the expres-
sions (17), (18). Then we have

x(t)=e'x, + IeAl (=0) £ (u(6))d6 + /1J- 1%1 (t,5;2)e™ds - x, +
0

0

+ zj R(t,s; z)(j e r (u(e))dest ,

0 0

y(t): ey, +J.eA2 ([76)]‘2 (V(@))d& + ,uJ. 132 (t,s;,u)eAzsds Yo+
0 0

+ ,uj R (t,s; y)(j et (v(H))d&st .

0 0

Upon application of the Dirichlet formula in the last terms of the above
expressions we obtain
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LA
x(r)= el 4 ZI R (t,s;/l)eAlsdijo +

0
21)
j( ) j (6, 532)e 0>dsj £.u(0))do
0 0
y() = (eAZ’ + ,uI 132 (t,s; y)eAz“'dsij +
0
(22)
e uf s oo
With the use of notations
®,(,0)= "+ A[ R (¢, 5: 1) s, (23)
1%
D,(1,0)= e + ,uI 132 (1,55 )™ ds (24)
9
the solutions to equations (11), (12) can be presented in explicit form:
x(t)= @, (6,00, + [ @, (2.60) £, (u(@))d0, (25)
0
(6)= @, (.0)y, + [ @,(1,6) £,((6))d6 . (26)
0

Let us pass from the game under study (11), (12) to the equivalent game
with the origin as the terminal set and the state vectorz =y —Xx, evolving

in R" according to (1), with
g(t)=@,(1,0)-@,(1,0), £,(t,6,u(0))=,(t,0)u(0). f,(t.6.4(60))=@,(1.OM0),
and starting from the initial state

2o =XVo—Xp-

Then Conditions 3, 4 and Theorem?2 reduce to the Conditions 6, 7 and Theo-
rem 4, respectively.
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CONDITION 6. The set-valued mapping
Me,0)=,(1(e).6) £(UyD,(1(1). O)1,V) 22

has nonempty images at all 0 <6 <¢ < +o0.

CONDITION 7. There exists function of time stretching / (t) , such that the
set-valued mapping

W(t,0)=,(1(:).1()- 0) /(U )1 (0) 0, (1 (1)1 ()= 1(0)) 15 (7 )

has nonempty images at all 0 <8 <7 <+c0.
Theorem 4. Let the parameters of pursuit game (11), (12) meet Condition7
and let for the given initial states x,;, y, there exist a finite moment?,,

tl :tl(xo’yo):

{minz 1120, (@2(10),0) v, —®@,(1(2),0)x, — ](]2&)1(]@), 6) fl(U)dé?J o

0

0

N jW(r, 0)de = @} .

Then the pursuer can terminate the game at the moment of time / (tl) for
arbitrary admissible control of the evader.
Note that in the course of pursuit, beginning from the moment 7, = / (tl )— t,, the

pursuer constructs its current control on the basis of the evader’s control on the time
1(t, — 0)—(z, — @) earlier, defined by the formula:

(Dl(l(tl )» Ty + H)fl (u (To + 9) =
= j(tl - H)Cbz(l(tl )’I(tl)_ I(tl - 9))f2 (V(I(tl)_ I(tl - 9))) + W(tp L - 9)

e [O,fl].

ILLUSTRATIVE EXAMPLE OF INTEGRO-DIFFERENTIAL PURSUIT GAME

Let us consider the game, in which motions of the pursuer and the evader in
R" are described by the equations, respectively [27]:

(7)= /lj.x(s)ds +u,ueU, x(0)=x,,

0

ul<p, (28)

t

j/(t) = ,uj y(s)ds +v,ve V,y(O) =Y,

0

<o (29)
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It is a particular case of the game (11), (12). We see that in the game under
study K, (z,5), K,(t,s) are the unit matrices and 4;, 4, — zero matrices. Using

formulas for the iterated kernels one can easily evaluate

A

Kiles)=(-)E, L(t,s)=(t - 5)E.

Let us denote

o =N-4.o=-u.

In view of formulas (19), (20), the resolvents of the equations (28), (29),
have the forms, respectively:

AN AN

Ri(t.5)=—sinay(t=s), Ry(t,s)=——sinan (t—s), if 1<0, u<0,
2] 2]
AN AN

Ri(t,5)=——shan(t—s), Ralt,s)=

ish(ol(t—s), ifA>0, u>0.
@) @

Then, by formulas (23), (24)

®,(,0)= cosw(t—s)-E if A<0
T  cha(t=s)-Eif A>0,

@, (1,0) = cosa,(t—s)-E if u<0
S chw,(t—s)-E if u>0.

Here E is n-dimensional unit matrix.

Let us analyze Condition 6 for various combinations of 4 and g signs:
1)1 <0, >0. Condition 6 reduces to the form:

p|cos a)lt| - J|cha)zt| =20.
This inequality is not fulfilled for all # > 0, therefore Condition 6 does not
hold. The principle of the time stretching is not applicable because
e + o

cha,t = —> 400 ast —> 400,

2)A >0, p<0. Condition 6 has the form:

p|cha)1t| - 0'|cosa)21| =20 Vvt=0.
It holds if p > 20 .
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3)A>0, 4>0. Condition 7 has the form:
p|cha)1t| - 0'|chw21| >0 Vvt=0.

Itholds if p2ocandw, > w,.
4 A <0, u=0.Condition 6 takes the form:

,o|cosa)lt|—0'20 Vt20.

It does not hold and the time stretching is not applicable.
5)A=0, u<0. Condition 6 reduces to the form:

p—a|cosa)2t|20 Vt>0.

Itholdsifp=20.
6)A =0, u>0.Condition 7 has form of the inequality p— 0'|cha)2t| >0 and

does not hold V¢ > 0. The principle of the time stretching is not applicable
since cha,t — +oo ast — +o.

7)A >0, u=0.Condition 6: takes the form p|chcolt| —020 V¢2>0 and holds
if p>2o.
8) The case A <0, 1 <0 presents special interest and is analyzed in detail.
Condition 6 has the form:
plcosayt|- Sxojcosmyi|-S =@ Vit 20.
Here S, S € R"is the ball of unit radius centered at the origin. Evidently,
this condition does not hold.

Let us apply the time stretching principle. In the case under study Condition 7
(with the time stretching) looks as follows:

wy(t)= pleos ayt|- Sfai(t]cosa)zl(t] S#=@ Vt=0.
It is equivalent to the inequality
p|c0s a)lt| - O'j(t)Icos a)zl(t)| >0 Vt=0. (30)
Let us assume that
W >y 3D
and let us select the function of time stretching

1(0)=2¢.
@)
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Then the relation (30) reduces to the inequality:
(p—aﬂ]|cos a)1t| >0. (32)
%))

We impose, in addition to the condition (31), following constraint on the
game parameters:

P 0
o o (33)

It is easy to see that, under the conditions (31), (33), the inequality (32)
holds for all# > 0, that means that Condition 7 is fulfilled.

Now we will show that assumption (27) of Theorem4 is satisfied for arbi-
trary initial states x;, y, of the objects. To this end, we set control of the pursuer
on the initial half-interval of time equal zero, that is #°(6)=0, 6<|0, 1(;)-1).
Then, in view of Theorem4, it remains to show that there exists an instant of
time# ,0 <t <+, at which the following inclusion is true:

gl
7ze](t1 )AZO € IWI(Q)dH.
0

In the example under study this inclusion reduces to the form:

cosa)zl(t)yo—cosa)ll(t) I(p|cosw1t| GI cosoo2 )d@ S. (34)

0

Substituting / (t) =—L¢ into the inclusion (34), we convert the latter into the
W,

relationship

[p O'—J_Hcos a)1t|d9

cosayt- yo—cosaa))l—t X
2

One can readily see that the left-hand part of the above inequality is less or
equal to while the right-hand part is more or equal

to (p—aﬂ){L} , where by symbol [] is denoted the integer part of a
W ) |7/ @

number. That is why, there exists a moment of time # at which this inequality is

satisfied and, therefore, the inclusion (34) holds.

Hence, by virtue of Theorem 4, under the conditions (31), (33) on the game
parameters, the pursuer can catch the evader at a finite moment of time, for arbi-
trary initial states of the players.
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CONCLUSION

An original approach is developed to study game dynamic problems of pursuit.
It is applicable to a wide range of conflict-controlled functional-differential sys-
tems. In the paper, sufficient conditions for guaranteed capture are obtained in
the case of integro-differential dynamics of objects. The time-stretching princi-
ple offers promise as an efficient tool for probing complicated problems of mo-
bile objects conflict counteraction, for which classic condition for the instantan-
taneos advantage of the pursuer over the evader does not hold. Suggested ap-
proach makes it feasible to realize the process of pursuit with the help of appro-
priate counter-controls by Krasovskii.
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IMPUHIIUII PO3TATY HACY B II'POBUX 3AJAYAX TMHAMIKHA

Beryn. € mupoke KoJ10 mpoleciB MeXaHiKi, eKOHOMIKH 1 010J10Ti1, sIKi pO3BHBAIOTHCS B YMO-
BaxX KOH(UIIKTY Ta HEBU3HAYEHOCTI 1 MOXyTh OyTH omucaHi pi3HOro poay (yHKIIOHAIbHO-
TU(pEepeHIIIHHIMA CHCTEMaMH 3aJIC)KHO BiJl IPUPOJTH MPOIIECY .

B po6oTi po3risgaoThea JUHAMIYHI iIFpH NEpeciliyBaHHs, IKi BU3HAYAIOThCS CHCTEMOIO
3arajibHOTrO BHUIIISY, SIKa OXOILTIOE IIHPOKE KOJIO PYHKI[IOHAIEHO-TU(EPEHIIIHHUX CHCTEM.

VY nocnifkeHHI AMHAMIYHUX irop BHUpilIagbHUM (PaKTOpoM € iH(GOPMOBAHICTH I'PaBIIiB
PO TIOTOYHHUH CTaH Mporecy. Y pealbHUX CHCTeMax iH(opMaIlis, K MpaBHiIo, HAIXOAUTH 13
3ami3HeHHsM y 4aci. Takox, € HHU3Ka irpOBHX 3aBIaHb, JUI SKMX HE BHKOHYETHCS YMOBA
[ToHTpsriHa, 110 BigoOpakae MUTTEBY MEpeBary OJHOTO TPaBIS HAJ IHIIUM B pecypcax Ke-
pyBaHHs. BCTaHOBIIEHHS TiCHOTO 3B'I3Ky MDK y3araJbHEHHSM Li€i YMOBH, ITOB'S3aHOI 3 pO3-
TATYBaHHSM 4acy i e()eKTOM 3MIHHOTO 3alli3HIOBaHHS iH(POPMAIIT BiJKpUBAE BEJIUKI mepcrie-
KTHBH IS PO3B’sI3aHHS BUILC3a3HAYCHNX 3aB/aHb.

Merta craTTi — Ha OCHOBI e()eKTy 3ami3HIOBaHHS 1HQOPMAIlil BUBECTH JOCTATHI YMOBHU
3aBepIICHHS TPH, VIS SIKOI € He BUKOHAHOIO yMOBa ITOHTpsriHA, KOHKPETH3YBATH iX Ha BH-
MaJIoK iHTerpo-audepeHIiitHol AMHAMIKH 3 TIOJAJIBIIOK 1TIOCTPAI€0 OTPHMAHOTO PE3YJlb-
TaTy Ha MOJICIBEHOMY IIPHKIIA/I.

Metonu. s DOCTIDKEHHS MUHAMIYHOT TPH IEPECIIiTyBaHHS 3aCTOCOBYETHCS HEPLINiA
npssmuid Metoz, [TouTpsirina, mo 3a0e3nedye NpUBEACHHS TPAEKTOPil KOHQITIKTHO-KEPOBAHOTO
MPOIIeCY Ha IITIHAPUYHO TepMiHATBHY MHOXHHY B KIHIIEBUI MOMEHT 4acy. BonHouac, mo0y-
JIOBA KepyBaHHS IepecitilyBaya 31iHCHIOEThCS Ha OCHOBI Teopemu Dininnoa-Kacra npo BuMi-
pHHUIT BUOIp, 110 3a0e3leuye peatizaliio Mpouecy mepeciiayBaHHs y Kiaci cTpoOOCKOMYHUX
cTpareriii Xaieka. [l BUBENICHHS pillIeHHs] KOH()IIKTHO-KEPOBAHOI 1HTETpO-Au(epeHIIIHHOT
cucremu y hopmi Korri BUKOPUCTOBYETBCS METO/I TIOCIIIIOBHUX aIlpOKCUMAIii.

