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ABSTRACT

Context. The paper considers the problem of automating the creation of an annotated dataset for further use in a system for de-
tecting, localizing and classifying blood cells in an image using deep learning. The subject of the research is the processes of digital
image processing for object detection and localization.

Obijective. The aim of this study is to create a pipeline of digital image processing methods that can automatically generate an
annotated set of blood smear images. This set will then be used to train and validate deep learning models, significantly reducing the
time required by machine learning specialists.

Method. The proposed approach for object detection and localization is based on digital image processing methods such as filter-
ing, thresholding, binarization, contour detection, and filling. The pipeline for detection and localization includes the following steps:
The given fragment of text describes a process that involves noise reduction, conversion to the HSV color model, defining a mask for
white blood cells and platelets, detecting the contours of white blood cells and platelets, determining the coordinates of the upper left
and lower right corners of white blood cells and platelets, calculating the area of the region inside the bounding box, saving the ob-
tained data, and determining the most common color in the image; filling the contours of leukocytes and platelets with said color;
defining a mask for red blood cells; defining the contours of red blood cells; determining the coordinates of the upper left and lower
right corners of red blood cells; calculating the area of the region within the bounding box; entering data about the found objects into
the dataframe; saving to a .csv file for future use. With an unlabeled image dataset and a generated .csv file using image processing
libraries, any researcher should be able to recreate a labeled dataset.

Results. The developed approach was implemented in software for creating an annotated dataset of blood smear images

Conclusions. The study proposes and justifies an approach to automatically create a set of annotated data. The pipeline is tested
on a set of unlabelled data and a set of labelled data is obtained, consisting of cell images and a .csv file with the attributes “file
name”, “type”, “xmin”, “ymin”, “xmax”, “ymax”, “area”, which are the coordinates of the bounding box for each object. The number
of correctly, incorrectly, and unrecognised objects is calculated manually, and metrics are calculated to assess the accuracy and qual-
ity of object detection and localisation.

KEYWORDS: computer vision, object detection, object localization, digital image processing, classification.

ABBREVIATIONS Cnt is a contour, found in the image;
CNN is a convolutional neural network; Gs is a Gaussian filter;
CSV are comma separated values; G is a green component in the RGB model;
CV is a computer vision; G(u,v) is a Gaussian distribution at position (u,v) ;
FN is a false negative; H is hue is a component in the HSV model;
FP is a false positive; F1 is a harmonic mean between precision and recall;
HSV are hue, saturation, value I is an image;
RBC is a red blood cell; I(x,y) is a value of a pixel in the image | at position
RGB is a red, green, blue; xy);
RNN is a recurrent neural networks M(x,y) is a value of the pixel on the mask at position
TP is a true positive; xy);
WABC is a white blood cell. Pr is a precision of cell recognition;
R is a red component in the RGB model
NOMENCLATURE Rec is a recall of recognition;

d(a,b) is a Kronecker delta; r is a blur radius;
o is a standard deviation of the Gaussian distribution; S is a saturation is a component in the HSV model;
Acc ia accuracy of cell recognition; T is a threshold value,
B is a blue component in the RGB model; V is a value component in the HSV model;
C is a most common contour in the image; (x,y) are coordinates of the pixel in the image.
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INTRODUCTION

With the development of machine learning models,
this branch of artificial intelligence is increasingly pene-
trating various areas of our lives and is transforming
many aspects of the modern world. This technology is
reprogramming and modernizing various sectors, from
industry and medicine to education and everyday life.

Artificial intelligence can effectively solve the tasks of
detecting, localizing, classifying, and counting cells in an
image, which is an important task in the field of medicine
and biology [1]. It is an important stage in the process of
counting the number of blood cells of different types. This
procedure, in turn, is an important step in laboratory diag-
nostics and medical research, which provides valuable
data for assessing the health status of patients and detect-
ing various diseases.

Currently, convolutional neural networks and deep
learning methods are used to identify and classify blood
cells, which are essentially supervised learning methods
and require large enough data sets for training and valida-
tion. The general pipeline for the machine learning proc-
ess is shown in Fig. 1.

Data
Data Preparation

Collection *Data
Annotation

Model
Selection
and Training

Model
Assessment

Model Fine
Tuning

Model
Deployment

.. N

Figure 1 — General scheme of machine learning steps

Sometimes it is believed [2] that machine learning
specialists spend the most time training the model, but a
study [3] found that data scientists spend approximately
37.75% of their time preparing and cleaning data. In addi-
tion to data preparation and cleaning, interpretation of the
results also remains important. Data visualization
(12.99%) and demonstrating the value of data through
reporting and presentation (16.20%) are also important
and time-consuming steps to turn data into an actionable
tool for answering critical questions. Working with mod-
els through model selection, training, and implementation
takes approximately 26.44% of respondents’ time (Fig. 2).
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Figure 2 — Time management for machine learning specialists

© Kovalenko S. M., Kutsenko O. S., Kovalenko S. V., Kovalenko A. S., 2024

DOI 10.15588/1607-3274-2024-1-12

Thus, the creation of datasets is in itself a rather time-
and resource-consuming task. Such datasets are created
manually using certain software, such as LabelIMG, VIA,
VOTT, and others. Image annotation software has differ-
ent functionality [4] and can significantly reduce the an-
notation time compared to simple graphic editors, but still
the process of annotating images is a very long process.

Therefore, the automatic creation of annotated datasets
for training blood cell classification models will help to
significantly reduce the time spent by machine learning
specialists.

The object of the study is the processes of digital im-
age processing for the detection and localization of blood
cells of various types in a blood smear image.

The subject of the study is methods and algorithms
for digital image processing.

The purpose of the work is to increase the overall
speed of the deep learning process for detecting, localiz-
ing, and classifying blood cells by automatically creating
an annotated data set.

1 PROBLEM STATEMENT

The study aims to develop and validate an approach
for automatically creating an annotated dataset for classi-
fying, identifying, and localizing blood cells in images.

The result of the study is a pipeline for automatic crea-
tion of a labeled dataset based on methods of digital im-
age processing and analysis, noise reduction, contour ex-
traction, binarization, filtering, etc. Pipeline should pro-
vide the ability to detect and localize cells in blood smear
images, taking into account their features and characteris-
tics.

This also includes the development of software for de-
tecting, isolating, analyzing, and localizing blood cells
and the creation of a dataset. The output dataset will be
defined as a set of unlabeled images and a .csv file con-
taining the following features:

— “file_name” is the relative name of the file in the
folder;

— “xmin”, “ymin” are coordinates of the upper left
corner of the bounding box;

- “xmax”, “ymax” are coordinates of the lower right
corner of the bounding box;

— “type” is cell type (“WBC” for leukocyte, “RBC”
for erythrocyte, and “platelet”);

— “area” is the area inside the bounding box.

With an unlabeled dataset and a generated .csv file us-
ing image processing libraries (e.g. PIL and/or opencv-
python for Python programming language), any re-
searcher should be able to recreate a labeled dataset.

The study focuses on improving the speed and effi-
ciency of the dataset generation process, ensuring the rep-
resentativeness of various cells and optimal image quality.
The dataset obtained with the developed approach will be
used to train and validate a machine learning model that
will recognize blood cells in smear images with high ac-

curacy and reliability.
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2 REVIEW OF THE LITERATURE

Rapid assessment of the body’s condition using less
invasive laboratory tests has always been relevant. A reg-
ular clinical blood test is a fairly accurate and reliable
method of assessing the patient’s condition and making a
diagnosis. It provides important data for assessing the
state of health of patients and early detection of possible
diseases.

Fig. 3 presents the main areas in which blood cell
counting is used and, accordingly, their classification.

Detection of pathology
and diseases, assessment
« of cell maturity, analysis
of their number and
distribution in the blood

Disease diagnosis

Known quality and
quantity of blood cells to
monitor the effectiveness
of treatment

Treatment
monitoring

Help in determining the
patient's general state of
health, identifying

=+ deviations from the norm
and understanding the
state of the immune
system.

Health status

Helping the doctor get a
more complete picture of
the patient's health

Clinical
examination

Studying the
characteristics of cells,
their properties and
reactions to certain
factors

Scientific research

Figure 3 — Fields of application of blood cell classification

Thanks to advances in computer vision and machine
learning, the use of automated systems for this task is
becoming more common and affordable.

One of the most common tasks is to detect and recog-
nize different types of cells, such as red blood cells
(erythrocytes), red blood cells (leukocytes), and platelets.

As mentioned earlier, the classification and counting
of blood cells of different types in the image is broad used
in diagnosis and monitoring of diseases and treatment
effectiveness, medical and scientific research, optimiza-
tion of processes in laboratories.

There are several approaches to solving this problem.
The first of them is the so-called traditional method [5, 6,
7], which combines image processing methods, such as
noise reduction, contour extraction, edge detection, seg-
mentation and filtering [8, 9], with machine learning or
morphological analysis methods. This approach can be
used both to detect different types of blood cells and to
detect other biological objects [7]. These methods allow
you to significantly speed up the process of object detec-
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tion (in comparison with non-automated systems) and
provide the ability to use them in real time. However, they
depend on the quality of the input image and require pre-
processing.

Another approach is based on the use of real-time ob-
ject detection algorithms, such as YOLO (You Only Look
Once) [10, 11] and/or SSD (Single Shot MultiBox Detec-
tor) [11]. This method has become quite popular in image
classification in recent years because it has high accuracy
and the ability to work with different, complex data, such
as different resolutions and overlapping object detection.
The main feature of this approach is to identify objects in
one pass of the image through a neural network. For ex-
ample, in the case of YOLO, an image is passed through a
neural network at once, deriving predicted object bounda-
ries and classes, instead of the traditional approach of first
passing the image through an object detection model and
then processing the results to determine object bounda-
ries.

However, such methods require a large amount of la-
beled data for training, which is a separate task. This ap-
proach requires large computing power and has a large
model size, which can lead to difficulties in storing, im-
plementing and distributing these models. These difficul-
ties can be circumvented by using mechanisms such as
transfer of learning [12]. But the problem of having a set
of labeled data remains. The size of the dataset can be
reduced due to data augmentation [13], but the process of
annotation different types of cells still remains time-
consuming, especially in the case of determining different
types of cells (erythrocytes, leukocytes, platelets).

In [2], an approach to the segmentation of blood cells
based on image processing methods is proposed. In this
study, it is proposed to apply a similar approach to the
automatic creation of a set of annotated data for further
application in the automatic detection different types of
cells using artificial neural networks.

Machine learning models are usually divided into 3
large groups: unsupervised, supervised, and reinforcement
learning models [14] (Fig. 4).
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Figure 4 — Classification of machine learning models
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One of the fields of artificial intelligence that uses ma-
chine learning is computer vision [15]. Computer vision is
a branch of artificial intelligence that studies how com-
puters can understand and analyze images and videos. To
achieve this goal, various methods and algorithms are
used that allow computers to “see” the world around
them.

The main tasks of computer vision are [16] (Fig. 5)

1. Image classification: determining the class and type
of the object in the image.

2. Object localization: determining the location of the
object and selecting it (usually using a rectangular frame).

3. Object detection: determining the location (using
frames) and the type and class of objects in the image.

4. Semantic segmentation of the object with selection
of the recognized object using a contour and (sometimes)
changing certain pixels of the object instead of defining
the frame.

Classification and
Localization

Classification Object Detection

Instance Segmentation

;|

Leukocyte Leukocyte Leukocyte, Ervihr

v
Multiple objects

Figure 5 — Classes of machine vision problems

U
Single object

All of these tasks use supervised machine learning
techniques to train models based on annotated data and
use them in computer vision tasks.

One of the key methods in computer vision is Convo-
lutional Neural Networks (CNN) [15, 17]. These net-
works are capable to detect patterns and features in im-
ages using filters that perform a convolution operation.
CNNs are used for object classification, contour detec-
tion, face recognition, and many other tasks in computer
vision.

Another important method is Recurrent Neural Net-
works (Recurrent Neural Networks — RNN) [17] that al-
low you to work with sequences of data, for example,
with sequences of video frames. They are useful for ana-
lyzing the dynamics of actions or the movement of ob-
jects.

In addition, image processing methods are used, such
as filtering, segmentation, detection of edges and con-
tours, as well as feature extraction, which help in the rec-
ognition of objects in images [2].

Deep learning techniques [17, 18], in particular, are
very popular in computer vision. They allow creating
complex models that can automatically study the data
presented to them, and identify complex patterns and fea-
tures to solve recognition and classification tasks. Also,
geometric modeling methods are used to describe the ge-
ometric features of objects in images, which help in solv-
ing problems of object recognition and measurement of
their characteristics [6, 19].
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In general, the combination of these methods and
techniques in computer vision allows computers to recog-
nize objects, detect images, classify data, and helps solve
many tasks that require the analysis of visual information
in real or virtual environments.

That is, different types of neural networks using ma-
chine learning methods used in computer vision to recog-
nize objects, detect images, classify data and help solve
many tasks that require the analysis of visual information
in a real or virtual environment.

3 MATERIALS AND METHODS

To automatically create a set of annotated data, the
following sequence of actions is proposed (Fig. 6):

1. Loading the image.

2. Noise reduction.

3. Conversion to HVS model.

4. Determining the mask for leukocytes and platelets.

5. Detection contours of leukocytes and platelets

6. Determining the coordinates of the upper left and
lower right corners of leukocytes and platelets.

7. Calculation of the area of the region inside the
bounding box.

8. Entering data about found objects into a dataframe
with columns “file_name”, “xmin”, “ymin”, “xmax”,
“ymax”, “type”, “area”.

9. Determining of the most common color C in the
image.

10. Filling the contours of leukocytes and platelets
with color C.

11. Determining the mask for erythrocytes.

12. Detection the contours of erythrocytes.

13. Detection the coordinates of the upper left and
lower right corners of erythrocytes.

14. Calculation of the area of the region inside the
bounding box.

15. Entering data about found objects into the data-
frame.

16. Saving in .csv file for later use.

To eliminate excess noise that interferes with the rec-
ognition of target elements in the image, a Gaussian filter
is applied to reduce the sharpness of the image and make
it more blurry. This effect is achieved by transforming
image pixels. In order to calculate the degree of transfor-
mation, this filter uses a normal distribution for two
measurements, which can be calculated by formula (1):

1 —(x2+y2)/(252)

G(u,v)= e , (1)

2
21

wherer is a blur radius; r=x*+Yy’;c is the standard de-

viation of the Gaussian distribution.

The result of calculations according to this formula is
an area of the image that has the form of concentrated
circles with a normal distribution from the central point.
Pixels with a distribution level that is not equal to 0 are
used to create a convolution matrix that is used to analyze
the input image. The distribution of the Gaussian value is
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as follows: one of the pixels receives the largest weight,
while the surrounding pixels, according to their distance
from the central one, receive smaller weights. The convo-
lution (core) of the mask is usually much smaller than the
entire image. The mask is moved across the image and
convolution is applied at each location in the image. The
larger the core size, the lower the sensitivity of the detec-
tor to noise. The greater the valuecs, the smoother the
result with less noise. However, with more image smooth-
ing, fewer edges will be detected by the detector.

The algorithm is sequentially implemented for each
pixel. A 3x3 or 5x5 cores are often used. An example of a
Gaussian filter with a standard deviationc =1.4 , is calcu-
lated using the kernel:

2 4 5 4 2
1 4 9 12 9 4
G;=—|5 12 15 12 5]|.
159
4 9 12 9 4
2 4 5 4 2

The next step is to convert from the RGB color model
to the HSV model. The HSV (Hue, Saturation, Value)
model is a cylindrical color model used to represent col-
ors in the form of three components: Hue, Saturation, and
Value. This model is built on the basis of a transformation
from the RGB (Red, Green, Blue) model.

Converting an image from RGB to HSV can simplify
color processing and allow various color operations to be
performed more efficiently [11]. Converting images from
RGB to HSV can make a number of image processing
tasks easier and allow us to better understand and work
with colors.

1. Load an image

I 3. Convert to HSV colour
| model

B e e e b el e J
|' ________ A |
WBCs and 4. Create a mask
platelets
localization

6. Find bounding boxes
coordinates

7. Calculation bounding boxes I
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I
|
|
WBCs and platelets |
|
|
[
[
[

CO. Filling the contours of leukocytes

8. Add data to the

9. Find the most common color
C in the image

and platelets with color C

\

11. Create a mask for
RBCs

12. Find the RBCs localization

contours of RBCs

13. Find bounding box
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14. Calculation
of the areas of ...

Is it a last image in the set?

15. Save dataframe
@ v
Y
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Figure 6 — Activity diagram of automatic creation of an annotated dataset
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Converting from the RGB to HSV color model is of-
ten used to process images with color information for
several reasons (Table 1).

Table 1 — Advantages of image processing in HSV

Advantage Explanation

Easy color In the HSV model, each parameter (hue, saturation,

interpretation | value) represents a specific color characteristic,
which simplifies color interpretation. For example,
the hue component defines the color tone, saturation
defines the brightness of the color, and value defines
the brightness of the light source.

Easier color Switching from RGB to HSV can make it easier to

processing process colors and perform a variety of color
operations, such as changing hue, increasing or
decreasing saturation, adjusting brightness, and
more.

Operations Converting to HSV allows us to perform color-

with colors related operations, such as filtering by specific
colors, finding color ranges for specific effects, and
more.

Color seg- Since the HSV model is closer to how humans per-

mentation ceive colors, it can be useful for segmenting objects
in an image by color. For example, to distinguish
objects of a certain color or group of colors.

Brightness Changing the values in the HSV model allows for

and contrast better control of image brightness and contrast,

control which can be useful for enhancing an image or
increasing its clarity.

An HSV model can be represented as a cylindrical co-
ordinate system, where hue is located on a circular disk,
and saturation and value are displayed on the vertical and
radial axes, respectively. This model makes it easier to
understand and manipulate individual aspects of color,
compared to the RGB model. This is how this model is
built:

1. Hue is measured on the color wheel and expressed
in degrees, where 0° corresponds to red, 120° to green,
and 240° to blue. It is a quantitative value that defines a
specific color in the spectrum.

2. Saturation is defined as the distance from the center
of the color wheel to its edge. It indicates the “purity” or
“vibrancy” of the color. Maximum saturation means a
vibrant, rich color, while low saturation can lead to gray-
scale.

3. Value measures the brightness of a color. This is the
relative brightness of a color from black to white. This is
an important aspect because it determines how light or
dark the color will be.

To convert from RGB to HSV, the following ratios are
used (2): in the case of 8-bit and 16-bit images, R, G, and
B are converted to the floating-point format and scaled to
fit the O to 1 range:

V =max(R,G,B),
V —min(R,G, B)
S= Vv
0, otherwise,
60(G-B)/(V —min(R.G,B)),ifv =r, @
120+60(B—R)/(V —min(R,G, B)), if V =G,
240+60(R-G)/(V —min(R,G,B)), if V = B,
0, ifR=G=B.

JfV %0,
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If H<0 then H=H+360. On output 0<V <1,
0<S<1,0<H<360.

The values are then converted to the destination data
type (8-bit images):

V =255V, S=2555, H=H/2 (tofitto [0, 255]) .

Obtaining a mask on an image can be mathematically
written using threshold binarization, where the pixel value
is compared to a certain threshold and a certain range of
values is set to create the mask.

We have an image | . To get a mask M , where the
white pixels correspond to contour areas, a threshold T
must be determined, which will be used for binarization.

Mathematically, the binarization process can be writ-
ten as (3):

M(X,y):{zss, if1(x,y)>T, )

0, otherwise,

where M (x, y) is the value of the pixel in the mask at the
position (x,y); 1(x,y)is the value of a pixel in the im-
age | in position (x,y), T is the threshold for binarization.

Specifying the threshold T for binarizing the image
and create a mask is an important step that determines
which pixels are considered part of the contour area. If the
threshold value is too low, there may be a lot of “noise”
or background detail in the contour mask. If the threshold
value is too high, part of the contour may be lost.

Therefore, the choice of threshold depends on the spe-
cific image and its properties. There are several ap-
proaches to select a threshold:

1. Global threshold using statistical methods, such as
the Otsu method, which automatically determines the
threshold by maximizing the variance between pixel clas-
ses (background and object).

2. Adaptive threshold, where instead of one global
threshold, you can use an adaptive threshold for different
areas of the image, especially when the illumination in the
image is uneven, i.e. use different thresholds for different
parts of the image.

3. Experimental selection, when several threshold val-
ues are examined and the one that gives the best results
for a specific task is chosen.

4. Using data knowledge, where knowledge of image
characteristics or regions to be detected is used.

In our study, a combined approach was used to deter-
mine the threshold value, namely a combination of an
experimental approach and knowledge of the data. It is
known [20] that Leishman staining is used to stain blood
on smears for microscopy. It is usually used to distinguish
and identify leukocytes. It is based on a methanol mixture
of “polychrome” methylene blue and eosin, which stain
leukocytes and platelets purple, while erythrocytes remain
pink. Based on this knowledge and experiment, the
threshold value was determined as T =180.
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To detect and localize RBC, it is proposed to first
“fill” the contours of leukocytes and platelets with the
color that is most present in the image. The following
algorithm is used for this purpose:

Let us denote H, S, and V as the sets of possible values
of hue, saturation, and brightness values, respectively.
Based on the features of the opencv-python library [21],
which is used for image processing in this study, each of
the values of H, S and V varies in the range [0, 255].

Let’s calculate the amount of each color in the HSV
space. For this, we will create a ma-
trix count _hsv,., .. s t0 count the number of pixels of

each color. To do this, use the formula (4):

count_hsv(Hi,Sj,Vk)z
> S(IH (xy)=H &ls(xy)=S; &I, (x, y)zvk), (4)

x,yel

where 1, (x,y), Is(xy) and I,(x,y) are values of
hue, saturation and brightness of a pixel (x,y) in the im-
agel ; H;, S;,V, are current values of hue, saturation
and brightness; 1, j,k €[0,255]; §(a,b)— the Kronecker
delta (5):

1 ifa=Dh,
0, otherwise.

S(a,b){ (5)

Finding the most common combination of H, S and V
is represented by formula (6):

C={H,5,V}=

arg max count _hsv(H,,S;.V, ). ©)

(Hi,8; Vi JeHxsxv

The next step is to select the contours. There are sev-
eral ways to accomplish this task. One of the most com-
mon is to use of mathematical morphology operations and
find contours based on a mask. The contours can be ob-
tained as the difference between the extended object and
the (initial) object itself.

In turn, the dilation operator accepts two pieces of da-
ta as input. First, is the image to be expanded. The second
is a (usually small) set of coordinate points known as a
structural element. It is this structural element that deter-
mines the exact dilation effect on the input image. To
calculate the dilation of the input image using this struc-
turing element, we consider each background pixel in the
input image in turn. For each background pixel, the struc-
tural element is superimposed over the input image so that
the origin of the structural element coincides with the
position of the input pixel. If at least one pixel in the
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structural element matches a foreground pixel in the im-
age below it, then the input pixel is set to the foreground
value. However, if all matching pixels in the image are
background, the input pixel remains.

These mathematical operations help to extract con-
tours in an image based on a binary mask.

To calculate the bounding box that wraps the contour,
we need to find the minimum rectangle that joins all
points of the contour.

Let Cnt be a contour found in the image consisting of

an array of points with coordinates(x;,y;), i=12,...,n,
hat form a line or a closed shape of an object. We
have Cnt = {(x,,y,).(X,. ¥, )} -

Mathematically, a bounding box consists of coordi-
nates(x,,y,) of upper left corner and(x,,y,) of lower

right corner. That is, to find the bounding box, it is neces-
sary to find the smallest and largest coordinate
values x and y among all points on the contour. We have

the value calculated by formula (7):

Cnt = {(min (x,),min(y, )),(max (), max(y,))}
i=12,...,n

Y]

We will store the data in a csv file with the following
features:

“file_name” is the relative name of the file in the fold-
er;

“xmin”, “ymin” are the coordinates of the upper left
corner of the bounding box;

“xmax”, “ymax” are the coordinates of the lower right
corner of the bounding frame;

“type” is the cell type (WBC for leukocyte, RBC for
erythrocyte, and platelet)

“area” is the area inside the bounding box.

4 EXPERIMENTS

The developed pipeline was tested on images of the
dataset [2, 22]. This dataset is released under the CC BY
4.0 license and consists of JPG images with dimensions
of 360x363 pixels.

The Python programming language in the Jupyter
notebook environment was used for image processing.
Third-party libraries were also used:

— PIL and opencv-python for image processing;

— matplotlib, seaborn for plotting graphs and dia-
grams;

—pandas for creating and processing a set of struc-
tured data;

— numpy - for processing images as arrays of pixels.

Fig. 7 shows the transformations that blood smear im-
ages undergo after each step of the algorithm.
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Figure 7 — Share of cells of each type of cells in the total number of detected objects

5 RESULTS As a result, we receive a file in csv format, in which
A total of 2159 RBCs, 177 WBCs, and 148 platelets  the coordinates of the bounding boxes, cell types on cer-
were detected and localized, as shown in Fig. 8. tain images are stored (Fig. 9).
Dataset Composition file_name xmin ymin xmax ymax type area

0 BA 206112jpg 227 307 248 327 platelet 420
1 BA_206112jpg 141 298 165 322 platelet 576

RBC 2 BA_206112jpg 87 251 103 268 platelet 272

29 BA 208485jpg 247 135 250 181 platelet 552

55 BA _209608jpgy 266 349 285 362 platelet 247

Platal Figure 9 — Structure of the annotation dataframe

wac It took 9 minutes and 51 seconds to process 1000

images and create the resulting annotated dataset using

the computer with Windows 10 operating system, 8GB of

Figure 8 — Share of cells of each type_of cells in the total number RAM, and an AMD Rizen 5 4500U processor using Py-
of detected objects thon 3.10.0, pandas 1.3.5, and opencv-python 4.9.0.
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6 DISCUSSION

To assess the quality of automatic annotation, bound-
ing boxes were added to images and 160 images were
processed manually.

The following cases were obtained during processing:

a) cells were recognized correctly;

b) incorrectly recognized leukocytes;

c) unrecognized leukocytes;

d) incorrectly recognized platelets;

e) unrecognized platelets;

f) incorrectly recognized erythrocytes;

g) unrecognized erythrocytes.

Of course, cases b)-g) can be present in different com-
binations.

Fig. 10 shows most common cases: a) all objects are
recognized; b) the presence of incorrectly recognized
erythrocytes; c¢) recognition of overlapping erythrocytes
as one object; c) the presence of unrecognized erythro-
cytes.

RBC

F

RBC

]

RBC

[oRec]
b
[FE0) (FECfEe

(R

[F%E] mmm
d
Figure 10 — Cases of cell recognition and localization

For further processing, the number of correct (True
Positive, TP), incorrect (False Positive, FP) and unrecog-
nized cells (False Negative, FN) of the considered types
was calculated.

Let’s define in more detail:

TP (True Positives) is the number of cells that are cor-
rectly recognized and assigned to a certain class;

FP (False Positives) is the number of cells that are
recognized but incorrectly assigned to a certain class;

FN (False Negatives) is the number of cells that are
not recognized as cells of a certain class.

The results are shown in Table 2.
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Table 2 — Quality of recognition of blood cells

Cell type
Leukocytes Platelets Erythrocytes

Correctly 160 127 2161
Recognized (TP)

Incorrectly 14 20 170
recognized (FP)

Not Recognized | 1 13 178

(FN)

To visualize the obtained results, let’s build a heat
map for the number of cells of each type and the number
of correctly, incorrectly, and unrecognized blood cells
(Fig. 11).

Recognized cells

2000

160 14 1
1750

Leukocytes

1500

1250

127 20 13

Actual

Platelets

- 1000

- 750

- 500

170 178
- 250

Erythrocytes

i |
Misclassified Not Recognized

Recognized

Figure 11 — Quality of cell recognition by type

Correct

To visually display the proportion of correctly, incor-
rectly, and unrecognized cells of each type in the total
volume of cells, we will build a stacked chart (Fig. 12).

{5 8.0% 0.6% 8.1% 7.1%
12.5% 6.8%
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Propartion

0.4

0.2
= Correct
Misrecognized

Naot Recognized |

g
z

g
-]
-
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-}
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Figure 12 — Relative contribution of each cell type

Figure 12 shows that the number of correctly recog-
nized white blood cells (WBCs) is 91.4% of the total,
where 8% are misrecognized and only 0.6% WBCs are
unrecognized. 79.4% of platelets are correctly recognized,
12.5% of the total are FPs, and 8.1% are not identified as
platelets. TP red blood cells (RBCs) are 86.1%, 6.8% are
FP, and 7.1% are FN.

The following metrics were calculated to assess the
quality of object annotation:
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— accuracy, which calculates the overall classification
accuracy (7):

TP

AcC=—————|
Total number

O

— precision, which estimates the percentage of objects
that are correctly identified as a certain class (8):

TP

Pr=———,
TP+FP

(8)

— recall shows how many objects of a given class were
correctly identified relative to all real objects of that
class (9):

TP

Rec =——,
TP+FN

©)

— F1 is the harmonic mean between precision and re-
call, which combines these two metrics into a single num-
ber and makes it possible to evaluate the effectiveness of
the classification model, by choosing a balance between
precision and recall (10):

Pr-Rec
Fl=2| ————|. 1
(Pr+Recj (10)

The values of the calculated metrics are given in the
table. 3

Table 3 — Quality metrics of automatic recognition of blood

cells
Cell type
Leukocytes Platelets Erythrocytes
Accuracy 0.9143 0.7937 0.8613
Precision 0.9195 0.8639 0.9271
Recall 0.9938 0.9071 0.9239
F1 0.9552 0.8850 0.9255

The obtained metric values indicate a sufficiently high
efficiency of recognition of leukocytes and erythrocytes
and insufficient efficiency of platelet recognition, which
is associated with a high number of incorrectly recognized
ones and not recognized cells. In our opinion, this is due
to an unsuccessful choice of the threshold value when
constructing the mask.

In further research, we plan to investigate the impact
of different approaches to creating binary masks and con-
tour extraction to improve the quality of cell recognition
and localization. Also, this approach does not handle
overlapping erythrocytes well enough. Processing of such
types of cells is also the object of further research.

CONCLUSIONS
In this paper, we propose an approach to automatically
generate an annotated dataset for recognizing different
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types of blood cells in an image. Our method is based on
the use of image processing techniques to detect, segment
and localize blood cells. The approach has been evaluated
on a blood cell microscopy dataset and shown to achieve
high accuracy. Our method has several advantages over
existing manual methods for creating annotated datasets.
First, it is fully automated, which makes it more efficient
and scalable. Second, it can be used to create annotated
datasets for any type of blood cell.

The following results were obtained:

1. An approach for automatically creating a set of an-
notated data for further use for object recognition using
supervised machine learning methods is proposed and
substantiated.

2. The pipeline is tested on a set of unlabeled data.

3. An annotated dataset is obtained consisting of cell
images and a .csv file with the features “file_name”,
“type”, “xmin”, “ymin”, “xmax”, “ymax” which are
bounding box coordinates for each object.

4. The number of correctly, incorrectly and unrecog-
nized objects is counted and metrics were calculated to
evaluate the accuracy.

5. Metrics for evaluating the quality of object detec-
tion and localization are obtained.

The scientific novelty of obtained results consists in
the application of digital image processing methods to
automatically create an annotated dataset.

The practical significance of the obtained results is a
significant reduction in the time spent by machine learn-
ing specialists on creating an annotated dataset, which
will positively affect the overall time spent on the model.

Prospects for further research are to extract over-
lapping cell contours and more accurate platelet recogni-
tion using other binarization and contour extraction algo-
rithms.
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HIIXII IO ABTOMATHYHOI'O CTBOPEHHS AHOTOBAHOT O IATACETY JJISI BUABJIEHHA, TOKAJI3AITIT
TA KJIACA®IKAI KJIITAH KPOBI HA 306PAKEHHI
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AHOTAINISA

AKTyanbHicTh. Po3risiHyTo mpobiieMy aBTOMaTH3aLil CTBOPEHHSI aHOTOBAHOTO HA0OPY IaHHX Ul HOTO MOJAJBIIOr0 BUKOPHC-
TaHHS B CHCTEMi BHSBJICHHs, JIOKamizallii Ta kiacudikauii KITHH KPOBi Ha 300pa)K€HHI 3 BHKOPHCTAHHIM TTIMOOKOTO HABYAHHS.
OO0’ €KTOM JOCIIIKEHHS € TIpotiecy 00poOku GPOBUX 300pakeHb I BUSBICHHS Ta JIOKaJi3alii 00’ €KTiB.

Merta po6oTHu — po3poOka maiTuIaifHy i3 MOCTIIOBHOCTI METOIB 00poOKH (P POBUX 300paKeHb IS ABTOMAaTHYHOTO CTBOPEHHS
aHOTOBAHOTO HabOpy 300pa’keHb Ma3KiB KPOBI 3 MOAAIBIINM BHKOPHCTAHHSM JUIS HAaBUaHHS Ta Balijamii Mopenei riambokoro Ha-
BYAHHS, [II0 Ma€ CyTTEBO CKOPOTUTH Yac CIEHiAIICTIB 3 MAITMHHOTO HABYAHHSI.

MeToa. 3anponoHOBaHMH MiAXi/ U1 BUSIBICHHS Ta JIOKaJi3awil 00’ €KTiB 6a3yeThCsl Ha MeToZaX 0OpOOKH HU(PPOBUX 300paXKeHb:
MeToAax (GinbTpallii, moporoBoi ¢GinbTpalrii, OiHapu3allii, 3HAXO/PKEHHS Ta 3aJUBKH KOHTYpIiB Tomio. [laiinaifH mo BHUSIBICHHIO Ta
JIOKauti3alii CKIIaaeThCs 3 HACTYITHUX KPOKIB: NPHUIIIYLICHHS IIyMiB; neperBopeHHs B HVS koab0poBy Mo/esb; BU3HAYCHHS MacKu
JUTS JISHKOLIUTIB Ta TPOMOOLMTIB; BU3HAYCHHs KOHTYPIB JISHKOLUTIB Ta TPOMOOILMTIB; BU3HAYCHHS KOOPJAMHAT BEPXHBOTO JIBOTO Ta
MIPaBOTO HWKHBOTO KYTiB JICHKOIUTIB Ta TPOMOOIHNTIB; OOYHCIEHHS IJIOMII 00IacTi BcepenuHi 00MEeXyBabHOT paMKH; 30epeKeHHS
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OTPHUMAaHHX JaHNX; BU3HAUEHHS HAUIIOIIMPEHIIIOTr0 KOIBOpY Ha 300paKeHHI; 3aJIMBKa IIMM KOJIEOPOM KOHTYPIB JIEHKOIUTIB Ta TPO-
MOOLMTIB, BU3HAYECHHS MACKH JUIsl €PUTPOLMTIB; BU3HAUCHHS KOHTYPIB €PUTPOLUTIB; BU3HAYCHHSI KOOPIMHAT BEPXHBOIO JIIBOTO Ta
IIPAaBOT0 HIKHBOT'O KYTIB €pPUTPOLUTIB; 0OYMCICHHS IUIOIi 00acTi BcepequHi 00MeXyBalbHOI PaMKH; 3aHECEHHs JI0 natadpeimy
JaHHX PO 3HalAeHi 00’ exTH; 30epexneHHs B (aiti .CSV 1UIs MOAaIbIIOr0 BUKOPHCTAHHSI.

Pe3yabraTn. Po3pobienuii nminxia OyB BIpoBa/yKeHHH y mporpaMHe 3a0e3reueHHs Ul CTBOPSHHSI aHOTOBAHOTO HA0Opy JaHUX
300pa’keHb Ma3KiB KPOBi.

BucHoBkHu. B mocmimkeHH] 3alpONOHOBAaHO Ta OOIPYHTOBAHO MiAXiA U aBTOMATHYHOTO CTBOPEHHS HAaOOpy aHOTOBAaHHX J1a-
nux. [NalinmaifiH nporecToBaHO Ha HaOOpi HEPO3MIYEHUX JAHUX Ta OTPHMMAHO Hablp PO3MIUEHHX HAHMX, IO CKJIAJAETHCS 3 300pa-
JKeHb KIITHH Ta (airy B GopmaTi .CSV, 0 Mae 03HAKH «HA3Ba (AMIly», TUI KIITHHH», «XMIN», «yMin», «Xmax», «ymax», mo €
KOOpAMHATaMU OOMEXYBaJbHOT PaMKH Ul KOXKHOro 00’ ekTy. IlinpaxoBaHo KUIBKICTh IPaBUIILHO, HENPABUIEHO Ta HEPO3Mi3ZHAHUX
00’€KTIB Ta PO3paXxOBAHO METPHUKH IS OI[IHKK TOYHOCTI Ta SKOCTI BUSABJICHHS Ta JIOKai3amii 00 €KTiB.

KJIFIOYOBI CJIOBA: koM’ t0TepHUii 3ip, BU3HAUeHHs 00’ €KTiB, JoKami3allis 00’ €kTiB, 00pobka nudpoBux 300paxeHb, Kiia-

cudikaris.
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ABSTRACT

Context. The paper provides an overview of current methods for recognizing and classifying visual images in static images or
video stream. The paper will discuss various approaches, including machine learning, current problems of these methods and possible
improvements. The biggest challenges of the visual image retrieval and classification task are discussed. The main emphasis is placed
on the review of such promising algorithms as SSD, YOLO, R-CNN, an overview of the principles of these methods, network archi-
tectures.

Obijective. The aim of the work is to analyze existing studies and find the best algorithm for recognizing and classifying visual
images for further activities.

Method. Primary method is to compare different factors of algorithms in order to select the most perspective one. There are dif-
ferent marks to compare, like image processing speed, accuracy.

There are a number of studies and publications that propose methods and algorithms for solving the problem of finding and clas-
sifying images in an image [3-6]. It should be noted that most promising approaches are based on machine learning methods.

It is worth noting that the proposed methods have drawbacks due to the imperfect implementation of the Faster R-CNN, YOLO,
SSD algorithms for working with streaming video. The impact of these drawbacks can be significantly reduced by applying the fol-
lowing solutions: development of combined identification methods, processing of edge cases — tracking the position of identified
objects, using the difference between video frames, additional preliminary preparation of input data. Another major area for im-
provement is the optimization of methods to work with real-time video data, as most current methods focus on images.

Results. As an outcome of the current research we have found an optimal algorithm for further researches and optimizations.

Conclusions. Analysis of existent papers and researches has demonstrated the most promising algorithm for further optimiza-
tions and experiments. Also current approaches still have some space for further. The next step is to take the chosen algorithm and

investigate possibilities to enhance it.

KEYWORDS: machine learning, computer vision, image processing, convolutional neural networks, visual image recognition,

visual image classification, algorithms, telecommunication systems.

INTRODUCTION

The field of computer vision is a promising area for
the development of visual image processing systems. An
example of the implementation of such a system is the
image classification system, namely the analysis of medi-
cal images, the solution of which opened up the possibil-
ity of developing systems for the automatic detection of
pathology in patient images [1]. Another example is the
process of production automation based on automated
quality control of products based on photographs [2].

The problem of recognition and classification of im-
ages in a fixed image or video stream is complex and im-
portant for many potential and existing practical applica-
tions in various fields of activity, primarily in the opera-
tion of video surveillance systems as an element of a tele-
communications system.

The object of study is the process of recognition and
classification of object on the video.

The subjects of study are algorithms to detect and
classify objects on the video or image.

The purpose of this work is to review and analyze
existing methods and approaches for recognizing and
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classifying visual patterns in images in order to identify
possible ways to improve their performance.

1 PROBLEM STATEMENT
The task of recognizing and classifying visual images
in an image is a complex one, and its solution consists of
several separate steps, as shown in Fig. 1.

- "

Preprocessing ‘ Classified objects ‘

tracking
i A
Ohbjects detection —»[C}hjects classiﬂcatinn]

Figure 1 — Flowchart of the general method of object recog-
nition and classification

From Figure 1, we can conclude that the method can
be the same for images and video, since video is a set of
images (frames) that change at a certain interval, which
depends on the number of frames per second. That is, to
perform the task with the input data in the form of video,
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it is enough to search and classify objects on each frame.
There is a possibility that the next frame contains few or
many differences from the previous one, or no differences
at all. This provides additional room for optimizations and
accuracy improvement.