PesyabTaTu. [lokazaHo, 1110 AMHAMIYHA Tpa NEPECIiyBaHHS 3 PO3AUICHUMH OJIOKaMH Ke-
PYBaHHS TPaBLIB i 3MIHHUM 3ali3HESHHsIM iH(pOpMaIii eKBiBaIeHTHA JIESKiil Ipi 3 HOBHOIO 1H(O-
pmartiero. Ha ocHOBI 116010 (hakTy po3po0IeHO MPUHIIUIT PO3TATYBAHHS YaCy IS JOCIIIKESHHS
irop 3 MOBHOIO iH(GOpPMALI€O, JUI SKUX HE BUKOHAHO KiIacM4yHy yMoBY [loHTpsriHa, mio Je-
KHUTh B OCHOBI BCIX MPSIMHX METOIB TepeciiayBaHHs. Y poOOTi MPONOHYeThCS MOAU(IKaLlis
Ii€l yMOBH, MOB'sI3aHa 3 PO3TATYBaHHIM 4acy, IO A€ 3MOT'Y OTPUMATH JIOCTaTHI YMOBH IIPH-
BEJ/ICHHS TPAEKTOPIi IPH HA TePMiHAJIbHY MHOKUHY B KiHIIEBHI MOMEHT Yacy. OnucaHo crocio
o0y JOBH KepyBaHHs [IepecililyBaya, SIKUi IPHBOUTH 10 TOCSTHESHHS METH.

OTpuUMaHO KOHKPETHHUH BUTIISI IIUX YMOB JUIsSl iHTErpo-au(epeHIliifHOl TpH mepeciiny-
BaHH:. B siKoCTI imocTpanii MpoBeIeHO JeTaJbHUN aHali3 KOHKPETHOrO NPHKIANy iHTerpo-
IUQepeHIinHoi rpu. 3HaiaeHo (QYHKI0 PO3TATYBaHHSA Yacy, 0 3a0e3rnedye BHKOHAHHS
y3aranbHeHoi ymMoBH IloHTpsriHa. BuBeneHo HpocCTi CHIiBBIJHONIEHHS MDK IapaMeTpaMu
PYXy TpaBIlB 1 IXHIMH pecypcamMH KepyBaHHS, 10 3a0€3MeUy0Th MepeciiyBaueBi MOXKITH-
BICTb 3JI0BUTH I'PaBLiB, AKi TiKaIOTb, 32 OyAb-sIKHUX iXHiX IOYATKOBHUX M1OJI0XKEHb.
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BucnoBku. Ppo3pobieHo edextuBHuUN 3aci0 ais aHamizy KOH(IIKTHHX CUTYyallii, Ha-
MPUKJIAJ, TIEPEeXOIUIEHHS pyXoMoi Liji KepoBaHUM pyxoMuM o0'ektoM. IIpoananizoBaHo
CUTYaIli10, KOJIU 00'€KT, SKHI Mepeciliye, He Ma€ MUTTEBOT MEPEBaru y pecypcax KepyBaHHS
nepes rpaBLeM, SIKUi Tikae. 3anponoHOBaHUE MiAXil Jae 3MOTY peaii3yBaTH Ipolec nepec-
JTyBaHHS 32 JIOTIOMOTH BiANOBIIHUX KOHTP-KepyBaHb KpacoBchKoro.

Knrouoei cnosa: ounamiuna epa, 3minne 3aniznenns ingopmayii, ymoea Ilonmpseina, inmee-
pan Aymanna, npunyun po3msaey uacy, pisnuys Minbkoscvkoeo, inmezpo-oughepenyiina epa.

Yukpuii I'.1]., n-p ¢us.-mat. HayK, cTapll. Hayd. COTP.
BeJl. HAyd. COTP. OTX. 9KOHOMHYECKOH KHOCPHETHKH
e-mail: g.chikrii@gmail.com

WuctutyT kubepuetuku um. B.M. I'mymikosa
HanuonansHOMN akageMun HayK Y KpauHBI

mp. Akan. ['mymkosa 40, Kues, 03187, Ykpauna

MPUHIUIT PACTS2KEH S BPEMEHU B UTPOBBIX 3AJJAUAX INHAMUKU

Beeoenue. CymiecTByeT NIMPOKHHA KPYr MPOLIECCOB MEXaHUKH, SKOHOMUKH W OHOJIOTHH,
Pa3BHBAIOIINXCS B YCIOBHUAX KOH(MIMKTA U HEONPEIETeHHOCTH, KOTOPbIE MOTYT OBITH OIH-
CaHbl PA3IMIHOTO poja (yHKIMOHATEHO-TU((EpEeHINATBPHEIMUA CUCTEMAMH B 3aBUCHMOCTH
OT IpUpoIs! Ipoliecca. B pabore paccmarpuBaroTcsi AMHAMHUYECKHUE UTPHI MPECIEA0BAHUS,
OIlpe/ieNsieMble CHCTEMOI 00Iero BHa, OXBATHIBAIOIICH MIMPOKHA KPYT (YHKIHOHAIBHO-
UG PepeHIINATBHBIX CUHCTEM.

Ipu uccrnenoBaHUM TUHAMHYECKUX WP pemIaomuM (HakTopoM sBIsieTCs] HHPOPMHUPO-
BAaHHOCTh MI'POKOB O TEKYILEM COCTOSHMH Ipoliecca. B peanpHbIX cucTteMax nH(popMaius,
KakK MpaBHJIO, IIOCTYIAET C 3ama3iblBaHEeM BO BpeMeHH. Tarke CYIIECTBYET PsJI UTPOBBIX
3ajad, 11 KOTOPBIX HE BBINOJNHAETCS ycioBue [IOHTpsrHHA, OTpakaiollee MTHOBEHHOE
MPEUMYIIECTBO OJJHOTO UTPOKA HaJ JPYTHM B pecypcax yrpaBieHHs. Y CTaHOBICHHUE TECHOM
CBSI3U MEXIy 00OOIIEHHEM 3TOTO YCIIOBHS, CBSI3aHHOTO C PACTSXKCHHUEM BPEMEHHU W dPQek-
TOM TIEPEMEHHOTO 3ama3/bIBaHUsI MH(POPMAIUH, OTKPHIBACT OOJbIIAE MEPCHCKTUBBI IS
penIeHus BBIIICYOMSIHYTHIX 3a/1a4.

Ieny cmambsu — Ha ocHOBe 3(hdeKTa 3ama3abBaHus HHGOPMANK BEIBECTH JOCTATOY-
HBIE YCIIOBHSI 3aBEPILECHUS UTPHI, U1 KOTOPOW HE BBIIONHEHO ycioBHe [IOHTpsATHHA, KOHK-
peTU3MpOBaTh MX Ha Ciiydail UHTerpo-AuGepeHIManbHON JUHAMUAKA C TOCIEIyIoIeit
WLTIOCTpaLUed TTOyIeHHOTO pe3ybTaTa Ha MOJISITBHOM IpHMepe.

Memoowt. ][I uccnenoBaHus JMHAMHUYECKON UTPhI MPECIIEA0BAHIS TIPUMEHSIETCS Mep-
BBII mpsiMoit MeTon [ToHTpsATHHA, 00eCTIeUnBAONINi TPUBEICHNE TPAEKTOPUH KOHMINKTHO-
YIPaBISIEMOro TpoIecca Ha IHIMHAPUISCKOE TePMUHATIBHOE MHOXKECTBO B KOHEYHBIA MO-
MEHT BpeMeHH. [Ipy 3TOM, MOCTPOSHHE YNpaBIEeHHUs MpecieoBaTeNsl OCYIIECTBIIETCS Ha
ocHoBe Teopemsl Duunnosa-Kacrena 00 M3MepruMOM BBIOOpE, YTO 0OECIICUHBACT pealTh3a-
IIUIO TIpollecca MpecieJOBaHus B KJIacce CTPOOOCKOMMUECKHX cTparteruil Xaiieka. I[Ipu BbI-
BOJIC PEIICHUS KOH(QIMKTHO-YIPABISEMON HHTErpo-auddepeHInanbHON CHCTEMBI B (JopMe
Komm Mcnoip3yeTcst METO MOCIEA0BATEBHBIX AlIPOKCHMAIIHH.

Pesynomamer. IlokazaHo, 4TO IMHAMHUYECKas Urpa MPECIEAOBAHHS C Pa3/ielICHHBIMU
0JI0KaMH yIIPABJICHHU UTPOKOB U MEPEMEHHBIM 3ala3bIBAHUEM HHPOPMallUK SKBUBAJICHTHA
HEKOTOpOW urpe ¢ moinHod uH(popmanmed. Ha ocHoBe 3toro (akta pa3paboTaH NPUHIIMIT
pacTsDKeHUs] BpEeMEHH ISl MCCISOBAHMS UTP C TOJNHOM HWH(pOpManuen, Ui KOTOPHIX HE
BBINIOJIHEHO Kiaccuueckoe ycnosue [IoHTpsriHa, Iekaliee B OCHOBE BCEX MPSMBIX METOJOB
npecnenoBanus. B pabote mpemiaraetest MOAUGHUKALUS ATOTO YCIOBUS, CBSI3aHHAS C PacTs-
KEHHEM BPEMEHH M I03BOJISIONIas MOIYYUTh JOCTATOUHBIE YCIOBHUS NPHUBEACHHS TPACKTO-
pHH UTPBI HA TEPMHUHATIBHOE MHOKECTBO B KOHEUHBI MOMEHT BpeMeHH. [IpH 3TOM OnuchIBa-
eTcsl croco0 MOCTPOSHNUS YIPABIICHUS MIPecIeJ0BaTeNsl, IPUBO NN K LIEJIH.
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Tosy4eH KOHKPETHBIN BUJ ATUX YCIOBHH ISl HHTErpO-AudPepeHIaIbHO HIpsl mpe-
clieOBaHus. B KauecTBe MIUTFOCTpAIMK MPOBEACH MOAPOOHbINH aHAIN3 KOHKPETHOTO IpUMe-
pa unrerpo-nudhepenimanpHoil Urpsl. HaiieHa GyHKIMS pacTsHXKeHHs BpeMeHH, 00ecreyu-
BAOIIAsl BBIMOJIHCHHE MOAU(DHUIMPOBAHHOTO ycioBusi [loHTpsirmHa. BeiBeneHBI mpocThie
COOTHOIIICHUST MKy MapaMeTpaMi JBMKEHHS UTPOKOB U UX PecypcaMu ympaBlieHuUs, odec-
MCYHBAOIINE TIPECIICIOBATEII0 BO3MOKHOCTD [TONMATh YOETAOIIEr0 IPH JIFOOBIX HaYalbHBIX
MOJIO’KEHHUSIX UTPOKOB.

Bbieoowt. Pazpabotano >(pQPeKTHBHOE CPEICTBO Ui aHaM3a KOH(MIMKTHBIX CHTYallHid,
HaIpuMep, IepexBaTa MOABIKHOM IIEJIH YIPABISIEMbIM JBIKYIMCS 00bekToM. [IpoaHanusu-
pyBaHa CHTYyaIusl, KOT/1a MPpeCcie Iy o 00beKT He 00J1aJaeT MTHOBEHHBIM IPEUMYIIECTBOM B
pecypcax yInpaBieHus Tepe]] yoeraromuM urpakoM. [IpeiaraeMelii moaxo/ MO3BOJSIET Peati-
30BaTh MPOLIECC IPECIICAOBAHMS C HOMOIIBIO MOAXOIAIINX KOHTP-ynpaBieHuii Kpacockoro.

Knrouesvie cnosa: ounamuueckas uepa, nepemenHoe 3anazovléanue UHGopmayul, yciogue
Houmpsieuna, unmezpan Aymana, npUHYUn pacmsdicenust pemenu, pasnuya Munkogckoeo,
unmezpo-oudpepenyuanvhas uepa
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SOFTWARE MODULE FOR PERSONAL DIAGNOSTICS
OF MOTOR FUNCTIONS AFTER STROKE

Introduction. Diagnostics of motor functions after stroke plays an important role in the for-
mation of a rehabilitation program. The results of the preliminary clinical trials of our pro-
posed technique for quantitative assessment of motor functions deficit during studying the
dynamics of movement restoring based on bio-informational technology of motor control
TRENAR® confirmed the advisability of using this technique to create a new algorithmic and
software tools for personal diagnostics of motor functions.

The purpose of the paper is to develop a specialized module for the personal diagnos-
tics of motor functions in patients after stroke, which sofiware implements the determination
of the degree of motor functions disorders and the results of their recovery using the tech-
nique for quantitative assessment of motor functions deficit.

Results. The structural and functional model of the software module for personal diag-
nostics of motor functions and the effectiveness of their recovery as a result of rehabilitation
measures in patients after stroke has been developed.

An algorithm for diagnostic the motor functions disorder degree of the affected limbs in
patients after stroke and the activity diagram of software module using Unified Modeling
Language (UML) are presented.

The sofiware module "Movement Test Stroke" has been made in Visual Studio 2013 software
environment. The programming language is C# The module is installed in the PC structure.

Diagnostic benefits: the ability to obtain an integrated quantitative assessment of the
motor functions deficit of the upper and lower limb at the level of separate joints, hand or
walking according to relevant evidential criteria, and assessment of muscle hyper- or hypo-
tone at different stages of rehabilitation. The advantage of diagnostics is that the motor func-
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tions disorder degree is performed relative to the patient's own healthy limbs, the motor
functions of which characterize the individual norm of disorders absence.

Conclusions. The quantitative assessment of motor function deficit by evidential criteria, which
is provided by the sofiware module “Movement Test Stroke” is the basis to synthesize the digital
health mobile means for information and advisory assistance to the physician in creating and making
adjustments to personal plan for recovery the motor functions affected by pathology at different
stages of stroke rehabilitation.

Keywords: sofiware module, structural and functional model, diagnostics, algorithm, motor
functions, personal quantitative assessment, stroke.

INTRODUCTION

For many years, stroke has been ranked 2™ in the list of major causes of disability and
death in the world and in Ukraine. Stroke is one of the most common causes of func-
tional failure. This disease may cause impairment or loss of motor functions, vision,
speech and mental functions. Of particular concern is the increasing burden of stroke
among people of working age: more than 50% of those who survived stroke never
return to work. In Europe, an action plan to combat stroke during 2018-2030 has been
approved. [1]. In Ukraine the creation of modern centers for the treatment of strokes
according to European standards is also provided.

The main goal of the rehabilitation process is associated with person’s re-
serves mobilization that is adequate to his state to restore damaged or lost func-
tions. When restoring motor functions, the mobilization of reserves provides for
the development and implementation of individual comprehensive programs of
medical rehabilitation, in which along with drugs, electrical myoneurostimula-
tion especially programmed stimulation occupies a significant place, as a way to
force muscle contraction according to certain programs. To determine the con-
trol action — an individual program for the rehabilitation of motor functions —
the rehabilitologist should have a wide range of training programs and methods,
among which he can choose the one that is most appropriate for the state and
stage of patient rehabilitation. This approach allows the implementation of a new
bioinformation technology for the restoration of motor functions TRENAR®,
which is realized by portable electronic devices Trenar-01 and Trenar-02 [2].

The range of programs in these devices is represented for training the forced
muscle contractions: 1) by synthesized electromyostimulation programs — the
program “SYNTHESIS”; 2) by programs that are "read" from the patient's own
healthy muscles or muscles of another person (instructor) during their voluntary
contractions and transmitted to the training muscles online — the program
“DONOR”; 3) for training the ratio of voluntary and forced contractions of the
muscles under the threshold electromyostimulation method, when voluntary,
even minor, contractions of the training muscles, under the condition of
overcoming a certain threshold of the EMG signal, automatically "start" the elec-
trostimulation of the same muscle to achieve a certain value of muscle contrac-
tion — the program “THRESHOLD?”; 4) for training voluntary and forced mus-
cles contractions in recording-reproducing mode, when EMG signal of arbitrar-
ily contracted muscle is recorded in the memory of device and transformed into
electrical stimulation program of the same muscle that is being trained — the
program “MEMORY-Auto”; 5) for training voluntary muscles contractions by
the BIOFEEDBACK method (visual and auditory) by electromyogram — the
program "BIOTRAINING" [2, 3].
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A common benefit of these training programs is the combination of physical
and cognitive effects that trigger and stimulate the person's reserves to restore
movements. However, each program has personal advantages that determine the
feasibility of its use, depending on the state of motor functions, the general
neurological status of the patient and the stage of rehabilitation.

PROBLEM STATEMENT

The use of technology TRENAR" in restorative motion therapy has shown a signifi-
cant percentage of improvements in locomotor functions, which in particular, after
stroke, reaches 93%. These results provide the basis for incorporation the technology
TRENAR" into the mandatory set of measures aimed at restoring motor functions.
However, the success of the extensive use of innovative technology TRENAR® is
largely determined by the objective evaluation of the effectiveness of the rehabilitation
process based on the quantitative assessment of the motor function disorder degree of
patient at different recovery periods after stroke.

As a result of previous studies, a new technique for quantitative assessment of
motor functions deficit (motor disorders depth) in patients after stroke has been devel-
oped. This technique is based on expert evaluation according to the main and addi-
tional evidential criteria [4]. The main features of the technique are:

— a separate quantitative assessment of the motor functions deficit of the
affected lower and upper limbs, their proximal and distal departments, according
to the main criteria, on the basis of which an integral quantitative assessment of
global movements disorders is formed;

— introduction of additional criteria for hand assessing (including fine mo-
tor skills) and form of walking;

— determination of the individual norm of disorders absence: expert assessing of
the affected limbs is carried out in relation to the patient's own healthy limbs, the mo-
tor functions of which characterize the individual norm of disorders absence;

— unification of quantitative assessment of the disorders degree: all quanti-
tative scales for all criteria have the same six-point gradation.

The developed technique has undergone preliminary clinical testing during
studies of the dynamics of movement restoration after stroke with the new tech-
nology of training / restoration of movement functions TRENAR®. The results
of the trial confirmed the benefits of the technique and appropriateness of its use
in clinical practice.

The purpose of the paper is to develop a specialized module for the per-
sonal diagnosis of motor functions in patients after a stroke, which software
implements the determination of the degree of motor functions impairment and
the results of their recovery using the new method of personal quantitative as-
sessment of motor function deficiency.

STRUCTURAL AND FUNCTIONAL MODEL OF THE SOFTWARE MODULE FOR THE DIAGNOSTICS
THE DEGREE OF MOTOR FUNCTIONS DISORDERS IN PATIENTS AFTER STROKE

The Protocol with the relevant tables for assessing the motor disorders for the
convenience of using by neurologists a new technique for quantitative assess-
ment of movement disorders degree in patients after stroke by TRENAR® tech-
nology has been developed:
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Table. 1. The muscle strength and movements’ volume assessing

The muscle strength of Ratio (affected / Movements’ volume refer-
Grade . healthy mus-
the affected limb o ence
cle),%
Fl.ln mOthl:l during gravity Movements’ volume is full,
5 with maximum external 100 .
. tempo isn’t reduced
counteraction
Full motion during gravity Movements’ volume is 75-
4 and with little external 75 100 % of norm; strength,
counteraction agility, tempo are reduced
3 Full motion during gravity 50 Movements’ volume is 50-75 %
only of norm, inept
2 Full motion in unloading 25 Movements’ volume is 25-50 %
conditions of norm
A feeling of tension Movements’ volume is up to
1 during the attempt of 10 25 % of normal, is extremely
voluntary movement restricted
Absence of tension signs
0 during the attempt of 0 No active movements
voluntary movement

Table. 2. The motor functions of the upper and lower limbs by additional

criteria assessing

Upper limb (hand) Lower limb (walk-
Grade ing)
Contrasting the Flexing of The main hand’s Form of walkin
thumb fingers in fist motor function &
5 Reaches the base Full flexing Function is saved No change
of all fingers
Capturing and
Reaches the base Full flexing holding the items While walking
of all fingers . are saved, captur- -
4 . . (without hold- . - limping by the
(without holding ing) ing the small items arctic le
the base) & is available (with p g
no hold function)
S‘lig‘ht ﬂexing ‘Hold.ing the items Hemiparetic walk-
3 Reaches the base limitation of is available, captur- ing
of 4-th finger distal phalanges | ing the small items . s 1
to thenar is complicated (patient pulls leg)
Moderate Capturing the large
5 Reaches the base limitation of items without their Circulating or
of 3-rd finger distal phalanges long and strong hemiplegic walking
to thenar holding is available
Capturing and
holding both large
Significant and small items are Roughly broken
1 Reaches the base limitation of impossible; the walking, several
of 2-nd finger distal phalanges | additional function steps with support
to thenar of supporting and or crutches
pressing the item is
saved
L . . Capturing and
0 C.ontrastl.ng s F.mgers ﬂgxmg holding the items Doesn’t go alone
impossible is impossible . .
are impossible
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— on the main evidential criteria the proximal and distal departments for
upper and lower limbs on the level of joints have been estimated (2 criteria:
muscle strength [5] and movements’ volume [6] on generally accepted
six-grades scales (Tab. 1));

— on the additional evidential criteria walking (1 criterion) and hand
(3 criteria) have been estimated [7 with authors’ correction].

The tables of the summary quantitative characteristics of movement disor-
ders and paresis degree linked with paresis degree (Tab. 3) as well as effective-
ness of motor functions restoring (Tab. 4) are also added to the Protocol.

All quantitative assessment scales have the same six-point gradation on all criteria
with the same orientation from the best indicator (5 grades, no disorders) to the worst
(0 points, plegia) linked to paresis degree: severe — 1 grade, major — 2 grades, mod-
erate — 3 grades, | mild — 4 grades.

The quantitative assessment of the hand’s motor functions deficit is of par-
ticular importance during a focused training of fine motor skills to restore the
speech. This makes it possible to study and compare the restoration dynamics of
fine motor movements of affected hand with speech restoration dynamics in
motor or motor-sensory aphasia after a stroke.

The walking assessment on additional criteria (Tab. 2) is of big importance be-
cause it adds to muscle functions characteristics of affected lower limb at level of dif-
ferent joints such an important characteristic as walking movements coordination.

The formation of the quantitative integral assessment of motor disorders de-
gree at level of the joints (Tab. 3) makes it possible to create a more accurate
gradation of motor functions restoration and reduce the expert evaluation error in
subjective assessment.

Table. 3. The summary quantitative characteristics of movement disorders
depth in different parts of the upper and lower limbs

TOTAL ASSESSMENT IN GRADES BY CRITERIA
Global Movements
Joints of upper limb departments Lower limb departments
proximal: shoulder, elbow ;distal: wrist proximal: hip, knee; distal: ankle
Grades 0 1-2 3-4 5-7 8-9 10
Paresis plegia severe major moderate mild no disorders
degree
Hand (including fine motor skill)
Grades 0 1-3 4-6 7-9 10-14 15
Paresis plegia severe major moderate mild no disorders
degree
Walking

Grades 0 1 2 3 4 5
Paresis plegia severe major moderate mild no disorders
degree
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The quantitative assessment of effectiveness is shown through the differ-
ence in grades before and after rehabilitation obtained at the level of limb’s joint,
hand or walking linked with reference to a verbal assessment (effectiveness
gradation) (unchanged, minor improvements, improvements, major improve-

ments) for two, three and one criterion according to formula A = A2 — Al ,
where Al — grades before rehabilitation, A2 — grades after rehabilitation,

A — grades difference, which shows the rehabilitation effectiveness.

The distribution of effectiveness gradations for the relevant joints, hand or
walking is shown in Table 4.