2 REVIEW OF THE LITERATURE

The first step is to process the input image [7]. This is
a common practice in the field of computer vision, as the
image usually has redundant data. First of all, these are
different encodings, formats of image pixels, which make
sense in everyday use, but have no impact in the case of
analysis. It makes sense to convert all images to one spe-
cific format for the algorithm to work with them.

The next component to be removed is redundant color
data. In many cases, converting an image to grayscale
improves the accuracy of the algorithms. Simplifying the
color model also provides a number of benefits in terms
of resource usage — the computations become simpler, so
less CPU time is consumed and memory is used more
economically due to less color data.

The last possible processing is physical transforma-
tions of the image, such as resizing, cropping, flipping,
and mirroring. A certain constant image size that the al-
gorithm works with greatly simplifies implementation and
adds versatility, so it is advisable to resize all input im-
ages to a certain format. It should be noted that this opera-
tion may lead to the loss of some data, so it is necessary to
use the most accurate algorithms, which may lead to some
deterioration in execution time.

“Cropping” the image is not appropriate in this case
because the algorithm is aimed at finding objects, i.e. it is
not known whether the area to be cropped contains an
object or part of it.

Flipping and reflecting the input image significantly
increases the amount of computation required, as each
transformation is a new image to process. This step can
improve accuracy, but significantly degrade speed, which
can be critical for an algorithm that potentially needs to
work in real time.

The next step after image preprocessing is to search
for potential objects in the image. The algorithm chosen
for this task must satisfy a number of criteria, such as
sufficient accuracy, the ability to work with real-time
data, work with images of low quality and size, and resis-
tance to noise, changes in angles and ambient light [8].

Classical computer vision algorithms or machine
learning methods are potential approaches to solving this
problem.

Computer vision algorithms consist of a set of mathe-
matical operations and transformations of image pixel
data, and are usually unchanged regardless of the input
data. Any modifications to suit specific input data or envi-
ronments must be done manually. This significantly re-
duces the flexibility of the solution as it potentially needs
to be adjusted to work optimally with different data sets.
It is possible that there will be several parallel implemen-
tations of the algorithm for slightly different input data.
The lack of self-adaptation is a disadvantage of classical
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algorithms and can be significant in solving the problem
of object detection and classification, as it can signifi-
cantly complicate the practical use of methods based on
these algorithms.

An alternative approach in terms of solution architec-
ture is to use machine learning methods instead of classi-
cal computer vision algorithms, as the focus shifts to net-
work building rather than image data operations. The
main advantage of machine learning methods is their
flexibility. They are able to adapt to the input data on their
own, which greatly improves their practical use. That is,
we have one neural network architecture that can adjust
its weights according to the input data. This reduces the
number of edge cases, and the algorithm can find logical
connections in the data on its own. Thus, deep learning
algorithms are a good candidate for solving the problem
of finding and classifying objects in an image.

Convolutional neural networks are a special class of
neural networks for image processing [9]. These networks
consist of interconnected layers of neurons. The main
goal of this architecture is to simulate the processes that
occur in the human brain when analyzing images. Convo-
lutional neural networks are used to solve such tasks as
face recognition, image classification, search for anoma-
lies in medical images, etc. This type of network auto-
matically extracts important image features in numerical
form from pixel data and makes predictions based on
them. Which image features will be extracted depends on
the input data and the task set at the model training stage.
Each layer of the convolutional model works with one
level of image features or details, for example, the first
layers work with low-level details such as borders or tex-
ture. Each subsequent layer of the model works with more
abstract features.

Searching for objects in an image and classifying them
can be considered as two separate tasks, which is shown
in the flowchart of the general method. The result of the
search is information about the coordinates of the object
in the image, while the result of the classification is the
type or class of the object. Thus, you first need to find the
position of the objects, and then classify them.

Modern machine learning algorithms are divided into
two types depending on whether they perform search and
classification together or separately. Thus, there are one-
pass detectors that find objects in an image and determine
their class in one cycle of image analysis and two-pass
detectors that first analyze the image for the presence and
position of objects and then classify the found objects.
Good examples of one-pass models are YOLO, SSD, and
for two-pass models, the R-CNN family of models. In any
case, these algorithms simultaneously find the position of
the objects and their type, i.e., they perform steps 2 and 3
from Figure 1.

Currently, there are several modifications of the R-
CNN algorithm, namely Fast R-CNN and Faster R-CNN
[10-12]. The main purpose of the modifications was to
speed up the algorithm and improve accuracy, since the
original version of R-CNN processed one image for about
40 sec. [13]. This level of speed is not enough for real-
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time data processing, so the next modification of Fast R-
CNN reduced this time to about 2.5 seconds. Further im-
provements in the next iteration of the network, called
Faster R-CNN, made it possible to reduce the image proc-
essing time even further, to about 0.2 seconds per image
[14].

In the following, it makes sense to consider only the
latest iteration of the algorithm, namely Faster R-CNN,

Image ~a

convolutional layersl——  » Network
Feature maps

Figure 2 shows that the network consists of two main
modules. The first module is a deep convolutional net-
work that provides suggestions for possible regions of the
image that contain objects and is abbreviated as RPN (re-
gion proposal network). This optimization is the result of
a study that demonstrated that based on the features ex-
tracted by the convolutional neural network, it is possible
to make assumptions about regions containing objects and
that working with pixel data directly is not required. RPN
is an important addition to the model, as it allows to use
GPU resources to search for potential regions of the im-
age with objects. In previous iterations, the algorithm for
finding potential regions was executed on the CPU. The
Selective search algorithm was used for this task. Despite
the fact that it is a greedy algorithm that combines groups
of pixels based on low-level image features, it is slower
than RPN, so these changes give a significant increase in
the efficiency of the neural network as a whole.

The number of regions proposed by RPN is on aver-
age less than that of the selective search algorithm, 2000
vs. 300 on the PASCAL VOC 2007 dataset, which sig-
nificantly reduces the number of detector calls and leads
to a reduction in overall image processing time.

The second module is the Fast R-CNN detector, which
processes the provided regions and draws conclusions
about the presence and type of objects on them. An im-
portant architectural solution is the use of shared convolu-
tional layers in the network that provides the regions and
the detector. This reduces the requirements for the re-
quired amount of RAM and somewhat simplifies the
overall network architecture. The disadvantage of this
solution is additional complexity during training, since
the same convolutional layers must be used for two dif-
ferent components.

Let us consider the general steps of Faster R-CNN.
First, the input image, which has already passed the pre-
processing stage, is transferred to the convolutional neural
network to search for regions with objects on them. Re-
gions, namely rectangles around potential objects, are
determined using features calculated by convolutional
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Region Proposal |

since it is the latest development of this family of algo-
rithms and has the highest speed, which is a significant
indicator for the task of object recognition and classifica-
tion in streaming video.

Let’s look at the general architecture of the Faster R-
CNN neural network in Fig. 2.

Proposals

= |

> Rol pooling

Figure 2 — structure of the Faster R-CNN network

layers, rather than pixel data per line as in previous itera-
tions of the algorithm. Next, a smaller feature map is ex-
tracted from the calculated features for the regions and
passed to the Faster R-CNN detector, which in turn de
termines the presence of the object, class, and corrects the
boundaries occupied by the object in the image.

From the network architecture and algorithm, it fol-
lows that search and classification are actually performed
in two steps, so this algorithm is classified as a two-pass
detector. Taking into account the speed of Faster R-CNN,
this model is close to the possibility of real-time image
processing, but still inferior to single-pass detectors [14].
When working with streaming video, additional process-
ing optimizations are possible, so the algorithm may work
faster with them. An important advantage of Faster R-
CNN is its high accuracy and the ability to recognize
small objects.

Another promising algorithm for the task of searching
and classifying objects in an image is YOLO (You Only
Look Once) [15]. Similar to R-CNN, there are many itera-
tions and variations of this algorithm. One of the most
recent versions of the model is YOLOVS [16].

Unlike R-CNN, YOLO is not a complex algorithm
consisting of several separate and interchangeable parts,
but a monolithic model that performs the task of finding
and classifying an object in an image. From the first to the
eighth version of the model, a very significant number of
changes took place. Due to the structure of the model, the
main changes were in the framework model, for example,
changing the Darknet24 framework model to the Dark-
net53 model in the third version, changes in the model
training algorithm, input data, training parameters, and
adjustments to the overall architecture of the model.

The main feature of the YOLO family of models is a
constant focus on balancing speed and accuracy in order
to provide sufficient efficiency for real-time operation
without significant loss of accuracy. This balance changes
slightly between different iterations of the model. The
latest versions of the algorithm have several versions with
different balances between these characteristics to opti-
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mize performance on different types of instruments. The
lightweight models are optimized for use on embedded
devices and have the lowest accuracy in order to work in
resource-constrained environments, while larger models
require more resources but have higher accuracy.

The first step of the model is to divide the image into
small cells of size S x S, where S depends on the model
configuration. For each cell, the confidence that an object
is located there and the boundaries of that object are cal-
culated. The confidence also reflects how accurately the
boundaries are calculated. Also, each cell represents a
specific class of object inside. Only one class is calculated
for a cell. This is a disadvantage of the model that if sev-
eral small objects are in a cell, only one will be found and
classified. Next, cells of the same type are merged to form
the final boundaries and position of the found object, as
shown in Fig. 3.

Figure 4 shows that according to the algorithm, objects
are detected and classified in one pass through the image,
so this algorithm is considered a single-pass detector. Ac-
cording to well-known studies, the speed of the latest ver-
sions of YOLO algorithms, including YOLOVS, exceeds
100 frames per second, so they can be used for real-time
image processing [17].

SSD (Single Shot Detector) is an algorithm for recogniz-
ing and classifying visual images in an image that uses
convolutional neural networks [18]. The main goal of
developing the algorithm was to increase the speed of

S x S grid on input

operation compared to the previous advanced YOLO al-
gorithm and improve the recognition accuracy. The goal
was to achieve an accuracy similar to two-pass detectors
such as R-CNN or Faster R-CNN and to allow the algo-
rithm to work in real time.

Consider the architecture of the SSD model in Fig. 4.

Figure 4 shows that the algorithm consists of two
main parts. The first part is the main deep neural network,
which is used to calculate image features. To calculate
features, it is possible to use a trained classifier model. To
do this, the top classifier layer of the network is removed
to access the feature maps. The initial SSD implementa-
tion uses the VGG16 network without the classifier layer
[19].

The next part is several convolutional SSD layers that
process the image feature maps to find object boundaries
and classify them.

The SSD model is also a single-pass detector like
YOLO, so there are a number of similar steps in their
algorithms. First, SSD divides the input image into cells,
and each cell is responsible for searching for an object in
that area of the image. The search is a calculation by each
cell of the probability of finding an object of a particular
class in that region. Then the boundaries of the found ob-
jects are formed. Unlike YOLO, image boundaries are
formed using possible object boundaries, or anchor

Final detections

Class probability map
Figure 3 - YOLO algorithm flow

Image —

Image classifier
(VGG16)

53350 layers
s (Object detector,
classifier)

Figure 4 — SSD network structure
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boundaries, determined at the training stage. Each anchor
boundary has its own size, shape, and position inside the
cell. Thus, the boundary that has the largest common area
with a potential object is considered its boundary, and the
object type is determined using this boundary. It is impor-
tant to note that feature maps in different layers of the
convolutional network are analyzed. That is, the size of
feature maps changes, which leads to a change in the size
of the image region described by each feature. Thus, the
size of the cells into which the image is divided is differ-
ent, while the size of the anchor cells remains fixed,
which allows you to find objects of different sizes. Due to
the anchor boundaries, SSD can find several objects in
one cell, unlike YOLO. After that, for each boundary, the
probability of finding an image of a particular class in it is
displayed.

A critically small object is a visual object whose set
can be located in a single cell into which the algorithm
divides the image, i.e., one cell can contain 2 or more
critically small objects. The main advantage of SSD is the
ability to recognize critically small objects. According to
a well-known study, the SSD model working with input
images of 300 x 300 pixels has an accuracy of 3% higher
than the Faster R-CNN, which worked on the basis of the
VGG16 model [18]. The processing speed of the SSD300
was 59 frames per second, which is sufficient for real-
time work.

The last optional step is to track the positions of the
detected and classified objects. This step is only possible
for video, and will allow you to avoid using the search
algorithm for each frame. The main advantage of this
approach is resource savings due to the use of a faster
computing algorithm for tracking images on streaming
video. Potential image tracking algorithms will be dis-
cussed in more detail in the following works.

3 MATERIALS AND METHODS

Let’s consider a few metrics to setup a common per-
formance measurement system for different algorithms.

The first crucial part of the neural network algorithm’s
efficiency is accuracy. Usually it displays how many cor-
rect answers network gave. In the current case it can be a
combination of the correct class labels for detected ob-
jects and correctness of detected objects positions and
borders.

Another important aspect is the time consumption for
detection and classification. There can be plenty of op-
tions like time spend per frame, but the best one for the
current problem is frame processed per second metric. We
want to use an algorithm in real time processing, the pri-
mary characteristic for real time video is an amount of
frames per second, in order to map algorithm’s perform-
ance to real world, we can calculate amount of frames
algorithm process per second. So it’s straightforward to
make a conclusion, can it process real time video data or
not if we use an FPS as an efficiency metric.

4 EXPERIMENTS

Let’s gather experimental data related to discussed al-
gorithms.

We will use two primary metrics discussed previ-
ously: accuracy and FPS.

Figure 5 shows a diagram of the accuracy of the con-
sidered algorithms for searching and classifying objects.

It can be seen that the YOLO algorithm provides the
ability to process images in real time with an accuracy
lower by about 1.26 times relative to the slower Faster R-
CNN algorithm.

Figure 6 shows a comparative speed chart of the
methods.

Accuracy

90,00%
80,00%
70,00%
60,00%
50,00%
40,00%
30,00%
20,00%
10,00%
0,00%

YOLOVS

55D Faster R-CNN

Figure 5 — Diagram of the accuracy of algorithms
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5 RESULTS

As a result of the analysis of modern methods for
searching and classifying visual images in an image, three
promising neural network models were selected for fur-
ther experimental research on the possibilities of optimiz-
ing them for more efficient work with streaming video
data.

From the graphs shown in Figures 5 and 6, the Faster
R-CNN method has a higher accuracy of approximately
80%, but insufficient speed for real-time work, 18 times
lower than YOLO. SSD has a speed 5 times lower than
YOLO, but sufficient for real-time operation and accuracy
similar to Faster R-CNN.

Thus, for real-time work, it is advisable to choose the
SSD algorithm, as it has a better balance between accu-
racy and speed. In addition, it makes sense to experiment
with other algorithms, since accuracy and speed depend
on the dataset and the task, it is possible that the algo-
rithms will demonstrate different characteristics for the
current task.
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VJIK 621.391

JOCJI)KEHHS HOBITHIX IIJIXO/IB JIO PO3MI3HABAHHSA TA KJIACU®IKAIII BI3YAJILHUX 30BPAKEHB

Jluceuxo B. I1. — xana. TexH. Hayk, npodecop, npodecop kadeapu TpaHCIOPTHUX KOMYHIKaLii, YKpaiHCbKHI IepsKaBHUN YHIBEPCUTET
3aJIi3HIYHOTO TPAHCIIOPTY, XapkiB, YkpaiHa.

CapnoBuukoB b. 1. — acnipanT kadeapu TpaHCIOPTHUX KOMYHIKaIlii, YKpaiHCbKHI A€PKABHUI YHIBEPCUTET 3aTi3HUYHOTO TPAHCIIOPTY,
XapkiB, YkpaiHa.

Komap O. M. — kaHz. TeXH. HayK, JIOLEHT, JoleHT HamionanpHoro aBiariiHoro yHiBepcutety, KuiB, Ykpaina.

Kydenko O. C. — xkaHI. TeXH. HayK, JOIEHT, JOLCHT KadeApu TPaHCIOPTHUX KOMYHIKalil, YKpaiHChbKUH IepkaBHHUIl yHIBEpCHTET
3aJI3HUYHOTO TPAHCIIOPTY, XapKiB, YKpaiHa.

AHOTALIA

AKTyalbHicTh. Y CTaTTi IpeICTAaBICHO OIS CYYaCHHX METOJIB pO3IMi3HaBaHHS Ta Kiacudikamil BisyanbHUX 00pa3iB Ha CTaTHYHUX
300paXkeHHsIX a00 y BifeomoToil. ByayTh pO3IIsHYTI Pi3Hi MiAXOAH, BKIOYAIYN MAIMHHE HABYAHHS, TIOTOYHI MPOOJIIEMH IUX METOMIB Ta
MOJJIMBI BIOCKOHaeHHs. OOroBOPIOIOTHCS HAWOUTBIII MPOOJeMH TOIIYKY Ta Kiachdikaiii Bi3yanbHUX 300pakeHb. OCHOBHHI aKLEHT
3p0o0JIeHO Ha OIVISI TAKUX MEPCHEeKTHBHHUX anroputmis, sk SSD, YOLO, R-CNN, ormsiai npuHOUIIB poOOTH LUX METOJIB, MEPEKEBUX
apXiTeKTyp.

Meta. MeToro poOOTH € aHali3 ICHYFOUYHX AOCTIKEHb Ta MOIIYK HAHKpAIIoro alropuTMy PO3IMi3HaBaHHS Ta KiacH]ikarlil Bi3yaabHUX
300pakeHb JUIs HOAAIBIIOT JISUIBHOCTI.

Metoa. OCHOBHEM METOJOM € HOPIBHSAHHS Pi3HHUX (DAKTOpIB aNTrOPHTMIB 3 METOI BHOOPY HAHOLIBII HEPCIICKTHBHOTO. ICHYIOTH pi3Hi
TTOKA3HUKH VIS TIOPIBHSHHS, TaKi SK MIBUAKICTH 00pOOKH 300paskeHb, TOYHICTb.

IcHye psa mocnmimpkeHb Ta MyOJiKaliid, B SKUX MPOMOHYIOTHCS METOAM Ta aJrOPUTMH PO3B’sI3aHHS 3a]adl MOUIyKy Ta Kiacudikamii
00pasis Ha 306paxkenHi [3—6]. Ciin 3a3HaumTH, 1110 HAWOLTBIT TIEPCIIEKTHBHI MiAXOAN 0a3YIOTHCS Ha METOIaX MAIIMHHOTO HABYAHH.

BapTo 3a3HaunTH, 10 3aMPONOHOBAHI METOM MAalOTh HEMOJIKH, IMOB’sI3aHi 3 HEJOCKOHANIOK peanizauiero anroputMiB Faster R-CNN,
YOLO, SSD asnst po60oTH 3 TOTOKOBUM Biie0. BIUTHB 1IMX HEMOIIKIB MOXHA CYTTEBO 3MEHIIHUTH IUISIXOM 3aCTOCYBaHHS HACTYITHUX PIllICHb:
po3pobka KOMOIHOBaHMX METOJIB iAeHTH(iKallii, 00poOka KpaliHiX BUNAKIB — BIJICTEKECHHS IOJIOKEHHS 11eHTH(IKOBaHNX 00’ €KTIB, BUKO-
PHCTaHHS Pi3HULI MK BiJIeOKaJpaMH, 0AaTKOBA MONEPEAHS I ArOTOBKA BXiTHUX NaHHX. [HIIMM Ba)XJIMBUM HANPSIMKOM BIOCKOHAJICHHS €
OITUMI3aLlis METOMIB JUIsL pOOOTH 3 BiIEOJAHUMU B peabHOMY 4Yaci, OCKLIBKH O1IBIIICTh CyJacCHHX METOAIB OPi€HTOBAHI Ha 300pa’KeHHSL.

PesyabraTu. B pesynbrari mpoBeAEHOro MOCHIIKeHHS Oyso 3HaHIEHO ONTUMAalbHUI alropuTM AUl MOJANbIIMX JOCHIIKEHb Ta
onTUMI3amii.

BucHOBKHM. AHaii3 iCHYIOUMX pOOIT Ta JOCHIIKEHb MOKa3aB HAWOLIBII MEPCICKTUBHUH alrOpUTM IJIS MOJAJBIINX ONTHMI3aliil Ta
eKkcrepruMeHTIB. Tako iCHYOYI MiXO1 BCE e MAIOTh MEBHUI MPOCTIp AJs po3BUTKY. HacTymHIM KpOKOM € po0OoTa Haa 0OpaHuM airo-
PUTMOM Ta JOCIIDKEHHS MOKJIMBOCTEH HOTO BIIOCKOHAJICHHSI.

KJIFOYOBI CJIOBA: mamuHHE HaBYaHHS, KOMII'IOTepHMH 3ip, 00poOka 300pax<eHb, 3rOPTKOBI HEHPOHHI Mepexi, po3IMi3HaBaHHS
Bi3yanbHHX 00pa3iB, kacudikaliis BisyalbHHX 00pasiB, alrOPUTMY, TEIEKOMYHIKAI[IHHI CHCTEMU.
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ABSTRACT

Context. Context-based question answering, a fundamental task in natural language processing, demands a deep understanding
of the language’s nuances. While being a sophisticated task, it’s an essential part of modern search systems, intelligent assistants,
chatbots, and the whole Conversational Al field. While English, Chinese, and other widely spoken languages have gathered an exten-
sive number of datasets, algorithms, and benchmarks, the Ukrainian language, with its rich linguistic heritage and intricate syntax,
has remained among low-resource languages in the NLP community, making the Question Answering problem even harder.

Obijective. The purpose of this work is to establish and benchmark a set of techniques, leveraging Large Language Models, com-
bined in a single framework for solving the low-resource problem for Context-based question-answering task in Ukrainian.

Method. A simple yet flexible framework for leveraging Large Language Models, developed as a part of this research work, en-
lights two key methods proposed and evaluated in this paper for dealing with a small amount of training data for context-based ques-
tion-answering tasks. The first one utilizes Zero-shot and Few-shot learning — the two major subfields of N-shot learning, where N
corresponds to the number of training samples, to build a bilingual instruction-based prompt strategy for language models inferencing
in an extractive manner (find an answer span in context) instead of their natural generative behavior (summarize the context accord-
ing to question). The second proposed method is based on the first one, but instead of just answering the question, the language mod-
el annotates the input context through the generation of question-answer pairs for the given paragraph. This synthetic data is used for
extractive model training. This paper explores both augmentation-based training, when there is some annotated data already, and
completely synthetic training, when no data is available. The key benefit of these two methods is the ability to obtain comparable
prediction quality even without an expensive and long-term human annotation process.

Results. Two proposed methods for solving the low-to-zero amount of training data problem for context-based question-
answering tasks in Ukrainian were implemented and combined into the flexible LLM experimentation framework.

Conclusions. This research comprehensively studied OpenAl GPT-3.5, OpenAl GPT-4, Cohere Command, and Meta LLaMa-2
language understanding capabilities applied to context-based question answering in low-resource Ukrainian. The thorough evaluation
of proposed methods on a diverse set of metrics proves their efficiency, unveiling the possibility of building components of search
engines, chatbot applications, and standalone general-domain CBQA systems with Ukrainian language support while having almost
zero annotated data. The prospect for further research is to extend the scope from the CBQA task evaluated in this paper to all major

NLU tasks with the final goal of establishing a complete benchmark for LLMs’ capabilities evaluation in the Ukrainian language.
KEYWORDS: large language model, question-answering, few-shot learning, generative annotation.

ABBREVIATIONS

APl is an Application Programming Interface;

BERT is a Bidirectional Encoder Representations
from Transformers;

BLEU is a Bilingual Evaluation Understudy;

CBQA is a context-based question answering;

CoT is a Chain-of-Thought;

DeBERTa is a Decoding-enhanced BERT with disen-
tangled attention;

EM is an Exact Match;

FLAN is a Fine-tuned Language Net;

GPT is a Generative Pre-trained Transformer;

LLaMA is a Large Language Model Meta Al;

LLM is a Large Language Model;

LM is a Language Model;

MLM is a Masked Language Modeling;

MT is a Machine Translation;

MVP is a Minimum Viable Product;

NLP is a Natural Language Processing;

NLTK is a Natural Language Toolkit;

NLU is a Natural Language Understanding;

PaLM is a Pathways Language Model;

QA is a Question-Answering;
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RLHF is a Reinforcement Learning from Human
Feedback;

RoBERTa is A Robustly Optimized BERT Pretraining
Approach;

ROUGE is a Recall-Oriented Understudy for Gisting
Evaluation;

SQUAD is a Stanford Question Answering Dataset;

TrecQA is a Text Retrieval Conference Question An-
swering;

ULMFIT is a Universal Language Model Fine-tuning.

NOMENCLATURE

A is a contiguous span of words from context C that is
the most acceptable answer to question Q;

A is a possible answer span from context C;

C is a context represented as a sequence of words;

ILang is @ language used for writing the task instruction
included in the prompt;

k is a number of possible answers to question Q;

L is a number of layers of the neural network;

m is a length of question Q;

N is a number of context-question-answer triplets in-
cluded in the prompt;

n is a length of context C;
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P is a number of parameters of the neural network;

Q is a question represented as a sequence of words;

g; is an i-th word of question Q;

Sposimives IS @ number of matching pairs where both
predicted and true answers are not empty.

Teen nec IS @ number of generated question-answer
pairs with unanswerable questions used for training;

Teen pos is @ number of generated question-answer
pairs with answerable questions used for model training;

TOKto7aL is a total number of tokens used for both
input and generated output;

Tua-souap IS @ number of training samples from the
UA-SQUAD dataset used for model training;

w; is an i-th word of context C.

INTRODUCTION

In a century defined by the persistent influx of infor-
mation and the ever-expanding digital landscape, the abil-
ity to extract relevant knowledge from vast repositories of
text data has become increasingly paramount. CBQA, a
fundamental task in the field of natural language process-
ing, plays a pivotal role in addressing this need by ena-
bling machines to comprehend human language and pro-
vide precise answers to user queries within a given con-
text. Nowadays, search engines leverage CBQA systems
like Google Quick Answer to provide users with precise
and contextually relevant answers to their queries. Addi-
tionally, virtual assistants like Siri and Alexa employ con-
text-based QA to facilitate natural language interactions,
allowing users to ask questions and receive informative
responses.

As the demand for efficient and accurate information
retrieval continues to grow, the development of robust
and sophisticated context-based QA systems remains a
critical pursuit. The ability to emulate human-like com-
prehension, going beyond mere keyword matching, has
always been a tough challenge for machines. However,
recent advancements in NLP have ushered in a new era of
possibility. The application of the attention mechanism to
encoder-decoder architecture, which unlocked deeper
context understanding for tasks with long text sequences,
like machine translation, can be viewed as a starting point
of the “golden age of NLP”. Subsequent releases of
Transformer architecture and its variations like BERT,
RoBERTa, and DeBERTa pushed us as close as possible
to human performance on most NLU tasks, including QA
[1]. Being pretrained on giant text corpora, these encoder
language models require just a little fine-tuning to demon-
strate reasonable performance [2]. However, this strategy
doesn’t work well for low-resource languages [3, 4], in-
cluding Ukrainian, as they were underrepresented during
the pre-training stage, and in most cases, there is just a
little-to-zero amount of training samples for fine-tuning.

With a scale from millions to tens of billions of pa-
rameters, we are now at the forefront of NLP advances —
generative LLMs like GPT and PaLM, which have dem-
onstrated unparalleled capabilities in understanding, gen-
erating, and processing human language across a multi-
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tude of languages and domains [5]. The ability to follow
human instructions, multitasking, and orders of magni-
tude larger pre-training corpora turned this class of mod-
els into a perfect candidate to deal with the low-resource
NLU tasks and languages.

While the known methods for CBQA require a sub-
stantial amount of annotated data for training, which is
not available for most low-resource languages, including
Ukrainian, the generalization capabilities encapsulated in
LLMs as a result of pre-training with billions of words
give them the ability to solve the vast majority of NLU
problems, including CBQA, with just a task description
and few training samples (few-shot learning) or even
without them (zero-shot learning) completely [6]. More-
over, the ability to follow complex instructions combined
with high generalization unveils the possibility of using
these generative models for data annotation.

The object of study is the process of automatic con-
text-based question answering with the neural network for
the low-resource language.

The subjects of study are zero- and few-shot context-
based question answering and data annotation with gen-
erative LLMs for the low-resource Ukrainian language.

The purpose of the work is to establish and bench-
mark a set of techniques, leveraging large language mod-
els, combined in a single framework for solving the low-
resource problem for context-based question-answering
task in Ukrainian. This endeavor includes a quantitative
objective of reducing the required number of training ex-
amples while minimizing any decrease in quality, thus
enhancing the feasibility and accessibility of CBQA in
low-resource linguistic contexts.

1 PROBLEM STATEMENT

Let C represent a context consisting of a sequence of
words C = (wy, Wy, ..., Wy), and Q denote a question rep-
resented as a sequence of words Q = (qy, gz, --., qm)- The
task of context-based question answering can be formal-
ized as follows: find the answer A in context C such that A
is the most contextually relevant and correct response to
the question Q. Mathematically, we aim to find A as:

A= argmax P(A |Q,C).
A el K]

P(Ai|Q,C) represents the probability that the span A; is
the correct answer to the question Q given the context C.

This problem involves modeling the conditional prob-
ability distribution P(Aj|Q,C) using advanced language
models and machine learning techniques to accurately and
contextually answer a wide range of questions within the
given context. The challenge lies in identifying the correct
answer span that maximizes this probability, considering
the nuances of natural language and context.

2 REVIEW OF THE LITERATURE
Early research in context-based QA primarily focused
on rule-based approaches [7] and information retrieval
techniques [8]. Systems like IBM’s DeepQA, which pow-
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ered Watson, showcased the potential of structured data
and knowledge graphs for answering questions, particu-
larly in trivia-style competitions. While these early sys-
tems achieved remarkable milestones, they were con-
strained by their inability to handle the breadth and depth
of human language variation and context.

The advent of machine learning techniques, particu-
larly supervised and semi-supervised approaches, marked
a significant shift in the QA landscape. Researchers began
to explore methods for extracting features from text, cre-
ating labeled datasets, and training models to predict cor-
rect answers to questions [9]. Notable examples include
the development of the TrecQA track and the emergence
of datasets like SQUAD dataset, which laid the foundation
for benchmarking QA systems.

One significant disadvantage of existing machine
learning approaches was their isolated training process
requiring a lot of training samples for reasonable per-
formance [10] and generalization ability. The second rise
of language models, like ULMFIT, empowered by deep
neural networks, popularized domain adaptation and
transfer learning — techniques aimed at pre-training of
model on a giant amount of textual data to build a founda-
tion for task-specific training with a higher generalization
and less annotated examples required for the latter [11].

The subsequent introduction of encoding Trans-
former-based LMs, such as BERT and its descendants,
RoBERTa and DeBERTa, catalyzed a quantum leap in
most NLU tasks. These models, pre-trained on vast text
corpora, demonstrated the ability to understand human
language at an unprecedented scale. With the release of
decoding or generative Transformer-based LMs like GPT,
the question-answering was divided into two parts:

— extractive QA, where the encoding model tries to
answer the question by predicting the most relevant span
in the context;

— generative QA, where the model generates an an-
swer to the given question; the context here is not manda-
tory since large generative models may retain the knowl-
edge from the training stage.

Evaluations demonstrate that while extractive encod-
ers like ROBERTa and DeBERTa perform better for rare
terms or domains, generative decoders (GPT) and en-
coder-decoders (T5) are beneficial for long contexts [12].
For extractive models, the drawback is the required con-
text, and for generative models, it’s their hallucination — a
tendency to output text sequence that may be structured
correctly but wrong from the factuality side [13, 14].

While the fine-tuning stage with a reasonable amount
of training data was initially required for both extractive
and generative models, scaling from millions to billions
and from billions to tens or hundreds of billions of pa-
rameters helps to mitigate this problem for the latter. Re-
cent LLMs like PaLM 2 and LLaMA 2 outperform fine-
tuned extractive QA models in a single-shot manner on
the TriviaQA and BoolQ benchmarks [15, 16].

However, the bigger the language model is, the easier
it is for her to hallucinate — generate incorrect facts and
harmful information, or not follow the instructions given
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due to overfitting and a massive amount of controversial
data in the training corpora. There are two main strategies
to increase the model controllability: prompt engineering
and instruction-based fine-tuning.

Prompt engineering generalizes a set of techniques
that help to increase language model steerability without
adjusting its weights, just through manipulating input
(prompt) structure. Widespread techniques are instruction
prompting and chain-of-thought. Instruction prompting
augments the input sequence, usually a zero-shot or few-
shot [17], with natural language instructions, so for exam-
ple, instead of feeding just a context and a question for the
CBQA task, one will also add “Extract the answer on the
question using the context below” to the input. Chain-of-
thought prompting is a more descriptive way to insert
instructions into the input: instead of writing an abstract
instruction, it uses one or multiple examples (one- or few-
shot learning) to demonstrate how to derive a solution
with a sequence of steps (thoughts). While complex tasks
like math problems significantly benefit from CoT [18], it
brings little to no gain for standard NLU tasks.

In contrast to prompt engineering, instruction-based
fine-tuning connects natural language instructions with a
diverse set of tasks to increase steerability by adjusting
language model weights. FLAN LLM demonstrated that
instruction tuning substantially improves zero-shot per-
formance on unseen tasks [19]. Also, a more sophisticated
strategy for instruction-based fine-tuning called Rein-
forcement Learning from Human Feedback, where human
evaluations of language model predictions are used for its
tuning to minimize bias and harmful generations, adapt it
for the chat environment and zero-shot prompting [20].
The list of RLHF-powered models includes Gopher, In-
structGPT, and well-known ChatGPT.

The key drawbacks of instruction-based fine-tuning
compared to prompt engineering are a greater risk of
overfitting, as the model becomes more tailored to the
specific instructions or examples used during fine-tuning,
potentially limiting its generalizability to a broader range
of tasks, a more extensive and labor-intensive data collec-
tion process, and the higher computational power required
for tuning model with billions of parameters. At the same
time, prompt engineering, a more streamlined and effi-
cient approach is mostly limited to high-resource lan-
guages as recent research on the multilingual capabilities
of LLMs has indicated a significant decrease in quality
when applied to low-resource languages [21].

3 MATERIALS AND METHODS

We propose two methods, extending the instruction
prompting, to solve the data problem for the CBQA task
in the low-resource Ukrainian language: N-shot bilingual
instruction prompting and generative data annotation for
extractive model training, both using LLMs.

In the proposed N-shot bilingual instruction prompting
(Fig. 1), the English language is used for writing natural
language instruction for the CBQA task and keywords,
specifying the start of context, question, and answer writ-
ten in Ukrainian. The resulting prompt consists of instruc-
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tion, N annotated examples, where N>=0, and context
with the question to be answered by the model. The moti-
vation for using English as the primary language for in-
structions is based on the fact, that despite pre-training
and fine-tuning corpora for LLMs include millions of
texts, in most cases, they are dominated by English, and
low-resource languages, including Ukrainian, are still
underrepresented. For benchmarking purposes, we also
evaluated monolingual instruction prompting with in-
structions and keywords written in Ukrainian. For N-shot
learning, we explored both zero-shot and few-shot cases.
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‘ Embedding Layer
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N
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S |

Instruction: Answer the question using the context
below, start with the "answer" keyword.

Context: Mogens eMAMace BIANOBIAL 13 KOHTEKCTY.
Question: Ak npaue ekcTpakuiiia mogens QA?
Answer. BUAMae BIiANOBIOb i3 KOHTEKCTY.
Context: {Context}

Question: {Question}

Tlnput {Context} and {Question}

Figure 1 — Visualization of N-shot bilingual instruction prompt-
ing method

For simplicity, in Figure 1 above, a “word” term was
used to demonstrate a language model’s decoding stage.
However, most LMs work with tokens instead, where the
token may be a complete word or just a part of it, depend-
ing on the word frequency in the training corpora. The
word-to-token ratio depends on the language and the to-
kenization algorithm, but in general, a text with 750
words in English will be encoded into 1000 tokens, while
the same number of words in Ukrainian and other low-
resource languages may result in 1500-3000 tokens.

The question-answering with a generative language
model, demonstrated in Figure 1, follows the standard
autoregressive generation process iteratively predicting
the next word in a sequence by leveraging the context of
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previous words. On each prediction step the model util-
izes its knowledge acquired during training to estimate the
probability distribution over the vocabulary by crafting
the context representation of the input sequence and mul-
tiplying it with the weight matrix of vocab size. An im-
portant sampling step with top-K words, top-P probabili-
ties, or softmax temperature strategies allows to pa-
rametrize and control creativity and diversity during the
next word selection.

The second proposed method — a generative data an-
notation for extractive model training (Fig. 2), is based on
the first one but introduces three key changes:

1. Gather texts from neutral domains like news portals
or encyclopedias.

2. Instead of just answering the question with the giv-
en context, the LLM’s task is to annotate these gathered
contexts, i.e. generate question-answer pair for each,
where the answer span must be entirely presented in the
context.

3. Depending on the available amount of data, use the-
se generated annotations from the previous step either as
the complete training set or to augment the existing data-
set for the extractive QA model training.

Extractive Model

Start index
Start logits - ;v

Split on start Answer

and end logits - .
End logits End index
Argmax

Logits for each token in
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Decoding Layer ‘

Vector of encoded input

Transformer Network
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Figure 2 — Visualization of a generative data annotation method
for extractive model training
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In contrast to generative LLMs, where this can be
achieved simply by adjusting the prompt, to adapt the
encoding LM for any downstream task like context-based
question answering, it is required to place a specific de-
coding layer on top of pre-trained LM for projecting en-
coding sequence context into desired dimension. In Figure
2, one can see the decoding layer placed after the stacked
encoding transformer layers, which is just a linear projec-
tion. The dot product of sequence context with this linear
layer results in two logits for each input token: start and
end score. The higher the score is, the more confident the
model is that this token is the start or the end of the an-
swer. Therefore, the argmax operation applied to lists of
start and end positions logits returns boundaries for the
predicted answer. This approach for solving CBQA tasks
with encoding Transformer LMs was first introduced with
the BERT model release and later became the de facto
standard for solving any machine reading comprehension
task with transformers.

The direct usage of LLM for predicting answers pro-
posed in the first method may be beneficial in the short-
term due to implementation and serving simplicity: the
ability to use one of the existing providers and almost
zero requirement for annotated data. However, the inabil-
ity to provide a completely deterministic behavior for
LLM’s inference due to hardware limitations and their
hallucination may be inappropriate for some CBQA use
cases, for which the answer’s span precision is crucial.
The proposed method of generative data annotation for
extractive model training helps to avoid the issues de-
scribed above by applying LLM not for the inference but
for the extractive model’s training stage. With this data
level knowledge distillation, the extractive model (stu-
dent) learns to mimic only the correct behavior of LLM
(teacher) while being completely deterministic and cheap-
er due to orders of magnitude smaller size.

The following generative LLMs were used for the
evaluation of the proposed methods: OpenAl GPT-3.5
Turbo, OpenAl GPT-4 and GPT-4 Turbo, Cohere Com-
mand, and Meta LLAMA 2 Chat. We followed two essen-
tial rules for the language model selection process:

— language support: the model has to support both
English and Ukrainian languages;

— publicly available, the LLM has to be available for
everyone either in the form of API or an open-sourced
checkpoint to make results reproduction possible.

Let’s briefly review each of the selected generative
language models:

1. GPT-3.5 Turbo, also known as ChatGPT - lan-
guage model from OpenAl, based on GPT-3 and opti-
mized for conversations and instructions with RLHF fine-
tuning while retaining most of the knowledge seen during
pre-training. The model hyperparameters were not dis-
closed, but the original GPT-3 consists of 96 transformer
decoder layers with a hidden size of 12288, totaling 175
billion parameters [22]. GPT-3.5 Turbo is available
through OpenAl API in two variations: with a maximum
input of 4098 and 16386 tokens.

© Syromiatnikov M. V., Ruvinskaya V. M., 2024
DOI 10.15588/1607-3274-2024-1-14

2. GPT-4 - the latest generation LLM from OpenAl.
GPT-4 outperforms GPT-3.5, demonstrating state-of-the-
art results on NLU tasks and professional and academic
exams [23], as well as achieving human-level perform-
ance on many of them [5]. The architecture details of
GPT-4 were not disclosed, but according to rumors, the
LLM leverages the Mixture-of-Experts technique with 8
GPT-3 expert models, resulting in approximately 1.7 tril-
lion parameters. Standard GPT-4 is accessible through
OpenAl API with a maximum input length of 8192 and
32768 tokens, while GPT-4 Turbo — the latest model re-
leased by OpenAl with improved instruction following,
supports context of up to 128000 tokens. In this research,
both standard and turbo versions were evaluated.

3. Command - a generative model built by Cohere and
optimized for instruction-like prompts. Cohere provides
access through API for the two versions of this model:
command with 52.4 billion parameters and command-
light with only 6.1 billion parameters. In this paper, the
standard version is evaluated as it demonstrated reason-
able quality on QA tests of the HELM benchmark [24].

4. LLaMA 2 - is a second generation of the open-
source LLM family by Meta. Three different base models
with 7, 13, and 70 billion parameters were pre-trained on
2 trillion tokens with a context size of 4096 [16]. Each of
these models also has a fine-tuned version for chat (LLa-
MA Chat) and code (Code LLaMA). A version with 13
billion parameters fine-tuned for chat on over 1 million
human annotations was selected for this research as it’s an
optimal trade-off between model size and performance.

In addition to generative LLMSs, the following encod-
ing LMs were used to build extractive models as a part of
the generative data annotation for extractive model train-
ing and to establish a baseline:

1. XLM-RoBERTa - multilingual version of RoB-
ERTa model by Meta pretrained on 2.5TB of text contain-
ing 100 languages in a self-supervised fashion with MLM
objective [4]. More precisely, this language model based
on encoding Transformer architecture was trained to pre-
dict masked words in the input sequence leveraging bidi-
rectional context. For this research, the smaller version of
XLM-RoBERTa with only Ukrainian and English tokens
kept in the embedding layer was used.

2. DeBERTa — a family of Transformer-based encod-
ing models by Microsoft demonstrating state-of-the-art
performance and surpassing human performance on the
SuperGLUE benchmark [25]. The usage of disentangled
attention and enhanced mask decoder allows DeBERTa to
outperform BERT and RoBERTa on most NLU tasks,
including CBQA [25]. The third version of multilingual
DeBERTa improved by ELECTRA-Style pre-training
with Gradient Disentangled Embedding Sharing [26] was
selected for this research.

For prediction evaluation, the following string-based
metrics were selected:

1. SQUAD F1 - the harmonic mean of precision and
recall adapted for SQUAD, a machine reading comprehen-
sion benchmark. The precision of the question-answering
models is determined by the ratio of the number of cor-
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rectly predicted words of the answer to the total predicted
number of words of the answer and recall — the ratio of
correctly predicted words of the answer to the total num-
ber of words in the true answer [27].

2. SQUAD Exact match — another metric used in the
SQUAD benchmark along with F1. EM measures the ex-
act match between strings on character level: EM = 1 for
the exact match of the predicted answer span with the
ground truth, and 0 in all other cases. For negative annota-
tions with an empty string as a ground truth, any predicted
text will result in EM =0, even if it is a single character.

3. Any match F1 — similar to classification or detec-
tion F1 measure. This metric was used to measure LLM’s
hallucination and steerability: Any is true positive if there
is a ground truth answer and the model predicted any span
from the context, or if there is an empty true answer and
the prediction is empty as well.

3. Partial match F1 — a stricter subset of Any metric,
for which a true positive case happens only when there is
an index-based overlap between the predicted answer
span and ground truth.

4. BLEU — a metric initially implemented for evaluat-
ing MT systems by measuring the n-gram similarity be-
tween the translated text and high-quality reference trans-
lation [28]. While having an obvious drawback when ap-
plied for MT evaluation due to comparing tokens and not
meaning, BLEU fits well for CBQA, allowing to evaluate
LLM’s predictions with augmentations or hallucinations.

5. ROUGE - a metric inspired by BLEU and used to
score summarization algorithms. While both BLEU and
ROUGE use n-grams to calculate similarity, the former is
precision-oriented as it measures the number of n-grams
from prediction appearing in the reference text, and the

latter is recall-oriented instead, measuring how many n-
grams from reference are presented in the prediction [29].

In order to simplify the LLM’s inferencing and
evaluation process for CBQA and make it flexible, the
following experimentation framework named “UA-LLM”
was designed and implemented (Fig. 3). The framework
consists of 5 modules written in Python chained with
OmegaConf-based config module by Hydra configuration
framework.

Hydra’s key features are the ability to dynamically
create a hierarchical configuration by composition and
override it through config files and the command line
[30], as well as automatic recursive instantiation of Py-
thon objects during the runtime based on the config pro-
vided.

The entry point defined in main, accessible from the
command line, expects a path to the OmegaConf file in
YAML format with task config. The task module contains
abstract classes with logic for prediction, evaluation, and
annotation, along with their implementation for CBQA.
Each task requires data reader and writer objects from the
Data module and the model object from the LLM module.
For each iteration of its run, the task gets the portion of
data, combines it with the preconfigured prompt, and then
feeds the obtained input to get the generated prediction.
Depending on the task, the reader is used to load input
data or predictions from an arbitrary source, and the writ-
er is used to output predictions, annotations, or evaluation
results. CSV tabular format reader and writer were im-
plemented for CBQA experimentation. The data module
also supports streaming for reading and writing to deal
with large files.

Task Eval Data
» base_task [« base_eval Reader Writer
T BaseReader BaseWriter
: tri | A £
predict_task | | eval_task | [annotate_task strings_eva
CSVReader CSVWriter
ga_predict_task ga_annotate task | ‘L
LLM
.I.i Hydra
¥ base_lim
OmegaConf Configs T
g g config T
v vlv — Mman chatgpt command llama
Model Task
ChatGPT L predict_task Tools ~lr
Provider
set_auth
Command eval task — >base provider <
LLaMa annotate task reset_auth T
openai_provider | | cohere_provider | |replicate_provider

Figure 3 — Architecture diagram of the experimentation framework “UA-LLM”
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Each model from the LLM module is just a simple
wrapper for the provider object, which performs all low-
level operations like establishing a connection to the
model server, making requests, processing errors, and
collecting session statistics. The framework contains pro-
viders for interaction with models accessible through API
from OpenAl, Cohere, and Replicate. The eval module is
a place for metrics grouped by evaluation level that could
be used for prediction scoring. While strings_eval imple-
ments all metrics for strings comparison listed in the sec-
tion above, one can select a subset with only desired met-
rics included by adjusting the argument in the task config.

Though the implemented framework for LLM ex-
perimentations primarily focuses on CBQA, it’s easy to
adapt it for any other NLU task since its decomposed ar-
chitecture with most independent components provides
high flexibility and generalization.

4 EXPERIMENTS

The localized version of the SQUAD 2.0 dataset was
selected for methods evaluation. Stanford Question An-
swering Dataset (SQUAD) is a CBQA dataset consisting
of questions posed by crowdworkers on a set of Wikipe-
dia articles, where the answer to every question is a seg-
ment of text, or span, from the corresponding reading
passage, or the question might be unanswerable [31]. The
second version combines 100,000 questions from version

1.1 with more than 50,000 unanswerable questions writ-
ten by annotators as well. However, work on the Ukrain-
ian version of this dataset is still in progress, and so UA-
SQUAD contains only 13,859 question-answer pairs,
among which 2,927 are unanswerable questions [32].

This dataset with almost 14 thousand examples was
grouped by 2620 unique contexts, and then these groups
were randomly split into train/validation/tests sets with
80%/10%/10% proportion resulting in 11,173 pairs for
train and 1,343 — validation and test.

For the N-shot bilingual instruction prompting method
experiments, 0-shot, 2-shot, and 4-shot cases were se-
lected. The annotated examples for few-shot prompting
were randomly sampled from the train set. Only the tem-
perature hyperparameter of LLM’s generation process
was tuned, and the set of parameters for each model was
determined based on the manual evaluation of 100 predic-
tions with a focus on steerability maximization and hallu-
cination minimization. Evaluation with a temperature
equal to O was prioritized for each model as it provides
almost complete deterministic behavior. In addition to
evaluations of bilingual instructions, monolingual instruc-
tions were evaluated to establish a baseline.

The complete set of successful experiments for N-shot
bilingual instruction prompting method evaluation is
listed in Table 1. The pricing columns correspond to the
model request price for text processing and generation.

Table 1 — Parameters for N-shot bilingual instruction prompting method evaluation
* — OpenAl has not disclosed hyperparameters for GPT-3.5-turbo, GPT-4, and GPT-4-turbo models

1d Model Architecture Prompt Pricing, $ per 1000 tokens
L P, bn Context | N | Instruction language | Temperature | Inputtokens | Output tokens
1 LLaMA-2-Chat 40 13 4096 0 UA 0.1 0.003 0.003
2 LLaMA-2-Chat 40 13 4096 0 UA 0.5 0.003 0.003
3 LLaMA-2-Chat 40 13 4096 0 UA 0.9 0.003 0.003
4 LLaMA-2-Chat 40 13 4096 0 EN 0.1 0.003 0.003
5 LLaMA-2-Chat 40 13 4096 0 EN 05 0.003 0.003
6 LLaMA-2-Chat 40 13 4096 0 EN 0.9 0.003 0.003
7 Command N/A 52.4 4096 0 UA 0.0 0.015 0.02
8 Command N/A 52.4 4096 0 EN 0.0 0.015 0.02
9 Command N/A 52.4 4096 2 UA 0.0 0.015 0.02
10 | Command N/A 52.4 4096 2 EN 0.0 0.015 0.02
11 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 0 UA 0.0 0.0015 0.002
12 | GPT-3.5-turbo-06.13 | up to 96* | upto 175* | 4096 0 UA 0.5 0.0015 0.002
13 | GPT-3.5-turbo-06.13 | up to 96* | upto 175* | 4096 0 UA 0.9 0.0015 0.002
14 | GPT-3.5-turbo-06.13 up to 96* | upto 175* | 4096 2 UA 0.0 0.0015 0.002
15 | GPT-3.5-turbo-06.13 up to 96* | upto 175* | 4096 2 UA 0.5 0.0015 0.002
16 | GPT-3.5-turbo-06.13 up to 96* | up to 175* | 4096 2 UA 0.9 0.0015 0.002
17 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 4 UA 0.0 0.0015 0.002
18 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 4 UA 0.5 0.0015 0.002
19 | GPT-3.5-turbo-06.13 | up to 96* | upto 175* | 4096 0 EN 0.0 0.0015 0.002
20 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 0 EN 0.5 0.0015 0.002
21 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 0 EN 0.9 0.0015 0.002
22 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 2 EN 0.0 0.0015 0.002
23 | GPT-3.5-turbo-06.13 | up to 96* | upto 175* | 4096 2 EN 0.5 0.0015 0.002
24 | GPT-3.5-turbo-06.13 | up to 96* | upto 175* | 4096 2 EN 0.9 0.0015 0.002
25 | GPT-3.5-turbo-06.13 | upto 96* | upto 175* | 4096 4 EN 0.0 0.0015 0.002
26 | GPT-3.5-turbo-06.13 up to 96* | upto 175* | 4096 4 EN 0.5 0.0015 0.002
27 |GPT-4 N/A 1700* 8192 0 UA 0.0 0.03 0.06
28 |GPT-4 N/A 1700* 8192 0 EN 0.0 0.03 0.06
29 | GPT-4-turbo-preview N/A N/A 128000 | O UA 0.0 0.01 0.03
30 | GPT-4-turbo-preview N/A N/A 128000 | O EN 0.0 0.01 0.03
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Few-shot experiments with LLAMA-2-Chat were not
included in the final table since with N>0 the model
stopped to follow instructions and hallucinated in all test
generations, making answer extraction impossible. In
addition, limited experiments were conducted with Com-
mand, GPT-4, and GPT-4 Turbo models due to usage
limits and significant inference pricing.

English and Ukrainian instructions used in both meth-
ods were written with a focus on coherence and clarity
and were not optimized for any observed LLM. For few-
shot instructions, examples were sampled randomly from
the training set. All LLM prompts were fed as a single
message, without splitting them into system prompt and
user prompt, since it did not affect prediction quality for
the GPT and Command models and demonstrated higher
steerability for the LLaMA model. Prompts used for both
methods are listed on the paper’s page! in the GitHub
repository.

The best model and set of parameters in terms of qual-
ity and pricing determined from evaluations of the N-shot
bilingual instruction prompting method in the results sec-
tion was later selected as an annotator for generative data
annotation for the extractive model training method.

External contexts for the data annotation process were
crawled from the TSN news portal. Since news texts usu-
ally consist of multiple paragraphs or media objects, col-
lected texts were preprocessed to remove unknown sym-
bols, common phrases like “Read more” or “Similar arti-
cles”, multiple spaces, and join paragraphs in case there
are multiple of them. Some of these texts were then fil-
tered out due to being shorter than 120 or longer than 350
tokens, as the maximum sequence length for extractive
models was established at 384 tokens, for which a bit
more than 30 tokens were reserved for questions. Finally,
2000 contexts for annotation were randomly sampled
from the resulting amount.

The prompt from the best experiment was adapted for
the data annotation task: instead of answer extraction, the
request became to generate five question-answer pairs for
the given context, where four pairs are positive — ques-
tions are answerable, and the last one, negative, should be
unanswerable. Given the 2000 contexts for annotation,
this should result in 10,000 question-answer pairs ideally,
however, the unavoidable hallucinations like word order
change in answer span or plurality and inflection modifi-
cations make the annotation postprocessing pipeline filter
Some pairs.

Training configs for extractive models used to estab-
lish a baseline and those used for generative data annota-
tion for the extractive model training method evaluation
are demonstrated in Table 2. For this method, both train-
ing only on generated annotations and augmentation-
based training approaches with adding generated positive
question-answer pairs were evaluated. All extractive
models were trained on a single GPU for three epochs
with a batch size of 12, a learning rate of 3e-05, a max
sequence length of 384, a dropout rate of 0.1, and an
Adam optimizer.

1 - https://github.com/NLPForUA/UA-LLM/blob/main/paper/README.md
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Table 2 — Parameters for extractive models training

Id Model P, min Tuasouap | Teen pos | Teen NEG
31 | XLM-RoBERTa 110 11173 0 0

32 | DeBERTa 278 11173 0 0

33 | XLM-RoBERTa 110 0 6156 1724
34 | DeBERTa 278 0 6156 1724
35 | XLM-RoBERTa 110 11173 6156 0

36 | DeBERTa 278 11173 6156 0

For augmentation-based experiments, where both
Tua-squap and Tgen_pos Were used for the extractive model
training, the final train set was created by concatenation
of these two sets with subsequent random shuffling. All
experiments, including those with Tya-squap €qual to O,
used the validation set of UA-SQUAD dataset. The in-
termediate evaluation step aimed at filtering unpromising
parameter combinations [33] was based on N-shot bilin-
gual instruction prompting and resulted in only generated
positives being used for augmentation.

5 RESULTS

Along with quality, the pricing aspect of LLM utiliza-
tion plays an important role in this research as it defines
whether proposed methods for solving the low-resource
problem of language could be reproduced and adopted.
Table 3 demonstrates the costs of the N-shot bilingual
instruction prompting method for each unique set of pa-
rameters. In the table, TOKto7aL and price columns were
calculated as the sum of values for each of all 1343 ex-
amples from the test set. The detailed stats for the tem-
perature parameter weren’t included in the table since it
affects only the length of the generated answer, so its in-
fluence on the total price is close to zero compared to the
instruction language parameter I avg and the number of
training examples N added to the prompt.

Table 3 — Influence of N-shot bilingual instruction prompting
method parameters on inference pricing
Model N TOKroraL

lLanG Price, $

LLaMA-2-Chat 0 UA 706272 2.12
LLaMA-2-Chat 0 EN 524563 1.58
Command 0 UA 1227015 18.58
Command 0 EN 794381 12.02
Command 2 UA 2447285 36.77
Command 2 EN 2025534 30.46
GPT-3.5-turbo-06.13 0 UA 968301 1.47
GPT-3.5-turbo-06.13 0 EN 676416 1.03
GPT-3.5-turbo-06.13 2 UA 1976186 2.97
GPT-3.5-turbo-06.13 2 EN 1686699 2.54
GPT-3.5-turbo-06.13 4 UA 3663482 5.51
GPT-3.5-turbo-06.13 4 EN 3372538 5.07
GPT-4 0 UA 961822 29.42
GPT-4 0 EN 679322 21.01
GPT-4-turbo-preview 0 UA 968681 10.01
0

GPT-4-turbo-preview EN 684890 7.19

Results of the quality evaluation for the N-shot bilin-
gual instruction prompting method are demonstrated in
Table 4.
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Table 4 — Results of N-shot bilingual instruction prompting method evaluation,
numbers in bold represent the highest metric score per model

1d Model SQUAD Metrics N-gram Metrics Index-based Metrics
EM F1 Pos EM | Pos F1 Neg F1 BLEU-1 ROUGE-1 | Sposimives | Partial F1 | Any F1
1 |LLaMA-2-Chat 13.70 | 25.89 16.70 31.72 0.79 0.24 0.28 1089 0.28 0.30
2 | LLaMA-2-Chat 13.48 | 25.95 16.33 31.69 1.19 0.25 0.29 1089 0.27 0.30
3 | LLaMA-2-Chat 11.39 | 22.47 13.94 27.59 0.40 0.21 0.25 1089 0.24 0.26
4 | LLaMA-2-Chat 24,57 | 41.05 | 30.09 50.40 0.79 0.41 0.46 1090 0.48 0.52
5 |LLaMA-2-Chat 23.98 | 40.03 | 29.36 49.14 0.79 0.40 0.45 1090 0.47 0.51
6 | LLaMA-2-Chat 23.38 | 38.35 | 28.53 46.98 1.19 0.39 0.43 1090 0.45 0.49
7 | Command 26.43 | 40.13 | 3147 48.34 4.74 0.42 0.48 1048 0.60 0.73
8 | Command 2748 | 39.09 | 29.63 43.94 18.18 0.45 0.51 910 0.58 0.74
9 | Command 29.56 | 40.99 | 26.70 40.78 41.90 0.42 0.49 879 0.56 0.68
10 | Command 32.02 | 44.76 31.47 47.17 34.39 0.46 0.54 924 0.62 0.76
11 | GPT-3.5-turbo-06.13 | 36.04 | 54.34 | 34.40 56.96 43.08 0.50 0.57 1035 0.59 0.63
12 | GPT-3.5-turbo-06.13 | 35.96 | 54.43 | 34.86 57.61 40.71 0.51 0.58 1038 0.59 0.63
13 | GPT-3.5-turbo-06.13 | 32.91 | 51.87 | 31.19 54.55 40.32 0.47 0.54 1040 0.55 0.60
14 | GPT-3.5-turbo-06.13 | 45.27 | 61.15 | 44.31 63.88 49.41 0.58 0.63 1011 0.65 0.69
15 | GPT-3.5-turbo-06.13 | 43.34 | 59.67 42.57 62.69 46.64 0.57 0.63 1009 0.64 0.68
16 | GPT-3.5-turbo-06.13 | 42.37 | 58.90 | 41.01 61.38 48.22 0.55 0.60 1010 0.63 0.66
17 | GPT-3.5-turbo-06.13 | 44.30 | 60.78 | 43.12 63.42 49.41 0.57 0.62 1013 0.63 0.67
18 | GPT-3.5-turbo-06.13 | 43.26 | 59.33 | 42.48 62.28 46.64 0.57 0.62 1005 0.63 0.66
19 | GPT-3.5-turbo-06.13 | 40.95 | 57.85 | 36.79 57.61 58.89 0.55 0.61 979 0.66 0.71
20 | GPT-3.5-turbo-06.13 | 40.58 | 57.96 | 36.88 58.30 56.52 0.55 0.62 981 0.65 0.70
21 | GPT-3.5-turbo-06.13 | 38.42 | 56.30 | 34.77 56.80 54.15 0.54 0.60 974 0.62 0.66
22 | GPT-3.5-turbo-06.13 | 46.01 | 62.85 | 47.52 68.26 39.53 0.61 0.66 1054 0.72 0.76
23 | GPT-3.5-turbo-06.13 | 45.72 | 62.30 | 47.61 68.05 37.55 0.61 0.66 1050 0.72 0.76
24 | GPT-3.5-turbo-06.13 | 43.48 | 60.62 | 44.77 65.88 37.94 0.58 0.64 1050 0.69 0.73
25 | GPT-3.5-turbo-06.13 | 46.24 | 63.36 | 45.69 66.79 48.62 0.61 0.67 1027 0.71 0.75
26 | GPT-3.5-turbo-06.13 | 46.24 | 62.81 | 46.06 66.47 47.04 0.60 0.65 1035 0.70 0.75
27 | GPT-4 55.47 | 72.76 52.57 73.88 67.98 0.68 0.74 1061 0.87 0.89
28 |GPT-4 52.94 | 71.35 | 49.45 72.13 67.98 0.66 0.72 1059 0.87 0.89
29 | GPT-4-turbo-preview | 58.08 | 74.64 | 51.47 71.88 86.56 0.71 0.77 1003 0.88 0.90
30 | GPT-4-turbo-preview | 55.92 | 72.73 | 48.44 69.15 88.14 0.70 0.77 960 0.87 0.90

The id column from the results table above corre-
sponds to the same column from Table 1 with experiment
parameters. Pos and Neg in the SQUAD metrics section
are abbreviations for positive or answerable questions and
negative or unanswerable questions. BLEU-1 and
ROUGE-1 measure unigram similarity between the pre-
diction and true answer using the NLTK’s tokenizer to
split sequences on words during the preprocessing. These
N-gram metrics only support cases when both prediction
and true answer are non-empty strings. The total number
of these positive pairs for each evaluation is demonstrated
in Sposimives column. All evaluations were performed on
the test set with 262 unique contexts and 5.12 questions
on average per context, reaching 1343 question-answer
pairs in total, 1090 of which are positive and 253 — nega-
tive.

One of the best sets of parameters in terms of demon-
strated quality and prediction price — 2-shot bilingual
prompting for GPT-3.5 Turbo model with instruction in
English and temperature parameter equal to zero (Id 22 in
Tables 1 and 4) was chosen for generative data annota-
tion. The generative annotation process for 2000 external
contexts resulted in 9972 generated question-answer
pairs, 2092 of which were filtered out due to the answer
span not being presented in the context. Among the 7880
valid pairs, 6156 were positive and 1724 — negative. The
total price for the annotation with 2.8 million tokens used
for input and 526 thousand output tokens is $5.79.

The complete results of the evaluation of baseline ex-
tractive models trained on the UA-SQUAD dataset, as
well as those trained entirely on or augmented by gener-
ated annotations, are demonstrated in Table 5.

Table 5 — Results of extractive models evaluation,
numbers in bold represent the highest metric score per model

1d Model SQUAD Metrics N-gram Metrics Index-based Metrics
EM F1 PosEM | PosF1 | Neg Fl | BLEU-1 | ROUGE-1 | Sposimives | Partial F1 | Any F1
31 | XLM-RoBERTa 53.83 | 66.56 | 52.39 | 68.06 60.08 0.69 0.75 976 0.83 0.89
32 | DeBERTa 59.05 72.91 57.06 74.15 67.59 0.73 0.79 1017 0.88 0.92
33 | XLM-RoBERTa 35.82 48.67 36.97 52.81 30.83 0.56 0.62 899 0.73 0.80
34 | DeBERTa 39.61 53.33 41.10 58.00 33.20 0.63 0.69 889 0.76 0.81
35 | XLM-RoBERTa 5458 | 67.30 | 53.39 | 69.06 59.68 0.70 0.76 983 0.84 0.90
36 |DeBERTa 60.31 72.80 58.81 74.19 66.80 0.73 0.78 1023 0.87 0.93
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The id column from the extractive models’ evaluation
table above corresponds to the column with the same
name from Table 2 with parameters for extractive models
training. In addition, for extractive models evaluation, the
same test set and metrics as for generative language mod-
els (Table 4) were used, so the results in these two tables
are comparable.

6 DISCUSSION

In this section, we present a detailed discussion of the
results obtained from our experimental evaluations of
proposed methods for context-based question answering:
N-shot bilingual instruction prompting and generative
data annotation for extractive model training. Our study
aimed to investigate the efficacy of these novel ap-
proaches in enhancing the performance of low-resource
QA where only little to no training data is available.

Our results demonstrate that N-shot bilingual instruc-
tion prompting can indeed be an effective strategy for
improving the LLM’s capabilities for solving CBQA
tasks in low-resource languages, particularly in Ukrainian.
For all language models, except GPT-4 and GPT-4 Turbo,
zero-shot bilingual prompts with instruction written in
high-resource English demonstrate a significant increase
for all evaluated metrics compared to the same parameters
set with instruction in Ukrainian.

The biggest gain from applying a bilingual prompt
was achieved for the smallest generative LM evaluated —
LLaMA-2-Chat with only 13 billion parameters: a com-
parison of evaluations from Table 4 with id 1 (monolin-
gual) and 4 (bilingual) demonstrate a 10.87 and 15.16
points increase of SQUAD’s EM and F1 respectively for
the latter, as well as up to 1.7 times higher scores for
BLEU, ROUGE, Partial and Any F1. Such a vast differ-
ence could be explained by the relatively small model size
and low Ukrainian language presence of 0.07% in the
training corpora since the absolute gain decreases for the
larger models, like Command and GPT-3.5 Turbo, with
orders of magnitude more parameters. Cohere Command
with zero-shot instruction prompting demonstrates similar
performance for monolingual and bilingual cases, with the
former being better for answerable questions and the latter
— for unanswerable. At the same time, the same setup for
GPT-3.5 Turbo (id 19 in Table 4) allows to achieve
SQUAD EM of 40.58 or 13.6% increase, SQUAD F1 of
57.85 or 6.5% increase, as well as up to 10% growth for
n-gram metrics BLEU and ROUGE and up to 12% — for
index-based Partial F1 and Any F1. The best zero-shot
CBQA performance across all evaluated LLMs was dem-
onstrated by OpenAl GPT-4 Turbo with monolingual
prompting (id 29): 2 points higher scores than the ones by
the proposed bilingual approach (id 30) on average for
SQUAD metrics. The reason behind this is that GPT-4
Turbo is a significantly bigger LLM and better optimized
for instructions and multilingualism compared to GPT-3.5
Turbo [34].

One noteworthy observation from our experiments is
the influence of the size of the N-shot prompt on model
performance. We found that as the number of example
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guestion-answer pairs in the second language increased,
so did the model’s ability to handle questions in that lan-
guage. However, the rate of improvement tended to di-
minish beyond a certain point, suggesting that a modest-
sized N-shot prompt can yield substantial benefits without
overwhelming the model. From Table 4 with the evalua-
tion results, it can be seen that N-shot bilingual prompting
demonstrates the best scores for the Command model (id
10) with N=2, while the highest score for GPT-3.5 Turbo
is the one with N=4. In addition, it was observed that few-
shot monolingual prompting with instruction in Ukrainian
also helps to increase the quality of predictions: two-shot
prompt (id 14) improved SQUAD EM from 36.04 to 45.27
(25.6% gain) and F1 from 54.34 to 61.15 points (12.5%
gain), BLEU and ROUGE were also increased by 16%
and 10.5% correspondingly.

The best GPT-3.5 Turbo scores achieved with bilin-
gual prompt and N=4 (id 24) are 46.24 and 62.81 for
SQUAD EM and F1, with a relative increase of 28.3% and
16.6% over the monolingual zero-shot baseline (id 11).
While the 4-shot bilingual instruction prompting demon-
strates the highest scores among all GPT-3.5 Turbo eval-
uations, the difference for all metrics is no more than 1%
between N=2 (id 22) and N=4, illustrating our observation
around the quality improvement decay with an increase of
N beyond the certain point.

Comparing the results of LLMs evaluation with ex-
tractive models (Table 5), one can see that both monolin-
gual and bilingual instruction prompts allow GPT-4 and
GPT-4 Turbo to outperform the baseline XLM-RoBERTa
model (id 31) with more than 11 thousand annotated ex-
amples used for training in contrast to 0 samples used for
the GPT. Moreover, GPT-4 Turbo with zero-shot prompt-
ing surpasses baseline DeBERTa’s (id 32) SQUAD F1
score (74.64 vs 72.91) and strongly outperforms its Nega-
tive F1 (86.56 vs 67.59). While the GPT-4 and GPT-4
Turbo are prohibitively expensive, an order of magnitudes
cheaper model, the GPT-3.5 Turbo with 4-shot bilingual
instruction prompting allows to achieve 95.2% and 86.9%
of baseline XLM-RoBERTa and DeBERTa models per-
formance according to SQUAD F1.

The results of the evaluation of generative data anno-
tation for extractive model training presented in Table 5
demonstrate that with just 2000 general-domain texts and
$5.79, it is possible to obtain annotations sufficient to
train XLM-RoBERTa or DeBERTa, achieving 73.1% (ids
33-34) of SQUAD F1 score of the same model trained
with significantly more expensive human-annotated data
(ids 31-32). Also, usage of the generative annotation for
training data augmentation increased XLM-RoBERTa’s
scores (id 35) by 1 point for all metrics except for Nega-
tive F1, compared to the baseline result (id 31), while for
DeBERTa (id 36), only 1-2 points gain for SQUAD EM,
Positive F1, and Any F1 was observed.

The advantage of the N-shot bilingual instruction
prompting method proposed in this paper for solving
CBQA tasks in low-resource language is the possibility of
achieving up to 95% of the extractive model’s quality
trained on tens of thousands of annotated samples with
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just 2 to 4 examples, thus solving the problem of close-to-
zero amount of annotated data. The drawback of this
method, however, is its high price: serving LLM with tens
or hundreds of billions of parameters is enormously more
expensive than inferencing an extractive model with only
one or two hundred million parameters. Additionally,
most LLMs available through API are billed per input and
output text lengths.

The advantage of the generative data annotation for
the extractive model training method proposed in this
research is that it helps to achieve up to 73.1% of the pre-
diction quality of the extractive model trained with sig-
nificantly more expensive human annotations while using
only cheap generative annotations. In addition, combining
generative and human annotations for extractive model
training slightly increases its overall performance. How-
ever, the key benefit of this method is that it takes the best
of two worlds: distilling LLM’s knowledge into the ex-
tractive model through training on generative annotations
makes it possible to achieve MVP solutions with reason-
able quality relatively fast while saving on the inference
pricing due to expensive LLM being used only for data
annotation. At the same time, the key disadvantage of this
method is the lack of ability to evaluate the correctness of
annotations generated by LLM without additional spend-
ing on human annotators.

CONCLUSIONS

The scientific novelty of the obtained results is that
the N-shot bilingual instruction prompting method for
solving CBQA tasks in low-resource Ukrainian language
with a low-to-zero amount of training data is first pro-
posed. This method, compared to existing, utilizes large
language models in a zero- or few-shot manner with in-
struction written in high-resource English to increase the
model steerability and prediction quality, taking advan-
tage of the fact that most large language models during
the training stage have seen more text in English than in
all other languages combined.

Based on the first method, a method of generative data
annotation for the extractive model training was also pro-
posed as a solution for low-resource CBQA. In contrast to
existing solutions with only question or answer genera-
tion, this method leverages LLM as a data annotator to
generate complete question-answer pairs for the given
contexts, allowing the extractive model to be trained
without annotated data.

The application of the N-shot bilingual instruction
prompting method with the GPT-3.5 Turbo model and
four examples (N=4) achieved a 28.3% (46.24 vs 36.04)
and 16.6% (62.81 vs 54.34) relative increase for SQUAD
EM and F1 metrics, a 22% (0.61 vs 0.50) and 17.5%
(0.67 vs 0.57) relative gain for unigram BLEU and
ROUGE, as well as 20.3% (0.71 vs 0.59) and 19% (0.75
vs 0.63) improvement for Partial and Any F1 compared to
baseline zero-shot (N=0) monolingual method. Also, this
method solves the key problem of CBQA tasks in low-
resource languages, the lack of annotated training data,
retaining 95.2% and 86.9% of baseline XLM-RoBERTa

© Syromiatnikov M. V., Ruvinskaya V. M., 2024
DOI 10.15588/1607-3274-2024-1-14

and DeBERTa models prediction quality according to
SQUAD F1 metric, while using 2793.3 times less anno-
tated examples (4 instead of 11173).

Training extractive models on generated annotations
achieved 73.1% of the practical ceiling of these models
trained on human annotations, spending only $5.79 on the
labeling process. Moreover, combining these generative
annotations with the existing training set increased XLM-
RoBERTa’s results by 1 point for SQUAD, N-gram, and
index-based metrics.

Lastly, to the best of our knowledge, this paper pro-
vides the first comprehensive study and evaluation of
publicly available large language models’ capabilities in
Ukrainian context-based question answering.

The practical significance is that the open-source ex-
perimentation framework implementing the two methods
proposed in this paper for solving context-based question-
answering tasks with large language models is developed.
The proposed methods formed the basis of the developed
program system for the fully automated development of
task-agnostic language models.

In addition, the conducted experiments and their eval-
uation results demonstrate the possibility of applying the-
se methods for building components of search engines
and intelligent chatbot applications, as well as standalone
general-domain CBQA systems with Ukrainian language
support and a low-to-zero amount of annotated data for
training.

The limitations of this research should be duly ac-
knowledged. First, the study primarily focuses on a single
context-based question-answering dataset and one spe-
cific low-resource language, Ukrainian. While the find-
ings provide valuable insights, they may not be univer-
sally applicable to other low-resource languages or fully
encompass the diverse range of real-world contexts, ques-
tions, and answers.

Second, the evaluation metrics used to assess the ef-
fectiveness of N-shot bilingual instruction prompting and
generative data annotation for the extractive model train-
ing methods may not capture all aspects of performance,
and further research into more nuanced evaluation meth-
odologies is warranted.

The prospect for further research is to broaden the
investigation scope beyond the context-based question-
answering task, which has been the primary focus of this
research. The ultimate objective is to create a comprehen-
sive benchmark that thoroughly assesses the capabilities
of large language models within the context of the
Ukrainian natural language understanding and generation,
providing a holistic perspective on their performance and
adaptability.
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UA-LLM: IOKPAIIEHHA BIAMOBIJI HA 3ATIMTAHHSA 3A KOHTEKCTOM YKPATHCHbKOIO MOBOIO
3 BAKOPUCTAHHSIM BEJIUKMX MOBHUX MO/IEJIEM

Cupom’staikoB M. B. — acripanT kadenpu [mxenepii nporpamuoro 3abesnedenns: Haumionansaoro yHiBepcuretry «Onecbka [Tomitex-
Hika», Oneca, Ykpaina.

PyBincbka B. M. — kaHn. TexH. Hayk, npodecop kadenpu [HxeHepii mporpamuoro 3abe3nedyenHs HamionansHoro yHiBepcutery «Ope-
ceka [lonmitexnika», Oneca, Ykpaina.

AHOTALIS

AKTyaJpHicTh. BifnoBinpe Ha 3amuTaHHSA 32 KOHTEKCTOM, (yHAaMEHTalIbHE 3aBJIaHHS OOpOOKH MPUPOJHOT MOBH, BUMArae riiMOOKOro
po3yMminHs MoBH. Bynyum CKIagHOIO 3amadelo, BOHA € HEBiJ €MHOI0 YAaCTHHOIO CYYacHHX IIONIYKOBHX CHCTEM, IHTEIEKTYyaJbHHX
MMOMIYHHUKIB, 4aT-00TiB 1 BCi€l ceprt PO3ZMOBHOTO MITYYHOTO iHTENICKTy. Y TOW yac SK aHTJiChKa, KUTAWChKa Ta 1HIII IHPOKO MOIIHPEHI
MOBH HaJI4yIOTh BEJHMKY KiJIbKiCTh HAOOPIB JaHHX, aJTOPUTMIB 1 TECTIB, yKpaiHChKa — 3 ii 6araToro JIIHIBICTUYHOK CNAALIMHO Ta CKIA-
HUM CHHTaKCHCOM 3aJIMIIA€ThCS CEPEel] MAJIOPECYPCHUX MOB, IO IIe OiIbIIe YCKIIAIHIOE 3aa4y BiJIIOBI/II Ha 3alIUTaHHS 32 KOHTECKCTOM.

Merta po6oTn. Mera po6oTH monsArae y po3poOli Ta OIiHIOBaHHI METOZIB Ha 0a3i BEIMKUX MOBHHX MoOJeNeH, 00’ eqHaHNX y HpeHMBOpPK
JUTSL BUPIIICHHS TPO0JIeMHU HU3bKOPECYPCHOCTI 3a/1a4i BIAMOBI/Ii HA 3aMUTAHHS 38 KOHTEKCTOM B YKPATHCBKiil MOBI.

Merton. IIpoctuii, ane rHyukuit ppeliMBOPK /I BUKOPHCTAHHS BETMKHX MOBHHMX MOJIEINIEH, po3po0iieHuid B paMKax i€l JOCHiAHUIBKOT
po06OTH, BUCBITIIIOE JIBa KJIFOUOBI METOIH JUIsl BUPILICHHS MPpOOIeMH JaHUX Y 3a/1a4i BIAMOBII Ha 3alTMTaHHs 32 KOHTEKCTOM, 3aIIPOIIOHOBAH1
Ta OIiHeHi B 1iii cTatTi. [Tepmmit MeTon BukoprcroBye Zero-shot i Few-shot learning — nsi ocuosi rimku N-shot learning, me N Bixnosinae
KIJIBKOCTI TPEHYBaJIbHUX MPUKIIALIB, IS 0Oy JOBH JIBOMOBHOI CTpaTerii MiJIKa30K Ha OCHOBI IHCTPYKIIH AJIs1 pOOOTH 3 MOBHUMH MOJEIISIMU
y ©KCTPAaKTHUBHHMI croci0 (HOLIyK CEerMeHTy BIANOBiAI y KOHTEKCTi) 3aMiCTh TXHBOI HPHUPOJHOI I'€HEpPAaTHBHOI MOBEIiHKH (reHepariis
BI/IIOBi/Ii HAa OCHOBI KOHTEKCTY). JIpyruii 3alpoHOHOBaHMN MeToJ 0a3yeThesl Ha MEPIIOMY, ajle 3aMiCTh IPOCTOI BiIMOBiAI HA 3alMTAHHS
MOBHA MOJIeJIb PO3Miua€e BXiTHUII KOHTEKCT IUISIXOM IeHepalii map 3anuTaHHsA-BiANoBiabs. OTpUMaHi CHHTETUYHI JaHi BUKOPHCTOBYIOTHCS
JUISL TPEHYBAHHs €KCTPAaKTHBHOI Mojemi. Y Wil CTaTTi pO3IVISIAEThCS K HABYaHHS HAa OCHOBI ayrMeHTaulil JaHMX, KOJU BXKE € JesKi
poO3MiueHi JaHi, Tak 1 MOBHICTIO CHHTETHYHE HaBUYaHHSI, KOJH JaHi BiacyTHi. Kil0uoBOI0O mepeBaroro 3anpornoHOBaHUX METO/IB € MOXKIIUBICTh
OTpUMATH SIKICThb IependauyeHb Ha PiBHI HATPCHOBAHUX CKCTPAKTHMBHHX MOJENCH HaBiTh 0€3 IOpOroro Ta JOBIOTPUBAJIOrO IPOLECY
PO3MITKH JaHHX JIFOJBMH.

Pe3yabraTu. J[Ba 3amponoHOBAaHMX METOAM IS PO3B’sI3aHHS MPOOJIEMH HEIOCTAaTHBOI KINBKOCTI TPEHYBaJbHUX MaHHX Y 3a/adl
BI/IMIOBI/Ii Ha 3aIIUTaHHS 32 KOHTEKCTOM ISl YKpaiHChbKOi MOBHU OyJIO peasti3oBaHO Ta 00’€JJHaHO B THYUYKHil (ppeiMBOPK AJsl poOOTH 3 BEIH-
KMMH MOBHUMH MOJIEJISIMH .