Aside movement disorders also are estimated by criterion of muscle hypertone
(on generally accepted Ashworth scale) [6] (Tab. 5) and by criterion of muscle hypo-
tone (on new scale) (Tab. 6). As the muscle tone in post-stroke patients can vary from
hypo to hypertonus, each with its gradation, this criterion is not included in the integral
quantitative characteristics of movement disorders. Meanwhile, the quantity of hyper-
tone and hypotone is of diagnostic value in the creation of myoneurostimulation
programs of individual rehabilitation plan in patients after stroke. On the basis of the
Protocol (Fig. 1) with the relevant tables (Tab. 1-6), the structural and functional
model of the software module for the motor function disorders degree diagnostics in
patients after stroke has been developed (Fig. 2).

The software module for the motor function disorders degree diagnostic in
patients after stroke consists of a graphical interface and the objects of the pro-
gram module (units): general information, motor functions assessment, instruc-
tions, database, information processing and results.

Table. 4. The effectiveness of motor functions restoring

The quantity of movement rehabilitation effectiveness,
Grades of movement A grades
rehabilitation effective-
Global Movements Hand
ness . -
(2 criteria) (3 criteria) Walking (1 criterion)
Major improvement 5-10 7-15 3-5
Improvement 3-4 4-6 2
Minor improvement 1-2 1-3 1
Unchanged 0 0 0

Table. 5. The muscle hypertone of the affected limb assessing

Grades Muscle hypertone reference (on the conventional Ashforth scale)

0 No changes in muscle tone

1 Slight increase in muscle tone, manifested during flexion / extension the affected
limb part by minimal resistance at the end of the range of motion

2 Slight increase in muscle tone, manifested by resistance that appears after not less
than half of the range of motion performance

+3 Mild increase in muscle tone, manifested by through all range of motion but
doesn’t complicate the performance of passive movements

4 Major increase in muscle tone, which complicates performance of passive move-
ments

+5 A_gected limb part fixed in flexion or extension - spasticity. Movements are impos-
sible
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Table. 6. The muscle hypotone of the affected limb assessing

Grades Muscle hypotone reference (new scale)
0 No changes in muscle tone
Slight reduction of muscle tone. Voluntary movements are possible 75 % of norm
-1 (75 % of full range of motion). The patient may hold the affected limb in a flexion

/ extension position during passive movements.

Slight decrease in muscle tone. Voluntary movements are possible 50 % of norm
-2 (up to half of full range of motion). The patient may hold the affected limb in a
flexion / extension position during passive movements.

Mild decrease in muscle tone. Arbitrary Voluntary movements are possible 25 %
-3 of norm. The patient can hold the affected limb in a flexion / extension position
during passive movements, but for a short time.

Major decrease in muscle tone. Voluntary movements are possible 10 % of norm.
-4 The patient can’t hold the affected limb in the flexion / extension position during
passive movements.

There is no muscle tone. Voluntary movements are impossible. The patient can’t
-5 hold the affected limb in the flexion / extension position during passive move-
ments. Atonia

The operator interacts directly with the Graphical user interface (GUI),
which provides a dialog mode, captures motor function indicators by the testing
results. The GUI also provides interconnecting and compatible functioning of
software blocks.

The general information unit (Fig. 2) contains object-oriented programming
(OOP) methods that introduce general patient’s information according to the
Protocol (Fig. 1). The information from this unit goes to the processing unit for
its further storing in the buffer of processing unit and in the database.

The instructions unit contains:

— a toolkit that is the a structured, matrix-organized information for dia-
logue windows presenting for assessing the limbs motor function at the level of
the selected joints, hand or walking, and the results of their quantitative evalua-
tion on the PC screen;

— control codes to provide access to the toolkit for different OOP methods.

The toolkit and control codes goes from the instructions unit to the motor
function assessment unit, the processing unit and results unit.

The motor function assessment unit contains OOP methods to fix by the op-
erator the motor functions indicators of upper and lower limbs, their proximal
and distal departments at the level of joints, hand and form of walking, and for
transmission the fixed motor functions indicators to processing unit. This unit is
functionally separated, i.e. motor functions disorders of limbs’ joints, hand and
form of walking are being assessed separately.

The processing unit contains a buffer for temporary storage of variables that
used during program performance (which simplifies the program as a whole),
methods of forming appropriate windows for assessing the motor functions,
methods of forming the electronic medical record (EMR) (Fig. 2), methods for
determining the paresis degree.

From the processing unit the information goes to the results unit.

The results unit presents information on the quantitative evaluation of motor
functions assessment of selected limbs’ joints, hand or form of walking by the
criteria, and integrated quantitative assessment of its deficit and paresis degree
on the PC screen.
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Fig. 1. Protocol for assessing the motor functions disorders degree of limbs in patients
after stroke and the movements’ rehabilitation efficiency by TRENAR® technology
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Fig. 2. Structural and functional model of the software module for the motor function disorders
degree diagnostics in patients after stroke

The database is presented in the form of an electronic medical record (form
003 / o0 "Medical card of the in-patient"), which contains both general informa-
tion about the patient and the results of the patient's motor functions testing.

THE ALGORITHM FOR DIAGNOSTICS THE MOTOR FUNCTIONS
DISORDER DEGREE IN PATIENTS AFTER STROKE

The algorithm for diagnosing the motor functions disorder degree of limbs in
patients after stroke (according to the technique for quantitative assessment of
motor functions deficit) is presented on Fig. 3.

The software module "Movement Test Stroke", which implements this algo-
rithm, is made in Visual Studio 2013 software environment. The programming
language is C#. It is installed in the PC structure.

The activity diagram of the software module for diagnostics the motor func-
tions disorder degree on the basis of unified modeling language (UML) [8] is
shown on Fig. 4 and consists of stages (Fig. 4):
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— Inputting the patient’s information into the general information unit.

—  Selecting the relevant joint, hand or walking for motor functions assessing.

— Motor functions assessing of selected joints of proximal or distal de-
partments of upper or lower limbs; hand or form of walking according to appro-
priate criteria and calculation of the paresis degree.

— The diagnostics results review of motor functions disorder degree.

— Saving the diagnostics results to the electronic medical record.

— End the patient’s diagnostics session.

On the diagram (Fig. 4) the nodes of solutions and associations ("dia-
monds", Fig. 4), which are an analog to the logical function "OR", synchroniza-
tion lines, which are an analog to the logical function "AND", initial and final
activity nodes (appropriately "Getting Started" and "End the Session", Fig. 4)
according to the UML notation are located [8, 9].

START

v

[ Inputting the patient’s information ]

. :

A

Select: limb’s joints / hand / A
walking [ EMR ]
4

v

Assessing the motor functions by appropriate
criteria

|

Calculation the paresis degree ]—

i y

The results review of diagnostics

of the motor functions disorders
degree

T
L 4

STOP (End of session)

Fig. 3. Algorithm for diagnosing the motor functions disorder degree in patients
after stroke
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[ Inputting the general patient’s information ]

Initial
state

1

.
e

\ 4

Record to buffer

—— L

The results
review

A

i = 1 —upper limb,
i =2—lower limb

f=1-hand, ifi=1

v

f=2-walking, ifi =2

V[ Select department (j), Hand / L
J =1 - proximal departments - Select joint (k . A”
J = 2 - distal departments -7 J ® walkmg (f)
=2 0=l | <
E=ILagp=2 -l
- -3 |7 | =gy
= n=1iff=2

Assessing the motor functions by
appropriate criteria (n)

v

[ >
"| Record to buffer
y

v

Calculation the paresis degree

v

Record to buffer

J  Review the
results?

The results
review

Fig. 4. Activity diagram of the software module of motor functions disorder degree

diagnostics in patients after stroke
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The software consequentially implements the following actions:

1. Introduction of general patient’s information. This information is stored
in a buffer for future use and for storing in an electronic medical record (EMR).

2. Transition to the interface window of the motor functions assessment.
The physician can carry out full testing - consequentially from the upper (i = 1)
to lower (i = 2) limb, from the proximal to the distal parts, joints, and the hand or
walking, however, the software module allows the separate assessment (Fig. 4).

3. The motor functions assessment. The both limbs are divided into proxi-
mal (j = 1) and distal departments (j = 2). The assessment of the proximal de-
partments of the upper and lower limbs, which are presented by two joints (k) on
each limb: for the upper limb: k = 1 — the shoulder joint, k = 2 — the elbow
joint; for the lower limb: k = 1 — the hip joint, k =2 — knee joint, and the distal
departments of upper and lower limbs, which are presented as one joint (k) on
each limb: for upper limb: wrist joint; for lower limb: ankle joint, proceeds by
three criteria (n = 3): muscle strength, movement volume, muscle tone. The hand
(f = 1) is being assessed by three criteria (n = 3), walking (f = 2) is being as-
sessed by one criterion (n = 1) (Fig. 4).

The interface contains tools for selecting the motor functions assessment of
upper or lower limb’s joints, hand or walking by relevant criteria. The windows
that present descriptions of these criteria are opened using these tools, and the
operator selects the necessary assessment option. If there is no selection, the
program stops. The calculation of the paresis degree according to Table 3 is
performed using data from the buffer on the state of the patient's motor functions
in grades, which are entered by the operator in the buffer (Fig. 4). The
calculation data is also stored in the buffer.

From the buffer, the results of test are displayed on the screen, where all the
information on the motor functions is illustrated both by single criteria and by
the total quantitative assessment of relevant joints of limbs, hand or form of
walking is illustrated.

The operator can review the results after each assessing stage of assessment
and decide whether enough data has already been obtained or continue working
without reviewing the data. And the operator proceeds to additional assessment
of limbs’ motor functions at the level of the joints, hands or passages in case of
insufficient data (Fig. 4).

In case of making the decision on a sufficient amount of data the operator
stores them together with general patient’s information in electronic medical
record (EMR). A session with this patient ends (the program goes to the initial
state) or the operator exits the program (Fig. 4).

The storing of motor functions testing data in electronic medical record
enables one to quantify the rehabilitation effectiveness by testing at the
beginning and at the end of rehabilitation course, to study the dynamics of motor
functions deficit by three or more testing in one course for prediction and
secondary prevention of muscle disorders, to compare the effectiveness at
different stages of rehabilitation.
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CONCLUSIONS

The structural and functional model of the program module for personal diag-
nosing of motor functions in patients after stroke and the efficiency of motor
functions restoring as a result of rehabilitation measures has been developed. An
algorithm for diagnosing the motor function disorder degree of the affected
limbs in patients after stroke and activity diagram of the software module in the
UML notation are presented.

The software module "Movement Test Stroke" has been made in Visual
Studio 2013 software environment, the programming language is C#. The func-
tional interaction of its components has been developed and described using
Unified Modeling Language (UML). It is installed in the PC structure.

Diagnostic benefits: the ability to obtain an integral quantitative assessment of the
motor functions deficit of separate joints of the upper or lower limb (by two criteria),
hand (by three criteria) and walking (by one criterion) at different stages of rehabilita-
tion, as well as a separate assessment of muscle hyper- or hypotone. It allows carrying
out a detailed analysis of the motor function deficit dynamics during rehabilitation
measures, to identify the specificity of disorders, to conduct a comparative assessment
of individual indicators of rehabilitation efficiency.

The benefit of diagnosing is also that the assessment of motor functions disorder
degree of the affected limbs is performed relative to the patient's own healthy limbs,
the motor functions of which characterize the individual norm of disorders absence.

Equal six-step gradation of paresis degree, unsurpassed quantitative charac-
teristics of motor functions rehabilitation efficiency linked to generally accepted
verbal assessment of effectiveness (unchanged, minor improvements, improve-
ments, major improvements) reduce the expert error.

The quantitative assessment of motor function deficit by evidential criteria, which
is provided by the software module “Movement Test Stroke”, is the basis to synthesize
the digital health mobile means for information and advisory assistance to the physi-
cian in creating and making adjustments to personal plan for recovery the motor func-
tions affected by pathology at different stages of stroke rehabilitation.

The software module "Movement Test Stroke" can be used for motor functions
diagnostics not only after stroke, but also for traumatic brain injuries, brain tumors etc.