BucnoBku. Jlana poboTa IEMOHCTpPYe PE3yNbTaTH BCCOCSIKHOTO JOCTIIKEHHS PiBHA po3yMiHHS MoBH Mopeimsimu OpenAl GPT-3.5,
OpenAl GPT-4, Cohere Command i Meta LLaMa-2 na mpukiaai BUpilleHHS 3aa4i BiAMOBI/Ii Ha 3alIUTaHHS 32 KOHTEKCTOM JUISl HU3bKOpE-
CYpCHOI yKpaiHChKOi MOBH. PeTesbHa OIliHKa 3alpONOHOBAHUX METO/IIB 32 PI3HOMAaHITHUM HaOOPOM MOKa3HUKIB TOBOJAUTH iX €()EKTHBHICTS,
PO3KpHBAIOYM MOXKJIMBICTh MOOYZOBH KOMIIOHEHTIB ITONTYKOBHX CHCTEM, IHTENIEKTyaJbHUX 4aT-00TiB Ta aBTOHOMHHUX CHCTEM BiJIIOBiJi Ha
3aMHUTaHHS 3 MIITPUMKOIO YKPaTHCHKOT MOBH Ta OJU3BKOIO O HYJISI KUIBKICTIO PO3MIYEHHX TPEHYBAIbHUX NaHUX. [lepcriekTHBa MomambImx
JIOCITI/KEHB TOJISIrae 'y po3MInpeHHi cepu 3aCTOCYBaHHS BiJl 3aBJaHHS BIAMOBI/I HA 3alIMTaHHS 32 KOHTEKCTOM, PO3TIITHYTOrO Y Il CTATTi,
JI0 YCiX OCHOBHHX 3a/1a4 PO3yMiHHS NPHPOAHOI MOBH 3 KiHIIEBOIO METOI0 BCTAHOBJICHHS IIOBHOTO TECTY JUISl OL[IHIOBAaHHS MOJJIMBOCTEH
BEJIMKMX MOBHHUX MOJENEH B yKpaiHChKiil MOBI.

KJIIOYOBI CJIOBA: Benvika MOBHA MOJIENTb, BiOBIb Ha 3amuTanHs, few-shot learning, renepariBHa po3MiTKa JaHUX.
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VJIK 681.326
IHTEJEKTYAJBHUU KOMIT'IOTUHI B MAM’ATI
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PKiBCHKHI HaliOHAJBHAUN YHIBEPCUTET PaliOeIeKTPOHIKH, YKpaiHa.
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YHIBEepCUTET HAPTH Ta IPOMHICIOBOCTI, A3epOaiKaH.

Yymauenko C. B. — 1-p Te€xH. Hayk, npodecop, 3aBiayBau kadeapu aBToMaTu3allii IpOEeKTYBaHHS 00YHCIIOBAIBHOT
TeXHiKH, XapKiBChKUH HALlIOHAJIHHUN YHIBEPCUTET PaaiOCIeKTPOHIKH, YKpaiHa.
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AHOTANIA

AkTtyanabHicTb. OOpoOsieHI BENHKI JaHI MalOTh COILIajdbHE 3HAYCHHS MJIs PO3BHTKY CYCIUIBCTBA Ta HPOMHCIOBOCTI.
IHTenexkTyansHa 00poOKa BEJIMKHX JaHMX € YMOBOI CTBOPEHHS KOJICKTHBHOTO PO3YMY COLIQIBHOI TPYIH, KOMIIaHii, AepXaBu Ta
iaHety B minomy. [Ipu npomy exonomika Benukux nanux (Data Economy) Buxomuts Ha mepiie Miciie B OLIHIN MexaHi3MiB 06po6-
KH, OCKUIBKH JyKe BaXXJIMBHMH € J[Ba ITapaMEeTpH: MIBUIKO/iS 0OpOOKHM aHHX Ta eHEproBUTpaTu. ToMy MexaHi3MH, OpieHTOBaHI Ha
napaineiabHy 00poOKy BENIMKHX JaHHX yCepeauHI IEHTPY 30epiraHHs JaHuX, OyayTh 3aBxkau 3aTpeOyBaHi Ha I T-puHKy.

Meta. Mera J0ciiKeHHsI — i ABUILCHHS CKOHOMIKH BeJuKkux nanux (Data Economy) 3aBisiku aHaiizy AaHHX K aJpec Tabaumi
ICTHHHOCTI JU1sl izeHTHdiKaLil maTepHiB BUPOOHMYMX (YHKIIOHAIFHOCTEH Ha OCHOBI METPHKH I10J{i0HOCTI-BiJMiHHOCTI.

Meroa. [pononyrotscs apxitextypu Intelligent computing ass ynpasninss kiGepcomialbHUME POLECAaMH Ha OCHOBI MOHITO-
PMHTY Ta aHaNi3y BENMKUX JaHuX. [IponoHyeThcs 00po0OKa BEIMKHX AaHUX, SIK afpec TaOJMLi iICTHHHOCTI, /Ul BUPILICHHS 3aBAaHb
inenTudikamnii, Kacrepusanii, kacugikamii maTepHiB coOmialbHUX Ta BUPOOHHYMX mpoueciB. [IponoHyeTbess CiIMEHCTBO aBTOMATIB
JUISL aHAITI3Y BENMKUX NAHHX, SK aapec. Po3risamaerscs TaOnUI iCTHHHOCTI SIK po3yMHa (popMa SBHHX CTPYKTYp JaHUX, IO MAlOTh
KOPHCHY KOHCTaHTY — CTaHIapTHUI HOPSIOK NpsIMyBaHHs ajgpec. MeTa 06poOKHU BEIMKUX JaHUX — 3pOOUTH X CTPYKTYPOBaHHMH 32
JOIIOMOTOI0 TaOJNHIl ICTHHHOCTI JUIl TOJAnbIIol ineHTH(iKamii [0 yXBaJeHHS AaKTIOATOPHUX pimlmeHb. TaOmums iCTHHHOCTI
PO3IIISIAAETHCS K MEXaHi3M HapajenbHOl CTPYKTypHU3alii Ta MaKyBaHHs BEIUKUX JAHUX y 11 CTOBIIII 1JIsl BU3HAYEHHS 1X 1MOi0HOCTI-
BIZIMIHHOCTI Ta eKBiBaJICHTYBaHHs JJAaHUX 3a OJJHAKOBUMH ajpecamu. [logaHHs 1aHUX, K aapec, OB’ si3aHe 3 YHITAPHUM KOILyBaHHIM
[IaTepHIB JBIMKOBUMH BEKTOPAMM Ha 3HAWJCHOMY YHIBEpCyMi NPHUMITHBHHMX JaHMX. MeXaHi3M Opi€HTOBaHHMII Ha OE3MPOLECOPHY
00poOKy maHux Ha OcHOBI read-write TpaH3axiiii 3a TeXHOJIOTi€0 IN-MEMOrY KOMIT'FOTHHTY 3 CYTTE€BOIO EKOHOMIEIO Yacy Ta eHeprii.
Mertpuka 0OpOOKH BEIMKHX NAaHWX Ha TaONUII ICTHHHOCTI — IIe mapaseliM, TEXHOJOTIYHa MPOCTOTa Ta JIiHiifHa 00YMCIIOBAIIbHA
cxiragnicTh. [1naToro 3a Taki mepeBaru € eKCIOHEHIIIHHI BUTPATH MaM’ATi 30epiraHHs SsBHUX CTPYKTYPOBAHHX JTAHUX.

Pe3yjbTaTi. 3anporoOHOBAaHO MapajielibHi alropuTMH iN-MEMOry KOMIT'FOTHHTY U1 CKOHOMIYHHMX MEXaHi3MiB IEPETBOPCHHS
BEJIMKUX HECTPYKTYPOBAaHHX JAHHX, K aJ[pec, KOPHCHI CTPYKTYpOBaHi JaHi. 3alporoHOBaHO apXiTeKTypy in-memory computing i3
rJI00aNbHUM 3BOPOTHHUM 3B SI3KOM Ta alITOPUTM MAaTPUYHOI IMapayesibHol 00poOKH BEIMKUX IaHHX, K anpec. BoHa BKiroyae cTpyk-
TYpy MaTpUYHOrO aHaJi3y BEIMKHX JaHUX JJIs BU3HAYCHHS MOJIOHOCTI MK BEKTOpaMH, SKi HAJXOSITh Ha BXOAU MAaTPUYHOTO CEK-
BeHcOpa. BekTopHuMil aHami3 JaHUX MEPEeTBOPIOETHCS HA MATPUYHKI KOMI FOTHHT JUisi 00poOKH Benukux panux. LIBuakoxis mapa-
JIEIBHOTO AJITOPUTMY aHali3y BeMHKUX HaHux Ha Matpuui MDV nenykTHBHUX BEKTOPIB CTABUTHCS B JIHIHHY 3aJIOKHICTH BiJ Ynucia
0iTiB BXiTHHX BEKTOPiB a00 MOTYKHOCTI YHIBEpCYMY NpUMITHBIB. Po3pobieno MeTox izeHTrdikalii maTepHiB KIIOYOBUMHU CIIOBAMH.
Bin xapakrepu3yeThcs BUKOPHCTAHHSAM YHITAPHO-KOJOBAaHMX KOMIIOHEHT JaHWX JJIS CHHTE3y TaONuWIl iCTHHHOCTI Oi3Hec-Tporecy.
Lle no3Bossie 3acTocoByBatH read-write Tpanzakuii Juist HapajieabHOI 00pOOKH BEIUKHX JaHUX, SIK aJpec.

BucHoBku. HaykoBa HOBHM3HA moJisira€ y po3poOLli HACTYIHHUX iHHOBAUiffHUX pilieHb: 1) 3amponoOHOBAHO HOBY BEKTOPHO-
MAaTpHYHY TEXHOJIOTIIO MapajielbHOT 06pPOOKH BEIMKUX JAHUX, 5K aJIpec, 10 XapaKTepH3y€eThCsl BAKOPUCTAHHAM read-write TpaH3ak-
1iif Ha MaTpUYHIl 1TamM’sTi 6€3 BUKOPUCTAHH IPOLIECOPHOT JIOTIKHM; 2) 3apOINOHOBAHO apXiTeKTypy in-memory computing 3 rio6a-
JIBHAM 3BOPOTHHM 3B’SI3KOM Ta alITOPUTM MAaTPUYHOI MapajaensHoi oOpoOKH BEMMKHX AAHHX, SK afpec; 3) 3aIpolOHOBAHO METOX
ineHTudikauii naTepHiB KJIIOYOBHMH CIIOBaMH, KUl XapaKTepPHU3y€eThCsl BUKOPUCTAHHAM YHITAPHO-KOJOBaHHX KOMIIOHEHTIB JIaHUX
JUTSL CHHTE3y Tabuuii icTHHHOCTI Gi3Hec-mporecy, Mo Ja€ MOXKIMBICTh BUKOPHCTOBYBATH TpaH3aKi(ifo read-write mis mapanenbHOL
00poOKH BeNMHMKUX NaHWX, K aapec. [IpakTHuHa 3HAYMMICTH JOCHIPKEHHS MOJSATa€ B TOMY, IO Oynab-sKe 3aBIaHHS IITYYHOTO
iHTenekTy (momiOHicTh-BiAMiHHICTD, Kacudikamis-KiacTepusallis Ta po3misHaBaHHs, ineHTH(IKalis 06pa3iB) MOXKHA TEXHOJOTIYHO
pOCTO Ta e)eKTUBHO BUPILTYBATH 3a JOIOMOIO TaOJHMIi icTHHHOCTI (200 ii MOXiMHMX) Ta YHITApPHO KOJOBAaHUX BEJIMKHX JAHHUX.
[epcriekTHBY DOCTIKEHHS OB’ 13aHi 3 IMIDIEMEHTAIII€I0 [i€T TEXHOJIOTIT MOJETIOBaHHS HU(POBHUX IMPUCTPOiB HAa pHHKY EDA.

KJIFOUYOBI CJIOBA: Intelligent Computing, Cloud, fog, and edge computing, Big data computing, In-memory computing,
Cyber social compiting, Hadoop Map-Reduce texnika, Beuki gaHi, ik aapecu, TabIuIst iCTHHHOCTI, JIOTTYHUM BEKTOP, MOMIOHICTh-
BIZIMIHHOCTI, €KBIBAJICHTHICTb IaHUX, YHIBEPCYM NPUMITHBH, IaTEPHU SIK ABIHKOBHUIA BEKTOP.

ABPEBIATYPH NN — Nueral Network;
EDA — Electronic Design Automation; QC - Quantum Computing;
VVV - volume, velocity, variety; OCR (optical character recognition) — onTuiune po3rmi-
Al — Artificial Intelligence; 3HAaBaHHS CUMBOJIIB;
© Xaxanos B. 1., A6xynnaes B. X., Uymauenko C. B., JIutsunosa €. 1., Xaxanosa I. B., 2024
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GMM — Mozenb raycoBoi cymiri;

LR — noricruuna perpecis;

RFC - knacudikatop T0BUIEHOTO JiCy;

TF-IDF (TF - term frequency, IDF - inverse
document frequency) — cratucTu4Ha Mipa, sika BUKOPHC-
TOBYETBCS ISl OIIIHKH BaKJIMBOCTI CJIOBa B KOHTEKCTI
JOKYMECHTA,

HDFS — po3smopinena ¢aiinosa cucrema Hadoop;

MDYV - matpuis geTyKTHBHIUX BEKTOPIB,;

MIV — matpuis BXiTHIX BEKTOPIB,;

MOV - marpuiist popMyBaHHS CTOBIIILIB;

HPC (High-performance computing) — cucrema Buco-
KOIPOAYKTHBHUX O0YKCIICHB;

TI — TaGauus iCTUHHOCTI.

HOMEHKJIATYPA

D — memykTHBHA MaTpHIIS;

D1, D2 — BiZMIHHOCTI IIO/I0 KOXXHOTO BXOJy CCKBECH-
copa;

S12 — moxiOHICTE MK BXOJAMH,

T — marpurst Bxigaux ganux (Data as Address),

F — wmarpus ¢yukumionansrocti (Deductive Matrix
L),

M — matpursi-pesyibrar ananizy (Result Matrix);

U — yHIBepCYM IIPUMITHBIB,;

Uj — psiIok yHiBEpCYMY MPUMITHBIB;

Mj — cTOBIUHMK MATpHIIi aHATi3y IPUMITHBIB;

F — HecnpaBHicTb,

T — recr;

L — morivuHUit BEKTOD;

Z — SKOCTi pO3ITi3HaBaHHS KCHCIB;

Qi — iHTerpanpHa OLIHKA SKOCTI PO3Mi3HABAHHS Keii-
ciB

Y — cepenHs OLiHKa SKOCTI PO3Mi3HABaHHS KEHCIB,;

Li — imeanpHuwuii keiic (matepH);

Tj — aktyanbHuii Keiic (TaTepH);

N — KUTBKICTh BXOJIIB CXeMH 200 (YHKIIIOHAIBLHOCTI;

b1, b2 — kommoHeHTH MaTTEpPHAa;

X — KITBKICTh BXOJIIB JIBUTYHA;

Xi — expaH;

Yi — KIbKICTh BUXO/IIB IBUTYHA,;

K — moTy»XHiCTh YHIBEPCYMY;

P — ymcno nmarepHiB 4u eKpaHiB;

Q =kP/x — miBuIKOIisSt BEKTOPHOI TEXHOJIOTIi 0OPOOKH
BEJIMKUX JIAaHHX, SIK aJ[pec;

N=P/x — anmaparypui Butpatu (KiIbKiCTh BOCBMHBXO-
JIOBHX €JIEMEHTIB) Ha peasi3allifo KaCKaJHOTO CEKBEHCO-

pa.

BCTYII

[likaBi HayKOBO-NIPaKTHUYHI pe3yJbTaTH 3aBXKAU
BUXOJSITh Ha CTHKY HayK IUIAXOM IHTerpamii cy4acHUX
MoOJIeJIel, METOJIB, aJrOpUTMIiB Ta TexHoyorid. Tak
CTBOPIOIOTbCS. HOBI HAyKOBI HampsiMH, SIKi BUPIIIYIOTh
mpaktiuuHi  3aBpanHs it IT  punky. OuikyBane
00’€eIHaHHS TPHOX MPOCTOPIB — COLATIBHOTO, (DI3UYHOTO,
iHpopMamifHOTO —  IHII[IFOBAaJO CTBOPEHHA HOBOL
mapagurmu  Intelligent  Computing  (IarenexTyanbHuit
KoM 10TUHT) [1] 7u1st BupillleHHS 3aBAaHb MOHITOPUHTY
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Ta YIpaBIiHHS KiOep-coliabHO-(DI3MYHUMH ITpOLlecaMu
Ta CTBOPEHHS MO3KY JIIOJACTBA.

Intelligent Computing — ray3sb 3HaHb, 110 3aiiMaeThCSA
TEOPIEr0, MPAKTUKOK Ta SKOHOMIKOI JETEPMiHOBAHOTO
Ta “moBipHicHOTO (Al) KOMIT FOTHHTY 3a METPUKOIO Yac-
pecprI/I-HKiCTB JUIA ynpaBJ‘IiHHH mnponecamMu Ta gBUIIAMU
Ha OCHOBI MOHITOPHHTY OLHM(POBAHUX Ta PO3YMHO-
NOB’sI3aHUX MK co0ot0 couianbHOrO, (izMyHOrO Ta
indopwmariiitnoro mpocropy. Intelligent Computing [1] —
HOBa TapagurMa OOYHCIIOBAIbHHUX apXITEKTYp, SAKa
3’¢gHyEe  TIOAWHY 3  KOMII'IOTEpPOM,  TpaauIliiHi
o0YmMCIeHHS 3 TEpIEeNTHBHUM, KOTHITHBHHM  Ta
ABTOHOMHHUM IHTEJIEKTOM Ta CIpHsie H(POBiil peBomoLil
B €IOXY BCJIMKHUX HaHUX, MITYYHOI'O iHTCJ’IeKTy Ta
IHTepHeTy peueil 3a JOIIOMOT0I0 HOBHX OOYHCITIOBAIBHUX
TEOpii, apXiTEeKTyp, METOMIB, cucTeM Ta moaatkis. Intelli-
gent Computing [1] Bxmrouae B Tomy umcni: Cloud, fog,
and edge computing, Big data computing, In-memory
computing, Design and test computing [24], Cyber social
computing, Generic intelligence, Data intelligence, Ana-
log computing, Graph computing , Artificial neural net-
work, Fuzzy systems, Evolutionary computation, Percep-
tual intelligence, Cognitive intelligence, Natural language
processing, Causal inference, Autonomous intelligence,
Brain-computer Interface, High-performance computing,
Quantum computing, Photonic computing, Biocomputing,
Biocomputing computing, Intelligent computing for soci-
ety, economy and governance.

XMapHuit nepidepinHni KOMN’ TUHT
_ ,
s

CraHun

KomaHgun

1

AI-NN-ML- koM’ tOTUHT
KOoMM’FOTUHT BENUKUX JaHUX
In-memory KOMM’KOTUHT

IHTenekTyanbHUM
KOMM KOTUHT

Benwuki aani AkTroauis

JltoAMHO-couianbHUM NPOCTip

P IHGopMaLiNHWI NpocTip

Pucynok 1 — IHTenexTyasbHHH KOMIT FOTHHT JUISI TPHOX
MIPOCTOPIB

Ha puc. 2 mnosuaueno: Enterprise Systems -—
kopmopatuBHi cuctemu; Smart 10T device — posymHumit
npuctpii 10T; Gateway — mumo3; CLOUD — XMAPA:
High computational resources — BUCOKO OOUYHCITIOBaIIbHI
pecypeu; Long-term storage — TpuBane 30epiranHs
Global predictive models — rno6anbhi mporHO3Hi MOJIET;
Global network management — ymnpasiniHHs r100a1bHOO
mepexero; FOG - TYMAH: Distributed storage —
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CLOUD

High computational resources
Long-term storage
Global predictive models

Igl Enterprise N
systems = Clobal network management

FOG

Distributed storage
Data transformaion
Communication mediator
Distributed network
? management and control
:

Low latency
Reduced connectivity costs

Improved security and privacy iﬁ :
On-device processing and analytics 3
Overall improvement of system: 4

autonomy, responsiveness, and adaptability
Pucynox 2 — Cloud, fog, and edge computing rio6ansna
apxirekrypa Intelligent Computing [1]

posnominene cxosumie; Data transformation — meperso-
pennst mannx; Communiccation mediator — komyHikarii-
umii mocepenuuk; Distributed network management and
control — ynipaBmiHHs Ta KOHTPOJIb PO3MOIIECHOT MEPEKi;
EDGE - KPAI: Low latency — mu3bka 3aTpumka; Re-
duced connectivity cOStS — 3MeHIlleHi BUTpaTH Ha Mia-
kirouenHs; Improved security and privacy — mokpariena
Oesneka Ta KoHQineHiHHicTh; ONn-device processing and
analitycs — o6pobOka Ta ananmiTuka Ha mpuctpoi; Overall
improvement of system (autonomy, responsiveness, and
adaptability) — 3aransHe mokpainenHs cuctemu (aBTOHO-
MHICTb, BiJIKJIUK, 8alITUBHICTB).

Big Data — Bemuki jmaHi — Kijgbkicth Ta (opma
iHpopMarii, MO BaXKO CIPHUMAIOTHCS CBIIOMICTIO
moauan. Metpuka Benukux gannx VVV: volume, veloc-
ity, variety (oGcsr, IIBHIOKICTE TEHEpPyBaHHSA Ta
pisHoMawnithHicTp). Data Science — nayka, 1m0 BHBYA€E
KUTTEBUH LUK Ta (GOPMHU JaHUX 3 METOI0 OTPUMAaHHs
akTyanpHol iHQopMmauii Ans NPUHAHATTS — pilICHHS.
BuHKOpHCTOBYIOTHCS MiAXOH: AMCKPETHA MareMaThka Ta
CTAaTHCTHKA, IITYYHUH IHTENEKT Ta XMapHi OOYMCIICHHS
JUIS aHAIli3y BENIUKUX OOCATIB JaHUX MiJ 4ac BHPIIICHHS
3aBIaHb Kiacugikauii, perpecii, kinacrepuzanii. Kimo4osi
incrpymentu: R, Python, Apache Hadoop, MapReduce,
Apache Spark, NoSQL Databases, Cloud computing,
GitHub.

Machine  learning -  amropurMu  TOIIYKY
3aKOHOMIPHOCTEH Yy BXITHHX NaHWX 0€3 MporpamyBaHHSI
Ha OCHOBI PO3yMHHX MEXaHi3MiB iX CTpPyKTypH3amil 3
METOI0 PO3IMi3HABAHHS MATEPHIB Ta MPUHHATTS PillieHb.
«HixTo MammHy He HaB4Yae». BUCIOBIIOBaHHS THITY «s
HaBYal0 KOMIT'I0Tep» ab0 «MH HaBUMIIM HEHMpOMEpexy»,
3By4aTh IIOHAiiMEHIIe HaiBHO, HA JYMKY aBTOPHUTETIB Y
uii  ramysi, Daniel Faggella [3]. BigHoueHus
iepapxiuHOro mopsaky Mix mexanismamu Al-computing:
Data Science |—>Machine Learningle (Al, NN, QOC)
|—>Smart Data structure |—>Big Data. CrpykrypHa GopmyJa
nocmimkennss moeanye Taki kommonentd Intelligent
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Computing: Cloud-edge computing, Machine learning,
Design and test computing [2], Cyber social computing,
In-memory computing, Big data computing. Mera —
3pOOHTH CTIMKMMH Ta MOpaJbHAMH BCi TIPOIECH Ta
SIBUIIIA Y KibepcolialsHOMY mpocTopi (puc. 3).

APpXITEKTYpHO JOCII/DKEHHS IOJJAaHO MOJEUTIo (oH
Heiimana  mms  XMmapHO-TepMiHaJIbHOI — B3aeMomil
MeXaHi3MiB  (ellepaTHBHO-TIPUCKOPEHOTO0  MallMHHOTO
HaBYaHHJ, [IO J03BOJISIE KEPyBaTH MpOIecaMd Ha OCHOBI
MOHITOPHHTY NaHWX, MATYHKIB, IOJEH Ta MPOCTOPIB.
{06 3aomaguTh Ha 4aci i Ha BHTparax €Heprii, 0yio
3allpOIIOHOBAHO  JIOKaJlbHO  HE  BHKOPHCTOBYBATH
apxirektypy  ¢on  Heiimana, a mepeiitu Ha
eHepro30epiraody 0OpoOKYy BENMKUX JaHUX Yy TaM’ATi,
J¢ BOHHM 30epiraroThCs, BHKOpPHCTOByroum read-write
TpaH3akiii, = 06e3  MOTYXHO{  CHCTEMH  KOMaHI
YHIBEpCAIBHOTO TIpoliecopa, SKi 3aMiHIOIOTh JIOTI4HI
BEKTOPH TaM’SITi.

Posymui (moB’si3aHi) CTPYKTYpH JaHHX JO3BOJISIOTH
oe3 porpamMyBaHHs BUpILIyBaTH 3aBIaHHs
CTpyKTypH3alii  KopucHOi  iHdopmamii  mUIIXOM
CYTIePIIO3UIIil TaONHI Ta MAaTPHIb, BeKTOpiB. Llg imes €
OCHOBHOIO B Me€XaHI3Max TEXHIYHOI iarHOCTHKH,
MAalIMHHOTO HaBYaHHS, BKIIOYAIOYN HEHPOHHI MEpexi K
THI PO3YMHHX CTPYKTYp JaHHX.

JIoOyTOK CKIagHOCTI CTPYKTYyp OAaHHWX Ha OOYHCITIO-
BaJbHY CKJIAQJHICTh aJITOPUTMY € MOCTIHHOIO BETHYHMHOIO

(puc. 4).

Circular
economy

Digital
finance

GREEN
TRANSITION &

SUSTAINABLE
SOCIETY

Inclusive
Sustainable society
mobility
Smart &
secure cities
Digital
Bervicos l Digital school
DIGITAL TRANSFORMATION

Pucynok 3 — Komnonentu undposoro cycminsersa [1]:
Socio-technical systems — cowio-rexniuna cucrema; Intelligence
at the edge — Iarenext na mexi; Integrative Al — InterparuBauii
IT; Green Transition — 3enenuii mepexix; Sustainable Society —

crane cycrinberBo; Digital Transformation — nudposa
tpancdopmanis; Digital Finance — uudposi dinauncu; Inclusive
socity — IukirosuBHe cycriabeTBo; Smart & secure cities —
PosymHe Ta 3axuiene cycniaberso; Digital school — mugposa
wikosa; Digital services — uudposi mocayru; Sustainable
mobility — criiika MoGinbHicTs; Circular economy —
LUPKYJISIPHA CKOHOMiKa
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4

Complexity

CxR= Constant

1 2 3 Redundancy

PucyHok 4 — BigHOLIEHHS MiXK HAaIMIPHICTIO CTPYKTYp JAaHHUX Ta
CKJIa/IHICTIO aropuTMy ix 06pobku: Complexity (C) — ckianicTs;
Constant — koncranra; Redundancy (R) — HaamipHicTh

ToMmy maroro 3a HaWOpOCTIINI aNrOpUTMH €
eKCIOHEeHIiHI BUTpaTu mam’ sTi. Taki BUTpatn OymyTh
BUIIPaBJIaHi, SIKIIO CTPYKTypa IAHHUX MICTUTh y SIBHOMY
BUIJIAl pillleHHs KOMOIHATOpPHUX 3aBAaHb. HaiiOinbin
YHIBEPCAIFHOIO MOJIEJUTI0 KOMIT'IOTHHTY Ha BUPIIICHHS
BCiX KOMOIHATOPHUX 3aBJaHb € TaOJHIIT ICTUHHOCTI, SIKii
MOHAj CTO POKiB. Ii ABHi CTPYKTYpH JaHMX aJeKBAaTHO
OIUCYIOTh TaKi iKaBi 00’€eKTH: JIOT14HY
(yHKIIOHANBHICT, TpadoBy CTPYKTYpY, Aiarpamy Xace,
OiHapHi miarpamu, ABIHKOBE IepeBO pimieHb. Tabmmis
ICTHHHOCTI TIEPETBOPIOE  SKCIOHEHINHY CKIaTHICTh
QNrOpUTMy pPO3B’S3aHHS KOMOIHATOpPHOI 3ajgadi  Ha
nimiiHy. KpiMm Toro, Tabnums iCTHHHOCTI MOZEIIOE
KHUTTEBHH LMK BEIUKHX JaHUX, SKI IOJOPOXKYIOTH
TabJIUIEr0 ICTHHHOCTI Bix ero (BiAMIHHOCTI) 0 caMoOCTi
(momi6uocTi). IutanHs numie y TOMY, SK MiArOTYBAaTH
BEJIMKI JlaHi 1XHbOI 0OpOOKM Ha TaOJMII ICTUHHOCTI, SIK
azpec.

Yomy nporo Hixto He poOuB panime? 1. Tabmus
ICTHHHOCTI (TD JISIKAE JIOCITITHUKIB CBOEI0
eKCIIOHEHIIIHHOI0 pOo3MipHicTIO. 2. Mano XTo 3BepTaB
yBary Ha KOMOIHaTOpPHKY SBHUX anpec T1 mis BupimeHHS
mepebipHUX  3aBHaHb. 3. HairomoBHime - 1€
TIPEICTABIATH BENHKI HaHi, K agpecu T1, — mpoctrit xixg
Yy BHKOHAHHI, ajie BUSABIIETHCS HE IyXKe IPOCTUM Y
po3yminHi. 4. Bnacrusicts aapecarii, 3axnageHa y TI,
BBOKAIOTh  JIOCHIAHMKH,  3aKpHBa€  BOpoTa Ui
napanenbHoi 00poOku iHdopmanii, xo4a 1€ 30BCIM He
tak. 5. Baxko kopucryBatucs TI, nampuknan, na 20
3MiHHHX. 6. MaJlo XTO acoOIlif0€ JIOTIYHHII BEKTOp 3

KoMITakTHUM 3amucoM TI, Ha skiii BupinIyroThHCS
MPakTUYHO BCl  3aBAaHHA CHHTE3y Ta  aHalizy
ouu(poBaHUX  TPOLECIB Ta  SBHII, BKIIOYAIOYH
kibepcomianpHi Ta KiOepdizmuni. 7. Baxko Oymo

npurryctutd Tl SK  CTPYKTYpy, SKOK IIOIOPOXKYIOTH
BEJWMKi JaHi BiJ Pi3HHII IO MOMIOHOCTi, BiJ €ro o
camocti mo Kapmy Sury i HaBmakw, igeHTHQIKyOUH
KUTTEBUH 1wmKn Janux. 8. Hesposymino, domy He
BUKOpHCTOBYBanucsl anapecu Tl s imeHtndikamii ta
MOJICTIFOBaHHs KOMOIHAIlI HECTIPaBHOCTEH Ta MOMMJIOK Y
Kibep(i3nyHMX Ta KibepColiaJbHUX CHCTEMAX.

Bxe yTtBOpHBCs Kiy0O BueHMX Ta migmpuemuis (14
oci0) y ramysi IT-inayctpii, ski Marots Haropoxu Global-
IT, mo € ananorom HoOeniBcbkoi npemii. [IpakTiaHO BCi
BOHH y CBOii iHaBTypalliifHii TPOMOBI 3asABILLIH, IO
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MaiOyTHE IJIAHETH 3a KOMII'IOTEPHUMH DIIICHHSMH B
rajgy3i MOHITOPMHTY Ta YNpaBJiHHS cycmiibcTBOM. Ha
[[bOMY MUISIXY JIFOACTBO Ma€ MPOWTH Taki Kpoku: 1)
CTBOpeHHs MO3Ky JmrojctBa mo 2050; 2) Oes3mijoTHe
BUpilneHHss npobiemu TpaHcnopty no 2030 poky; 3)
reHepalisi 3aM4acTiH JIF0JICBKOro opradiamy no 2100; 4)
BHUpileHHs pobaemu xapaysanus go 2040 poky; 5) In-
telligent Computing 3aramepHOrO0  MOHITOPMHTY —Ta
MOpaJIHOTO yTpaBiiHHA cycminbetBoM 10 2080 poky.
Tyt mae Oyt 100pa BOJS MOMITHKIB Ta KEPIBHUKIB yCiX
KpaiH Ta MpOBIAHWX KOMIIaHiM muanetu. [lepmmuii xpok

yxe 3pobmeHo — IEEE-toBapuctBo neramizysaino
BUKOPHCTaHHS CHCTEM INTYYHOTO IHTENEKTY IS
pYTHHHOI  poOoTH  OQOpMIIEHHS  HAyKOBUX  iJeH,

JIOCII/KeHb Ta craTeld. PoOoTh BemyThecs 31 CTBOpEHHs
cTaHaapry ineHTH(dikamii opuriHaJbHUX ied y TeKcTax
Ta BHU3HAYEHHs BaJiTHOCTI PiBHIB Iuiariapusmy. PozymHi
KOHTPaKTH-NIPOTPaMH, SIKi MPONOHYBAJIUCS B OJOKYEHH
KOMIT'IOTHHTY JJIS YNpPaBIiHHS COLIAIbBHUMHU TPyNaMy,
OyIyTh 3aMIHIOBaTUCh PO3YMHHUMH CTPYKTYpPaMH IaHHX
0e3 mporpamyBaHHA, AKi ¢popmyoTs ML-mexaHi3Mu ais
MOHITOPHHTY Ta VIPABIiHHSA COIaJbHAMU TPyIaMH,
YHIBEpCHTETaMH, KOMIAHISIMU Ta JNEep>KaBHUMH CTPYKTY-
pamu.

O06’ext pocmimkennss — in-memory intelligente
KOMIT' FOTUHT, SIKHH 3HWKY€E CHEPreTHYHI Ta FOAWHHI BUT-
paTH mijg yac 0OpOOKH BETHKHUX JTaHUX.

IMpeamer  jmocmipkeHHs —  iN-Memory  anamis
eJIEMEHTIB a00 IM(POBHUX cXeM OyAb-sIKOT pO3MIPHOCTI 3a
joriomororo  read-write  TpaH3akumii Ha  JIOTIYHHX
BEKTOpax.

Mera [OCHIIDKEHHS — INABUIIEHHA €KOHOMIKHA
Benmnkux manux (Data Economy) saBasiku aHamizy JaHuX,
SK anpec Tabmmimi iCTHHHOCTI, s imeHTH(ikamii
MaTtepHiB BUPOOHMYMX (YHKIIOHAIBHOCTEH Ha OCHOBI
METPHUKHU TOAI0HOCTI-BIIMIHHOCTI.

1 IIOCTAHOBKA 3AJTAYI
PosrnsimaeTsest 3amada moOymOBH JIOTIYHOTO BEKTOpa
0i3Hec-(pyHKLIOHANBHOCTI  JUIi ~ MOHITOpDUHTY  Ta
yOopaBiIiHHA  Oi3Hec-miporiecoM.  Mopenb  CHHTE3y
JOTiYHOTO BEKTOpa L momaHa afpecHWM BiAHOIIECHHSIM
Mik ekpaHamu T 1 Tabmmiero ictuuaocTi F: L=F(T).
Po3B’s130K 3aaui moJisirae B 00pOOIll BEIMKUX JaHUX, 110
3HAXOAThCS Ha €KpaHax, K aapeciB TaOJIHIl iCTUHHOCTI,
o (GopMye BIAMIOBIAHY KUTBKICTh KIFOYOBUX CIIIB, 3 SKHX
CKJIAZIa€ThCs JIOTIYHUH BEKTOp 200 1IEHTU(IKATOp IpyIu
ekpaHiB ansi1  (QopmyBaHHA mabioHy abo JOTiYHOI
¢yHKIiOHABHOCTI. J{7Is MpenCcTaBIeHHS KITFOUOBHX CIIB
agpecaMy TaOIUI ICTHHHOCTI HEOOXiMHO IX YHITapHO
3aKOIyBaTH Ha MHOKHHI JO3BOJICHUX CUMBOJIIB, 5IKi (pop-
MYIOTh yHiBEpCYM. 3aadya moOyIOBHU JIOTIYHOTO BEKTOpa
Ha TaOJUI ICTHHHOCTI Ma€ JIiHIIHY CKJIQJAHICTh, 3aBISKA
EKCIIOHEHI[IaJIbHOMY XapakTepy HaJJTHIIKOBOCTI CTPYK-
TypH JaHux Tabnuui ictuHHOCTI. DOpMainbHe PiBHSIHHS
CHHTE3Y JIOTIYHOTO BeKTOpa (YHKIIOHaJIbHOCTI Oi3Hec-
Npolecy  ITOAaHO  CHIBBIAHOWICHHSAM  HACTYITHHX
mapamerpiB. L=F(X), L - noriunuii
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¢dyHkmioHansHOCTI, F — Tabmus ictuHHOCTI, X — KiHIIEBE
YUCJIO 3MIHHUX-CKPaHIB, Ha SKHX 3aJaHa TaOJHIls
ICTHHHOCTI Ta JIOTTYHHIA BEKTOP.

Hexait 3agano notik expanis X={X1, X2,..., Xn}, sxi
maroth OCR-naHi, npecTaBieHi 1BOMa MHOXXHHAMHK: 1)
headers — 3aronoBku J0JaTKiB Ta aKTHBHHUX IOJIB €Kpa-
ny; 2) keydata — mami, 110 3aHOCATHCS B aKTHBHI OIS
ekpany. [IpakTuuHe 3aBIaHHs MOOYIOBH JIOTTYHOI MOJIEII
Oi3Hec-Tporecy nomsirae y (OpMyBaHHI 3 KIIFOYOBHX JIa-
nux, mo Hamexats MHoxuHi {headers, keydata},
inenTudikatopiB expany. CyKymHICTh MaTepHiB (Gopmye
noriudy ¢yskuito 0izHec-nipouecy. [Ipu npomy narepH —
OyZIb-siKa MPOCTOPOBO-YACOBA IMOCIITOBHICTh CJIEMCHTIB,
[0 BiATBOPIOETHCS, 00’€IHAHA CMHCIOBOIO METPHKOIO.
[MarepH abo xeiic € peanizauis 6i3Hec-(pyHKIIOHAIBEHOCTI,
sKa 3QJUIIAE CIiJl Yy BUIJSAAL JaHWX. [AeHTUdIKaIis
NaTepHy BUXOAUTH IIUIIXOM CTUCHEHHS BEIMKUX JIAHUX Y
CTOBMIAX TaOJIHI ICTUHHOCTI.

Ines pmocmimkeHHs mpocTa: JUIA  [IEPETBOPEHHS
EKCIIOHEHITIMHOTO aNTOpUTMy Ha IiHIHHWHA, TOTpiOHO
BUKOPUCTOBYBAaTH EKCIIOHEHLIHHI CTPYKTYpH SBHHX Ia-
HUX, imeampHOI0 (opmoro skux € TI Jlmst oOpoOxum
BENUKUX JaHUX, AK afgpec TI, HeoOXigZHO BUKOHATH
YHITapHE KOJIYBaHHs JaHUX Ha YHIBEPCYMi NPHMITHBIB.
OTtpumany MaTpHIIO JBIKOBUX BEKTODIB
NIepEeTBOPIOBATH HAa aJ[PECH Y BIKHI CIIOCTEPEXKEHHS, L0
JOpiBHIOE KijbkocTi 3MiHHUX y TI, Ta 3amakyBatu Ha TI.
Komo6inaropui BinactuBocti crpykrypu T1 ¢opmytors mo

NoriyHumn
BEKTOP
dyHKLioOHanNb-
HOCTI

YHiBEpCYM

Benwuki
OaHi aK
CKPIiHLIOTK [BinKoBuin
wabnoH
BE/TNKUX

baHnX

Tabnuusa
iCTUHHOCTI
dyHKUiOHaNb-
HOCTI

5

dYyHKLiN 6idHec-

YnpaBniHHA giamMm

CTOBIIIAX CKBIBAJICHTHI MHOXXWHH JaHUX MPH JIHIAHUX
BuTparax uacy. Ha TI BupimyroTbcs Taki 3aBIaHHs
aHaNI3y BEMMKHUX JaHuX: 1) eKBiBaJCHTYBaHHS JAHUX TI0
cropmisiM  aiapecam TI; 2) Bu3HAaYeHHS MOMIOHOCTI-
BIIMIHHOCTI 3a JaHUMH Yy TarepHax;, 3) MONIyK Ta
imeHTU(]IKAlliS MAaTepHIB y BENUKHX OaHUX; 4) MOIIyK
JIAaHUX 32 33JlaHAMHK [1abiaoHamu; 5) moOymoBa JOTiYHOT
MOJIENi TIPOIIECY YW SBHIIA 32 JIOTIOMOTOI0 YHITapHOTO
KOOYBaHHS TAaTepHiB JABIHKOBMMH BEKTOpaMH Ha
yHiBepCyMi TpuMiTHBIB; 6) Bamimamis kKiGepcoriaabHOTO
Ipolecy Ta MOIIYK aKTIOATOPHUX CTaHIB Ta MOMHJIOK y
HBOMY; 7) moOymoBa TecTy MoOIedi KiGepcoriaabHOro
Tpo1IeCy.

[loetanHO cXxeMy CHHTE3y KOM'IOTHMHTY MOJKHA
nojaTi Takumu 3amadamu (puc. 5): 1) BHKOpHCTaHHS
BiractuBocreit Tl  mis  igeHTudikauii  ekpaHis,
CKBIBAaJICHTYBaHHS KJIIOYOBHX JAHUX; 2) 3HAXOKCHHS
MaTepHiB BUPOOHMYMX (YHKIIOHAIBHOCTEH Ha OCHOBI
MOMIOHOCTI-BIIMIHHOCTI ~ JIOTIYHHUX  BEKTOPIB, 11 ()
bopMyIOTh (hparMeHTH Keiicy; 3) Kimacrepusailis GizHec-
NOTOKY  BEJIMKHMX  JaHUX  II0J0  BHPOOHHYMX
¢dyukmionansHOCTEH; 4) imeHTH(iKaNmiA BHPOOHHUMX
(YHKIIOHATBHOCTEH Ta KeHCiB y Gi3HEC-TIOTOII TaHuX; D)
noOysoBa aBTOMATIB MOMIYKY MOAIOHOCTI-BIIMIHHOCTI
JIAHUX y TaTepHax Oi3HeC-MOTOKY; 6) CHHTE3 JIOTiYHOrO
BEKTOpPa BHPOOHHYOrO MpPOIECY; 7) CHUHTE3 JIOTIUYHHX
BEKTOPIB JUIsI MOHITOPHHTY Ta YNPABJIIHHS BHPOOHUYNM
TIPOLIECOM.

6 Vi
PosnizHaBaHHA
dYHKLIiOHanbHO-
CTi 6i3Hec-noToKy

MopentoBaHHA

CTBOpEHHA
MaLUUHU
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6i3Hec-
npouecamu

MOTOKY

BuasneHHAa
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.JlacTtepusauia
wabnoHiB Ta
ineHTUdikauin
eKkpaHa

Pucynok 5 — CxeMa CHHTE3y KOMIT FOTHHTY Oi3HEC-ITPOIIeCy

201JIs1 4 JITEPATYPU

[ukn moninuieHHsl CTPYKTYp IAHMX, allOPUTMIB Ta
MEXaHi3MIB CTAQHOBUTH IHTEpEC 3 TMOMISAY EKOHOMIi
pecypciB Ta dYacy Ha OOpOOKY BEIHKUX JaHUX.
[linTBep/KeHHSIM ~ CKa3aHOTO MOXe OyTH  Benmka
KinpkicTh my6unikaniii y IEEE Xplore 3a ocranni 10 pokis,
npucesiuernx Temi Data Economy. Cnocrepiraerses
CTIMKUI TpeH T 3HWKEHHS KapT-By3IiB B apXiTekTypi Map
Reduced mix gac 06pobku Bemukux obcsriB manux [4-8].
Benmuki mami TparHyTh BHKOpPHCTaHHs oaHoro data-
LEHTPY 3 BEJIMKHM O0CSroM mam’sTi s 30epiraHHs
inpopmarii. Ile Hacammepen HEOOXIAHO IS 3HHKCHHS
BUTpaT eHeprii 1 wacy o0OpoOKM [aHHMX pPaxyHOK
3MEHIICHHS TpaH3aKIin nepeaayi MiX
00YNCITIOBAIILHUMH LIEHTPaAMH.

[IpoBeneHi eKCIIEpUMEHTH TTOKa3yIOTh, 1110 CKOPOUYCH-
HSl KapT Ma€ BEJMKY I[HHICTH NMpH 0OpoOIi BEINYe3HUX
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o0CATIB  JaHWX y  Oy)Ke  BEIHKUX  KjacTepax.
BHKOpUCTOBYIOTBCSI TakOX IliKaBi JOMOBHEHHs a0 Map
Reduced, Taki sx Haipuuii baiiec, J48 Ta Random Forest,
K-Means monenb raycosoi cymimi (GMM), norictnyna
perpecis (LR) ta knacudikarop sunaakosoro micy (RFC)
Uil e(DEeKTHBHOTO MaHHIHTY BCEpEAMHI BEIMYE3HUX
o0csTiB  JaHUX, SKI TaKOX EKOHOMIITH CHEPTiko.
IMokazano, mo Spark-texuounorist y 16 pasis miBuiie, Hixk
obuucenns Hadoop Map-Reduce mist 06poOKH BENHKHX
JaHWX 1 OiMbIT epeKTHBHA 3 TOUKH 30pY €KOHOMI{ eHeprii.
PosrisiaaroTecs MeXaHi3MH [9] MPUCKOPEHHS
iTEpaTUBHUX  QJICOPUTMIB  MAIIMHHOTO  HAaBYaHH,
peanizosani B Hadoop Map-Reduce (Stock) ta Apache
Spark Ha ocnoBi rpadiunoro mporecopa. TyT Bce mo6pe
31 MIBUAKOMIEIO, aje TII0raHo 3 EHEProBUTpaTaMH.
Posrmsnyro  Tpu  amroputmu  kiacubikanii  [10]:
knacudikatop k-NN, knacudikarop UeHTpOiniB Ta
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HaiBHMI1  OalieciBchkuit  kiacudikarop.  Emmipuuni
pe3yJbTaTd MOKa3yioTh, 1o kiacudikatop Centroid e
HaWOUIBII TOYHUM Y IIbOMY BHIAJKY 3 TOUHICTIO 10 95%
nopiBasio 3 k-NN, tounicTe sikoro cranoButh 92%, i
HalBHUM KJacugikaTopoM O0aifeCIBCBKUM 3 TOYHICTIO
91,5%. IlporonyeThcsl AMHAMIYHE HANAIITYBAHHS CIIOTIB
[11] y mpoueci 06pobku ganux — Dynamic Hadoop Slo-
tAllocation, 1o mixBuUIye 3aBaHTAKEHHS KOXHOTO
o0uuCIIOBAIBHOTO By31a. lIpomonyerbess meron [12]
mepenadi BeMW4e3Hoi 0azn JaHUX Bif MiCI 30epiraHHs
0 By3Jla OOYMCIEHHS Ta 1HAEKCYBaHHA UL PO3MOILTY
3amuTiB, MAacIITa0OBAaHOCTI Ta MPOAYKTUBHOCTI B
TeTepOTeHHUX CepeloBHIax. Pe3ynbratu cBiguaTh, L0
3aMpoIroHOBaHa po00Ta CKOPOUYE Yac OOPOOKH JaHHUX Ha
30%. Haseneno cuctemy [13] o0poOku maHuMX st
aBTOMATHYHOI Kiacudikamii Ha OCHOBI Ba)XJTMBUX
MEIMYHUX TEPMiHIB 3 BuKopucTaHHsM [|F-IDF Ta
TEMaTHYHOTO MOJIENIIOBAHHS Ul TPUHHATTS BalliHUX
niarHo3iB. Po3rismaeTbcs BHKOPHCTAaHHS —JOJAaTKOBOI
obumcmoBanbHOI  moTykHOCTI  [14] mis  3HMWKEHHS
KOMYHIKAIliIfHOTO ~ HABAHTAXXEHHSI y  PO3MOALICHHUX
OOYMCIIEHHSX, 10 MO3UTHBHO BIUIMBAE HA MIBUIKOIIIO Ta
3HIKCHHS  BHTpar  eHeprii.  bimpm  KOHKpeTHO,
PO3MIISAAETBCS  3arajbHa  CTPYKTypa  PO3MNOAUICHUX
o0OunciieHb, 3acCHOBaHa Ha CTPYKTypax, IIO 4YacTo
BHKOPHCTOBYIOThCS, Takux sk MapReduce, me 3arasbHi
OOYMCIICHHS pPO30MBAIOTECS Ha OOYHCICHHS HaOopy
obyukuiiit  «Map» i «Reduce», posmogiieHux 3a
CYKYIHICTIO OOYHMCIIOBaJIbHUX BY3JiB. Ilporonyerbcs
crparerisi BipTyanbHOro meperacoByBanus [15], o
J03BOJIsIE 3a0e3MeunTH eEeKTHBHE MEPEeMIMICHHS TaHUX
Ta CKOPOYCHHSI KUTBKOCTI Olepaliil BBEICHHS-BUBOLY JUIS
neperacoByBanus MapReduce, TuM caMuUM 3HHKYIOUH
EHEeprocroXUBaHHS Ta 30epiraroun eHepriio. Bipryansue
IIepeTacoBYBaHHSA  pEANi3yeTbCd 32 JOIOMOIOIO
KOMOIHAIiT TPhOX METONIB, BKJIIOYAIOYH TPUPIBHEBY
TaOJUIY0O CETMEHTIB, 3JUTTSA, ONM3LKE 10 BHMOTH, a
TAaKOXX JMHAMIYHE Ta 30aJaHCOBaHE 3JIMTTA MiIICPEB.
Exonomisi eHeprocmokuBanHs mporpam  MapReduce
cknana 12%. Tpaguuiiina cucremMa BUCOKOIIPOAYKTHBHUX
obunciens (HPC) € mpukmamoM cHCTEMH 3 0OMEXEHO0
mam’stTi0.  [Ipomonyerscss HOBa cucrema MapReduce
(Mammoth) [16], wMeToro sKOi €  TIiABUIICHHS
MPOAYKTUBHOCTI 3a PaxyHOK TIJIOOAIBHOTO YIIPaBIiHHSI
mmam’sITTIO, IO MiJBHIIY€E MIBHIKOAII0O OOPOOKH JaHWX Ha
40%. Poszsurok 1uppoBoi immycTpiamizamii [17-21],
U(PPOBOi EKOHOMIKH BEJIHKUX JaHUX HA MICIAX, JOCHThH
BIIQJICHUX  BiJ  LEHTPY, TMPEACTABIIAE  BEIHKY
TENEeKOMYHIKaIiHHY npobiiemy, AKY HOTPiOHO
BHpIIIYBaTH JJIsI TOro, 00 MaTtu HUQPOBY IHIYCTPIrO
iHBapiaHTHY I'eomo3ullii OyIb-IKOT0 HACEIEHOIO MyHKTY.
[linkpecnroeTbcss  BaXKIMBICTH  BEJIMKHX — JAHUX Y
COLIANBHIA  EKOHOMIIli,  PO3KPUBAETHCA  3HAYCHHS
mu(ppoBoi EKOHOMIKA TPOMHCIOBOCTI BEIWKHUX NAHUX, 1
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HaBiTh aHAJI3YIOThcs pedopMH, BUKIMKaHI BEIUKUMU
JIAHMMH Ta 3aX0JIM, CTBOPEHI 3a/1sl iX 3acTtocyBanHs [21].

TakuM 4YMHOM, PO3MOALJICHA KOMII'IOTEPHA CHCTEMa
CKJIaZIa€ThCsl 3 MHOYKHHH B3a€MOIIOB sI3aHUX By3JiB. BoHn
MOXYTb OyTH (i3MYHMMH, BIpTyaJIbHUMH MalllMHAMH 41
KoHTeiiHepamu. Komu rpyma By3miB Hajae KIiEHTY
MOCIYTH Ta MPOTpaMH, SKOW me Oyna oJHa MallnHa, il
TaKOXk Ha3WBalOTh KiactepoM. Hadoop — ue mmarpopma
JUIsl BAKOHAHHS 3aBIaHb Ha KJlacTepax KOMII FOTepiB, sKa
3abe3medye rapHy SKiCTh 0a30BOTO OONagHAHHS Ta IMpPO-
rpamMHorOo 3abesnedenns. Hadoop3 - 1e mpoexkr,
Harmrcanuii Ha Java 3 Bigkpurum komom Apache Software
Foundation.

MapReduce — 1e mapaaurmMa mnporpaMmyBaHHs, IO
3a0e3neuye MacImTa0yBaHHSI COTEHb ab0 THCSY CepBEpiB
y xmacrepi Hadoop. aitnoa cucrema Google
BUKOPHCTOBYE  METOAM  pO3MOJiNy, OOpoOKM Ta
arperyBaHHsl BEJIHMKOTO 00CATY JaHUX JUIsS IIONIYKOBOT
cucremu Google. Bepcis MapReduce 3 BigkpuTum
BUXITHUM KOJOM Ti3HiMIe Oyia BWITymIeHa B paMKaxX
npoekty  Apache Hadoop 3 opiedramiero Ha
(yHKIIOHANIFHE TIPOTpaMyBaHHS, $KE OpIEHTOBaHE Ha
sHaHHs hardware apxitektypu. da3u BUKOHAHHS 3aBIaH-
s MapReduce: moain gaHux Ha KiJTBKOX KOMIT FOTEPHUX
By3JlaX, 3aCTOCYBaHHsI (YHKIIT KapTh 10 KOXKHOTO (par-
MeHTa fAaHux. COpTyBaHHS Ta MepeMilllyBaHHS JaHUX, Ta

posmoninn 32 penykropamd. CKOpPOYEHHS JaHUX 13
BU/JaUel0  pe3ynbrary. YoTHpu  eramM:  poO3IMOJi,
3icTaBJICHHS, COPTYBaHHS Ta TIepeMilTyBaHH,

ckopouenns (split, map, sort & shuffle, reduce) (puc. 6,
a). Apxitekrypa Hadoop e maketom ¢aitioBoi cucremy,
mexanizmy MapReduce i HDFS (po3noainenoi ¢aiinoBoi
cucremu Hadoop). Knacrep Hadoop ckmamaerbes 3
OHOTO TOJIOBHOTO Ta KIJIBKOX INJUIETJIUX BY3IIB.
Tomosuwmii By3onm Bkirouae Job Tracker, Task Tracker,
NameNode i DataNode, Tomi sk migjierauii By30I
srmouae DataNode i TaskTracker. Ilpo6iemue Mmictie TyT
— ONOK COpPTYBaHHS Ta IEpEeMIilllyBaHHS AAaHUX, SKHHA y
KOXHI KOMIIaHIT € CEKPETHUM KITIOYEM, SKHi (opMye
yCIiX KOMIIaHil Ta TIO3UTHBHY €KOHOMIKYy 0OpoOKn
BeJIMKHX JaHuxX. MapReduce - me Makpo-BUKOHaHHS
MeXaHi3My TIIHOOKHX HEWPOHHHX Mepex, e BiJ mapy 10

nrapy  OpamioloTh  NPOLENYpPUM  COPTYBaHHA — Ta
nepeMilIyBaHHS JaHUX.
YV  wmerpuri Hadoop Map-Reduce Ttexmika Ta

apxiTeKTypa aHaji3y JaHux 3a fgomomororo TI mpencras-
neHa Ha puc. 6,0. [IepeBaru 3arpornoHOBaHOTO PO3B’S3KY:
1) BimcyTHi KaHATH 3B’A3Ky MDK Mam’SITTEO Ta MPOIECO-
POM MiX IPOIIECOPaMHU-BY3JIaMH KiiacTepa; 2) BiACyTHii
OJIOK TepeMillyBaHHS Ta MNeperuTyTyBaHHsS iH(opmanii,
SKWH 3aMIHIOE PO3yMHa CTPYKTYpa pAJKiB-aapec TaOauii
icTuHHOCTI; 3) OJIOK pPO3MOIiNy AaHUX 3a KapTKaMH-
By3JIaMH 3aMIHIOETBCS IIOJALIOM YHITApHO KOJOBaHUX
JaHWX 3a ajpecamd, MO Habarato eQeKTHBHIIIE 3a
LIBU/IKOJIEI0 T EHEPrOBUTPATAMH.
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Pucynok 6 — Cxema TexHik Ta apxiTekTyp st 00pobku Benukux mannx Hadoop Map-Reduce

OO0po0iieHi BenuKi JaHi MarOTh COLiadbHE 3HAYCHHS
JUIL  PO3BUTKY  CYCHUIbCTBA Ta  IPOMHCIOBOCTI.
InrenextyanpHa 00poOKa BENMKHX JAHUX € YMOBOIO
CTBOPEHHS KOJIEKTHBHOTO pPO3yMy COLIQJIBHOT TPYIH,
KOMIIaHii, JIepkaBu Ta IUIaHeTH B 1ijomy. Ilpu npomy
exoHOMika Benmukux nanux (Data Economy) Buxoauth Ha
mepire Miclie B OIIHII MeXaHi3MiB OOpOOKH, OCKUIBKH
JIy’Ke BaXJIMBUMHU € J[Ba TIApaMETPH: LIBHIKOIS 0OpoOKH
JAaHUX Ta SHeproBUTpaTH. ToMy MeXaHi3MH, Opi€HTOBaHi
HAa TTapainelbHy 00poOKy BEIMKUX JaHUX yCepEenuHi IIeH-
Tpy 30epiraHHs naHux, OyayTh 3aBxau moTpiOHI Ha IT-
puHKy. Benuki gaHi — KUIbKICTh iH(OpMAIIT, 1110 BaXKO
CHPUHMAETHCS CBIAOMICTIO JIOMUHHU. MeTprKa BEITHUKUX
manux  VVV: Volume, Velocity, Variety (oGcsr,
NIBHIKICTh TeHEPYBaHHs Ta pi3HOMaHiTHICTB). 1. 06 em
o3nauvae, mo Big Data e Benuki MacuBu iH(opMmAIil.
CroromHi B KibeprpocTopi 3HaxoauThess 165 3era-Gait
iHpopmManii, 3 HHUX BHKOpPHCTOBYeThcs Jmme 4%
CTPYKTYypOBaHUX NaHuX. 2. IIIBUAKICT CTBOPEHHS AAHUX.
Onun aBTOMOOINL 0O€3 JpaiiBepa reHepye choroaHi 4
TepabaifTh NaHWX 3a AcHb. 3. PI3HOMaHITHICTE — 1Ie pi3Hi
JoKepena iHpopmamii Ta pi3HOMaHITHICTH (opMartiB
(aymio, Bimeo, GOTO, TEKCTH, CAMBOJIN) TaHUX. EKOHOMIKA
BEJIMKUX JaHUX — e JoBecTh 4 KopHcHi BigcoTku o 20 3
METOI0 OTPHUMaHHS IITYYHOTO pO3yMy abo MO3KY
JIONCTBa 3 MIHIMalbHHUMH BHTpaTaMd 3a 4YacoM Ta
eHepriero. Jlam po3risAarOThCA CKOHOMIYHI MEXaHI3MU
NEPETBOPEHHST BEJMKUX HECTPYKTYPOBaHUX JaHUX, SK
ajZipec, B KOPHUCHI CTPYKTypOBaHi JaHi, 3a paxyHOK
pO3po0OKM  mapaneibHHX  adropuTMiB  iN-Memory
KOMIT IOTHHTY.

3 MATEPIAJIA I METOAU

PosrissHemo online knacudikaiiito BETUKHX JaHUX 32
METPUKOI0 TMOAIOHOCTI-BIiIMIHHOCTI TaTepHIB y Oi3Hec-
MOTOKY eKpaHiB. BuxigHi maHi TpencTaBieHi MOTOKOM
OCR-po3mi3HaHuX TeKCTOBUX (PparMeHTIB Ha COTHSX 300-
paKeHb €KpaHiB KomI'roTepa. MaremMarnyHa MOZENb
MIPEe/ICTaBJICHa Y BUIIISAAL JIEIYKTUBHUX BEKTOPIB, SIKI BU-
KOHYIOTh pOJib (INbTpa s BHU3HAYEHHS IOIOHOCTI-
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BIZIMIHHOCTI eKpaHiB Oi3Hec-moToky aaHux. [Ipu mpomy
JlaHl Ha eKpaHax Mo/iaHi ABIKOBUMH BEKTOpaMHU YHITapHO
KOJOBaHUX IPHUMITUBIB yHiBepCyMy, Ki PO3IIIIAIOTHCS
SK aJpecu Uil BHIy4eHHs iH(opmarlii 3 IeIyKTHBHOTO
BEKTOpA.

[NapanenpHuil aHai3 ABIHKOBOT BXiHOI iH(pOpMAIIii Ha
matpuui Tppox Bekropis (0100 1101 0001) mnst otpumaH-
Hs BiaMmiHHOcTe mo koxHomy Bxomy (D1, D2) i
noxibHocTi Mik Humu (S12) mpescTaBieHnit Ha puc. 7.
Anpecu GOpMyIOTbCS KOMOIHAITIEI0 CHTHAMIB 3 TIEPIIIOTO
Ta PYroro BXiJHOTO BeKTopa Output vectors, siki ckiamga-
I0Th CTOBIEb-KOA IS 34YWTYBAaHHS BiAIIOBIXHOTO CTO-
st (00 01 10 11) BekropHOi MaTpuili, o GopMye mapa-
JenapHO cToBMII Output vectors. IlpuponHo, mo Joriyne
muoxkeHHss (&) Tppox BekropiB (D1&D2&S12) =
000000000000 nmae Hys B BEKTOp, Ta iX JH3’FOHKILSA Y Ja-
HOMY BHIAJKy JOpiBHIOE JAW3’FOHKINT (+) BXimHHX
BekropiB:. (D1+D2+S512)=1110011111110. BekTopHuii
aHalmi3  JaHUX  ITIEPETBOPIOETHCS HAa  MaTPUYHUI
KOMIT YOTHHT JUIi OOpOOKH BENHMKUX JaHWX. TOMY HIDKHS
yacTHHA pHC. /, O MPHCBAYCHA CTPYKTYPl MAaTPUIHOTO
aHami3y BENHKUX MAaHWX [UII BH3HAYCHHS TOMiIOHOCTI-
BIIMIHHOCTI MDX BEKTOpaMH, SKa HAIXOIUTh Ha BXOAU
MaTpU4HOro cekBeHcopa. KijbKicTh BXOIB Takoro cek-
BEHCOpa — YHCI0 pAaKiB y MaTputi D — 3axam nopiBHIOE
KUTBKOCTI MOTOKIB JaHUX, SKi HEOOXIMHO OOpOoOJIATH Ta-
panensHO. KoxeH psgok marpuili L cBoiMu oauHUYHUMHE
3HAYCHHAMH (HOPMYE AesKy QYHKIIOHATBHICTD (CXOKICTb,
BIZIMIHHICTE) OOpOOKM BXiJHHUX JaHHX, SK ajpec.
CyKyIHICTB psIKiB AeAyKTHBHOI Marpuli L ¢popmye mer-
PHKY BIIACTHBOCTEH, KUIBKICTH SIKMX JOPIBHIOE BHXOJaM
cekBercopa (marpuri M). IHakie, KiTbKiCTH BEKTOpIB
Matputpb L i M gopiBHIOE Mik c000F0.

DopMabBHO MOXXHA PO3IJISAIATH  3arpONOHOBAHHI
KOMIT IOTHHT SIK XOl-BIZHOIIEHHS TPHOX MAaTPHIlb, IO
JopiBHIOE HyTr0, e T — BXimni mani (Data as Address), F —
¢yuxmionansHicTs (Deductive Matrix L), M — pesymnsrat
ananmizy (Result Matrix).
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Pucynok 7 — MaTpu4HUii apanebHuil aHai3 BETMKHUX
JIAHUX, SIK aJ[pec

[IIBuaKOmis MapaleTbHOTO ANTOPHTMY aHAJi3y BEJH-
Kkux gaHux Ha Matpuri MDV nexykTHBHHX BEKTOpIB CTa-
BUTBCSL B JIHIHHY 3aJeXKHICTh BiJi 4ucia OITIB BXIIHUX
BEKTOpiB 200 TMOTYXHOCTI YHIBEpCYMy MPUMITHBIB.
VHiBepcyM (CITOBHHUK) — BIOPSAIKOBAHA MHOXHHA (BEKTOD)
HEMOBTOPHUX JIaHUX Ha BHOpaHiil KiNBKOCTI EKpaHiB.
VYHiBepCYyM 3HAXOJUTHCS IUITIXOM OOYHCIICHHS MHOXHHU
BCiX MPUMITHBHUX CHMBOIIB (CJIiB) HAa OCHOBI Omeparopa
300py OpHTIHANBHUX TEKCTIB BCIX aHATI30BaHUX CKpaHiB

(puc. 8).

Pucynok 8 — Anroput™ oTpHMaHHs yHIBEpCYMy [IPUMITHBIB

VY mpoueci CTBOpEHHsI YHIBEpCyMy SIK METPHKHU Oi3HeC
MIOTOKY BHKOHYETHCS KOJYBAaHHS KOXKHOTO CHMBONY Jie-
csatkoBUM HOoMepoM (puc. 9). Ilicns uporo Ha oTpuUMaHii
METpHUIll BHUKOHYEThCS VHITapHE KOMYBAaHHS CHMBOJIB
KOXKHOT'O EKpaHa.

1 [2 |3 J4 |5 [6 [7 [8 ]9 [10]11 [12 ]
ma he ye in on no do go di ha qu me
T S O T ERN B3 PO O NN (R 20 0

(L S A O (O 0S8 29 ET TS (G =1 40

Pucynox 9 — Bextop yHiBepCyMy NPUMITHBIB Ta yHiTapHE
KOJLyBaHHS CHMBOJIIB €KpaHy

[ToTiM KOXHa MHOXXHHA CHMBOJIIB €KpaHY KOIYETHCS
JBIAKOBUM BEKTOPOM, J¢ OJMHHUICKD BiJI3HAYAETHCS
MO3WIIis, IO BIiJIOBIa€ CHMBONY, IO TNPUCYTHS Ha
eKpaHi, o KoayeTbcsa. OTpuMaHi BXigHI JaHi, O CTa-
HOBJIATH BXiZHY Marpuiio BXigaux Bektopis (MIV), mo-
JAFOTBCS HA MATPUIIO BEKTOPiB AenyKTUBHUX MDV mns
MTOJTANIBIIIOTO aHANI3Y, JI¢ CTOBMI BXiZHOI MaTpHUIl pPO3-
[ISIIAIOTECST SIK aApecd IJisl 3YATYBAHHS BIAMOBIIHUX
crosriie MDV mnst popmysanns crosnuis MOV. Skmio
HEOOXiJHO TpoaHanizyBaTi N=8 eKpaHiB 0JJHOYACHO, TOJI
CHHTE3Y€ThCS HACTYIIHA MATPHIIS JUIs CIEMEHTa Ha BiCiM
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BXOJIIB 1 KOXKEH JIeJlyKTUBHUI BEKTOp OyJie PO3MipHOCTI
2"=256 6ir.

ApXITeKTypa BEKTOPHOI TEXHOJIOTii OOpOOKH BEIMKIX
naaux Mmae cTpykrypy (puc. 10), sika BHKOHYE (YHKIIIi:
1) Preprocessing — mifroroBka TEKCTIB IO MOJEIIOBAHHS
[UISXOM TIOIIYKY YHIBEpPCYMy TEKCTOBHX IMPHUMITHBIB Ta
VHITapHOTO KOIyBaHHS €KpaHiB IBIHKOBHMH BEKTOPaMH;
2) M-Computing — memory-based computing — mozesnto-
BaHHS JIBIMKOBHX BEKTOPIB JIAHMX Ha IIaM’ATi-MaTpHIl
JENyKTUBHUX BEKTOPIB, III0 BHAUISIOTH MOMIOHICTH-
BiaMmiHHicTB; 3) POStprocessing — BHKOHYEThCS TEPETBO-

peHHS ABIHKOBMX BHXIJHUX BEKTOPIB Yy TEKCTOBI
MPUMITHBH.
MonepeaHa o6pobka Mopanblua o6pobka

KoaysaHHs
n ekpaHis
BENNKNX
[aHUXy
BEKTOpU

[NekopyBaHHA
BeKTopa
norikn
BENKUX
AaHux

[JexoaysaHHA
BekTopa 10
ELERELLE
[AaHnx
ekpaHy

Benwi
AaHi B
Tabnumui
icTUHHOCTI

MpuMiTUBHUI
yHiBEpPCYM

LA N eKpaHiB
TF/IDF

Pucynok 10 — BekTopHa TeXHOJIOTisE 00pOOKH BETHKHUX JTaHUX

Po3risiHemo anani3 qanux, sk aapec TI, nus inentudi-
Karii eKpaHiB Ta naTepHiB-KeiiciB 0i3Hec-
(DYHKI[IOHATBHOCTEH Ha OCHOBI METPUKH JIaHWX, BIIOPS/I-
KOBaHMX 32 IX 3HAUMMICTIO. 3aBJaHHs MOXHA 300pa3uTH
CXEMOI0 BEKTOPHO-JIOTIYHOTO CHHTE3y Mojeni Oi3Hec-
npouecy (puc. 11): 1) Bukopucranus siaactuBocTei TI
Ui ineHTH(dIKail eKpaHiB, CKBIBAJICHTYBAHHS KITFOUOBUX
JIAHUX-CJTIB; 2) 3HAXOJKEHHS MaTepHiB-KEHCiB HA OCHOBI
MOIOHOCTI JIOTIYHUX BEKTOPIB, 1O (GOPMYIOTH KelicH; 3)
pO3KIIaTaHHsI Oi3HEC-TTOTOKY BEIHKHUX JaHUX IIOJO CYTTE-
BUX (DYHKIIOHATBHOCTEH; 4) po3misHaBaHHS (YHKIIOHA-
JBHOCTEW Ta KeWCiB y Oi3Hec-TIOTOolll IaHUX Ta 1X 1IeHTH-
¢ikartist; 5) mo6ymosa online-asromara ymnpasiaus GpyHK-
OHATBHOCTAMK  Oi3Hec-TiporieciB; 6) 1106 BiAHOBHUTH
(YHKI[IOHANBHICTh MOTPiOHI JIBa KOMIIOHEHTH. MUTaHHS-
headers abo BximHi yMOBH, a TakoX BiAMOBimi-AaHi abo
CTaH BHXOJIB, SIKi CJIiJi aBTOMAaTHYHO CKOHTAKTCHYBATH:
F=TxorL — murannsa-signosigs. HasBHICTE BUXIOHUX n1a-
HUX HE TapaHTy€ BiTHOBJICHHS (PYHKI[IOHAIBLHOCTI, IS
I[FOTO MOTPIOHO 3HATH IIle W BXiJHI JaHi, TOOTO MUTAHHS,
SIKi 3aJ1a€ CHCTeMa JIsl OTPUMAHHSI, HANPHUKIIAJ, KPEIUTY.
AHali3 MMTaHe Ta BIANOBIJCH B aBTOMATHYHOMY PEXKHMi
Jla€ MOXKJIMBICTH OTpPHMATH (YHKIIOHANBHICTE Oi3Hec-
nporiecy, mpexacrasieny header-data imentudikaTopamu
€KpaHiB.

Jlnst BUMIPIOBAHHS BiJIHOIIEHb MDK IIpOLIECaMH Ta
SIBUII[AMH 3aCTOCOBY€EThCsI MeTprka Similarity-Difference.
Haii0inpin agekBaTHOK 1 MPOCTOH HUGPOBOI MOICIIIIO
Jui onmcy Bignorneds Similarity-Difference e TI. Bona
noeqnye BrnactuBocti Similarity-Difference y mosHOMY
KOMOIHATOPHOMY BHMKOHaHHI JUIsi BHpILNICHHS 3aBIaHb
knacugikarii, kIacrtepusamii Ta igeHTH]iKamii maTepHiB
(expaniB). Bupimienns 3aBmaHHs ineHTH]ikarii expaHiB
MOB’sI3aHe 3 BHKOHAHHAM HACTYMHHUX mOpouenyp: 1) s
MOTOKY €KpaHiB HEOOXiTHO (JOopMyBaTH yHIBEPCYM HPHMi-
THBIB i3 KIIFOYOBHX CIIiB; 2) BUKOHYETHCS KOIYBaHHS I10-
TOKY €KpaHIB JIBIIKOBUMH BEKTOPaMH y METPHII YHIBEp-
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CyMy KJIFOYOBHX CIiB; 3) MOTIK JBIHKOBHX HaHHX y (Hop-
Mari-BikHi 3 8-ekpaHiB-3MiHHUX cTHCcKaeTbes B TI no cro-
BIIISX, SIKI € yrnopsinkoBaHuMu aapecamu TI. Bona pos-
CTaBIIs€ KITIOYOBI CJIOBA 3TiTHO 3 agpecaMy Ha BiciMIIi
ekpaniB. Koxxen croBnens TI popmye ekBiBaJieHTHY MHO-
KHUHY KITFOYOBHUX CIIIB.
SxicTh po3mizHaBaHHA KeiciB Z, iHTerpanbHa OIiHKa
SIKOCTiI po3mi3HaBaHHs KeiiciB Qi; — cepemHs OIHKA
X Data output
BizHec
dyHKUiO-
HanbHICTb
(tabnuusa
iICTUHHOCTI)

Data output

: | Data output
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3annTaHHA

. Haders intput
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dyHKUjio-
HanbHICTb

(tabnunusa
iCTUHHOCTI)

Haders intput

Haders intput
Bignogigi Ha

3anuTaHHA Haders intput

Logic vector
Logic vector

Logic vector

Data output Logic vector

Logic vector
Logic vector
Logic vector

Logic vector

SIKOCTI pO3IMi3HaBaHHS KEHCIB Y BH3HAYAIOTHCS BIITOBII-
HUM YHHOM dYepe3 igeajbHuil keiic/marepH Li; aktyans-
Hui keiic/marepH Tj; KiIbKicTh BXOIiB cxemu abo (yHK-
IIOHAJILHOCTI N Ta KOMIOHEHTH narepHa al, a2, bl, b2.

[otpibHO OymyBaTH OIIHKY MOKPUTTS CTATOHHUX KEH-
ciB, a00 OIIIHKY MAaKCHMAllbHUX ITOKPHUTTIB ETaJIOHHUX
KEHCIB Biipi3KaMy 3HAWICHUX KEHCIB.

BinHoBNeHHs
6isHec
dyHKUiO-
HanbHOCTI
(Tabnuusn
iCTUHHOCTI)

bisHec
®dyHKUio-
HanbHICTb
(Tabnnua
iCTUHHOCTI)

3anuTtaHHA Bianosigb

Pucynok 11 — Cxema BEKTOPHO-JIOTIYHOTO CHHTE3Y MOJENi Oi3Hec-TpoLecy

4 EKCIEPUMEHTHU

B3aeMoqisi JBUTYHA 3 BEIUKUMH JAHUMH UL OTPU-
MaHHS pe3yNbTaTy aHaji3y MokazaHo Ha puc. 12. Vci tpu
KOMITOHEHTH 3HAXOJAThCs y mam’sti. [Ipu npomy ABUTYH
Deductive Matrix Engine (aBromar 3 00pOOKH BEITHKHX
MaHUX i3 ~ 3BOPOTHHMH  3B’S3KAMH)  CTAHOBHTH
computational memory, a sxigui Data as address Ta
Buxigui Result Matrix mami — conventional memory.
3MiHHI TJ00aJbHUX 3BOPOTHHUX 3B’S3KIB BPaXOBYIOTh
MEPEAICTOPII0 MOMIOHOCTI-BIAMIHHOCTI BXKe OOPOOJICHHUX
MaTepPHIB BU3HAYCHHS METPUYHUX BJIACTHBOCTCH IOTOY-
HUX JaHux. Ha mepriomy Kpolli aaroputMy ICeBIO3MIHHI
HaOysatotb 3HadeHHs L=00...00 Ha merpuni 3naiinenoro
yHiBepcyMy. AJTOPUTM 3aKiHUY€ CBOIO POOOTY IICISA TO-
TO, SIK 10 IBUTYHY OYIyTh 3aBaHTa)KEHI BCi JaHI Ha MUIAXY
fioro pyxy 3Bepxy BHH3. CIiJ 3a3HAYUTH, 10 MATPHI
BXIIHUX JJAHWX Ta Pe3yNbTaT aHaJIi3y MMOBHICTIO iAEHTHYHI
3a posmipamu. B pgaHoMy Bumanmky, 3a posmipamu
30iraeThcst KUTBKICTh BXO/IB X 1 BUXO/IB ABHUTrYHA Y.

[ponykruBHICTh Q JaHOTO JBUIYHA 3 OOPOOKH BeiH-
KHX JaHUX BH3HAYA€ThCA JTOOYTKOM TOTYXKHOCTI YHIBEp-
CyMy Ta HalOIIDKYOro IIOTO, IO HE MEHIIE 3a BigHO-
IICHHS KUTBKOCTI aTepHIiB P 10 KITBKOCTI aKTUBHHUX BXO-
niB X neuryHa. MeTtpuka abo piBeHb Mapaiesi3My BH3HA-
YaeTbCsl KUIBKICTIO akTyanbHuX BxoaiB X. IIpomykrus-
HICTP OOpOOKH BENHMKHX IaHWX 3aJCKUTH BiIl PO3MIpiB
MAaTPHI[ BXITHUX JAHUX, MOUICHOI HA KUIbKICTh aKTyallb-
uux Bxoxis X Deductive Matrix Engine. Jlnst migBumieHss
LIBUAKO/IT aHai3y JaHUX HEOOXiJHO 30UIbLIYBATH YHCIIO
BXIIHUX JIOTIYHUX 3MiHHUX X IENXyKTHBHOI MaTphIili. Y
LBOMY CJIiJl ITam’sTaT, Mo (YHKI[IOHATbHI MOKIJIMBOCTI
JETyKTUBHOI JTBIHKOBOI MaTpHIli OOMEXYIOThCS TIPOCTO-
pom 2"%2", n - "mcno BXimHEX 3MiHHHX, y SAKOMY BHPpI-
LIYIOTHCST Oy/b-sIKi KOMOIHATOPHI 3aBIaHHs 3 Kiacugika-
uii Ta ineHtudikamii Oyab-KUX YHITAPHO KOJOBAHUX
MPOLECIB 1 SBUII, BKIFOYat04u OioMmetpuuHi [23, 24, 26].
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Bnok ynpaBniHHA:
i++ifi> [;] end else
M=Lp,

PucyHnok 12 — Apxitekrypa in-memory aBromara ta sliding
ITOPUTM MaTPUYHOI 0OPOOKH HaHuX, 1e K — moTyXHicTh
yHiBepcyMy, P — uncio natepHiB a0 eKpaHiB, 0 MiUIATal0Th
aHami3y, X = 7 — KUIbKICTh aKTUBHHX BXO[IB JIBUTYHA

CroBrii Mk co00I0 CTBOPIOIOTH mopsiiok Similarity-
Difference (puc. 13), OIliHKH SKHX 3MEHIIYIOTHCS Bill Kpa-
B JI0 LIEHTPY 1 Jaiti Tabauii iCTUHHOCTI; 4) ToMy IS i1e-
HTU]iKamii eKpaHiB HEOOXITHO 3aBXKIU BUOUPATH KITFOUO-
Bi CJIOBa, IIO BIJMOBIAIOTh KPaWHIM MPaBUM Ta JIIBUM
CTOBIIIAM TaONMUII ICTHHHOCTI, III0 MAarOTh MaKCHUMaJIbHI
snauenns difference rta similarity. Similarity-crosnens
¢dopmyroe  kmac,  Difference-croBmens  GpopmyroTh
yHiKanpHUN ineHTH(iKatop ekpany. Mertpuka TF/IDF
MiATBEPPKY€E 3HAUYIIICTh 1-KOOpAMHAT CTOBMIIB TaOIHII
iCTUHHOCTI JuIsl ineHTH(iKalli eKpaHiB 3a JOIOMOTrow il
KOMOiHaTOpHOT ~ CTpyKTypu  Metpukm  Similarity-
Difference. Crosrii TabauIli iCTHHHOCTI MatOTh OJHAKOBY
inrerpanehy ominky TF/IDF. Lle o3nauae, mo Difference-
koopauHatd (N=8) y cTpyKTypi Tabmuii iCTHHHOCTI Ma-
I0Th MaKCUMaJIbHY OIIIHKY 3HAUMMOCTi OyIb-sIKOi PyHKIIT.
Jmns Bepuikarii Jg0riyHOI (YHKIIOHATFHOCTI i TOYKH
000B’s3K0BO MalOTh OyTH mokputi Tectamu (testbench).
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Pucynok 13 — Merpuka TF/IDF koopaunar tabnuni icruanocti TF/IDF [28] = [ (humber of times term t appears in a document) /
(total number of terms in the document)] * log10 (Total number of documents / Number of documents with term t in it)

[lepeBipka HecrmpaBHOCTEl 1MX TOYOK TapaHTye
NepeBipKy IHIIMX HeCHpaBHOCTEH JiHIH 1udpoBoi cTpyK-
Typu Ha 90%. Ili ToukM BKa3aHI SK KPUTHYHI JUIA
JCMyKTUBHOI MaTpwili, MOoOYyJOBaHOI Ui Bepugikarii
soriyaol (yHkiioHanpHOCTI. Kputnuni Touku (crany) y
Oynb-AKifl JOTiUHIN (DyHKIIIOHATBHOCTI KeHCiB 30MparoTh
MaKCUMAJbHY KUTBKICTh KIFOUOBHX JTAHUX.