The program module enables one to evaluate the rehabilitation effectiveness
and to study the dynamics of motor functions deficit for the prediction and sec-
ondary prevention of muscle disorders during course, and to compare the reha-
bilitation effectiveness on its different stages.
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[IPOI'PAMHUI MOJVJIb IEPCOHAJILHOI JIATHOCTUKU
PYXOBUX ®YHKIIN ITICJIA IHCYJIBTY

Beryn. [liarHocTrka pyxoBHX (YHKIIH MICis 1HCYJBTY BiIirpae BaXKIMBY poiib y (hOpMyBaHHI
pealiniTaniitHol nporpamu. Pe3ynbTaty mornepenHbol KIHIYHOI anpoartii 3arpornoHoBaHOT HAMU
METOJIMKH KUTBKICHOTO OIiHIOBaHHs JIeQIUTY PYXOBHX (DYHKIIH Y XOMAI JOCTIDKEHb AWHAMIKH
BiTHOBJIEHH PyXiB Ha 6a3i GioiHpopMartiiiHoi TexHonorii kepyBaHHs pyxamu TPEHAP® ninrsep-
JIAJTA JTOIUTBHICTh BUKOPUCTAHHS 11i€] METOMKH JIIl CTBOPEHHS HOBHX AJITOPHUTMIYHHMX 1 IpOrpam-
HHX 3aC00iB [EPCOHAIBHOTO JIarHOCTYBAHHS PyXOBHUX (DYHKITiH.

MeTta cTaTTi — pO3pOOUTH CleliaNi30BaHUi MOIY/b I€PCOHAIBHOIO IiarHOCTYBaHHS
pyxoBUX (DYHKIIIH y XBOPHX MICIsl IHCYJIBTY, SIKHI TPOTPAMHO peaii3y€e BU3HAYCHHS CTYICHS
MOPYIICHb PYXOBUX (YHKIIH 1 pe3ynbTaTiB iXHBOTO BiIHOBJIEHHS 32 HOBOIO METOIUKOIO
MEPCOHAIBHOTO KiJIBKICHOTO OLIHIOBaHHS Je(ILUTY PyXOBHUX (PYHKIIIMH.

Pe3yabTaTi. Po3po0iieHO CTPYKTYpHO-(QYHKIIOHAIBHY MOJAENb MPOTPAMHOTO MOJIYJIS
MEPCOHAIBHOI IIATHOCTUKU PYXOBUX (DYHKIIIH 1 €)EeKTUBHOCTI IXHBOTO BiJIHOBJICHHS BHACII-
JIOK peaOiniTaniiiHuX 3aX0/iB y XBOPHX IICIIS IHCYJIBTY.

HanaHo anroput™ iarHOCTHKH CTYIICHS TIOPYIICHb PYXOBUX (DYHKIIIH ypaXKeHHX KIHIIIBOK Y
TAIEHTIB MICIIS IHCYIBTY 1 Alarpamy JsUTbHOCTI HPOrpaMHOro Moy y Hotarii UML.

IIporpamuuii Mmoxynb "Movement Test Stroke" BUKOHaHO y MPOTPaMHOMY CEpEIOBHII
Visual Studio 2013, moBa mporpamyBanHs C#. (DyHKIIOHAaJIbHY B3a€MOJII0 KOMIOHEHTIB
MOJYJIsl pO3pOOJIEHO Ta OIMUCAHO i3 3aCTOCYBAaHHSM YHI(IKOBAaHOI MOBH MOJCITIOBAHHS
(UML). Monynb BcraHoBiIeHO y cTpykTypi ITK.

TlepeBaru giarHOCTYBaHHS: MOYKJIMBICTh OTPUMYBATH IHTETPaIbHY KUTbKICHY OLIHKY Je(iluTy
PyXoBHX (YHKLUIH BEpXHBOI Ta HIDKHBOI KIiHI[IBOK Ha PIBHI OKPEMHUX CYIJIOOIB, KUCTI Ta XOIH 32
BIJITIOBITHUMH JIOKQ30BUMHU KPUTEPISIMH, a TAKOXK OLIHKY Tirep- abo TiMoTOHyCy M'SI3IB Ha Pi3HHX
eramnax peadimranii. [TepeBaroro AiarHocTyBaHHS € i Te, 1110 OLIHIOBaHHS CTYIICHS IIOPYILIEHb PyXO-
BUX (DYHKIIIH ypa)keHHX KiHI[IBOK MPOBOMTHCS BITHOCHO BJIACHUX 3/I0POBHX KIHIIIBOK IMAIi€HTA,
PYXOBi (yHKILI SIKMX XapaKTepU3yIOTh iHIUBITyaIbHy HOPMY BiJICYTHOCTI HOPYIIICHD.

BucHoBku. KinbkicHa oninka aeiuty pyxoBux (GpyHKIIiH 32 JOKa30BUMU KPUTEPISIMH,
Ky Hajae mporpaMHuii Moxynb "Movement Test Stroke", € ocHOBOIO cHHTE3y MOOLIBHUX
3aco06iB nuppoBoi MeAUIMHN 1HPOPMAIIIHHO-KOHCYJILTATUBHOI JOTIOMOTH JIiKapio y Gopmy-
BaHHI Ta BHECEHHI KOPEKTHBIB /IO 1HJMBIIyaJbHOTO IUIAHY BiJIHOBJICHHS MOIIKOKEHHX
MATOJIOTIEI0 PYXOBUX (DYHKIIIH HA PI3HUX eTamax peadimiTaiii.

Knrouoei cnosa: npocpamnuii Mooynb, cmpyKmypHo-@QyHKYIOHanbha Mooenb, 0iazHOCmuKa,
aneopumm, pyxosi QYHKyYii, nepcoHaIbHa KIbKICHA OYIHKA, THCYTIbI.
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HPOFPANLMHI)IVI MOJYJIb ITIEPCOHAJILHOM TMATHOCTUKH JABUT ATEJIbHBIX
OYHKIHNU ITOCJIE MHCYJIbTA

BBenenne. J[narHocTika IBHTaTeNbHBIX (YHKIUHA MOCIE WHCYNBTa WIPaeT BaKHYIO PONb
npu GOPMHUPOBAHUK peaOWIIMTAIIMOHHOW NporpaMMbl. Pe3ynbTaThl mpeaBapUTEIbHON KIIH-
HUYECKOW ampoOanyy NpeIoKeHHOH HaMH METOIUKH KOJMYECTBEHHOW OLEHKH AedHuIuTa
JIBUTATENbHBIX (YHKIUI IPU UCCIEOBAHUHN JUHAMHUKHN BOCCTAHOBIJICHHS JIBHKCHUH Ha 0aze
OMOMH(OPMAIIMOHHON TEXHOJIOTHH YIPABJICHUS JBHKCHUSIMU TPEHAP" MTOATBEP AN
1eJ1ecO00Pa3HOCTh MCIIOIB30BAHUS STOW METOJIUKH ISl CO3J[aHUSI HOBBIX AITOPHUTMHYECKHX
Y TIPOTPaMMHBIX CPEJNICTB TIEPCOHAIBHOTO AUATHOCTHPOBAHUS ABUTATEIBHBIX (YHKITHH.

Heab cTathbnm — pa3paboTarh CHEUUATU3UPOBAHHBIN MOAYJIb MIEPCOHAIBLHOTO JHarHO-
CTHPOBAHUS IBHUTATEIBHBIX (QYHKIHMHA Y OOJBHBIX MOCIE WHCYNBTa, KOTOPBIH MPOrpaMMHO
peanu3yeT ONpe/eICHUE CTEINeHH HapYIICHHH JABUTaTeNbHBIX (YHKIHA U pe3yJIbTaTOB UX
BOCCTaHOBJIGHUSI 110 HOBOM METOJWKE IEPCOHAIBbHOW KOJIMYECTBEHHOI OLEHKH aeduiura
JBUTaTEIbHBIX (QyHKIUH.

Pe3yabTaThl. Pa3paboTana cTpyKTypHO-(QYHKIIHOHATEHAS MOJIETh MPOTrPAMMHOTO MO-
IyJs TIepCOHATBHOM AWArHOCTUKH JBHUIaTEeNbHBIX (YHKIMH M 3()(EKTHBHOCTH HX BOCCTa-
HOBJICHHS B pe3yJbTaTe PEeaOWIMTAIMOHHBIX MEpOIPHUATHI y OOJNBHBIX IOCIE HHCYJIbTA.
IIpencTaBneHs! aIrOpUTM JUATHOCTHKU CTETICHHW HApYyLIEHHH IBUraTeNbHBIX (QYHKIUH I10-
paKEHHBIX KOHEYHOCTEH Yy IalMEeHTOB IIOC]e MHCYJIbTa M JuarpaMma JIesTeIbHOCTH Hpo-
rpaMMHOTo MoayJsi B HoTarmu UML.

IIporpammusiii Mmoayns "Movement Test Stroke" BbINONHEH B HpOrpaMMHOM cpene
Visual Studio 2013, s3b1k nporpammupoBanus C#. OyHKIMOHAILHOE B3aMMOJICHCTBUE KOM-
[IOHEHTOB MOJyJIs pa3paboTaHO M ONHCAHO C WCIOJIb30BAaHHEM YHH(UIIMPOBAHHOIO SI3bIKA
monenupoBanuss (UML). Moayie ycranoieH B ctpykrype [TK.

IIpeumymiecTBa AMAarHOCTUKU: BO3MOXHOCTDH I10JIy4aTh MHTETPAJIbHYIO KOJIHUYECTBEH-
HYIO OLICHKY Ae(hHLUTa IBUraTeIbHBIX (QYHKINI BepXHEeH U HIKHEH KOHEYHOCTH Ha yPOBHE
OTJENBbHBIX CYCTaBOB, KUCTU WJIM XOJbOBI 10 COOTBETCTBYIOLIMM KPUTEPHSIM, a TAKXKE OLCH-
Ky THIEp/TUIIOTOHYCA MBIIII] HA Pa3IMYHBIX dTalax peadmauranuy. [IpenMymecTBoM uar-
HOCTHPOBAHUS SBJIIETCSA U TO, YTO OLIEHKA CTENECHU HApYUICHWH IBUTATENBHBIX (DyHKIMN
MOPaKEHHBIX KOHEYHOCTEH MPOBOIUTCS OTHOCHUTENBHO COOCTBEHHBIX 3I0POBBIX KOHEYHO-
CTEH MaIueHTa, JBUraTeJIbHbIe (YHKIIMH KOTOPBIX XapaKTepH3YIOT HHANBUAYAIBHYIO HOPMY
OTCYTCTBUSI HAPYIICHHH.

BoiBoabl. KonuuecTBeHHass oleHKa JeuUUTAa JBUTATEIbHBIX (YHKIMHA, KOTOPYIO
obecrieyrBaeT nporpaMMHbIA MOysb "Movement Test Stroke", sBisieTcss OCHOBO# CHHTE3a
MOOHJIBHBIX CPEINCTB HHU(POBOH MEAMUMHBI HHPOPMAIIOHHO-KOHCYJIBTATUBHOW IMOMOIIN
Bpady B (JOpMHPOBaHUM W BHECEHHUH KOPPEKTHBOB B MHIMBHUAYaJIbHBIN IIAaH BOCCTAHOBIIE-
HUS IOBPEXK/ICHHBIX MaTOJOTHEH IBUTATENbHBIX ()YHKINI Ha pa3HBIX dTarax peaOuIUTaI|H.

Knrouegvie cnosa: npospammmulii Mooyib, CIMpyKmypHO-@YHKYUOHATbHAS MOO€Tb, OUASHOCUKA,
aneopumm, 0gueamenvvle QYHKYUL, NePCOHANILHAS KOTUUECBEHHAS OYEHKA, UHCYIIbM.

ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198) 77



DOI: https://10.15407/kvt198.04.078
UDC 004.75+004.932.2:616

KOVALENKO O.S. 1, DSc (Medicine), Professor,

Head of the Medical Information Systems Department
e-mail: askov49@gmail.com

MISHCHENKO R.F. 2, PhD (Medicine),

Physician of Info-analytical Department of Medical Statistics
e-mail: roman.mishchenko@gmail.com

KOZAK L.M. 1, DSc (Biology), Senior Researcher,

Leading Researcher of the Medical Information Systems Department.
e-mail: Imkozak52@gmail.com

" International Research and Training Centre for Information Technologies
and Systems of the National Academy of Sciences of Ukraine

and Ministry of Education and Science of Ukraine,

40, Acad. Glushkov av., Kyiv, 03187, Ukraine

? Khmelnytsky Regional Hospital,

1, Pilotska st., Khmelnytskyi, 29000, Ukraine

TRANSFORMATION OF CLINICAL DECISION SUPPORT SYSTEMS INTO
FHIR STRUCTURES TO ENSURE QUALITY OF MEDICAL CARE

Introduction. The reform of the medical sector in Ukraine has given impetus to the develop-
ment of eHealth and, as a consequence, the creation of medical registers systems and special-
ized medical information systems to support the operation of primary health care etc. One of
the strategic directions of the health care system is to find and choose effective methods of
managing the quality of care.