5 PE3YJIbTATH

Tabnurl iCTHHHOCTI SKICHO Ta METPUYHO BH3HAYAE
eKBIBAJICHTHY MHOXHHY €KpaHIB Ha KOOpAWHATax
croBmiiB [22, 27]. JloriuHuit BEKTOp BU3HAYAE CHTHATYPY
¢yHkiionaneHocTi  y  kanapi.  1llo®  pospizHsiTH
eKBIBaJICHTHI €KpaHW Yy Kajpi, HEoOXiZHO 3poOWUTH Ha-
crynHe: 1) BHKIIOUMTH €KPaHH, LIO TMOBTOPIOKOTHCS;
2) YKJIACTH Yy Ty»KKU SKBIBAJICHTHI KIJTFOUOBI CJIOBA MO CTO-
BOLsIX Tabmuni ictuaHOCTI; 3) similarity 3MeHmyeTbest o
CTOBIIUIX mpaBopyd JdiBopyd, difference 3pocrae mo cro-
BIIIIX 3J1iBa HampaBo. [neHTHdikaTop ekpaHa CKIagaeTbes
3 KpaifHiX KJIFOYOBHUX CJIiB.

JlokanbHi Ta IHTerpajbHi OLIIHKHA SIKOCTI
po3mi3HaBaHHs KeiciB HaBeneHo Ha puc. 14. [MotpiOHo
OyayBaTu OLIHKY MOKPUTTS €TAIOHHUX KEHCIB BiIpi3KamMu
3HAMJCHUX KEHCiB, a00 OILIHKY MaKCUMAaJIbHUX MOKPUTTIB
€TAJOHHUX KEHCIB BiIpi3KaMH 3HAICHUX KEHCIB.

IBuaKodis NapajenbHOro alropuTMy aHali3y Beu-
KUX JaHux Ha Matpuii MDV [enyKTHBHHX BEKTOpPIB CTa-
BUTBCSI B JIHIHHY 3aJICXKHICTh BiJ] YHMCIa OITIB BXIJTHUX
BEKTOPIB a00 IOTY>KHOCT] YHIBEpPCYMY IPHUMITHUBIB.

TakuM 4YMHOM, 3aIIPOIIOHOBAHO IMAPAJICIIBHI AITOPHUT-
MH  iN-MEeMOry  KOMIT'IOTHHTY Uil EKOHOMIYHHX
MEXaHI3MIB TIEPEeTBOPEHHS BEIMKUX HECTPYKTYPOBAHHX
JIAHUX, 5K aJipec, Y KOPUCHI CTPYKTYpOBaHi JaHi.

3anpomnoHoBaHO apXiTeKkTypy in-memory computing i3
mI00IPHIM ~ 3BOPOTHHM  3B’SI3KOM  Ta  aJlTOPUTM
MaTpUYHOI MapaebHOi 00pOOKH BETMKUX JaHUX, K aj-
pec. BoHa BkITIoUae CTPYKTypy MaTpHUYHOTO aHali3y Be-
JIMKUX JaHWX JUI1 BU3HAYEHHS MOJIOHOCTI MK BEKTOpa-
MH, SKi HAaJIXOAATh HA BXOJM MATPHUYHOTO CEKBEHCOPA.
BekTopHuii aHaITi3 TaHUX MEPETBOPIOETHCS HA MATPUYHHI
KOMIT YOTHHT JUIs1 OOpPOOKHU BEJMKHX JTAHUX.

Po3pobneno merox inenTudikarii naTepHiB KIIOYOBH-
MH clIOBaMH. BiH XapakTepu3yeTbcsi BHUKOPHCTaHHAM
VHITapHO-KOJJOBAHMX KOMIIOHEHT JIaHHX JUISi CHHTE3Y
Tabmumi ictuHHOCTI Oi3Hec-mpouecy. Lle mo3Bonsie BHKO-
pucroByBaru read-write Tpausakitii [t TapanenabHol 00-
POOKHM BEIMKUX JaHHX, SIK ajipec.

I S O S S O 2 R
= o EerorrorrcrAETEETaETEETy
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0,76=6,85/9 = 0,76

“lﬂﬂﬂlﬂlﬂﬂ-ﬂﬂ-ﬂ-ﬂﬂﬂﬂﬂﬂﬂ
x|
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Pucynox 14 — JlokanbHi Ta iHTErpanbHi OLIHKH SIKOCTI pO3Mi3HABaHHS

6 OBI'OBOPEHHS
3aBIsKA TOMY, IO MATPHIll BEKTOPHOTO aHAJi3y BH-
3HAa4YCHA B METPUYHOMY OYJIEBOMY MPOCTOPI BiJHOIICHH N
3MiHHHIX 2nx2n, Taka MOJIENTb JO3BOJISIE BUPIITYBATH MPaK-
TUYHO Oy/ib-sIKe KOMOIHATOPHE 3aBJaHHsI 3 iieHTU(IKaIIT,
MiHimi3amii, knacudikamii abo Kiactepusarlii BETUKUX
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nanux. [lapanenpHicTh (GopMyBaHHsS BCiX pillleHb JUIst
3aJ[aHiX BEJIMKUX JaHUX POOUTH MPOMOHOBAHUIT MEXaHi3M
Ha TIaM’sTi TpUBaOIMBUM IS PHHKY €JIEKTPOHHHX
TEXHOJIOTIH.

[IBuAKOmIiST BEKTOPHOI TEXHOIOTii 0OpPOOKH BEIHKHX
JIAHUX, K ajpec, 3a JOIOMOTOI0 3allPOTIOHOBAHOTO CEK-
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BEHCOpPa  BU3HAYAETHCS  MOTYXKHICTIO  YHIBEpCyMYy
npuMiTHBiB K (CymMapHa pO3psIHICTh BXIiJHHX BEKTOPIB)
abo umncia ekpaniB P (3arasbHa KiTbKICTh BXOJIB CEKBEH-
copa), mo miasraiote 06pobui: Q=kP/x. Ilpu usomy
amapatypHi ~ BUTpaTH  (KUTBKICTB ~ BOCBMHBXIZHHX
€IEMEHTIB) Ha peali3allifo KacKaJHOrO0 CEeKBEHCOpa
BHU3HAYAETHCS YHCIIOM CKpaHiB, IO MiAIATAIOTh 0OpPOOIIi:
N=P/x, X=6, umxue HacTymHiii cxemi. LIs1 omiHka TaKox
BHU3HAYa€ KUIBKICTh iTepalliii JBMKKA, HEOOXITHUX IS
mapaiessHoi 00poOKku Kajapis (8 marepHiB) BXiAHUX da-
HHUX.

OmiHka 3HAYUMOCTI KOOPIAMHAT TAaONHIll ICTHHHOCTI
CBITYMTH TPO T€, IO HAW3HAYHIII KOOPAWHATH BU3HAYA-
IOThCSI CTOBIIISX BIMIiHHOCTI CMMBOJIB. HesHauHi Koop-
JMHATH T1epe0yBaloTh y HINaIbTaX MOJIOHOCTI CHMBOJIB.
3HAYMMICTh KOOPAWHAT CTOBIIIIIB 3MCHIIYETHCS 371iBa Ha-
npago (puc. 15).

0 Truth table column 2"

Pucynok 15 — I'padiky noaiGHOCTI-BIAMIHHOCTI 110 CTOBMIIIX
TabJIHIL ICTHHHOCTI

VYV tabmuigx (auB. puc. 14) HaBeaeHO JIOKajbHI Ta
IHTETpaJIbHI  OI[HKM  aBTOMAaTHYHOTO  PO3Ii3HABAHHS
(parmeHTIB Ta KeiciB y Oi3Hec-noToui Janux. Hacrpasi,
OLliHKA MOKPUTTS Ounbine, HK Y= 90% BBa)kaeThCsl NPUiA-
HATHUM PE3YJIbTATOM iJeHTU(IKAIT 3HAWACHUX y MOTOII
TIaTepHiB.

BnacTuBOCTI TPOrpaMHOro KOAy, M0 peamizye in-
memory computing Ha JIOTiYHUX BEKTOPAX 3a JOMOMOTO0
read-write TpaH3axiiii: TOYHICTH iAeHTU}IKALIT MATEPHIB-
ekpaniB — 95%, Toumicte imeHTH(ikamii KiIaciB
€KBIBAJIEHTHOCTENH KIIFOYOBUX HaHnX — 97%, TOYHICTH
MOUIYKY TOMHJIOK OIeparopa IMpH BHKOHAHHI KapTKU
(hyHKIIOHATBHOCTI - BUKOHAHHI KapTu
(yHKIioHaNBbHOCTI. BXimHWI MOTIK BeNMKHUX JaHUX
mictuth 10 THCSY ekpaHiB.

BUCHOBKH

3po0JeHO KpOK Ha MNUIIXYy CTBOPEHHS BEKTOPHO-
JIOTIYHOTO iN-MEMOry KOMIT IOTHHTY, SIKHii BUKOPHCTOBYE
nunre read-write Tpan3akuii Ha aapecHii mam’sTi [23, 26,
29, 30]. IToka3zaHo mepeBard BEeKTOPHOI MOJEINI JJIsI KOM-
MTAKTHOTO ONHMCY TIPOIIECIB, SBUIL, QYHKIIH Ta CTPYKTYD.

HayxoBa HOBM3Ha moisirae y po3poOmi HACTYIHHX
IHHOBAIIMHUX PillICHB!

1) 3ampONOHOBAHO  HOBY  BEKTOPHO-MATPUYHY
TEXHOJIOTIIO TMapayielbHoI O0OpOOKM BEIIMKHMX JaHHX, SIK
azmpec, sKa XapaKkTepU3YEThCsl BUKOPHUCTAHHsIM read-write
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TpaH3aKLii Ha MaTpuuHIi nam’sTi 0e3 BUKOPUCTaHHS
MPOIIECOPHOI JIOTIKH;

2) 3ampoIOHOBAHO apxiTeKTypy in-memory computing
3 TJ00aNbHMM 3BOPOTHHUM 3B’SI3KOM  Ta  aJITOPUTM
MaTpUYHOI MapanenbHoi 0OpoOKM BENUKHUX JTaHUX, K ajl-
pec;

3) 3ampomoHOBaHO MeTOX imeHTU(diKalii mnaTepHiB
KITIOYOBUMH CIIOBAMH, SIKHH XapaKTepH3yeTHCS BHKOPH-
CTAQHHSM YHITAPHO-KOJOBAaHMUX KOMIIOHEHTIB NaHHUX IS
CHHTE3y TaOnmuIi icTuHHOCTI Oi3Hec-mporuecy, MO Jae
MO>KJTHBICTh BUKOPHUCTOBYBATH TpaH3aKiito read-write mst
napanenbHoi 00poOKH BEIMKUX JaHUX, K aapec.

[MpakTH4yHa 3HAYUMICTB TOCHIPKEHHS TIOJISITa€ B TOMY,
mo Oyap-AKy 3ajady IITYYHOro iHTejaeKkTy (momiOHICTh-
BIAMIHHICTB, kiacugikaris-KiacTepu3ariis Ta
po3Ii3HaBaHHS, imentudikanmiss  obpasiB)  MOXKHa
TEXHOJIOTIYHO MPOCTO Ta e()eKTUBHO BUPIIIYBATH 3a JIO-
noMoror Tabmuni ictuHHOCTI (abo 11 MOXigHMX) Ta
YHITapHO KOJOBAHHUX BEIMKUX JaHHX.

[epcnexTuBu JOCITIIKEHHS oB’ A3aHi 3
IMIDIEMEHTAIIICIO 3€XHOJIOr] TEXHOJOrII MOJETFOBAHHS
UQpoBHUX MPUCTPOiB Ha puHKY EDA.
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ABSTRACT

Context. Processed big data has social significance for the development of society and industry. Intelligent processing of big data
is a condition for creating a collective mind of a social group, company, state and the planet as a whole. At the same time, the
economy of big data (Data Economy) takes first place in the evaluation of processing mechanisms, since two parameters are very
important: speed of data processing and energy consumption. Therefore, mechanisms focused on parallel processing of large data
within the data storage center will always be in demand on the IT market.

Obijective. The goal of the investigation is to increase the economy of big data (Data Economy) thanks to the analysis of data as
truth table addresses for the identification of patterns of production functionalities based on the similarity-difference metric.

Method. Intelligent computing architectures are proposed for managing cyber-social processes based on monitoring and analysis
of big data. It is proposed to process big data as truth table addresses to solve the problems of identification, clustering, and
classification of patterns of social and production processes. A family of automata is offered for the analysis of big data, such as
addresses. The truth table is considered as a reasonable form of explicit data structures that have a useful constant — a standard
address routing order. The goal of processing big data is to make it structured using a truth table for further identification before
making actuator decisions. The truth table is considered as a mechanism for parallel structuring and packing of large data in its
column to determine their similarity-difference and to equate data at the same addresses. Representation of data as addresses is
associated with unitary encoding of patterns by binary vectors on the found universe of primitive data. The mechanism is focused on
processorless data processing based on read-write transactions using in-memory computing technology with significant time and
energy savings. The metric of truth table big data processing is parallelism, technological simplicity, and linear computational
complexity. The price for such advantages is the exponential memory costs of storing explicit structured data.

Results. Parallel algorithms of in-memory computing are proposed for economic mechanisms of transformation of large
unstructured data, such as addresses, into useful structured data. An in-memory computing architecture with global feedback and an
algorithm for matrix parallel processing of large data such as addresses are proposed. It includes a framework for matrix analysis of
big data to determine the similarity between vectors that are input to the matrix sequencer. Vector data analysis is transformed into
matrix computing for big data processing. The speed of the parallel algorithm for the analysis of big data on the MDV matrix of
deductive vectors is linearly dependent on the number of bits of the input vectors or the power of the universe of primitives. A
method of identifying patterns using key words has been developed. It is characterized by the use of unitary coded data components
for the synthesis of the truth table of the business process. This allows you to use read-write transactions for parallel processing of
large data such as addresses.

Conclusions. The scientific novelty consists in the development of the following innovative solutions: 1) a new vector-matrix
technology for parallel processing of large data, such as addresses, is proposed, characterized by the use of read-write transactions on
matrix memory without the use of processor logic; 2) an in-memory computing architecture with global feedback and an algorithm
for matrix parallel processing of large data such as addresses are proposed; 3) a method of identifying patterns using keywords is
proposed, which is characterized by the use of unitary coded data components for the synthesis of the truth table of the business
process, which makes it possible to use the read-write transaction for parallel processing of large data such as addresses. The
practical significance of the study is that any task of artificial intelligence (similarity-difference, classification-clustering and
recognition, pattern identification) can be solved technologically simply and efficiently with the help of a truth table (or its
derivatives) and unitarily coded big data . Research prospects are related to the implementation of this digital modeling technology
devices on the EDA market.

KEYWORDS: Intelligent Computing, Cloud, fog, and edge computing, Big data computing, In-memory computing, Cyber
social competing, Hadoop Map-Reduce technique, big data as addresses, truth table, logical vector, similarities-differences,
equivalence data, universe of primitives, patterns as a binary vector.
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ABSTRACT

Context. The paper emphasizes the need for a decision-making system that can analyze users’ messages and determine the
sentiment to understand how news and events impact people’s emotions. Such a system would employ advanced techniques to
analyze users’ messages, delving into the sentiment expressed within the text. The primary goal is to gain insights into how news and
various events reverberate through people’s emotions.

Obijective. The objective is to create a decision-making system that can analyze and determine the sentiment of user messages,
understand the emotional response to news and events, and distribute the data into clusters to gain a broader understanding of users’
opinions. This multifaceted objective involves the integration of advanced techniques in natural language processing and machine
learning to build a robust decision-making system. The primary goals are sentiment analysis, comprehension of emotional responses
to news and events, and data clustering for a holistic view of user opinions.

Method. The use of long-short-term memory neural networks for sentiment analysis and the k-means algorithm for data
clustering is proposed for processing large volumes of user data. This strategic combination aims to tackle the challenges posed by
processing large volumes of user-generated data in a more nuanced and insightful manner.

Results. The study and conceptual design of the decision-making system have been completed and the decision-making system
was created. The system incorporates sentiment analysis and data clustering to understand users’ opinions and the sentiment value of
such opinions dividing them into clusters and visualizing the findings.

Conclusions. The conclusion is that the development of a decision-making system capable of analyzing user sentiment and
clustering data can provide valuable insights into users’ reactions to news and events in social networks. The proposed use of long-
short-term memory neural networks and the k-means algorithm is considered suitable for sentiment analysis and data clustering tasks.
The importance of studying existing works and systems to understand available algorithms and their applications is emphasized. The
article also describes created and implemented a decision-making system and demonstrated the functionality of the system using a
sample dataset.

KEYWORDS: natural language processing, convolutional neural network, recurrent neural network, LSTM, k-means clustering.

ABBREVIATIONS
NLP is a natural language processing;
CNN is a convolutional neural network;
RNN is a recurrent neural network;
LSTM is a long-short-term memory;
HC is a hierarchical clustering;
KMC is a k-means clustering;
DB is a database;
DMS is a decision-making system;
SDS is a sample data set.

NOMENCLATURE

S is a decision-making analysis system;

I is a set of inputs;

O is a set of outputs;

R are the basic rules for processing the flow of input
data to the sentiment analysis system;

F is an input data processing parameters;

N is a recurrent neural network;

o is an input validation operator;
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B is an input data processing operator;

y is a the search operator for relevant users after
clustering;

P is an improved recurrent model of searching for
validated users;

p is an user authentication operator;

¥ is an input data set formation operator;

® is an operator of list formation and sentiment
analysis data;

A is a validation request resolution operator;

iy is a set of authentication data (login, password, set
of distributed data);

i, is a data storage of publications of a specific social
network;

i3 is a different sets of user data;

i4 is a specific user request;

0, is a clustering requests using the elbow method;

0, is a set of updates for the user’s profile in the
selected social network;
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03 is a saving at the request of the DMS user;

ry is a set of rules of the data saving algorithm;

r, is an operating rules of recurrent neural network;

r; is a set of rules of operations of a convolutional
neural network;

r, is a set of hierarchical clustering rules;

rs is a set of k-means clustering rules;

uy is a set of levels of data processing;

U, is a set of data processing requirements;

us is a set of text validation requirements;

ug is a set of multiple levels of creating a linked list of
relevant users;

Us is a set of LSTM data analysis requirements;

Xur is a the result of an authenticated user.

INTRODUCTION

Creating and implementing an intelligent system for
sentiment analysis and clustering publications is a
relevant and promising task these days, most
communication between people occurs in social networks
according to certain situations or circumstances. Each
message of a social network user has particular semantics,
reflects certain thoughts and analysis of the relevant
situation, or is a reaction to a specific event. Modern
algorithms and approaches to data analysis make it
possible to effectively and relatively analyze large
volumes of text data, thanks to which it is possible to
determine the average tone of users’ reactions to certain
events and, as a result, conclude the analyzed content. In
this way, it is possible to understand the attitude of
different groups of users to a certain type of content,
offers, goods, and other market offers, and large brands
and corporations actively use these approaches to the
analysis of information by determining the tone of the
user text and further dividing this messages and,
accordingly, the users themselves into clusters for further
work with the resulting clusters.

To implement this kind of algorithms, first of all, it is
necessary to determine precisely which group of users we
want to research, that is, it is essential to have certain
keywords that will be used for searching, geolocation,
setting tags, etc. This is the starting point of the current
research, next it is necessary to load the desired dataset,
that is, a pool of user messages stored according to a
given predicate. After receiving the file with the saved
messages, it is necessary to perform a general check of
the file for the correctness of the data and, after that, to
digitally structure the data in such a way that it is possible
to operate with the data as accurately as possible, that is,
they need to be formatted and brought to a single
structure. After that, it is necessary to analyze user
messages. The general algorithm can be divided into two
main sub-algorithms: it is an analysis of the sentiment of
user messages, according to a confident approach, where
each message has its own sentiment level and rating, and
also clustering of messages to divide users and their
messages into a number determined during the operation
of the intelligent system clusters. It is most convenient to
show the obtained results in the form of graphs and charts
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for visualization and understanding of the general
situation in the results of the analysis of user publications.
These algorithms are not new and contain vast
possibilities for modification and optimization, which will
be carried out in further work.

1 PROBLEM STATEMENT
The system of sentiment analysis of user publications
S is represented by a tuple simulation model:

S=<R,I,F,O,N,a, B, 7>,

where R = {ry, ry, r3 rg}, F = {ug, Uy Uz U Us},
| = {il, iz, i3, i4}, O= {01, 0y, 03}.

The main processes of DMS users’ publication
analysis are “User authentication”, “Lemmatization of

user data”, “Performing sentiment analysis” and
“Performing k-means clustering”.
The DMS users’ publication analysis user
authentication process will be described by superposition:
Xur =a°B°p,

XUF =04 (B(M (il, i3, i4), I's, U5), U4).

The process of forming lemmatized user data of DMS
users’ publication analysis will be described by
superposition: Cqy =a.°pB°y, SO

Xue = (BO((Xur, iz, i3, is), I1, U3), I2).

The process of performing sentiment analysis will be
described by superposition:

Xuk =0°y°Ba,
Xuk =B (y(o(a(Xuc, 14), i2), Us), I3).

The process of performing k-means clustering will be
described by superposition:

Xum =A°y°B°a,
Xum =My(B(a(Xuk, a), 13), U3), Ts).

2 REVIEW OF THE LITERATURE

Neural networks have become an indispensable part of
the work of various companies and corporations. In the
article [1], the authors investigate the exact role of deep
learning in e-commerce and the principles of working
with users using the example of online store networks.
The authors investigated the concept of user reviews of
certain products of different quality and the impact of
current reviews on the sale of products by other users of
the system in the future, investigated when precisely and
under what conditions users pay the most or least
attention to product reviews and, accordingly, how
exactly positive feedback is composed whether negative
feedback can affect the purchase attractiveness of the
product. In the article [2], the authors investigated user
comments under videos on the YouTube social network, a
dataset with videos about the COVID-19 virus and user
comments was selected, as the sentiment of written
messages, their frequency, and the activity of writing by
users were investigated, accordingly, it was assumed that
a part of users with negative comments is bots, due to
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very similar message patterns and almost the same level
of negative tone. On the contrary, the authors in the article
[3] examined the comments of famous personalities on
social networks. They found many comments written at
certain selected moments in time and had almost the same
positive tone in the range from 0 to 1, which also
indicated the unnatural state of these messages.

Also, the authors in the article [4] considered several
types of user personification models in the Twitter social
network using LSTM-neural networks, several critical
parameters for each user were taken from the open API
and considered as a separate dataset with the subsequent
division of users into groups according to their location,
description, and profile avatar, and a corresponding neural
network was trained to assign users to certain groups. A
system was also created [5] that processes author citations
in articles and provides an opportunity to analyze the
correctness and correctness of the current text and correct
it using a recurrent neural network, the main task of
which is to process text data and analyze subsequent data
based on training with the teacher. Also, in the article [6],
the authors considered machine learning based on
customer feedback on hotels to understand the situation in
this market and further develop a hotel development plan
based on positive and negative customer feedback.

3 MATERIALS AND METHODS

The purpose of this work is the implementation of an
intelligent system of sentiment analysis and clustering of
publications in the Twitter social network. The idea of
analyzing the sentiment of user messages or publications
in social networks is familiar because several practically
implemented systems perform a similar task. At the
moment, an important task is the optimization and the
most effective use of already existing technologies and
the correct selection of models and algorithms to perform
a particular task, which may depend both on the size of
the input dataset and on the size of individual text tokens
[7] within the dataset, or even parameters search of text
information for users using a particular system, or only its
partial functionality for text research.

The process of analyzing text publications or user
comments can be divided into two essential parts: the
analysis of the text’s sentiment and the clustering of text
data. This task is non-trivial and quite complex since
many parameters must be considered before creating such
an intelligent system for analyzing textual data: the size of
the sample, the textual data, and the context to which
these data belong. These users also write posts or
messages to react to a particular event or set of events
happening at a certain time. This all means that it is
impossible to create a unique intelligent system that can
cover all cases and analyze text data with approximately
the same efficiency. One way or another, there are tasks
that each specific system can perform efficiently and with
maximum accuracy. Still, there are also tasks for which
the same set of algorithms cannot function efficiently or
accurately. Thus, convolutional neural networks are often

used to analyze the text’s sentiment, and hierarchical
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clustering is used for cluster analysis. These algorithms
are efficient and time-tested but can only perform analysis
on small to medium-sized datasets or data samples. These
algorithms can be used without problems for large
volumes of data. Still, such research will be inefficient
and less accurate, especially if the number of text data
units is large and the tokenized object is small [8]. A clear
example is the social network Twitter, where one user
message can have a maximum of 280 characters to create
a post. In order to analyze the sentiment of messages and
their clustering as effectively as possible, we will use the
LSTM neural network and the k-means clustering
algorithm, thanks to which we can achieve 10...15%
greater efficiency compared to convolutional neural
networks and hierarchical clustering. Before describing
the functionality of the system and the main algorithms of
the long-short-term memory neural network and the k-
means clustering algorithm, it is worth paying attention to
unsolved problems, namely, why convolutional neural
networks specifically in the context of user posts and
comments on the Twitter social network and conventional
hierarchical clustering are inefficient and may show
unexpected results in the results of text sentiment analysis
and subsequent clustering [9], hamely due to nuances in
the implementation of these algorithms for working with
text and due to the properties of the weights provided by
the convolutional neural network, which are important to
consider, since the generated model may be invalid if the
weights are miscalculated.

A convolutional neural network, or CNN, can be
thought of as a set of matrices that make up one large
matrix, in which both horizontal and vertical sets of
elements, formed in the process of learning a neural
network to build a model, can be chosen as vectors for
training. In the course of the work, a collection of words
is superimposed on each other with the help of vectors
since each word is represented by a separate vector of
letters that together form a particular image. With the help
of the created system predicates, the generated image of
vectors representing a set of text data or words is filtered,
since the predicate has the same width and length as the
value check, it is possible to analyze only part of the
vector, therefore, for the efficiency of work, vectors are
most often put into temporary matrices for correct and
more effective filtering using a given predicate[10]. Since
this is a natural language processing task, the filters we
employ in the work process have the same width as the
length of the investigated text element or a single word.
The height, on the other hand, is more static and can
usually change its size from 0 to 5 since it is necessary to
form certain sequences of values from the received text
information, which will later be written into lists of
values, accordingly, it is required to limit the number of
lists to 5 pieces to be able to carry out effective parallel
processing of text information and model training with
given limitations of the current neural network [11]. Due
to these algorithmic limitations, the main problem of the
impossibility of accurate learning and subsequent text
analysis using convolutional neural networks arises. The
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text with restrictions will be analyzed, and the result of
the analysis of the sentiment of the text will be correct.
Still, due to the height restriction of the vector, the neural
network can only be trained on posts and messages with
polar sentiment values, i.e., -1, 0, or 1 [12], respectively
clearly negative, neutral or positive comments without the
possibility of their distribution over a certain range,
which, on the one hand, is not critical and can be helpful
in a general understanding of the sentiment of messages.
Still, on the other hand, with the help of such a
convolutional neural network, it is impossible to carry out
an accurate sentiment analysis. There are also reservations
about the speed of operation because such a neural
network has low speed and efficiency since the memory
algorithm of repeated data is used to save the polar values
of the vectors.

If we talk about hierarchical clustering, then it also has
certain disadvantages in its use. The biggest drawback is
similar to what was described earlier about the
convolutional neural network, namely, the inability to
perform complex tasks, as well as the problem of low
speed and efficiency of such a clustering algorithm. To
begin with, it is worth noting that hierarchical clustering
is formed based on a tree graph, also known as a
dendrogram. Accordingly, when constructing this tree
graph, we use an agglomerative approach to work with
input data [13]. Having a dendrogram and applying an
agglomerative  approach, we observe relatively
monotonous clusters and simultaneously look for possible
connections between them, in the second step, we
successively combine clusters into a separate
“connection” based on the predicates we need. The main
advantage is simplicity and clarity of use, that is, the
presence of a convenient tree-like structure, in which
clusters can often be seen “by eye” with the correct
generation of the model [14]. Unfortunately, the downside
of this simplicity is that it can usually only be used for
small amounts of data and small datasets. One of the main
disadvantages is the complexity of the tree hierarchy,
which is clustered in time with an algorithmic complexity
of O(n’log n), where n is the number of total data points.

If, on the contrary, we take the k-means algorithm, in
it, we will use the optimization of a specific objective
function, for example, within a certain range of values
from k to I, that is, we do not actually have an objective
function, and therefore we will have a much more
efficient implementation due to the complexity of the
algorithm O(nKm), where K is the number of clusters, and
m is the number of average values [15]. Also, the problem
of hierarchical clustering is a certain staticity, namely the
impossibility of undoing the previous steps of the
algorithm, that is if we cluster n-1 points. Then it turns
out that the connection between the clusters was incorrect,
or there were problems creating a tree graph on one of the
hierarchy levels. We cannot cancel this step at the
program level during execution because either the final
dendrogram with distorted values will be obtained, or it
will be necessary to stop the program and start the system

from the beginning, which is also a big minus compared
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to the work the k-means algorithm, where it is possible to
check the correctness of average values using a specified
execution condition [16]. Based on the above information,
it can be concluded that convolutional neural networks
and hierarchical clustering are suboptimal for analyzing
the sentiment of user posts and messages in the Twitter
social network. Instead, to optimize and speed up the
operation of the intelligent system, it is more appropriate
choice to use a neural network based on LSTM
architecture and the modern k-means clustering algorithm.

4 EXPERIMENTS

Speaking about the functionality of the created
intelligent system for the analysis of sentiment and
clustering of posts in the Twitter social network, first of
all, it is worth paying attention to two main algorithms,
which will perform the main volume of work in the
middle of the system, this is an LSTM neural network,
with the help of which an effective and fast analysis of the
sentiment of posts and comments by Twitter users and the
k-means clustering algorithm, which will be used to select
the main clusters and distribute the user text according to
these clusters. To begin with, it is worth revealing the
essence of the neural network that was built.

One of the most popular and effective neural network
models focused on processing time series is the Long
Short-Term Memory (LTSM) model [17]. It is efficient to
use and much more accurate than the previously
mentioned convolutional neural network, but at the same
time, it is challenging to implement because it is
essentially a recurrent neural network whose primary
function is to predict a sequence of data from an input
dataset and the corresponding problem that must be
resolved. For a better understanding of the context of a
neural network application, it is worth formulating what is
meant by time series analysis for which we are building a
neural network. The point is that the input data represent
particular points of information that are analyzed in
certain time intervals. Thanks to this, it is possible to
create and analyze patterns of processes that occur in
certain time intervals. Since we have certain related data
points [18], we use a Recurrent Neural Network (RNN).

The Long Short-Term Memory neural network, or
LSTM, is a separate and special case of recurrent neural
networks because this model is even more efficient. After
all, it can store a collection of information for extended
periods. In the LSTM neural network, two main recurrent
problems are overcome: gradients that disappear and
gradients that are deformed during the operation of the
intelligent system. An LSTM model consists of a memory
cell state and three main passes. The memory cell’s state
stores the cell’s value for a certain period of time and is a
kind of tape that moves and linearly transmits data further
along the conveyor with practically no additional
deformations. In the LSTM network model, it is possible
to add, modify and delete information using the three
passes mentioned earlier. Passages help regulate
information and are key in the LSTM architecture of a
neural network, as thanks to the state of the memory cell,
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the data stream is formed into a particular linear structure
and allows for uniform distribution of memory throughout
the neural network’s operation time in the intelligent
system. A neural network is in 3 main states [19]: either
data is input or output, or it is forgotten due to distortion
or unnecessary information.

Accordingly, the work of the neural network is
implemented using the previously mentioned three passes.
The first is the “forgetting” pass, which is responsible for
removing information that, due to distortion or use, is no
longer needed to analyze the text’s sentiment so that it can
be removed and make room for the following information
at the input. Thanks to this, the model becomes more
efficient at each neural network step. This pass has two
main inputs: the hidden state of the previous memory cell
and the current input at this step. These data are
multiplied with previously created weight matrices, after
which a certain displacement factor is added. Next, a
sigmoid function is applied, which produces a result from
0 to 1, thanks to which the neural network *“knows” which
information can be “forgotten” and which data can be
passed on. If we have a value of 0, the information about
this state of the memory cell can be deleted, if the value is
close to 1, then all the information about the cell must be
saved and passed on. The vector output of the sigmoid
function, obtained as a result of working out part of the
neural network model, must be multiplied by the state of
the memory cells that were not deleted during the work,
and the result passed on [20], as a result of which the first
pass is formed, which performs the vital function of
removing all unnecessary for analysis of the sentiment of
the text of the memory cells. Figure 1 depicts the main
aspects of the LSTM neural network architecture.

Ct-1 2 Ct
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it »% Ot_»®
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ht-1 xt L P _ht

Figure 1 — Architecture of Long Short-Term Memory neural
network

The second is the “entrance” passage. This pass is
used to add information to the state of the memory cell.
Initially, the allocated values to be added to the cell are
adjusted using a sigmoid function, the inputs are still the
hidden state of the previous memory cell and the current
input of the algorithm step. During operation, a vector is
created that contains all or almost all possible values that
must be added to the state of the memory cell. This
happens using the tanh function, so the tangent outputs
values from -1 to 1. Next, you need to determine [21] the
value of the sigmoid function, a regulatory function. The
available values of the regulatory function must be
multiplied by the previously created vector of values; all
vital information for the intelligent system to analyze the
sentiment of a certain text is added to the state of the
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memory cell using the data addition operation, thanks to
which you can be sure that only valid and necessary
information, which was previously filtered and checked,
was added through the “input” pass during network
operation.

Last is the “output” pass, which is used to use the
current information that is available at a given point in
time and display the most relevant results. First, a
separate vector is created after applying the tanh function
to the state of the memory cell, where the output value
ranges from -1 to 1. The same sigmoid function again
acts as a regulatory function, that is, it is used to regulate
precisely those values that need to be output from the
vector by using the two previously mentioned inputs,
namely the hidden state of the previous memory cell and
the current input of information at this step. The value of
the sigmoid function must be multiplied by a vector, and
the obtained result of the operation is used as the output
value. Also, the neural network sends the result to the
hidden state of the following memory cell, which,
accordingly, is a modern solution, thanks to which the
LSTM neural network [22] is the most efficient and
convenient in predicting sequences and performs
exceedingly well in the task of analyzing the sentiment of
posts on the Twitter social network.

It is also worth clarifying the importance of the
sigmoid activation function during the “forgetting” pass
operation because instead of distributing the values
between -1 and 1, the input values are distributed
between 0 and 1. This helps to update the changed data in
time or “forget” the distorted ones. that is, those that will
no longer be of any use in analyzing the text’s sentiment.
The division is made precisely between 0 and 1 through
mathematical multiplication since any number we
multiply by O will result in 0, and vice versa, any number
multiplied by one will remain unchanged. Thanks to this,
the sigmoid function helps to effectively determine which
data should be “forgotten” or deleted, which should be
updated to the current pitch value, and which should be
kept and passed on to the next “input” pass. So, Figure 2
shows the step-by-step algorithm of the Long Short-Term
Memory neural network.

In addition to implementing the LSTM neural
network, an important part of the intelligent system for
sentiment analysis and clustering of posts in the Twitter
social network is the correct implementation of clustering
using the k-means algorithm. As already described earlier,
the usual hierarchical clustering, although it is pretty
popular and has certain clearly expressed advantages, is
still not suitable for our task, namely for processing the
exact values of the text’s sentiment and, accordingly, the
selection of the necessary clusters. To begin with, it is
worth clarifying that clustering is the process of dividing
a volume of data of a certain size into several clearly
defined groups similar in structure in such a way that the
values of data points in one group are more similar to the
importance of other data points in the same group than
other points data that were assigned to other groups. It is
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also worth noting that clustering is a learning algorithm
without a teacher due to its work features.

Input data
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Figure 2 — LSTM neural network algorithm

data recovery Make a forecast

k-means clustering is an algorithm that does not need
to mark the input data in the learning process, unlike
learning algorithms with a teacher. k-means divides
objects into clusters in such a way that all objects within a
cluster are similar to each other and dissimilar to objects
in different clusters. The Latin letter k stands for a
number that represents the number of clusters to be
created. Also, the essence of the algorithm is to find the
best or optimal value of the clusters to be used for better
work with sentiment analysis. The k-means clustering
procedure itself is a relatively simple and straightforward
mathematical problem. To begin with, a general notation
should be defined. For example, we have from C; to Cy
sets that have indices of observations in each cluster,
these sets satisfy two main properties: firstly, each
statement belongs to at least one of the k existing clusters,
and secondly, the clusters cannot overlap each other, that
is, one set of observations can belong to only one unique
cluster. The basis of k-means clustering is the idea that the
best clustering is the one where the variation of values
within the cluster is minimal, that is, the variation within a
particular cluster Cy is a measure of the magnitude of the
cluster observation, where one cluster differs from
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another, this is the problem that is solved k-means
clustering within an intelligent system.

It is worth noting the importance of the parameter Kk,
which determines the number of clusters, a certain
approximate value can often determine it simply by
estimating the size of the dataset and the data it contains.
For our task of analyzing the text’s sentiment, the
“elbow” method was chosen, allowing you to more
accurately determine the number of clusters required for
work by running the k-means algorithm with a different
set of clusters to determine the optimal value empirically.
The “elbow” method involves finding a certain metric to
estimate how good the clustering result is for different k
values by finding the “elbow” point to separate all
unnecessary further values and choose the optimal one up
to the specified point. A sharp drop in values in the
corresponding graph means that the clustering value is
being optimized, but there is a point where the sharp drop
in values stops falling and stabilizes. This is the same
“elbow” point. That is, all values after the “elbow” point
should be discarded, and only those where there is a
decline in the average sum of squares of the observation
values within each cluster, where the fall is the largest —
this point will most likely represent the optimal number of
clusters.

The clustering algorithm is essentially a method of
dividing the observation indices in each cluster so that the
goal of the last equation of selecting k clusters is
minimized. The problem is quite tricky because there are
k" ways to partition n observations into clusters, but there
is an algorithm that can be used to find a local optimum
for the k-means optimization problem. The k-means
clustering algorithm itself consists of two global steps. To
begin with, it is necessary to choose a random value from
1 to k for each of the data observations that were
separately selected from the dataset, they represent certain
initial values for the clusters. This procedure should be
repeated until the values of the clusters stop changing. For
each of the k clusters, it is necessary to calculate the
cluster’s centroid. The resulting centroid of the k-th
cluster is a separate vector of the average values of the
observation indices in the k-th cluster. Each cluster needs
to be assigned an observation identifier whose centroid is
the closest, it is necessary to make sure that all clusters
are stable and do not contain uncertainties, as this can
prevent the correct distribution of observation indices
relative to clusters. The k-means clustering algorithm is
shown in Figure 3.

Having outlined the logic and functionality of the
LSTM neural network and the k-means clustering
algorithm, it is clear how sentiment analysis and
clustering of posts and messages of users of the Twitter
social network will take place within the system. In
addition, it is necessary to understand the logic of the
intelligent system as a whole. Neural network and
clustering algorithms perform only a certain function in
the system. The system itself consists of many processes,
which is not surprising since we interact with a genuine
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user and push back from the parameters set by the user at
a certain time when this user works with the system.

Elbow point
(K)

—

Measure the
distance
v

If the clusters

are unstable (1 Group based on

minimum distance

|

| | Change the position of
key centers

If the clusters l
are stable (+)

Perform convergence

.

Final clusters and
their key centers

End
Figure 3 — The k-means clustering algorithm

The use case diagram is the most convenient diagram
for displaying the general concept of user interaction, the
system, and other elements of the overall structure
because it mainly consists of actors and their use cases. In
this intelligent system of sentiment analysis and clustering
of textual data, there is a single actor, the “User”, who is a
separate entity in relation to the system and is depicted
separately from other usage options, representing the
main aspects of the system’s operation. The diagram of
use cases itself is shown in Figure 4.

In the diagram, the intelligent system is depicted
inside a rectangle, it consists of several prominent use
cases responsible for saving tweets, that is, posts and
comments of users of the social network Twitter, and
there are also use cases that are responsible for formatting
text messages, data to the desired form, performing
LSTM analysis of the sentiment of text data, performing
cluster analysis, outputting all the necessary received
results in the format that is most suitable according to the
received data and ending the system. In addition to the
usual use cases that perform the main functions of the
intelligent system, the diagram shows inclusion and
extension options that help to explain in more detail the
essence of the operation of the prominent use cases. For
example, the use case that describes saving tweets
contains inclusion options that describe setting parameters
in a particular format and saving the formed dataset in a
.csv file. There is also an extension option that illustrates
the process of selecting the main search keywords. The
use case that describes the formatting of text data only has
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extension options that describe removing redundant
characters from text, standardizing existing data, and
removing text processors that were loaded by default.
Also, another use case that is responsible for LSTM
sentiment analysis of text data only has options for
expanding the possibilities, such as performing the
calculation of all current network layers and memory cell
state and three main passes, performing sentiment
prediction of text information, i.e., posts and comments of
a Twitter user and final saving of the created model. Then
there is the option of using cluster analysis, including
options for expansion and inclusion, such as finding the
“elbow” point, determining the final clusters and their key
centers, and implementing convergence. It is also worth
noting the last two options of use, namely the results’
output and the intelligent system’s termination. The
output of the results has only options to include, namely

Remove extra Standardize data
characters from the tex

<<include>>
Remove default
Set save options handlers in the tex
<<extend>> ;
<<|nclude>> ..........

Format text data

Save tweets
<<extend>>

<<extend>>

"""""""""""""""" Perform LSTM
< tonality analysis
: Sdve to .csv file) T — —
<<include>>
Selem Carry out cluster
User ke ywords ) ‘X,\\analysis
<<extend>> <<extend>>
Find the elbm <<include>>
L~

g Calculate all layers
. . wetwork
Determine the final
clusters and their key centers <<extend>>
e

<<include>>

isplay the most popular
eywords of each cluste

<<include>>

isplay the obtained graphs
of the cluster analysis

Display the obtained
tonality analysis graphs

i <<extend>>
Make a prediction of the
tonality of text data Save the created model
....................................... <<extend>> i <<include>>
Display the

obtained results

Finish the job

Figure 4 — Diagram of options for using the intelligent system of
sentiment analysis and clustering of publications
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the output of the tone of user posts and comments and the
output of the cluster analysis in the form of textual
information and using charts for a more detailed
explanation of the obtained data according to the search
keywords.

Having described the general structure of the
intelligent system with the help of a diagram of use cases,
it is necessary to more precisely describe the design of the
created system and its functionality, for this the activity
diagram is ideal, with its help, you can highlight the
entities of the system with the help of tracks, the
conditions for performing calculations and calculations,
clearly show the state of operation and its interaction with
other states within the initial and final state of the
intelligent system of sentiment analysis and clustering of
posts in the Twitter social network. It is also convenient
to display all existing branching of flows during work and
their results. To begin with, it is worth highlighting two
main entities, namely “User” and “Server”, on the activity
diagram they are presented in the form of separate tracks,
accordingly, it is possible to describe their context not
only in space but also in time, that is, to understand what
processes in the intelligent system will occur at a certain
point in time and how they will interact with each other.
The first is the initial state, which describes the functional
start of the system, then the states of actions belonging to
the user of the system interact sequentially with each
other, i.e. entering save parameters, setting keywords and
other actions, or states of actions that are completely
encapsulated within the logic of a separate instance class
of task execution. The constructed activity diagram is
shown in Figure 5.

Each state of action can be considered independently
of others. Also, the “Server” entity in the work process
checks the condition for the admissibility of saving the
created model or the need to implement the process of
reverse propagation of the error. In addition to conditions,
the “Server” entity contains parallelization of action
states, where at the same time, during the execution of
two different predicates, the change of crucial centers can
be divided into both the measurement of distances
between clusters and the implementation of convergence
with already existing clusters as a result of the calculation
of the centroid of the cluster containing divided indices
observation in an intelligent system. So, after describing
the functionality of the system using object-oriented
diagrams, for a better understanding of the context of the
system’s work, it is necessary to describe its main
elements and relationships using a functional diagram, the
data flow diagram is the most convenient for performing
this task, as it additionally shows the system, as a set of
processes that interact with each other during the entire
life cycle of the system. The data flow diagram of the
intelligent system is shown in Figure 6.

The diagram consists of 7 consecutive data flows, where
each flows into the next and transmits certain information
within the request. Each thread fulfills all the
requirements for transactions, that is, the intelligent
system transmits data without the risk of its loss: if the
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transaction does not take place or information is lost or
distorted in the process, the transaction will simply stop
the current thread and return control to the previous
thread, which generally ended without distorting existing
user information. Also, under the number 1 and the name
R on the diagram are data stores, in our case, it is a text
file with the extension .csv for saving the dataset and a
server for dynamically saving data between requests.
Based on the completed description of the main essence
of the system being created, its functionality, the LSTM
neural network implementation, and the k-means
clustering algorithm, an experiment was conducted to
create a complete dataset of publications and comments
on the social network Twitter, according to the keywords
specified by the user, and an analysis of sentiment was

carried out individual messages and corresponding
division into final clusters.
User Server

Format text data

Remove default
handlers in the text

Remove extra characters
from the text
Standardize data

Perform LSTM
tonality analysis

Calculate all layers o
the network
Are you satisfied with the
final state of the model?

backpropagation
No
Yes

Save the created
model

< Make a prediction of
the tonality of text data
Carry out cluster

analysis

Find the elbow
point (K

Login to the
system
keywords

Set the saving
parameters
Download to .csv file

Display the obtained
results

Display the obtained

tonality analysis graphs

@isplay the most popular
keywords of each cluste
Display the obtained

graphs of the cluster
analysis

End work with the
system

Measure the
distance

If the
clusters

Group based on are
minimum distance / \ unstable

Figure 5 — Activity diagram of the intellectual system of
sentiment analysis and publication clustering
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analysis
Display data
Py Data for cluster
Results of cluster analysis
analysis
06 05
Data acquisition — Cluster analysis
output

Figure 6 — Diagram of data flows of the intelligent system of
sentiment analysis and clustering of publications

5 RESULTS

An experiment was conducted on applying the
implemented intelligent system of sentiment analysis and
clustering of posts in the social network Twitter, in which
the work of the created LSTM neural network and the k-
means clustering algorithm was tested. First, you need to
find data to analyze. For maximum relevance, it was
decided to make a separate dataset and download all user
comments and posts on the Twitter social network over
the past few months. Before downloading data, it was
necessary to register a Twitter developer account and
obtain four keys: consumer key, consumer secret key,
access token, and access token secret. All of them are
required to use the official Twitter API to save posts.

Since Russia attacked Ukraine in February 2022, it
became an event that caused a corresponding reaction,
both in Ukraine and abroad. People on social media,
including Twitter, have been actively discussing the war
and its related topics since February. Therefore, it was
decided to analyze the tone of publications and comments
of Ukrainian users regarding the war. The search was
carried out using the geo-tag “Ukraine” and tweets were
searched for the past six months, starting from July 2022,
for posts and comments containing the mandatory
keywords “Ukraine” and “war”, as well as the optional
words “missile”, “offensive” and “invasion”. Given the
API limit for downloading post instances, it was decided
to download 2,000 tweets matching the specified
keywords. To form the dataset, only specific parameters
of downloaded tweets are needed, accordingly, those that
are not used must be discarded by looping through all
downloaded tweets and saving the user’s nickname,
profile description, number of tweets, number of
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subscriptions, and followers, and most importantly, the
text of the publication or comment All data is initially
stored in the data dictionary and converted to the required
format using the DataFrame function for data processing.

Considering the peculiarity of the created intelligent
system, it was decided that the most convenient format for
working with text data of this type using a neural network
and a clustering algorithm will be the .csv format since it
is universal and almost every programming language or
data processing tool has functionality for working with
files of this type. So, a dataset was created, which was
processed during the training of the LSTM model of the
neural network, and data was distributed into clusters.
Before that, it became necessary to process all text data,
that is, to bring them to one form for the most efficient
processing.

Since we have a ready-made dataset, we can perform
sentiment analysis, but before that, we need to format and
standardize all the text so it can be conveniently analyzed.
All hashtags were removed from the text, as they distorted
the post’s content or comment. All words have been
reduced to lowercase, all URL links have been removed,
and all special characters not needed to determine the
text’s tone have been drawn. In the end, all unnecessary
spaces and single characters in the text were removed, and
all system characters that were added utilizing the Twitter
social network were removed, after which an LSTM
analysis of the sentiment of the messages was performed,
an example of the results of which is shown in Figure 7.

6.808960
rt andrew__roth putin is losing the war facing... 6.860868

Figure 7 — An example of the results of determining the
sentiment of the text by means of LSTM analysis

rt ntracey this woman literally works forus go... Neutral

rt smelyansky_igor 6686 branches of ukrposhta ... Neutral
snekotron fine with me we all knew they were c... Positive

rt evromaidanpress vilnius lithuania protest i... Nevtral

A )

Neutral

In the course of the work, the value of not only the
general sentiment of words but also the polarity of the
emotion was determined quite precisely, that is, the user
can express a certain emotion with different strength and
intensity according to the situation and the written
publication or comment, accordingly, we determined the
sentiment of the text instance of the data, as well as the
emotional range, is from —1.0 — the most negative text, to
1.0 — the most positive, everything in between — the text
with a certain sentiment and scope, there is also a value of
0, which means an average neutral text. The analysis of
the text was carried out according to the previously
described algorithm of memorizing certain moments in
time from the test sample on which the neural network
was trained. To begin with, we determine the language in
which the text message was written, for convenience, only
tweets in English were selected, after which two
functions, spellcheck and correct, are performed, where
we check the correctness of the written words using basic
algorithms for working with text. Next, according to the
algorithm, we perform word systematization, that is, using
the definitions method, we obtain a list of possible
meanings for the word according to the trained model and
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choose the closest value. A neural network containing two
levels of 100 elements, i.e., 50 elements per level, was
generated. We set the value of spatial descent, take 500
epochs for the correct processing of 2000 messages, 0.5 is
the value of spatial descent, and, accordingly, we set a
similar value of 0.5 for gradient descent. Added a density
value of 1 and a sigmoid activation function for the
LSTM algorithm and correct handling of memory cell
states. As a result, our recurrent model consists of an
embedded layer, an LSTM layer, and a density layer, in
which the sigmoid function is responsible for the native
activation process. The training is carried out with a
training batch size of 20 elements and a distribution factor
of 0.2. The next step was to extract the level of
emotionality of the sentiment of the text for a more
comprehensive analysis of the text sample, but first, a
general experiment was carried out on a test sample of
2000 words.

The model continues to run within 500 epochs, but
instead of one block of memory, we have three different
ones, called functional cells. Each cell has a certain state
that can change according to the learning process and
transfer the model’s state. Accordingly, there is a hidden
state that is unique to each cell and is not accessible from
the others, and a distributed layer that is common to all
three cells and, accordingly, can be changed by choosing
the optimal value, which is carried out by selecting the
maximum value at each of the steps of learning the
subjective models. We will carry out not only a general
analysis of sentiment but also an analysis of emotional,
subjective sentiment in the range from -1 to 1. In this
way, it is possible to understand how strongly the Twitter
social network users expressed positive or negative
emotions within the limits of the publication or comment,
which is a reaction to military actions. Such an uneven
distribution can be explained by the fact that people react
to good news during the war much more emotionally and
impulsively, rejoicing in something positive, as can be
seen on the graph, some of the comments and publications
reach 0.8 emotionality value and, on the contrary,
negative comments written by people after several months
of war much less emotional. A graph of the subjectivity of
sentiment is shown in Figure 8. From this graph we can
see the highest density of positive and negative emotions
in the text instances has the same value of 0.5.

Figure 8 — Subjectivity of sentiment
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So, after analyzing the sentiment of user posts and
comments, we saw how many positive, negative, and
neutral tweets were written during a specific period using
certain thematic keywords and the distribution between
their objectivity. Next, clustering was carried out by the k-
means method to see the distribution of text messages of
different tonalities by clusters. The clustering process
consists of 3 main steps: initialization of the model,
adjustment of model fit parameters, and forecast for
further processing and division into clusters. To begin
with, n was set — the number of clusters, which can be
from 3 to 5, according to the number of text elements, and
random state — the state of the clustering process, which is
a random number necessary for the initialization of the
data model.

After determining the number of clusters, it is time to
distribute the text instances by these clusters, since there
are only 3 of them, it is convenient to divide them into
positive, neutral, and negative. To do this, the
groupby.mean function was used, the essence of which is
to determine the average value for each cluster. Next,
standardization is carried out, for which it is necessary to
subtract the cluster value from the sample mean and
divide it by the mean deviation, after which the mean
value is removed, and the unit variance is scaled. The
distribution of user text data by clusters is depicted in
Figures 9 and 10 using different graphs. Therefore, the
PCA plot reflects the general structure of the data, and the
TSNE plot best demonstrates the relationship between
neighbors. For a more convenient display of data, 40 text
instances were displayed on the PCA graph instead of all
possible objects, and 400 text instances were displayed on
the TSNE.

0.8 4
0.6 4
0.4 4

0.2
-

0.0
L3

T T T T T T
—0.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure 9 — Distribution graph of PCA type clusters

In the end, the most popular keywords for each cluster
were extracted, from which certain conclusions can be
drawn or trends can be observed, for this, the average
value was calculated for all dimensions of the created
model, which were grouped in each cluster. The next step
was sorting the arrays of average values of each cluster in
descending order and selecting the first ten elements,
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shown in Figure 11, where zero cluster contain negative
user posts and comments, the first cluster — positive, and
the second — neutral.

60 -
o * o
R
40 1 » 2
. e o
. *“w
20 - L4 °
8% o ¢ ]
H) ° °
ol o, ¢ . ®
7] .
a ® ®
-20 4 b
‘ .
L4 D)
L ]
—40 1 i
[ ]
. .
60 |
°
—80 T T T T T T T T T
-80 -60 —40 -20 0 20 40 60 80

Figure 10 — Distribution graph of TSNE-type clusters

Cluster 0
one,country,nato,stop,people,putin,rt,russia,war,ukraine

Cluster 1
apmassaro3,attack, supporter,russia,civilian,today,russian,military,ukraine, rt

Cluster 2
monday,ukraine,oct,10,defense,pic,russian,air,rt,missile

Figure 11 — The most popular keywords

6 DISCUSSION

After experimenting, it can be concluded that the used
combination of algorithms, namely the LSTM sentiment
analysis neural network and the k-means clustering
algorithm, works effectively and allow more accurate
analysis of datasets than their counterparts, especially
when the datasets reach large sizes and it is necessary to
accurately analyze the sentiment of the text together with
the level of emotionality and effectively distribute the
number of clusters required for further research. Figure 12
shows a comparison of the work of combinations of the
CNN neural network and the hierarchical clustering
algorithm, which have the complexity of the O(n%
algorithm, and the LSTM neural network and the k-means
clustering algorithm created in the intelligent system,
which have the complexity of the O(nlogn) algorithm,
respectively, the implemented algorithms in an intelligent
system, they work at least 10...15% faster and more
efficiently than the previously described convolutional
neural network and hierarchical clustering, and with large
volumes of data they can work up to 20% better.

CONCLUSIONS

During the work, an intelligent system of sentiment
analysis and clustering of posts in the Twitter social
network was implemented, with the help of which the
user can enter certain parameters and keywords that will
be used to download posts and comments from the
Twitter social network for analyzing the sentiment of
messages, their emotional evaluation and division into
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Figure 12 — Comparison of the complexity of algorithms

clusters. To begin with, the importance of creating such
an intelligent system was described, and the analysis of
recent research and literature sources to understand what
has already been implemented and what still needs to be
implemented and, accordingly, repeat the advantages and
avoid the disadvantages. The application of neural
networks of various directions and clustering algorithms
was mainly considered. The purpose of the work was
described, and it was explained why implementing a
modern LSTM neural network, and the k-means
clustering algorithm is an urgent task to increase the
system’s efficiency and improve the accuracy of the final
results. The functionality of the system was also
described, namely the essence of the work of its main
algorithms and the general implementation of the main
functional components, and presented with the help of
diagrams that depict both the block diagrams of the
algorithms and the options for using and interacting with
all the created data flows of the intelligent system as a
whole.

In the course of the work, an actual experiment was
carried out using the created intelligent system, during
which keywords and search parameters for publications
and comments in the Twitter social network were set, and
a set of tweets was downloaded, which was saved and
formed into a dataset. After that, formatting,
lemmatization, and standardization of text instances were
carried out for the correct operation of the algorithms.
Concerning this text, a Long Short-Term Memory neural
network was trained and used, with the help of which
both a general sentiment analysis was carried out with the
division of the text into negative, neutral, and positive,
and an analysis of the emotional value of the text, i.e., the
distribution from -1.0, i.e.,, the maximum possible
negative to 1.0 — the maximum possible positive, and the
value and subjectivity of sentiment are reflected.
Similarly, a cluster analysis of the text was carried out
using the k-means clustering algorithm, a model was
created and trained, and the optimal number of clusters
for the downloaded dataset was selected using the
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“elbow” method. After dividing the text data into clusters,
the formed clusters were graphically displayed using PCA
and TSNE graphs. The average value was calculated for
the current dimensions of the created model, and the ten
most popular words in each cluster were displayed, the
image of the text elements of each cluster was
demonstrated using a three-dimensional graph, and the
difference in efficiency and complexity between the CNN
neural network and hierarchical clustering and the LSTM
neural network was shown and k-means clustering
algorithm implemented in the intelligent system.
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AHOTALIA

AKTyaJIbHiCTB. Y CTaTTi HarojolIyeThCs Ha HEOOXIAHOCTI CTBOPEHHS CHUCTEMH NPUAHSATTSA pillleHb, sKa MOXE aHali3yBaTH
MOBIJOMJICHHST KOPHCTYBaiB i BU3HAYaTH HACTPOi, 00 3pO3YyMiTH, SIK HOBMHH Ta IOJii BIUIMBAIOTh Ha eMolii mroneil. Taka cucrema
BHKOPHCTOBYBAaTHUME IIEPEIOBI METOIH ISl aHAJII3y ITOBIIOMJICHh KOPHCTYBAUiB, 3arJHOIOI0YHCH y TIOYYTTs, BUpakeHi B TekcTi. OCHOBHa
MeTa — OTPHMATH YSBJICHHS IIPO T€, SIK HOBUHH Ta PI3HOMAaHITHI ol BiIOMBAIOTECA HA EMOLISAX JTIOACH.

MeTo10 AOCTiA:KEHHSI € CTBOPEHHS CHCTEMH NPHUHATTS DilllcHb, SKAa 3MOXKE aHANi3yBaTH Ta BH3HAYATH HACTPOi IHOBITOMIICHB
KOPHUCTYBaYiB, PO3yMITH €MOIL[IiHY PEaKI[if0 Ha HOBHHU Ta MO/Iii Ta PO3MOALISITH IaHi B KJIaCTEpH, 11100 OTPUMATH HIKPIIE PO3YMIHHS TYMOK
KopHcTyBadiB. L5 GararorpanHa MeTa nependayae iHTErpanilo NepejoBUX METO/iB 00pOOKHU NPHUPOJHOT MOBH Ta MAIIMHHOTO HABYAHHS JUIS
CTBOPEHHsI HAIIMHOI CUCTEMU MPHAHATTS pimieHb. OCHOBHHMH LIJIIMU € aHali3 HACTPOIB, PO3YMIHHs €MOLIHHUX peakiiii Ha HOBUHHU Ta
mMoIi1 Ta KJIacTepHU3allis JaHUX JUIS HITICHOTO YSABICHHS PO IyMKU KOPHUCTYBAYiB.

Metoa. [{ist 06poOkH BeTMKHUX 0OCATIB TaHUX KOPHUCTYBaya MPOIIOHYETHCS BUKOPHCTAHHS HEHPOHHUX MEPEX JTOBTOCTPOKOBOI mam’siTi
JUISL aHaJli3y HACTPOI0 Ta anroputmy K-cepemHix mist kiacrepusanii manux. Llst crpaTteridyHa KoMOiHAIlisl CIpsSMOBaHA Ha BHUPILIEHHS
po0ieM, NOoB’A3aHUX 13 00POOKOI0 BEIUKUX 00CATIB JaHUX, CTBOPEHUX KOPUCTYBauaMy, y OUIbII IIIMOOKHMIA Ta LiJIecIpsMOBaHUiA crocio.

Pe3ysabTaTu. BUkOHaHO JOCIIDKEHHS Ta KOHLENTYaJ bHE MPOCKTYBAHHS CHCTEMH NPUUHATTS PIllleHb Ta CTBOPEHO CHCTEMY MPUHHATTS
pimens. CrcTeMa BKIIIOYAE aHaNi3 HACTPOIB 1 KJIaCTEpHU3allilo JaHUX JJIsl PO3yMiHHs JyMOK KOPHCTYBa4iB 1 I[IHHOCTI HACTPOIB TAKUX JYMOK,
po3aisoun 1X Ha KJIaCTepH Ta Bi3yali3ylouu pe3yJbTaTu.

BucHoBku. Po3poOka cucteMy NpUIHHATTS pillieHb, 3aTHOI aHAi3yBaTH HACTPOi KOPHUCTYBAYiB i KJIaCTEpU3yBaTH AaHi, MOXE HaJaTh
HiHHY 1H(QOpPMAIIiI0 PO PEaKI[if0 KOPUCTYBAaUyiB HA HOBMHHU Ta MOJIl B COLANIbHUX MEPEXkax. 3amporoHOBAaHE BUKOPHUCTAHHS HEHPOHHHUX
Mepex JOBrOCTPOKOBOT MaM’sTi Ta anroputMmy K-cepeiiHix BBa)KaeThCsl MPUIATHUM JUISl aHANI3y HACTPOIB i 3aBIaHb KJIaCcTEpH3allil TaHHX.
[TigKpecIoeThCs BaXIIMBICTh BUBUSHHS! ICHYIOUMX POOIT i CUCTEM JUIsl pO3YMIHHS JOCTYITHHX JITOPUTMIB 1 iX 3aCTOCYBaHHS. Y CTaTTi TAKOXK
OIHCAaHO CTBOPEHY Ta BIPOBAKCHY CHCTEMY IPUHHATTS pillleHb Ta IIPOJEMOHCTPOBAHO (YHKIIOHANBHICTh CHCTEMH Ha IIPUKIani Habopy
JIaHHX.

KJIFOUYOBI CJIOBA: 06po6ka npupojHOT MOBH, 3rOpTKOBa HEMPOHHA MEpexka, peKypeHTHa HeiipoHHa Mepexa, LSTM, knacrepusaris
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ABSTRACT

Context. The relevance of the article is determined by the need for further development of models for optimal restoration of the
connectivity of network objects that have undergone fragmentation due to emergency situations of various origins. The method
proposed in this article solves the problematic situation of minimizing the amount of restoration work (total financial costs) when
promptly restoring the connectivity of a selected subset of elements of a network object after its fragmentation.

The purpose of the study is to develop a method for creating a minimal spanning tree on an arbitrary subset of vertices of a
weighted undirected graph to minimize the amount of restoration work and/or total financial costs when promptly restoring the
connectivity of elements that have a higher level of importance in the structure of a fragmented network object.

Method. The developed method is based on the idea of searching for local minima in the structure of a model undirected graph
using graph vertices that are not included in the list of base vertices to be united by a minimal spanning tree. When searching for
local minima, the concept of an equilateral triangle and a radial structure in such a triangle is used. In this case, there are four types of
substructures that provide local minima: first, those with one common base vertex; second, those with two common base vertices;
third, those with three common base vertices; fourth, those without common base vertices, located in different parts of the model
graph. Those vertices that are not included in the list of basic ones, but through which local minima are ensured, are added to the
basic ones. Other vertices (non-basic) along with their incident edges are removed from the structure of the model graph. Then, using
one of the well-known methods of forming spanning trees, a minimal spanning tree is formed on the structure obtained in this way,
which combines the set of base vertices.

Results. 1) A method for creating a minimal spanning tree on an arbitrary subset of vertices of a weighted undirected graph has
been developed. 2) A set of criteria for determining local minima in the structure of the model graph is proposed. 3) The method has
been verified on test problems.

Conclusions. The theoretical studies and several experiments confirm the efficiency of the developed method. The solutions
developed using the developed method are accurate, which makes it possible to recommend it for practical use in determining
strategies for restoring the connectivity of fragmented network objects.

KEYWORDS: network object, weighted undirected graph, connectivity, transitive closure, minimum spanning tree, local
optimum, optimization criterion, method.

ABBREVIATIONS E’ is a set of edges that make up the required graph
MST is a minimal spanning tree; G[K]i

TC is a transitive closure. . .
C e clo W is a total weight of the constructed tree;

NOMENCLATURE w; is a weight of the TC between the corresponding
G is an undirected weighted graph modeling a vertices of the model graph G ;
network object; v; is a vertex of the model graph G ;

V is a set of vertices of the model graph G ;

E is a set of edges of a model graph G ; N is a number of graph vertices.

Sg !s a set o_f edges of a model graph G ; INTRODUCTION
Rg isamatrix of shortest paths of the model graph G ; Objects with a distributed structure, so-called network
(u,v) is the graph edge G ; objects, have long ago and forever entered the life of

w(u, v) is a weighting coefficient of some edge (u,v) mgnkind. Such facilities _include transport networks (ro_ad,
' 14 rail, water transport, air transport); data transmission

K is an arbitrar”y selected subset of vertices of the networks; power gridS, water Supp|y networks, gas Supp|y
model graph G ; networks and others. A distinctive feature of such objects
Glk] is an MST, which is created on an arbitrarily s the presence in their composition of nodal elements

selected subset of vertices of the model graph G (passenger stations, communication nodes, distribution
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and pumping stations, producers of services and their
consumers, etc.) and communication lines between these
nodal elements (transport routes, cable facilities, power
lines, etc.).

The efficiency of such complex objects depends on
the performance of their individual elements, but this
dependence is more pronounced on communication lines,
since the latter have larger linear dimensions and,
therefore, are more often and more exposed to external
undesirable influences [1, 2, 3, 4]. The causes of external
influences include man-made and natural emergencies.
Network facilities undergo particularly significant
fragmentation (destruction) because of military (combat)
operations in the territories where such facilities are
located [5].

As a rule, after the situation in the crisis area is
normalized, and in many cases during the emergency
response, the issue of conducting restoration work on the
destroyed network facility arises to bring the structure of
the facility and all its functioning parameters to the design
parameters.

In conditions of limited funding or limited time for
restoration work, the network facility is usually restored
to the spanning structure first [6] as the first stage of res-
toration work. In such a structure, each nodal element is
connected to any other nodal element, although not al-
ways by optimal routes. The facility continues to operate,
although with some loss of quality of service to end users
(subscribers). At the second stage, based on the spanning
structure, the network object is restored to its original
structure, and even improved, to make it more efficient.

If the nodal elements differ in their degree of
importance, the first stage of restoration work involves
restoring the connectivity of not all elements of the
network object, but the more significant ones selected
according to a certain rule (criterion). It should be noted
here that when determining the set of such elements, the
current situation at the facility due to its fragmentation
and the functional purpose of the facility itself are also
considered.

Using well-known methods for constructing minimal
spanning trees (MSTs) on graphs, such as Prima [7],
Kruskala [8], Boravki-Solina [9], and others [10, 11, 12],
it is generally possible to construct a spanning tree on an
arbitrary subset of the vertices of the initial undirected
graph, but in most cases such a tree will not be optimal in
terms of the minimum total weight of the weighted edges
it is composed of. On network objects with a significant
number of node elements and a significant density of
communication lines, such an error can be significant and
decisive in matters of choosing a strategy for restoring the
connectivity of a fragmented network object.

Thus, the article is aimed at minimizing the amount of
restoration work (financial costs for such work) aimed at
promptly restoring the connectivity of a certain (pre-
scribed) set of node elements of a fragmented network
object.
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The object of the study is the process of restoring
connectivity between an arbitrary subset of node elements
of a fragmented network object.

The subject of the study is the method for creating a
minimal spanning tree on an arbitrary subset of vertices of
a weighted undirected graph.

The purpose of the study is to develop a method for
creating a minimal spanning tree on an arbitrary subset of
vertices of a weighted undirected graph to minimize the
amount of restoration work and/or total financial costs
when promptly restoring the connectivity of elements that
have a higher level of importance in the structure of a
fragmented network object.

1 PROBLEM STATEMENT
The tasks of determining the optimal structures of
network objects are, for the most part, formalized and
solved using graph theory models and methods [13]. That
is why we will model the structure of the network object
with some weighted undirected graph G=(V,E), where

V is a set containing the vertices of a graph that model
the node elements of a network object; E is the set
containing the edges of a graph that model the
communication lines of a network object.

For each edge (u,v)eE, its weight is known
w(u,Vv) . In the plural V the vertices of the initial graph
are an arbitrarily selected subset of vertices K, so that
K<V, [K|<V|. Vertices that make up a subset K will
be called basic. The task is to create MST
Gik]=(K,E'c E), connecting a selected subset of base

vertices K, namely:

W(E)= > w(u,v) - min, (@h)
(u,v)eE’
under the conditions:
TC
V<X, y>eKIx——y, 2

where <X,y > —an arbitrary pair of vertices from the

set K; XL)y — transitive closure between an

arbitrary pair of vertices < x,y > .

2 REVIEW OF THE LITERATURE

Currently, the theoretical basis for restoring the
connectivity of fragmented (broken) network objects is
the graph theory.

A well-known and studied problem of graph theory
with numerical practical applications is the problem of
creating an initial undirected MST graph on the structure,
that is, an acyclic subgraph in which all vertices of the
initial graph are transitively closed (there is a path
connecting any pair of vertices), and the total weight of
the edges of this acyclic subgraph is minimal.
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Currently under creating MST G{, ], where “+” — the

entire nodal basis of the graph G, as it was mentioned
above, the well-known methods of Prim, Kruskal, Boru-
vka-Solin are used. These methods can also be used to
search for minimal covering trees G[K], by checking at

each step whether the tree being built has connectivity
between all vertices v e K .

Thus, a connected undirected graph is applied to the
input of Prim’s algorithm [7]. For each edge, its cost is set.
First, an arbitrary vertex is taken and the edge incident to
this vertices, which has the lowest cost, is found. The found
edge and two vertices connected by it form a tree. Then the
edges of the graph are considered, one end of which is a
vertex that already belongs to the tree, and the other is not;
from these edges, the edge of the lowest cost is selected.
The edge selected at each step is joined to the tree. The tree
grows until all the vertices of the initial graph are explored.
The result of the algorithm is the MST.

If the initial graph is given by the adjacency matrix,
the computational complexity of this algorithm is
estimated O(n).

In Kruskal’s algorithm [8], the current set of edges is
initially set to be empty. All the edges of the graph are
ordered as the weight increases and are presented in a
separate list. An edge of minimum weight is selected from
the list and added to the already existing set (the tree
being created). A cycle check is performed immediately.
If there is no cycle, then the next edge is taken and added
to the set. If there is a cycle, the edge that created it is
discarded. The process is iteratively repeated until all
vertices of the initial graph are included into the required
tree. The tree found in this way is the minimum spanning
tree of the initial graph.

The computational complexity of this algorithm will
be evaluated O(Elog(E)), and is mainly determined by

the complexity of the process of sorting the edges of the
graph.

The Boruvka-Solin algorithm [9] is practically no
different from Kruskal’s algorithm.

The conducted analysis of the literature shows that the
problem in the formal statement (1)-(2) has not been
posed or solved by anyone. Our article is dedicated to
solving this problem.

3 MATERIALS AND METHODS
The analysis of the Prim, Kruskal, Boruvka-Solin
methods on various structures proved that their use for
creating trees G[K], may give some error in the final

result, because in the structure of the initial graph G
spanning trees may exist G[K] with less weight. The fact

is that at each step of these methods, vertices are needed
for transitive linking v; € K , an edge of minimum weight

is added to the structure of the required tree, followed by
a check for the presence of a cycle. The total weight of
the added edges may exceed the weight of some edge, the
weight of which is greater than each of the added ones,
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but through which the optimal (by the minimum weight
criterion) transitive closure of the vertices is carried out
Vi € K.

For example, there is some communication network
modeled by an undirected weighted graph G, Fig. 1, a.
Minimal spanning tree G[l, 4,5,6] built according to the

Kruskal’s method, provided by Fig. 1, b bolder lines.

Figure 1 — Building a minimal spanning tree on an arbitrarily
subset of vertices of the initial graph G :
a — the initial undirected graph G ;
b —a minimal spanning tree G['1,4,5,6] of the initial undirected

graph G, built according to Kruskal’s method

At the same time, the total weight of five edges

(v2), (v2.va), (v1.vs), (vaVs), (va,Ve), which are
part of the spanning tree Gfj,56], is equal to

ZWij =18.
(i,1)eGla5.6]
But it can be seen that in fact MST G[’1,4y5’6] consists

of four edges (v,v2), (vava). (v2vs). (vs.v6).
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Herewith W = > w; =16, see Fig. 2. The absolute
(i' j)EGf1,4,5,6]

difference in the weights of these two trees is 2 units.

Figure 2 — A minimal spanning tree G['1,4‘5,e]
of the initial undirected graph G

Considering the above, we will formulate and prove the
following theorem.
Theorem. Let G=(V,E) be an arbitrary weighted

undirected graph. Minimal spanning tree Gfk]= (K, E’)
on a subset of selected vertices v; € K of the graph G,
where K <V, can be created by adding a subset to the
composition K of some vertex v; ¢ K, if the optimal (of

minimal weight) transitive closure (TC) of some vertices
is carried out through it v; e K .

Proof: It is obvious that is a minimal spanning tree on
a subset of vertices K , in case |K|=2 is a shortest path
connecting these two vertices. If \K\>2 , there can be
several such paths. Thus, to obtain the connectivity of
some vertices s, d, t to the structure of the required
Gls,d.t] can be added
(s.d4), (01, dy)..... (dr-1,dn ). (dn.d) and
(s,t), (t1,t) oo (1.t ) (t5,t) edge. Suppose that in the
structure of the initial graph G some vertices is present
t, ¢ K and edge (t,,d) for which the following condition

is true: Wy g >Ws g, Wy d > Wq, d, o Wi, d > Wa, d
and We g <(Wsg, *tWg  d t W, d) So,
considering the edge (t,,d) it is possible to reduce the
total weight of the required spanning tree G[S,d ]

Therefore, the adjacent edges whose weight
coefficients are in parentheses can increase the total
weight of Gfs 4] Thus, the problem should be solved

taking into account the possible addition to the structure
of the required tree G{y | of additional vertices v; ¢ K,

the total weight of the transitive closure through which
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will ensure the minimization of the total weight of the
required spanning tree. The theorem is proved.
Let us note an important consequence of the theorem.
Consequence. The weight of transitive closure of
vertices v; e K, can be reduced through some vertices

vi ¢ K, starting from |K|=3.

Let’s explain the mentioned consequence graphically.
For example, there are two connected networks with
lengths L, and L,, see Fig. 3.

a L1=2a

a

|

I C

: L2:3C
POW

b

Figure 3 — Geometric comparison of the total weight of TC in
networks with [K| =3 and different organization of the

structure:
a — without using an additional vertices — a linear substructure.
b — using an additional vertices (V,) — a radial substructure.

¢ — geometric interpretation of TC weight based on an
equilateral triangle
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The size of an edge c in an equilateral triangle, see

Fig. 3, ¢ is determined as follows:

Cos30°= 22 5 .. @  Thus, in an equilateral
c 7

triangle (or close to it), the inequality Ly > L, will always

be valid.

Based on the above, the main idea of the method is to
check the structure of the initial graph G on the
possibility of reducing the weight of TC between threes
v, € K in their various combinations (sets) due to the
addition of some vertices v; ¢ K (see Fig. 3, b). If such a
possibility exists, we will speak of the existence of a local
minimum, which is ensured by this v; ¢ K. Vertices
vi € K, which do not provide local minima will be
removed from the structure of the initial graph G
together with the edges, incidental to them, and they will
not be considered in the further creating of the MST.

If several radial substructures that provide local minima
are found in the graph G structure, they should be analyzed
for the extent to which the base vertices v; € K are used to-

gether. The following options are possible here, see Fig. 4:

Figure 4 — Degree of compatible use by radial substruc-
tures of base vertices v; € K (such vertices are marked in
solid red):

a — first; b — second; ¢ — third; d — null (no compatible use
of base vertices)

Thus, when detected in the structure of the model
graph G several radial substructures with the first degree
of their joint use of basic vertices (see Fig. 4, a), all
vertices vj ¢ K, through which such substructures are
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formed, remain in the structure of the graph G, providing
corresponding local minima in it. The same situation
occurs with radial substructures with zero degree of use of
base vertices (see Fig. 4, d), because substructures are at
some distance from each other. In this case, all vertices
vi ¢ K, due to which such substructures are formed,
remain in the structure of the graph G, providing
corresponding local minima in it.

The situation will be different in the presence of the
second and third degrees of base vertex usage. In such a
situation (see Fig. 4, b and Fig. 4, ¢) you need to find out
which of the vertices v; ¢ K (in this case v, or v,) will

ensure a lower weight of the TC of the base vertices
vi e K. In the case of the third degree of use of base

vertices, competition between vertices v; ¢ K occurs on

several parallel radial substructures that connect some
triplet of base vertices v; € K, see Fig. 4, c. The result of
such competition is the selection of a single vertex
vj ¢ K, which ensures the smallest weight of the TC of
this trio of vertices. At the same time, the local minimum
remains within the three analyzed vertices. In the case of
the second degree of using base vertices (see Fig. 4, b),
vertices v;j¢K are the roots of adjacent radial
substructures that connect different sets of basic vertices
triples v; e K. In this case, the result of competition
between the corresponding vertices v; ¢ K is the choice
of the radial substructure that provides the smallest weight
of the TC of the corresponding triple of vertices (within
the example shown in Fig. 4, b, the local minimum is
provided on the triple of vertices, the root of which is the
vertex vq). Both in the first and in the second cases, the
vertices v ¢ K, that lost the competition are removed
from the structure of the modeling graph G along with
the edges, incident to them.