The purpose of the paper is to analyze the conditions and opportunities for transformation of
the clinical decision support system using standard Fast Healthcare Interoperability Resources
(FHIR) structures to ensure health care quality control.

Results. The current level of medical information systems development requires the application
of the international standard FHIR, which are applied for the exchange of data between different
systems of electronic medical records and between different components of the same electronic
medical record (EMR) system, for standardization of interoperability.

Uninterrupted improvement model, known as the Plan-Do-Check-Act (PDCA), which consists
of four components — planning, executing, testing and improving own process, is considered. The
characteristics of the FHIR standard are analyzed and ways of transforming the clinical decision
support system based on this standard are identified. The concept of an abstract data node, ensuring
terminological compliance, implementation of the Workflow data model, and other functions and
tasks of the clinical decision support system are described.

Conclusions. One of the important areas of eHealth development is to implement the informa-
tion systems forcare quality managing based on modern information medical standards. Creation
and implementation of effective methods for monitoring (identifying) diagnostic and treatment quality
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in hospital will foster optimization and increase of their activity efficiency.
The use of the FHIR framework in the creation of information support system for evaluating the
care quality enables to improve the data exchange quality and their processing for decision-making.

Keywords: eHealth, FHIR structures, clinical decision support system, health care quality control.

INTRODUCTION

The digital transformation of society has also touched such an important area as
healthcare. Against this background, digital medicine, covering virtually all ar-
eas of the health care system has emerged.

The reform of the medical sector in Ukraine has given impetus to the devel-
opment of eHealth and, as a consequence, the creation of medical registers sys-
tems and specialized medical information systems to support the operation of
primary health care etc.

One of the strategic directions of the health care system is to find and
choose effective methods of managing the quality of care. National programs for
improving quality of health care have been developed in a number of countries
based on the use of information standards to solving these problems. Let us men-
tion the Veterans Health Administration (VHA) program of the Quality Study
(QUERI), which aim sat ensuring excellence in all areas where the VHA pro-
vides medical services, including inpatient, outpatient and long-term care. Sig-
nificant emphasis is placed on the role of information systems in the health care
quality estimation [1]. An analysis of published studies on the PubMed, Scopus,
Cochrane Library, and other databases has shown a significant impact of the
electronic medical records (EMR) use on health care quality, primarily reducing
the time on documentation [2].

According to WHO definition, the most important criteria for quality of care are
the degree of reduction of the risk of possible disease, progression of the existing
disease, the development of complications due to the disease, examination and
treatment, taking into account the optimal use of available medical resources and
technologies, as well as the patient's satisfaction with the medical care [3—7]. The
importance of making evidence-based decisions resulting from monitoring and in-
depth analysis of information which comes from using a variety of software is es-
sential for the implementation of guarantees and the quality of care. However, so far,
there is no general position in the Ukrainian healthcare facilities on implementing
the continuous quality improvement concept. Mechanisms of ensuring a guaranteed
level of care quality are underway. Elements of information infrastructure are being
created for the medicine needs, the beginning of development, application and
spreading modern information means for health care has been done [8]. However,
developed information systems tend to be narrowly focused on supporting separate
functions and tasks, there is no unified approach to these systems development for
united information medical environment [9, 10].

The topicality of this problem is due to its extreme importance for one of the most
expensive and resource-intensive types of medical care — inpatient care. Creation and
implementation of effective methods for monitoring quality of the diagnosis and
treatment in hospitals will allow to optimize and increase their efficiency.

Therefore, one of the important areas of eHealth development is to imple-
ment the information systems for care quality managing based on modern infor-
mation medical standards.
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PROBLEM STATMENT

Healthcare information technology (IT) tools that support the assessment of
medical care quality (QI) allow us to measure, track, analyze the effectiveness of
medical care and monitor the improvement of clinical process, influence on the
overall patients” health and the coordination of medical care, the attempt to re-
duce costs and improve the health of the patient. Such tools are based on EMRs
with structured data. These structured EMRs can be used to collect baseline data
and to analyze, report and track data [11].

The use of EMRs is the basis for the development of various information re-
sources. Registries (e.g., for specific diseases, immunizations, prevention and
procedures) help to identify care gaps for the maximum benefit for patient and
for improving the organization of such care. For the most effective work, regis-
tries must be interconnected and integrated into the workflows of practical medi-
cine. Electronic medical records accumulate data of laboratory results, vaccina-
tion, medication use, and other patient care information. This information may
be provided to other healthcare facilities and medical professionals to coordinate
care for different patients.

Decision support systems based on effective digital medicine techniques for
EMF analysis are capable of improving the health care quality. Clinical Decision
Support System (CDSS) is an independent set of medical information system
(MIS) components focused on information support for clinical and economic
decision making. Such systems implementation has already shown their impor-
tance in managing the treatment process quality and in providing evidence for
medical recommendations [12—15].

Today, all information systems have to meet certain standards of the ex-
change of information and data, the electronic records format, the information
protection etc. One of the most common standards for the exchange of medical
data and information is the Health Level 7 standard (HL7), a number of its ver-
sions also regulate electronic medical records formats [16].

The current level of medical information systems development requires the ap-
plication of the international standard FHIR, which are applied for the exchange of
data between different systems of electronic medical records and between different
components of the same EMR system, for standardization of interoperability, as well
as for the implementation of the functional model EMR [17].

The FHIR standard is a development of the HL7 standard, the changes in
the set, new extensions, and a formal profile added to the first previous versions
of FHIR to express basic minimum metadata. In 2014, the first draft of the stan-
dard for trial use (DSTU1 0.0.82) was issued. “DSTU Version 2 QA Preview,
Aug 31 2015” had major changes regarding transaction integrity, URL resolu-
tion rules were changed, new and altered data types, new and changed internal
resources (regarding patient records, reviews, and techniques, diagnosis and
treatment plans, etc.) were specified. Then, for several years, work was done to
improve the new standard, using the experience of its implementation in practi-
cal medicine. The FHIR R4 version has been in force since December 2018,
with many significant changes compared with the first regulatory content [18].

80  ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne4 (198)



Transformation of Clinical Decision Support Systems into Fhir Structures to Ensure Quality

The main FHIR elements are the modular components — Resources. By anal-
ogy with “the set of blocks”, these Resources build specific systems that meet the
requirements of the healthcare facility and provide easier solutions to current clinical
and administrative issues. FHIR is suitable for use in a wide variety of contexts —
applications for mobile phones, cloud communications, EMR-based data sharing,
server communication with major healthcare facilities, and more [19, 20].

One of the FHIR implementations is the OncoWorkStation (OWS) Chemo-
therapy Planning System, which implements a PlanDefinition as block diagram
for the choice of treatment regimen and implementation of the Order Set with
the generation of a highly differentiated personal CarePlan for chemotherapy
worksheet [3, 4]. The system has been used effectively for several years and
with adaptation to the specifics of various German clinics in adult and pediatric
practice. OWS chemotherapy plans include about 100-150 treatment regimens
in adult oncology and 24-28 (98 % of all available) regimens in pediatrics. OWS
plans implemented a section of medication prescriptions permitted at the time of
implementation of the clinical protocols. They consisted of flowcharts of treat-
ment regimens and direct sets of orders that generated CarePlan. The “Event-
Condition-Action” rules (ECA) were overwhelmingly concerned with changes
in chemotherapy doses or medications depending on laboratory or patient data.

In OWS, the rules were stored not as a program code, but as a database node as
part of an action plan. This database structure was read and interpreted as rules.OWS
automated verification has not been considered or implemented. Improvement of
this system was carried out according to the results of its practical use.

Summarizing, clinical practice processes and their organization consist of
structured procedures for measuring and reporting results at the health facility
and at the physician level. Improving these processes and adapting to daily prac-
tice is based on evaluating the health care quality that activates feedback to im-
prove patient care. The use of FHIRs will increase the efficiency of data ex-
change between all participants in the healthcare process.

The purpose of the paper is to analyze the conditions and opportunities for
transformation of the clinical decision support system using FHIR structures to
ensure health care quality control.

MODEL OF UNITERRUPTED IMPROVEMENT AS THE BASIS
OF IMPROVING THE TREATMENT AND DIAGNOSIS QUALITY

The quality of the diagnostic and treatment processes, like any other process, is
achieved by the cyclic application of a uninterrupted improvement model,
known as the Plan-Do-Check-Act (PDCA), which consists of four components
— planning, executing, testing and improving own process [21].

According to the requirements of the IT industry development, the treating
process reflection is carried out by the business process flows method.

Creating high-quality workflows is a cyclical process of their formal de-
scription, integration of these workflows during medical documentation in hos-
pital, gathering information on the implemented measures effectiveness, using
information needed to improve them, their updating on the basis of collected
world and own data.
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The medical-diagnostic process description, from the FHIR, is the sequence
of EMRs on completion of each of its components, recording of the medical
condition (Condition), of the examinations, analyzes (Observation), appoint-
ments (CarePlan) in the format described in the Clinical Module FHIR. Elec-
tronic medical record is the main component of MIS, on the basis of which all
other modules of treatment quality providing are built. The FHIR architectural
framework provides data models and recommendations for the implementation
of each of these parts.

Treatment planning. The expertise and experience of the treating physi-
cian are the key component of the care quality. Modern MIS uses the implemen-
tation of the FHIR specification to define and execute an action plan (AP) for
organizing and managing workflows, enables the physician or group of physi-
cians to present their expertise of the treating process in the form of computer-
ized action plans. These plans are the first and the main component of quality
assurance, according to the Deming cycle.

Meta-Content-Relational Database Model (MCR-DB) was developed on the
basis of relational database, using five types of constraints for the primary and
secondary key of the abstract data node, for implementing all the necessary
FHIR structures, achieving NoSQL database functionality and solving other
tasks of the healthcare institution.

The Workflow FHIR module and the Clinical Reasoning module of the
FHIR framework describe data models and modes that allow them to formally
express physician knowledge, interactively use it to guide the treating process,
and make it possible to evaluate and improve them. The workflow in FHIR is
defined in a declarative programming paradigm in which the structures and ele-
ments of a computer program express the calculation logic without describing
the sequence of its execution.

Workflow is an algorithm defined in the format of a separate structure —
Plan Definition, as a set of tasks (Task) to collect and analyze the data needed to
make the right clinical decision, as well as documenting the actions to ensure the
treatment process, in accordance with the level of knowledge at the time of their
creation. The peculiarity of these algorithms is that they are executed interac-
tively - partly programmatically, partly by person.

The tasks are grouped into blocks that are the workflow process nodes at the
same time and in the same logical space.

Formalized action plans are divided into different types, usually by their
field of use. Simple Action Plans are: organizational communication (Order Set
of Surveys or Assignments), status assessment (ECA rule sets), etc. Comprehen-
sive action plans are the patient routes, computerized clinical protocols. Differ-
ent types of action plans are often combined.

The implementation of computerized plans for medical treatment is inter-
active. Software implementation of the action plan is prescribed in the paradigm
of event-oriented programming by determining the event template (Event Defi-
nition, Event) and the user, in the form of a trigger (Trigger Definition) to track
the event. Event templates prescribe ECA rules for interpreting certain electronic
medical records or their groups as requiring activity events. Events can be de-
fined as separate system elements or specific components of some action plans.
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The AP tasks fulfillment after their activation is carried out in stages preserving
the statuses of fulfillment (Workflow State): “in process”, “request is made”, “answer
is sent”, “accepted”, “rejected”’; “completed”, “failed”, “canceled”.

To formulate action plans, tasks are defined in such a way that, as a result of
their fulfillment, they are stored in the corresponding medical documents
(Documents) as electronic medical records of the specified coding systems.

Action plans can be implemented either directly sequentially for the imple-
mentation of the treatment process or indirectly, for comparison with existing
electronic medical records and plans, as well as for finding unfulfilled or uncon-
firmed items of tasks.

The validation of the treatment process consists of two parts: control of the
correctness of the action plans execution by audit (Audit Event) and the collec-
tion of information needed to improve the action plans according to pre-planned
data collection in FHIR format (Measure). Measurements and audits can be ap-
plied to any AP element: tasks, rules, assignments, etc.

Improving the treating process is a scientifically founded, guided creative
process for improving action plans. This process is based on the collected per-
sonal and world information (knowledge) of evidence-based medicine. Im-
provement of existing action plans is provided by the proper organization and
use of internal clinical audit.

Improvements to the plans themselves are achieved using the Deming
PDCA approach, which enables purposeful measurements of results and their
statistical processing by various methods: data stratification, finding the data
significance (Pareto diagram) and cause and effect relationships (Ishikawa dia-
grams) or comparison of world evidence-based medicine.

CHARACTERISTICS AND POSSIBILITIES OF THE FHIR STANDARD APPLICATION
IN THE CLINICAL DEGISION SUPPORTING SYSTEM

FHIR approach to CDSS implementation and clinical quality framework.
As noted, quality management is implemented using an EMR by maintaining
links with relevant additional data structures. The EMR Task Plans link shows
which CDSS programs were used for this purpose.

The Clinical Quality Framework adds the opportunity to extend the relevant
Measure tasks to test the effectiveness of the use of particular clinical recom-
mendations or to collect data for improving them.

Recoverable Data linking combines the essence, activities, and agents un-
derlying CDSS debugging and clinical auditing, forms the evaluation basis for
authentication, on the semantic network (W3C PROV).

The CDSS tasks complexity and clinical quality frameworks require an in-
ternal scripting language to navigate data structures such as XPath and Clinical
Quality Language (CQL).

Knowledge presentation is a component that provides perceptions and inter-
operability of formally described action plans, event-state-action rules system,
order sets (evidence-based clinical checklists, clinical protocols), and are an in-
tegral part of the CDSS user interface.
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Implementation of the FHIR approach to the clinical decision support sys-
tem. To implement the described requirements of MIS, it is necessary to create a data-
base, which, in addition to preserving EMR function, must ensure that the body of the
program and the trace for its fulfillment are stored in the DB nodes. To do this, we
suggest using a meta-content-relational database model.

The program body preservation is interpreted during their analysis, such as
s-expressions, in LISP-style, that makes it possible to define both data and pro-
cedures. The trace of such programs execution is stored not in RAM, but in the
database for further verification.

Data trace statistical analysis gives an opportunity to evaluate the use fre-
quency and its authenticity (clinical audit) as well as to process the measure-
ments for proving the treatment effectiveness, as well as identifying new treat-
ment quality indicators to further improve the program action plans.

The application of the three components of the relational database configuration
capability enables the creation of a meta-content-relational database model based on
the relational database as the necessity for the specified requirements implementation.

It is appropriate to investigate the ability of using FHIR for implementing
the Clinical Query Language requirements. MCR-DB uses one single primary
key (id) for all database tables.

The concept of abstract data node. The prerequisite for the proposed
model implementation is the use of a single primary key for all database tables.

RDBMS:MCR-DB @)
MCR-DB | MKP-0OB -0
content data —O| META DATA =)
simple [c] parent 0..* 0..1 reference
string &7 Flrreferencg

d_s{value}
d|doc{[c],p,ref ref2,type,{}}

integer AT A

0.1 [ 0..* parent

; % Tp.1 0.1 0.1
real ; '
ey ™y 1

date —

i octype
| wid | | {7 RN
timestamp i

content document- - | translate -0 ung named dﬂtB—O/
{[*{*}1}

dochody central_id int u string_u

Fig. 1: Meta-content-relational database model

84  ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2019. Ne 4 (198)



Transformation of Clinical Decision Support Systems into Fhir Structures to Ensure Quality

The concept of an abstract data node is introduced:

ADN|AB/JL [ doc {[c], p, ref, ref2, type, {}} alias doc|d is a META DATA group.

The sequence of keys inside {} is selected according to the frequency of use
to be kept, as in case of the use of () to call functions.

Note the properties of the keys. Linking AVD 0..n to content [c] is by using
the first key of the link d.id :[c.id] with tables with one simple type field — con-
tent data group - simple[c].

The second key that organizes tree structure of the parent|p :doc.id 0..* data is
the most commonly used, third and fourth keys with reference to other nodes
(0..1 referencejref]r :doc.id, 0..1 reference2|ref2|r2 :doc.id) are used if intended. The AVD
class is defined by the doc link table, which is one for the entire database, and
has three secondary keys. The AVD object is implemented by listing the data in
one row of the link table.

In describing a hierarchical data structure, it is possible to use an attachment
as the second parameter, for example d{,d{}} will mean a structure with a second
level hierarchy. It is possible to use the numbers d{,3d{}} to abbreviate the depth
of attachment or d{,3-5d{}} to describe the depth range.

Generally, the third parameter (ref) is used to refer to a data type, for exam-
ple, FHIR, and the fourth parameter (ref2) is to refer to dictionary data.

An additional AVD parameter provides data typing by linking to a data type
table (fifth key) that has its own hierarchical links of parent nodes. The type pa-
rameter defines simple node data or object {} for complex data types. A parame-
ter of type [] denotes a data array. Re-defining simple types with an array|[]|| [].*
reference indicates that this AVD is a data array of the appropriate type. A hier-
archical combination of AVD nodes of types {} and [] provides the ability to gen-
erate arbitrary complexity JSON document in MCR-DB model.

The supplemental content table, "docbody", can store the various software
structures needed to accelerate the FHIR work and implementation: a JSON
document (which has a data structure generated elsewhere in the MCR-DB),
SQL templates (data selection procedures for executing expressions and action
plan procedures), HTML blocks (for submitting data and for constructing the
user interface according to their content).

Ensuring terminological compliance. The correspondence of ICD-10 vo-
cabularies and the FHIR terminology module is implemented by means of the
defined connections of these two systems (Fig. 2):

ICD10 — md.ICD10|d {,d {, 3-5d {[su, iu]}}}
ICPC2 — md.ICPC2|d {,d {,d {[su, iu]}}}
ICD10 links with ICPC2:

- md.ICD10_ICPC2 | d{, p:d.id, ref:md.ICD10, ref2:md.ICPC2}
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Fig. 2. Use of FHIR terminology module and implementation of
MKH-10 classifiers (ICD10, ICPC2) and ICD10-ICPC2 ratios in
MCR-DB and FHIR platform
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Fig. 3. FHIR: Workflow — RDBMS: MCR-DB

This procedure is organized using the FHIR ConceptMap metadata imple-
mented by the MCR-DB pseudo-expression ADN[Imd.ConceptMap | d {, *, ref: d1.id,
ref2: d2.id:}.

Implementation of the Workflow data modelin nMCR-DB pseudo-
expressions (Fig. 3). The logic of Workflow in FHIR is embedded and de-
scribed in three corresponding logical structures: Definition, Request and Event.
These structures have properties similar to the interface in Java object-oriented
programming. Using nMCR-DB, we can classify them as metadata by means of
the following statements:

ADN.typellfr.wf.l. * | FHIR. Workflow.logic. *;

ADN [1d {,,, type: fr.wfl.d} | md.fr.wf.l.d | FHIR.Definition;

ADN [1d {,,, type: fr.wfl.r} | md.fr.wflr | FHIR.Request;

ADN [1d {,,, type: fr.wfl.e} | md.fr.wfl.e | FHIR.Event;

At the same time, the following classes are indicated accordingly the fol-
lowing statements:

md.frPlanDefinition | md.fiPD | d {,,, fr-wf.l.d};

md.frActivitiDefinition | md.frAD | d {,,, fr.wf.l.d}.
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The FHIR Framework's Workflow recommendations apply event-oriented
programming approaches and software design pattern principles. In the FHIR
Workflow: Plan Interaction ( Fig. 3) shows part of the pattern, by which imple-
menting an event-oriented programming approach is suggested to organize the
treating process support.

THE UNITY OF FHIR ORGANIZATIONAL APPROACHES AND CLINICAL DEGISION
SUPPORT SYSTEMS FOR IMPROVING THE HEALTH CARE QUALITY

The CDSS-FHIR approach practically provides a model software framework
that is generally consistent with the quality management model of the decision
support system for improving the care quality.

The generalized strategy is inherently the PDCA Demur model taking into
account motivational aspects (Fig. 4). The planning function corresponds with
the clinical guidelines implemented in the format of the FHIR PlanDefinition.

In the two approaches under consideration, the use of the audit and the
connection with the official medical documents are almost identical.

In the implementation of these methods, during the construction of the rele-
vant information system, the data gathering functions were defined for different
information: concerning the course of the disease and the results of the main and
auxiliary treatment processes, processing, analysis, transfer of the received in-
formation for use in decision-making at different levels of assessment manage-
ment of care quality and effectiveness.

Thus, the system is intended for use by treating physicians, heads of clinical de-
partments according to the distribution of functional responsibilities, as well as non-
clinical unit managers and their staff involved in the supportive processes.

Peculiarities of the systems’ organizational structure are deep involvement
of staff in quality management, that is why the system is distinguished: the first
level of management - executors (self-management), the second level - heads of
departments and heads of structural units, the third level - hospital management.
In addition, the quality management system includes a number of matrix control
structures. The object of management is the complex of processes, i.e. basic
(medical care) and ancillary (security and organizational) processes.

The functioning of the system is ensured by the information flow between
the participants of the control process in both directions. The information is the
result of the collection, evaluation and analysis of data concerning the course of
the disease, as well as the effectiveness and efficiency of treating processes. This
information is internal, that is, information from one's own sources. External
information includes policy and scientific information as well as information on
the medical audits results.

All types of information and means for its automated collection, processing
and analysis for later use at any level of control of any matrix structure are re-
flected in the control unit.

Information from one's own sources is formed on the basis of data about
events at the processes "key points" and points of their interaction with each oth-
er and with the external environment. It is the information that is important for
evaluating the effectiveness and efficiency of health care delivery processes.
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Fig. 4. The generalized strategy for improving the health care quality

As sources of information are as follows: "Medical card of inpatient patient"
(f. Ne 003/0), filled according to the requirements, including information about
the result of treatment (recovery, clinical condition improvement, clinical condi-
tion without changes, worsening of clinical status, compensation of chronic dis-
ease exacerbation, chronic disease subcompensation, fatal consequences), "Sta-
tistical card of the patient who left the hospital” (f. Ne 066/0), filled in according
to the requirements, "Extract from the medical card of the inpatient patient" (f.
Ne 027/0), "Procedure Log" with the patient's identification, "Diagnostic and
Treatment Card" according to the established quality indicators.

In health care facilities where clinical decision support systems are planned,
regulations of local level processes should be worked out and implemented in
accordance with the established requirements: clinical protocols of medical care,
drug lists, clinical routes of patients, technical standards for governing the main
and ancillary processes.

The local clinical care protocol is a document that defines the requirements
for diagnostic, treatment, prophylactic and rehabilitation measures, their interre-
lation and the sequence of implementation in a clinical facility. The local clinical
protocol allows physicians to apply the most clinically and cost-effective medi-
cines with the lowest side effects risk. The clinical route of the patient is an or-
ganizational component of the health care providing.
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The criteria for the care quality assessing are not only reference point for data col-
lection, but are also used as a guide for further evaluating the performance level of the
relevant process. These criteria are divided into organizational and technological. Or-
ganizational criteria make it possible to evaluate the degree of compliance with organ-
izational standards, and technological ones — with clinical regulations.

Therefore, clinical decision support systems are based on the knowledge of
the means of support and correction of patients' health, accumulate the results of
observations of changes in health state under different conditions, and make it
possible to evaluate the care delivery quality for the further improvement the
health care personnel. CDSSs are regarded as active knowledge systems that
allow using a range of professional expertise to generate specific medical sug-
gestions for diagnostic and treatment processes.

CONCLUSIONS

One of the important areas of eHealth development is to implement the informa-
tion systems for care quality managing based on modern information medical
standards. Creation and implementation of effective methods for identifying
diagnostic and monitoring treatment quality in hospital will foster optimization
and increase of their activity efficiency.

The use of the FHIR framework in the creation of information support sys-
tem for evaluating the care delivery quality enables to improve the data ex-
change quality and their processing for decision-making.
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MEPEXIJ] CUCTEM ITIJITPUMKU ITPUAHATTA KJITHIYHUX PILIEHb
B FHIR CTPYKTYPU JJIS 3ABE3IIEYEHHS AKOCTI MEJUYHOI JOITIOMOI'1

Beryn. Pedopma menuuHoi ramysi B YkpaiHi 3poOuiia MOMITOBX J0 PO3BUTKY €JIEKTPOHHOT
OXOPOHM 3I0pOB’S 1, SK HACTIIOK, CTBOPEHHS CHCTEMH MEIMYHHX PEECTPIB Ta
Creniai3oBaHuX MEAWYHUX 1HQOPMAIIHHUX CHCTEM MiATPUMKU (yHKI[IOHYBaHHS EPBUHHOI
Menu4HOi TornoMoru Tomo. OZHMUM 31 CTPaTEeTIYHUX HANPSAMKIB CUCTEMH OXOPOHH 3/10pPOB'S €
nouryk i BuGip epeKTUBHUX METO/iB KepYBaHHS SIKiCTIO MEIUYHOI JOIIOMOTH.

Mera cTarTi — aHajii3 yMOB Ta MOXJIMBOCTEH TpaHcdopmallii CUCTEMH MiJTPUMKH
MPUAHATTS KIHIYHUX PIlICHb 3 BUKOPUCTAHHAM CTPYKTYp iH(opmamiiiHoi mBuakomii Fast
Healthcare Interoperability Resources (FHIR) ms 3a0e3ne4eHHsT KOHTPOJIIO SKOCTI MEIMYHOT
JIOIIOMOTU.

PesyabTaTu. CydacHuii piBeHb pO3pOOJICHHST MEIMYHHUX 1H(POPMAIIHUX CHCTEM 3yMOBIIOE
3acTocyBaHHs MbkHapomHoro cranaapty FHIR — pecypc miBHmKoi B3aeMoJIii B Tay3i OXOPOHH
37I0pOB'sl, SIKMi BUKOPUCTOBYETHCS Ul OOMIHY JJAHUMU SIK MDK PI3HUMU CHCTEMaMH €JIEKTPOHHHUX
MEJIMYHUX 3allUCiB, TaK 1 MK PI3HUMH KOMIIOHeHTamMH oxHiei EM3-cuctemu, st craHmapTi3anii
iHTeponepabenbHOCTI. PO3MIsiHYyTO MOzIEnb Oe3repepBHOro MOMIMIICHHS SKOCTI MPOIIECY, BIIOMOT
sk muka Jleminra (Plan-Do-Check-Act (PDCA)), sikuii CKIIaJaeThest 3 YOTHPHOX CKIIAHHKIB —
TJIAHYBAHHS, BUKOHAHHSI, IePeBiPKH i BAOCKOHAJIEHHS [IHOTO MPOLIECY .

IIpoananizoBano xapakrepuctuku ctanaapty FHIR Ta Bu3HaueHo muiaxu TpaHchopma-
i CHCTEMH MIATPUMKH MPUHHATTS KIIHIYHHUX PIllIeHb HA OCHOBI IIbOTO cTaHmapty. OmnrcaHo
[oHsATTST abCTpakTHOTO BYy3Ja AaHUX, 3a0e3neueHHs TePMIHOJIOTIYHOI BiAmoBigHOCTI, IMmi-
nemeHTamnito Moneni ganux Workflow Ta iHmi ¢yHKIi Ta 3aBJaHHS CHCTEMH MiATPHUMKH
IPUHHATTS KJIIHIYHUX PILlIEHb.

BucHoBku. OHUM i3 BOKIMBUX HampsMiB po3BUTKY eHealth € BrpoBamkeHHs iH(GOpMaIiii-
HHX CHCTEM KEpPYBaHHS SKICTIO HaJIAHHSI MEIMYHOT JIOTIOMOTH Ha OCHOBI Cy4acHUX iH()OPMAIIHHIX
MeIMYHUX cTaHapTiB. CTBOPEHHs Ta BIPOBAKEHHS €()EKTUBHUX METOMIB MOHITOPHHIY (BHSB-
JICHHS) SIKOCTI JIIarHOCTUKHY Ta JIKYBaHHS CHPHUSTHME ONTHUMI3AIlil Ta MiJBUIICHHIO e()EKTUBHOCTI
IUSUTBHOCTI 3aKJIajliB OXOPOHH 3710poB’si. Bukopucranns cranmapty FHIR y crBopeHHi crctemMu
iH(OpMAIIHOT MATPUMKY JUIS OLIHIOBAHHS SIKOCTI HAJIAHHS TTOCIIYT Ja€ 3MOT'Y IOKpAIIUTH SIKICTh
00MiHY TaHUMHU Ta TXHe 00pOOJIEHHS U1 IPUIHATTS PillieHb.

Knrwwuosi crosa: eHealth, crpykrypu FHIR, cucrema migTpuMKH NPUAHATTS KITIHIYHHUX pi-
IICHb, KOHTPOJIIb SIKOCTI OXOPOHH 30POB'SL.
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TPAHC®OPMALMA CUCTEM TIIOAJEPXKHU I[TPUHATUS KIIMHUYECKUX
PEIIEHNU B FHIR CTPYKTYPbI IJI5I OBECIIEYEHU ST
KAYECTBA MEJUITMHCKOMU ITOMOIIU

CoBpeMeHHBIN ypOBEHb pa3pabOTKU MEIUIIMHCKUX HH(POPMALIMOHHBIX CUCTEM 00YCIIaBIIBa-
eT TpHMEHEeHHe MexayHapojaHoro cranaapra Fast Healthcare Interoperability Resources
(FHIR) — pecypc ObICTPOro B3auMOJCHCTBHS B 00IaCTH 3[paBOOXPAHEHHS, KOTOPBIH HCITO-
TB3yeTcs Ui oOMeHa TaHHBIMH KaK MEXIy Pa3IMYHBIMU CHCTEMaMH 3JIeKTPOHHBIX MeIHIIHU-
HCKHX 3allicel, TaKk U MEXIY Pa3INIHBIMA KOMIIOHEHTAaMH OJHON CHCTEMBI JUISl CTaHAAPTH-
3alUl MHTeporepadenbHOCTH. PaccMoTpeHa MoJenb HENpepbhIBHOIO yIyYIIEeHHs KadecTBa
npoiiecca, u3BectHas kak 1uki Jlemunra (Plan-Do-Check-Act (PDCA)), KOTOpBIi COCTOUT
U3 YeThIpeX YacTell — IIaHUPOBaHME, UCIIOJIHEHHE, [TPOBEPKA U COBEPIICHCTBOBAHHUE 3TOTO
nportecca.lIpoananusupoBansl xapaktepructuku crangapta FHIR u onpenenensr mytu Tpan-
chopMaluy CUCTEMBI MOAJEPKKH NPUHATHSA KIMHUYECKUX pEIIeHUH Ha OCHOBE 3TOrO CTaH-
napta. OnucaHbl MOHATHE aOCTPAKTHOTO y3J1a JaHHBIX, oOecredeHne TePMHUHOIOTHYECKOTO
COOTBETCTBHsI, HMIUIEMEHTAIMsI MoJelu NaHHbIX Workflow u npyrue GyHKMu U 3amaqn
CHCTEMBI IOANEPKKH MPUHATHS KIMHIYECKUX PEIICHUH.

Knrouesvie cnosa: snexkmponnoe 30pagooxpanenue, cmpykmypul FHIR, cucmema noodepoic-
KU NPUHAMUA KTUHUYECKUX peuenUll, KOHMpOb Kauecmed 30pagooxXpaHeHus.
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J10 YBATH ABTOPIB!

VY >xypHaJi HagaHo pe3yabTaTH JAOCIiIKEHb B raly3i Teopii 1 MPaKTUKU iHTeJeK-
TyaJbHOTO KEpyBaHHS, iHGOPMATUKH Ta iHPOPMALIIHUX TEXHONOTiH, a TaKOX
010JIOTIYHOT 1 MEIMYHOT KIOEPHETHKH.

LlinpoBa ayauToOpis — HAYKOBI, 1H)KEHEPH, ACIHIPAHTH 1 CTYICHTH BHILIUX

HaBYAJIBHUX 3aKJIAIIB BIAMOBIAHOTO (haxy.

Bumoru 1o pykonuciB craTeii

1. Pykommc HamaroTh Ha Tamepi y JBOX NMPHMIpHUKAX (MOBa — aHTIIIHACHKA,
yYKpaiHChKa, pociiickka, 17-22 c.) Ta enekTpoHHa Bepcis. [[o pyKommcy 101ar0Th:

* aHOTAIlil — YKpaiHCHKOI0 Ta aHTJIIHCHKOI0 MOBaMU (TIPI3BHUINE, iHIIIATH
aBTopa/iB, micie poOOTH, MicTo, KpaiHa, Ha3Ba ctarTi, Tekct 250-300 ciis, 3
BUJIEHHSM pPYOpHK: BCTYI, MeTa, pe3yJbTaTH, BUCHOBKH, KJIFOUOBI CIIOBA),
pociticekkoro moBoro (YK, mpi3Bumie, iHimianu aBTopa/iB, Ha3Ba CTarTi,
7-9 psnKiB TEKCTY, KIIFOUOBI coBa (5—8 ciiB);

* CIIMCOK JIiTEpPaTypy Ha MOBI OPUTIHATY - B TIOPSIIKY 3TaJyBaHHs B TEKCTI,
3a crangaptoM JACTY 8302:2015;

* CIIMCOK JIITEPaTypu — MepeKIIaj JHKepPeN aHTIIHChKOK MOBOIO, MPi3BH-
112 Ta iHiliaan aBTOpiB — TpaHCIiTepaLis:

* JiIeH31HHUI TOTOBIp;

* BIiZIOMOCTI NpO aBTOPa/iB YKPaAiHCHKOIO, aHIITIHCHKOIO Ta POCIHCHKOIO
MoBamu mMOBUHHI Mictutu: I1IB, BUeHMH CTymiHb, HayKOBE 3BaHHsS, I0Caja,
BiJUIUI, Miciie poOOTH, TIOIITOBA ajapeca opraHisailii, TeaedoH (A 383Ky pe-
nakropa), E-mail, aBropceki inentudikatopu ORCID a6o ResearcherID.

2. TekcT craTTi NOJAETHCS 3 00OB'SI3KOBUMH PYOpPHUKaMU: BCTYII, IOCTAHO-

BKa 3aBIIaHHS/TIPOOJIEMH, METa, PE3yJIBTATH, YITKO CPOPMYIIHOBaHI BHCHOBKH.



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
inTepBain — 1,5. ®opmar nanepy A4, Bci Oepern — 2 cm.

®opmynm HabuparoTh y penakropi ¢opmyn Microsoft Equation Editor 3.0.
Onuii penakropa gopmyin — (10,5; 8,5; 7,5; 14; 10). Illupuna dpopmysa — xo 12 cm.

Pucynkn noBuHHI OyTH SIKICHUMH, CTBOPEHI BOYJOBAaHHM PEJAKTOPOM PH-
cynkiB Word Picture a6o immmmm Windows-nmogatkamMu (pHCYHKH HAIalOTh
okpemMuMu ¢atinamu BianoBigaux ¢popmarip). lllupuna pucynkiB — 10 12 cm.

Tabmu1li BUKOHYIOTh CTaHIAPTHUM BOymoBaHUM y Word iHCTpyMeHTapieM

«Tabmury. lllupuna Tadaumi — 10 12 cm.
Hepeaniaty Ha :xxypHaJ (IpyKoBaHa Bepcisi) B YKpaiHi 31iliCHIOIOTH:
- 3a «Karanorom Buianb YKpaiawy», IHAEKC IepeAIuIaTH JpyKoBaHoi Bepcii — 86598;

- 3a IOTIOMOTH IepeaIuiaTHoi areHmii « Ykpiapopmaayka» HAH Ykpainn,

ukrinformnauka@gmail.com, iHnekc xypuany — 10029
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