Having considered the general theoretical provisions,
we will present the developed method in the form of the
following six steps:

Step 1. Based on the modeling weighted undirected
graph G, creating its adjacency matrix S¢ . According to
the matrix S, creating a matrix of the shortest paths R,
between all pairs of the vertices of graph G. For this
purpose, we can use the Warshall-Floyd algorithm [14,
15] or Shimbel [16] and some others.

Step 2. For each v; ¢ K according to the Rg to find the

weight of the TC with three base vertices v; € K , for which

n
the condition D’ w;; — min is valid.
j=1
The result of the operation: the column indices
(vertices vj € K) are idx1, idx2, idx3; the total weight of

the TC connecting the given trio of base vertices v; € K
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with v; ¢ K , that is analyzed is ZW\[/‘:{gﬁ'Vidxz’ViM]EK .To
save the results of the operation.
Step 3. For each v; e K Dby the column index sets

defined in step 2 (idx1, idx2, idx3) according to the matrix
R, to find the weight of the corresponding vertices. The

result of the operation: the weight of the TC connecting
the base vertices vj € K with three base vertices v; € K
with numbers idx1, idx2, idx3 is ZW\[,\:EXQ'VMXZ'VM]EK :

To save the results of the operation.
Step 4. To remove vertices v; ¢ K for which the

condition is valid:

ZWV 2X|'1( Vidx2 Vldx3]€K > vz W[Vldxl Vidx2: Vldx3]€K ,i=1Ln, ()

from the structure of the model graph G together with
the edges, incident to it. Appropriate changes to the
matrix S should be made.

Step 5. To carry out a pairwise check of the vertices
vi ¢ K remaining after the previous steps for the degree

of compatible use by the radial substructures of the base
vertices v; e K :

a) if because of such a check zero or first degree was
found (without a match by indices or a match by one
index), then such vertices should be left in the structure of
the model graph G ;

b) in the case of detection of the second or third
degree (a match according to two or three indices,
respectively), determine the vertices v; ¢ K through
which the minimum TC of the corresponding trio of base
vertices is ensured v; € K. To remove the vertices that
lost the competition from the structure of the model graph
G together with the edges, incident to it. An appropriate
changes to the matrix S, should be made.

Step 6. On the modified in this way graph G, by one
of the well-known algorithms for creating the MST the
required minimum tree Gfy=(K,E'c E) is created.

4 EXPERIMENTS
Let us illustrate the application of the method on the
example of the graph provided by Fig. 1, a. As before, the
MST Gfy, 4,5, 6] is to be found.

Step 1. A calculated matrix of shortest paths Rg

between all pairs of graph vertices has the following
form:
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v ve v (vl )] v,

(v [0]3 4]5]8]9]13]

v, |30 7|2 5/(11]10

v, |47 0|9 4|5]16

Rs 5 .
clv]5[2 9fof7]10]s] @)

(v, [8]5 4]7]of6]15]

(v, [9]11 5[10] 6 11]

v, |13 |10 16| 8 |[15( 11 0

In expression (4), verticesv; € K are marked in red.
Step 2. For  each v g K we  define

> W\[/Vgi(lvvide*Vide]EK s min

s YW Vl vevsl_10. For

. For the vertex v, ¢ K it

the wvertex vyek it is

Zwv‘él’vf"vﬁ]zla For the vertex wv;ek it

is ZW\[/‘?‘V“‘VG] =32.

Step 3. The results of calculations for this step are
presented in Table 1.

Table 1 — The weight of TC of the basic vertices v; € K with

triples of base vertices V; € K, having the indices defined in
step 2 of the method

Vy Vg, Ve Vy Ve,V \"A7RY
vek | bl | osuduedl | gl
1 2 3 4
Vi 13 17 14
\7 12 22 15
Vs 15 14 21
Ve 25 15 25

Step 4. According to inequality (3), we compare the

received sums  of  weights ZW\[/\;l’V4’V5]:10,

Zw\[/‘gl’vf’"’ﬁ] =13, Zw\[/‘;l'v“"’ﬁ] =32 with sums of weights

on the corresponding indices for v eK, which are
presented in Table 1. The inequality is valid only for the

vertex vy, since Zw\[/‘;l“’4"’6]:32 is greater than any

value in column 4, see Table 1. So, the vertex v; is

removed from the structure of the model graph G with
all the edges incident to it. Corresponding changes are
also to be made to the matrix Sg .

Step 5. Let us perform a pairwise check of the vertices
v; ¢ K remaining after the previous steps for the degree

of compatible use by the corresponding radial
substructures of the base vertices v; € K. Such vertices

are v, and v for which respectively ZW\[/\S'VA'VS]:N

OPEN a ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, indpopmatrka, ynpasminss. 2024. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 1

and ZW\[,‘;”VS'VG]:B. As we can see, the radial

substructures, the roots of which are these vertices, jointly
use the base vertices v; and vs. Therefore, we got the

second degree of joint use of basic vertices by radial
substructures v; e K (match by two indices). Since the
weight of the transitive closure over the vertex vs is
greater than through the vertex v, (13>10), the vertex vy
is also removed with all its incident edges from the
structure of the model graph G . Corresponding changes
are also to be made to the matrix Sg .

Step 6. On the modeling graph G modified in this way
(Fig. 5) using the Kruskal method, we will create the
MST Gf,4,5,6]- It will be identical to the MST presented

at Fig. 2.

¢¢¢¢

Figure 5 — Modified model graph G and the MST on the se-
lected subset of vertices

5 RESULTS

When applying the developed method to the initial
undirected graph G (see Fig. 1), three radial substructures
were successively considered, the roots of which were
vertices Vv, , V3, V7, not included in the set K . During
the verification, it was found that the vertex of v; does
not provide a minimum TC between the specified three
base vertices v; € K . This fact made it possible to modify
the initial graph G by removing this vertices and all
edges incident to it from its structure. The vertices v, and
vz have provided the minimum TC. At the same time, the
radial structures (triplets of vertices), of whose roots they
are, intersect along two vertices and have the second
degree of joint use of the base vertices v, e K. This fact
led to the need to compare the vertices vy, V3, and
choose the one that provides the local minimum of TC.
This vertex appeared to be the vertex v,. Consequently,
vertex vz was also removed from the original graphG

structure.
Therefore, the internal tools of the proposed method
allow testing the structure for the presence of local
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minima in the TC of the base vertices v; € K through the
vertices v; ¢ K, and modifying the structure of the initial
graph G to further find MST G[K] in this structure.

6 DISCUSSION
The combination of the approaches proposed in the
article allowed us to develop a method by which it is
possible to build a MST on an arbitrary subset of vertices
of the initial undirected graph. This became possible due
to the analysis of radial substructures whose roots are
vertices v; ¢ K, in terms of the weight of the TC of these

substructures, and the search for local minima among
them. At the same time, this became possible due to the
use of the shortest paths matrix ( Rg ) between all pairs of

vertices of the model graph G . Due to the fact that such a
matrix contains information not only about the presence
of TC between any pair of vertices, but also quantitatively
characterizes this relationship, it became possible to
analyze different sets of three basic vertices v; € K, from

different locations of the model graph relative to the root
of the current radial substructure. The above allows us to
launch a mechanism for revealing local minima in the
structure of the model graph G and selecting vertices

vi ¢ K that provide this minimum. On the other hand,
those vertices v; ¢ K , which do not provide local minima

are removed from the structure of the model graph G,
thereby not increasing the weight of the required MST
G[K]

Several dozen full-scale experiments on various
network objects of low density have shown the efficiency
of the developed method, and the solutions obtained were
optimal. At the same time, the behavior of the method on
dense network objects of high dimensionality remains a
challenge (n>30). Thus, the method could be considered
quasi-optimal at the moment.

The computational complexity of the combinatorial
algorithm that implements the developed method will be
determined by the computational complexity of its “basic
elements” — the algorithm for finding the shortest paths
between all pairs of vertices of the model graph and the
algorithm for creating the MST. If the Warshall-Floyd
algorithm and the Kruskal algorithm are taken as the basic
algorithms, respectively, the overall computational
complexity of the combinatorial algorithm will be

estimated O(n3 +Elog(E)) .
The obtained polynomial estimate of the computa-

tional complexity is suitable for using such an algorithm
in solving relevant management problems in real life.

CONCLUSIONS
The article solves the actual scientific and applied
problem of creating the MST G[K] on an arbitrarily

chosen subset of vertices of the initial undirected
weighted graph, where K is an arbitrarily chosen subset
of vertices of the initial graph G .
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The scientific novelty of the developed method is as
follows:

1) in the formulation of the consequence that to
reduce the weight of the transitive closure of the base
vertices v; € K, through some vertices v; ¢ K, starting

from K| =3;
2) in the proposed approach to vertices selection
v; K. The essence of the approach is to compare the

weights of transitive closures of different radial
substructures whose roots are vertices v; ¢ K, combining

different sets of three basic vertices v; € K ;

3) in the proposed approach to determining the local
minimum of the weight of radial substructures, among
substructures that are in competition. The core of the
approach is to analyze the degree of joint use of base
vertices v, eK by different radial substructures.

The practical value of the method is when it is
applied to large and dense network objects that have
undergone fragmentation (destruction due to external
influences), it is possible to significantly reduce the
amount of restoration work and/or total financial costs
while quickly restoring the connectivity of elements that
are of higher importance in the structure of such an
object.

A promising direction for further research is the
final verification of the developed method to determine its
optimality class.
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METO/ TOBYJIOBA MIHIMAJILHOT' O KICTSIKOBOT'O IEPEBA HA JIOBLJIBHIM IIJIMHOKAHI BEPIIIAH
3BAKEHOI'O HEOPIEHTOBAHOI'O T'PA®A
BamamyTt B. M. — n-p Bilicbk. HayK, mHpodecop, 3aCTYyMHHK HadaJlbHHKAa HAayKOBO-IOCTIJHOTO IIEHTPY CIyk00B0-00i10BOT
nisuteHOCTI HamonaneHoi rBapaii Ykpainn HanionansHoi akagemii HamionansHoi rBapaii Yipainu, XapkiB, YkpaiHa.
TopneBcnknii C. O. — HayKoBHil CHIBPOOITHHK HAYKOBO-IOCTIJHOTO LEHTPY Ciryxk00Bo-00ioBoi misimbHOCTI HamionambHOl
rBapaii Yxpainun Hanionansaoi akanemii Hanionansaoi rBapaii Ykpainu, Xapkis, YkpaiHa.
Ba6kos IO. I1. — kaHa. TexH. HayK, IOUEHT, npodecop Kadenpu aepxkaBHOi Oesneku HarioHanpHol akanemii HamioHanbHOT

rBapnii Ykpainu, XapkiB, Ykpaina.
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Mopxksin [I. A. — 1-p dinocod., HauaTBPHUK HAYKOBO-JOCIIHOI JIabopaTopii HayKOBO-JOCIIIHOTO LEHTPY CIIy>kK00B0-0010BOT
nisutbHOCTI Harionanbroi reapaii Ykpainu HanionansHoi akagemii HarionanbHol reapaii Ykpainu, Xapkis, YkpaiHa.

AHOTANIA

AKTYaJIbHICTh. AKTYaJbHICTh CTAaTTI OOYMOBIIOETBCS TOTPEOOI0 y TMONAIBIIOMY PO3BHTKY MOJENICH ONTUMAaIbHOTO
BiJTHOBJICHHSI 3B’SI3HOCTI MEPE)KHUX 00’ €KTIB, MO 3a3HaIM (pparMeHTaIlil BHACIIIOK HAJ3BHYAHUX CHTYaIlill PI3HOTO XapakTepy
TIOXOJDKEHHS. 3alpONOHOBAHUM y CTAaTTI METOJA yCyBae MpOOJEeMHY CHTYyamlilo, IIO IMOJATae y HeoOXiTHOCTI MiHiMizamii obcary
BiJIHOBIIFOBAIBHUX pOOIT (3aranbHUX (DIHAHCOBHX BUTPAT) MPU OINEPATHBHOMY BiJHOBJICHHI 3B’S3HOCTI OOpaHOI MiJMHOXHHH
SJIEMEHTIB MEPEeKeBOro 00’ €KTy Ticis Horo gparmMeHTartii.

Meta po6oTH moJjsirae y po3po0seHHi MeTo Iy mo0yA0BH MiHIMaJIBHOTO KiCTSIKOBOTO JepeBa Ha AOBLUIbHI MiAMHOKHHI BEpIIMH
3BKCHOTO0 HEOPIEHTOBAaHOrO rpady i MiHiMizalii o0cAry BiJHOBIIOBAILHUX POOIT i/aGo 3arambHUX (DiHAHCOBHX BUTpAT TPH
ONEPAaTUBHOMY BiTHOBJIEHHI 3B’S3HOCTI €NEMEHTIB, SKi MAalOTh BHUIIMHA pIBEHb BAXJIMBOCTI B CTPYKTYpi (parMeHTOBaHOTO
MEPEXHOTO 00’ €KTY.

Metoa. Po3poOnenuii MeTon 3acHOBaHMII Ha ifgei MOIIYKy B CTPYKTYpi MOJEIBHOTO HEOPI€HTOBAHOTO rpada JIOKaIbHHX
MIHIMYMIB 3 BUKOPUCTaHHSIM BEpUIMH Tpady, 0 He BXOAATH JI0 MeperliKy 60a30BHX BEpIINH, sKi MOTPiOHO 00’ €IHATH MiHIMAIBHUM
KicTSIKOBMM JepeBoM. Ilin yac momryky JIOKQJIBHHX MIiHIMyMiB BHKOPHCTOBYETHCS IOHSATTS PIBHOCTOPOHHBOTO TPHKYTHHKA Ta
paniajgbHOi CTPYKTYPU B TAaKOMY TPUKYTHHUKY. IIpy IbOMY pO3pi3HSIIOTHCS YOTHPH THUIIN HiACTPYKTYP, SIKi 3a0€31e4yr0Th JIOKaIbHI
MiHIMYMH: Tepiii, Ti 10 MalOTh OJHY CHiIbHY 0a30BYy BEpIIMHY; APYTi, Ti 10 MAalOTh IBi CIiJIbHI 0a30Bi BEpIUHHH; TPETi, Ti L0
MalOTh TPH CIHiJbHI 0a30Bi BEPLIMHM; YETBEPTi, Ti 110 HE MAIOTh CIIIBHUX 0a30BHX BEPIIMH — 3HAXOMATHCS B PI3HUX YaCTHHAX
MoznensHoro rpada. Ti BepmMHHM, IO HE BXOATH IO MeEpeliKy O0a3oBHX, ane depe3 sKi 3a0e3MedyloThcs JIOKadbHI MiHIMyMH,
JNOMAIOTHCSI M0 CKiaxy Oa3oBux. IHmi Bepmmau (He6a30Bi) pa3oM 3 IHOUACHTHAMH iM pebpaMH BHIAISIFOTBCS 3 CTPYKTYPH
MozenbHoro rpada. Jlami, Ha OTpUMaHI TakKMM YHHOM CTPYKTYpi, OJHUM i3 BiJOMHX METOAIB NOOYIOBH KICTSKOBUX JEPEB,
OyyeTbest MiHIMaJIbHE KiCTSIKOBE IEPEBO, SIKE MOETHY€E HaOip 6a30BUX BEPIIHH.

Pesyabtarn. 1) Po3pobiieHo MeTo no0ya0BH MiHIMAIBHOTO KiCTSIKOBOTO JIepeBa Ha JOBUIbHIM i IMHOMXKHHI BEPIINH 3BAKEHOTO
HEOPiEHTOBAHOTO rpada. 2) 3anpornoHoBaHa CyKyIHICTh KPUTEPIiB /I BU3HAYCHHS JIOKAJIBHUX MiHIMyMiB B CTPYKTYpPi MOJEIBHOTO
rpada. 3) Bukonano BepuQikalio METOy Ha TECTOBUX 3aj1ayax.

BucHoBku. IIpoBeneHi TeopeTHYHi MOCITIKEHHS Ta HHU3KAa EKCIIEPUMEHTIB MiATBEPKYIOTh Mpale3daTHICTh pPo3po0IICHOro
MeTtoay. PilieHHs, 10 BUPOOIISIOTHCS 13 BUKOPHCTAHHAM PO3POOJICHOr0 METOAY, € TOUHHMH, 110 JO3BOJISIE PEKOMEHIYyBaTH oro 10
MPAaKTUYHOTO BUKOPHUCTAHHS NP BU3HAYCHH] CTPATETiH BiTHOBJICHHS 3B’ I3HOCTI (pparMeHTOBaHUX MEPEKEBHUX 00’ €KTIB.

KJIIOYOBI CJIOBA: mepexeBnii 00’ €KT, 3BayKCHUH HEOPiIEHTOBaHUH rpad, 3B’ s3HICTh, TPAH3UTHBHE 3aMKHEHHSI, MiHIMAaJIbHE
KICTSIKOBE I€PEBO, JTOKAJIBHUM ONTUMYM, KPUTEPiil ONTHMI3alil, METO.
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INPOEKTYBAHHSI KOHBE€PHOI'O IPOONECOPA RISC-V
APXITEKTYPHU 3 AITAPATHHUM CIHIBITPOIECOPOM IIU®POBOI
OBPOBKH CUI'HAJIIB

Baspyk €. 5I. — kaHa. TeXH. HayK, JAOLIEHT, JOLEHT KadeapH eIeKTPOHHUX 004HCIIIOBAILHUX MalinH HanionanbHo-
ro YHiBepcurery «JIbBiBchbka nositexHika», JIbBiB, YkpaiHa.

Maxpos B. B. — cTyaeHT kadenpu koM otepHux cucteM Ta Mepex JIBH3 «Yxroponachkuil HallioHATBHUHN YHi-
BEpPCUTET», YKTOpoJ, YKpaiHa.

I'egeon I'. O. — acucrent xadeapn KoM roTepHUX cucteM Ta Mepex JIBH3 «Yxroponchkuil HallioHambHUHN yHI-
BEpPCUTET», YKIOpoJl, YKpaiHa.

AHOTANIA

AxTyanbHicTs. [{udpposa 00pobka curHaziB BUKOPUCTOBY€ETHCS B 6arathox cepax HayKd, TEXHIKU Ta AisUTbHOCTI Jiroquuu. On-
HHUM i3 IUIIXiB peaiizauii aroputmiB nudpoBoi 0OpoOKH CHTHAIB € Po3poOKa CHIiBIIPOLIECOPIB, SK CKIAJ0BOI YaCTHHH BiJOMHX
apxiTekTyp. Y BHNAAKY pO3poOKH KOHBEEPHOTO MPUCTPOIO TAKUH MiJXiJ JO3BOJIUTH BHKOPUCTOBYBATH MPOTPaMHi Ta amaparHi 3aco-
Ou BiAMIOBITHOT apXiTEKTypH, 3a0€3MEYNTH MIBUALIEC BUKOHAHHS aJTOPUTMIB OOPOOKHM CHUTHAJIIB, CKOPOTHUTH KUIBKICTh TaKTiB Ta Ki-
JBKICTH 3BEPHEHB /0 1AM ATi.

MeTta po60TH — IIPOSKTYBAaHHS Ta JOCHTIIKEHHS XapaKTePHCTHK KOHBEEPHOTO Iporecopa apxirekrypu RISC-V 3 criBnpomneco-
poM 1udpoBoi 0OpOOKH CHTHAIIB, 10 BUKOHYE IIBH/KE MepeTBopeHHs Pyp’e.

MeTtoa. AHami3 TEXHIYHOI JITEpaTypH Ta iCHYIOYHMX DillleHb 103BOJISIE OLIHUTH IIepeBard i HEJOMIKH Cy4acHHX po3po0oK Ta Ha
OCHOBI HUX copMyBaTH akTyaibHiCTh oOpaHoi Temu. [ToOGynoBa Monenel i JaHi CUMyJISLIN JO3BOJISIIOTH IIEPEBIPUTH Iparie3/ar-
HICTh MOJIEIi, 3HAMTH calKi JAHKH KOMITOHEHTIB Ta MOJIIIIMTH ITapaMeTPpy MOJIEII.

PesyabraTn. CripoekToBaHO KOHBEEpHHMH mporecop apxitektypu RISC-V, sikuii BukoHye 6a30Buit HaGip iHcTpyKuiid. [Ipoanaii-
30BaHO Yac BUKOHAHHSA MPOCTOI aceMOJIepHOI mporpaMu Ha KOHBEEPHOMY Ta OZHOTAKTHOMY IIpoliecopax. 3TiTHO pe3yJsbTaTiB, TeC-
TOBa MPOTpamMa Ha KOHBEEPHOMY IIPOIIECOpi BUKOHYETHCS 3a 29 TaKTiB, TOAL K Ha OMHOTaKTHOMY — 3a 60 TakTiB. Po3pobieHo cTpyk-
Typy CIIBIIpOLiECOpa BUKOHAHHS alrOPUTMY LIBHIAKOrO meperBopeHHs Pyp’e Ta Habip NPOLECOPHUX IHCTPYKIIH, SKi TO3BOJSIOTH
paLoBaTy i3 criBrnporecopoM. KijbKiCTh TaKTiB BUKOHAHHS CIIBIPOLIECOPOM aJTOPHTMY IIBHAKOrO meperBopeHHs Dyp’e 3a oc-
HOBOIO J1Ba i1t 512 Tovok ckinanae 2358 takTis, a s 1024 toyox — 5180 takTis.

BucnoBku. [IpoBeneHi MOCHi/KEHHST Ta po3paxyHKH IMOKa3ally, 110 BUKOPUCTAHHS PO3POOJIEHOr0 amapaTHOro CIiBIpoIiecopa
3MeHIIye yac BUkoHaHHs anroputMy LITI® Ta HaBaHTa)KeHHS Ha IPOLECOP I1i[] 4aC 00UUCIICHb.

KJIFOYOBI CJIOBA: RISC-V, nporecop, 1uppoBa 00podka cCUrHamiB, mBHAKE nepeTBopeHHs Oyp’e, KOHBeep, CHIBIPOLECOD,
FPGA.

ABPEBIATYPU
HOC - uudposa 06podOKka CHUTHAIIIB,;
T1® — mBuake neperBopeHas Oyp’e;
ISA — instruction set architecture;
RISC - reduced instruction set computer;
ARM - advanced RISC machine;
NOP — no operation;
FPGA - field-programmable gate array;
MIPS — million instruction per second;
DMIPS - Dhrystone MIPS;
CPI - clock per instruction;
SIMD - single instruction multiple data;
SSE - streaming SIMD extensions;
AVX — advanced vector extension;
LUT — look-up table;
MUX — multiplexer;
ALU - arithmetic-logic unit.

HOMEHKJIATYPA
CPU, — yac BUKOHaHHS aJlTOPUTMY;
CPU, — KiTBbKiCTb TaKTiB, HEOOXiAHMX /NI BUKOHAHHS
AITOPUTMY;
CPU, — TpuBaIicTh OJTHOTO TaKTy B CEKYHIAX;
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CPIl, — cepemHs KUTBKICTh TakKTIiB JJIsi BUKOHAHHS all-
TOPUTMY;

IC — KiNBKiCTh IHCTPYKIIN IS BUKOHAHHS ajITOpPHUT-
My;

M — minbitoH omnepartiii 3a ceKyHIy;

X(K) — BeKTOp Y4aCTOTHOI CKIIaJI0BOI CHTHAIY;

X(2n) — BekTOp MUCKPETHHX 3HA4YeHb (MapHi iHIEKCH
€IIEMEHTIB);

X(2n+1) — BeKTOp JAMCKPETHHX 3HAa4YeHb (HemapHi iH-
JIEKCH €JIEMEHTIB);

W, - noseprarounii MHOKHUK;

fy —gacrora curnamy 3a HOMEpoM #;

fs — wyacToTa mUCKpeTH3allT;

N — xinpKicTh Touok anroputmy LITO;

P — KimpkicTh TakTiB [UISI BHUKOHAHHS aITOPUTMY
HII1D;

L — KiIBKiCTh CTaiil KOHBEEPY;

K — KiJIbKICTh TOYOK, SIKY ONPAIlbOBYE METEIHK;

Q — KUIBKICTh METEJIHKIB.

BCTYII
[Ipr moOyIOBiI Cy4acHHMX KOMIT IOTEPHUX CHCTEM Ta
OKpPEMUX HPHUCTPOIB PO3POOHUKH OPIEHTYIOTHCS HAa BHKO-
PHCTaHHS BIAKPUTUX OOYMCIIOBAJIBHUX CTaHIAPTIB apxi-
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TeKTyp, Hanpukiaa, X86-x64, ARM, SPARC. RISC-V ¢
OJTHIEIO 3 TAKUX BIJAKPUTHUX 1 JOCTYIHUX CTaHAAPTIB apXi-
TEKTYp 3 TPOCTMM Ta MOJIYJbHUM HabOpOM Ko-
mana (ISA). ISA omucye poboTy simpa mporecopa, Kifb-
KICTh PEricTpiB, KOXHY IHCTPYKIII0O MAalIMHHOTO PiBHS Ta
i GaliT-KO/,.

JocTynHa Ta MOCTIHHO pPO3IIMPIOBAHA apXiTEKTypa
Ja€ MOXJIMBICTh 1H)XXEHEpaM IMPOBOIUTH PIi3HOTO POIY
JOCIIDKEHHS, IEMOHCTPYBATH HEIlepEeBEepILeH] pe3ybTa-
TH B MPOAYKTUBHOCTI Ta €HEProe(eKTUBHOCTI, a TaKOX
POOHUTH KOHKYPEHIIIIO, SIK KOMEPUiHHUM BHPOOHHUKAM, TaK
1 iHITUM 1HXEHepaM.

Anroputmu 1nppoBoi 00poOKH BUKOPHCTOBYIOTHCS Y
OaraTtbox cdepax: HayKka, MEIHIUHA, iHXEHepis, BUPOO-
HUIITBO, TEJICKOMYHIKAIi TOIIO. Y 3aJeXKHOCTI Bifl BU-
Mmor, obuucnenHs anroputmis LJOC Moxke BUKOHYBaTHCS
0e3mocepeIHEO TPOIIECOPOM, OKPEMHUM CIICIialli30BaHIM
BYy3JIOM 4M Ha 0a3i amapaTHOTrO CHIBIpOllecopa, BIIPOBa-
IDKEHOTO Y CTPYKTYpPY OCHOBHOTrO mpouecopa. OcTaHHiN
MiIXiJ CYTTEBO 3MEHIIYE BAMOTH IO IapaMeTpiB OCHOB-
HOTO IIpolLecopa.

OpnnmM 3 HalBaxnmBimmx anroputmie LHOC € mBua-
ke nieperBopennst Oyp’e (IIIID). HITID — me anroput™
HPUCKOPEHOTO OOYKCIICHHS JTUCKPETHOTO MEPETBOPEHHS
®yp’e, mo 3MeHmye 06’eM obunciaens 3 O(N%) 1o
O(nlogy(n)). CxnamHicT anropuT™My TOBOPHTH PO T€, L0
JUIS BUKOHAHHSI MIPSIMOTO a00 0OEpPHEHOTO NepEeTBOPEHHS
HEOOXiHO N? KOMIUIEKCHHX ONEPAIliil 0JaBaHHs Ta MHO-
JKEHHSl U1l KJacuyHoro anroputmy, a s LIIID —
nlogy(n). ITix yac BUKOHAHHS aITOPUTMY O€3IIOCEPETHBO
TPOIIECOPOM HEOOXIIHO MOCTIHHO 3aMiCyBaTH/IUTATH B/3
KOMIpKH TaM’sITi, 9ac AOCTYIy IO SIKOi B KiJbKa pa3iB
OimpmMii 32 9ac TaKTOBOTO CHTHANY mporecopa. Kpim
TOTO, SIK IO CKJIAAY YHIBepCaTbHHX IPOIECOPIB, TaK 1 y
nporecopu LIOC, He BXOAWTh TMOBHOIIHHHAHN CIHIBIIPOILIE-
cop Ul BUKOHaHHs anroputmy IIIID.

Tomy, € akTyanbHOIO pO3poOKa CTPYKTYpH CIIiBIPO-
necopa III® ta BnpoBamkeHHs #oro y supo RISC-V
apXiTeKTypH.

O0’€eKT M0CTiIZKEHHSI — KOHBEEPHUH ITPOIIECOp apXi-
tektypu RISC-V 3 crmiBmporecopom 1udpoBoi 06poOku
CHUTHAIIIB.

IIpenmeT mocaiTxKeHHs] — METOIH Ta 3acO0M MPOCK-
TyBaHHsI mporecopa apxitekrypu RISC-V 3 momynem
LITI® ta mocmimKeHAS HOTO XapaKTEePUCTHK.

Meta po00TH — TIPOEKTYBaHHSA Ta JOCHIIKEHHS Xa-
PaKTEpUCTHK KOHBEEPHOTO Ipolecopa  apXiTeKTypH
RISC-V 3 criBmporiecopom 1udppoBoi 00pOOKH CUTHAIIB,
1110 BUKOHYE IBUJIKE IepeTBOpeHHs Dyp’e.

1 IIOCTAHOBKA 3AJIAUI

Jns 3abe3nedeHHss QyHKIIOHYBaHHs Tpoliecopa He-
00XIiIHO:

— pPO3pOOUTH MOAENs OJHOSICPHOIO KOHBEEPHOTO
npouecopa;

— po3pobuTH Mozens criBnponecopa LITD;

— po3pobutn Halip IHCTPYKIIi, SIKi JO3BOJISAIOTH MPO-
Lecopy KepyBaTH CIIiBIIPOLIECOPOM;
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— TepeBIpUTH POOOTY pPO3POOJICHUX MOEseH, BHUKO-
pucroByroun Mikpocxemu FPGA.

[porecop MOBHHEH BiANOBIJATH TAKMM BUMOTaM: 4a-
crora podotu — He Oinmbine 250 MI', CPl — He Ginmbre 2;
MIPS npu wactoti 250 MI't — He mentre 200.

CmiBnporniecop 1I® moBHHEH BiAMOBIAATH TaKUM
BAMOTaM: 4acToTa poboT Moy — He Oinmbire 250 MI',
KijbKicTs Touok IITI® — 512/1024.

OCKIJIbKH JTaHI BUMOTH TIOB’5I3aHi i3 YaCOBUMH Iapa-
METpaMH, PO3TIITHEMO OCHOBHI 3 HUX. Bupas (1) mos’szye
HANMIPOCTIII MOKa3HUKH 3 YaCOM BHKOHAHHS AITOPHTMY
(KiTTBKIiCTh TAKTIB Ta JTOBXHWHA TAKTOBOTO CHTHAIY):

CPU, =CPU , xCPUy. o)

Bupas (1) He BK/IIOYAE KOAHUX IMOCUIIAHD HA KiJib-
KIiCTh IHCTPYKIIH, HCOOXiTHUX I aITOPUTMY; TIOKA3YeE,
IO MOKPAIIUTH MPOJAYKTHBHICTh MOXHA IUIIXOM 3MEH-
[MIEHHS KUIBKOCTI TAKTOBMX CHUTHAJIB, HEOOXIOHMX IUIA
BUKOHAHHS aliTOPUTMY, 200 CKOPOUYCHHSM JIOBXKUHH TaK-
TOBOTO cUrHaiy [1].

Bupas (2) BpaxoBye mapamerp KibKOCTI iHCTPYKITii,
HEOOXiTHUX [Tl BUKOHAHHS AITOPUTMY:

CPU, = ICxCPI, @)

s 0OHOAAEPHOT0 OTHOTAKTHOTO IpoLecopa apxite-
ktypu RISC-V nokasuuk CPl cknanmae 4-5, Toxi sk [uist
KoHBeepHoro — 1-1.5.

Dopmyna (3) Bupaxosye nokazuuk MIPS (M), BusHa-
Yae MpOyKTUBHICTh, 00EpHEHY 10 Yacy BUKOHAHHSI:

IC

M=———.
CPU, x10° @)
IIpu po3pobiii inTerpanpHOi cxemu Ha FPGA, B na-
HoMy Bumnanky g RISC-V sgpa Tta cmiBnponecopa
IIIT®d, BUKOPUCTOBYIOTH TEPMIH — PiBEHb JIOTiKH. PiBeHb
JIOTIKM O3HAYa€ KiJIbKICTh MOCIIIOBHUX JIOTIYHHUX eleMe-
HTIB MiK MMOYAaTKOBUM (BXiJHMM) BY3JIOM Ta KiHIIEBHM
(BuximauM). aHuii mapamMeTp € BaXKIUBUM HPH MPOCKTY-
BaHHI, OCKUTBKH BiJ] HBOTO 3aJICKUTh YacTOTa POOOTH
MOJyJISl Ta EHEPTEeTHYHI BUTPATH IPU HOTO pOOOTI.

2010 JIITEPATYPU

Ha 06a3i RISC-V apxitektypu po3po0sieHu# psi po-
1ecopiB i mikpomporuecopis, [P-snep. Haiibmamxkui 3a 3a-
JlayaMH Ta (QYHKIISMH 10 pO3pOOIIIOBAHOTO IPOIecopa
HaBEeIEHI HIDKYE.

IMpoekr NEORV32 po3paxoBaHuii Al MIKpOCXeM
MPOTPaMOBaHOi JIOTiKKM. MIcTUTh IBi cTanii KOHBEEpY,
Kell TaM’ sITh JJI iHCTPYKIIK Ta JaHWX, TBA TPUBIICHO-
BaHI pPeXUMH s7pa, 32 BXOAU IEpepHBaHb, mepudepis:
UART, SPI, DMA, CRC i T.n. MoBa mporpamyBaHHs —
VHDL [2]. MakcumanbHa 9actoTa mpoiecopa — He Gifib-
e 150 MTI'. Le, mo-nepiie, 38’53aH0 3 THM, IO TPOIE-
COp MICTHUTb JIOBI1 JIAHIIOTH JIOTIYHUX CIEMECHTIB Ha CTa-
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Qi BUKOHAHHS, SKI MPUBOIATH O BIMYYTHHX YACOBHUX
3arpuMok. [lo-apyre, unpoBi KOMIIOHEHTH IIpoLecopa,
ak: AJIII, Monynb KepyBaHHs, MOJAYJb IeHepalii KOHC-
TaHT, MOJAYJIb BHUPIIICHHS KOH(IIKTHUX CUTYyaIliif, BUKO-
pucroByroTh BOynoBaHi ¢ynkuii MmoBu VHDL. 3 oxniei
CTOPOHM KOMIIJISITOP HaMaraeTbesi o0y IyBaTH oreparii
MHOJKCHHS, JUJICHHS, 3CYBH Ta iH. Ha 0a30BHX KOMOiHa-
uiitnux enementax LUT (siki MaroTh 3HAYHI TPaHCIIOPTHI
3aTPUMKH). 3 {HIIOT CTOPOHH — aJITOPUTM, L0 HATIMCAHUN
oIepaTopamMy, yMOBHUMH Ta IUKIIYHIUMHU OJIOKAMU MOBHU
VHDL, He € onTuMi3oBaHMiA IpU ONTHMAaJIbHO HAIAIITO-
BaHMX MapameTpax.

The Potato — e mpoekr mporiecopa RISC-V apxitek-
TypH, KU MiATpUMye 6a30BHi HaOIp IHCTPYKIIiH Ta po3-
pobnennit Ha moBi VHDL. Ilponecop miarpuMye oauH
NIpUBLIEHOBaHNI piBeHb, allapaTHUH TaliMep, BiciM He3a-
JIeXKHUX CHTHANIB nepepuBanb, Wishbone mmHy Ta ke
maMm’STh IHCTPYKIIH Ta JaHWUX. SIIPO MICTHTH IT'SATh CTa-
niif koHBeepy. [IpoeKkT MOXKHA 3aCTOCOBYBAaTH Ha Pi3HHX
THATIAX MIKPOCXEM MPOTpaMoOBaHOi JIOTiKH, ane poboda
yacToTa Takoro Iporecopa Oyae He OUIbImo 3a
150 MTI'n [3].

IIpu obuncnenni anroputmy LITID, nporpamu Buko-
puctoBytots mpunin SIMD, a came B apxitektypi Intel
ue posmupenns SSE ta AVX, B8 ARM — SVE. Jlani po3-
LIMPEHHS 3aCTOCOBYIOTHCS NIPU OOYUCIICHHI apudmMeTHy-
HUX Olepaniid HaJl YOTHpPMa-BiCbMOMa YMCIAMU PyXOMOi
KOMH oauMHapHOi ToyHocTi. IIpore mporpamui 3abesre-
YeHHS 3 JaHUMH PO3IIMPEHHSAMH MaroTh OOMEKEHHS,
ockinekn obuncnenss LII1® npoBoauThCS HAA KOMIDIEK-
CHHMH YHCIIAMH, & KUIBKICTh KOMIIIEKCHHX YHCEN, SIKY
MOJKHa OOpOOHWTH OJHIE€I0 IHCTPYKII€I0, CTAHOBHUTH JIBa-
YOTHUPH BIATIOBITHO 1O 0OPaHOTO PO3LTHMPEHHS.

[lig wac BukoHanHs anroputmy LIII®, mpomecop 3Be-
pTaeThCs OO MaM ATi, B AKIA MICTATBCS JaHI Ta TaOmUIsA
MOBEPTAIOUMX MHOXKHHKIB. SIKIIO Ipoliecop HE MICTHTh
Kelll IMam’sITi, 4ac YMTAaHHs JAHUX 13 30BHIIIHBLOI I1aMm’sTi
ckmagae 7-20 uc [4]. Tlpu poGoti mporecopa 3 Kei
mam’ATTIO Yac YMTaHHS JaHuX ckiajae Bix 1 mo 4 ue [5].

Y HOpTaTUBHHUX CHCTEMaX, JIe IEPEBAKHO BUKOPUCTO-
BytoThes aemeBi ARM Cortex-M sigpa mopisasiHO 3 Cor-
tex-A, BukopuctoByroTh IIII® mis cTuCHEHHS Ta AEKO-
nyBaHHS ayzmio curHamy ¢opmary MP3, cnextpaxpHOTO
aHalizy curHaimy B ocumwiorpadax Ta iH. Taki sipa He
MatoTh SIMD po3uripenHs Ajst Yhcen 3 pyXOMOK0 KOMOIO
Ta BUKOHYIOTh anroputm LIII® Gesmocepenuro supom, a
yac BUKOHAHHS 3aJICKUTh BiJl poO0Y0i YaCTOTH sAzpa, 00-
paHoro QopMary AaHuUX Ta KiIbKOCTI JaHuX. B mocmi-
JoKeHHsX [6—7] HaBeZeHO MIBHIKOII0 MPOrpaMHOI peati-
3anii anropurMy Ha siapax Cortex-M4 ta Cortex-M7. Hac
BukoHaHHs anroputMmy IHII®D pgnst KUIBKOCTI  TOYOK
512/1024 3 yucnamu 3 pyXOMOK KOMOI OIHHApPHOI TOY-
HocTi st siapa Cortex-M4 mpu gactoti 180 MI'1y crano-
BUTH 547 MKC, KUIBKICTB TakTiB — 98624, Toni sax mis Cor-
tex-M7 mpu gactoti 216 MI't yac BukoHaHHS — 339 MKC,
KUIbKICTh TakKTIB — 73292.

V wuaBemennx Marepiamax [8-10] OGymoBa Momyist
IIT® moxiGHa 3a CTPYKTYpOIO: TTaM’ STk, 1€ 30epiraeTocs
[[la Ta ysABHA YaCTHHA KOMIUICKCHHX YHCEI; TaOJHIIs
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MOBEPTAIOUYUX MHOXKHHKIB; CXeMa METeJIMKa 32 OCHOBOIO
JIBa Ta KOHTPOJIIOI0YMNA Moaynb. Pobova yacrora Moayss
— ne Ginpire 100 MI'. Moayns [9] makcuMansHO ompa-
1IbOBY€ 256 TOUOK Ha OJJTHOMY METEJIMKY 332 OCHOBOIO /1B,
0 HE € TOCTATHIM JJIsl OUIBIIOCTI IPUKIATHIX 3a/1a4.

Ipoext moayns Radix-2 FFT [11] mpencraBnsie pea-
mzamiro 16-tm touxkosoro IIII®, Hammcanuii Ha MOBI
VHDL. Ha BXin maHOTO MOy MOJAIOThCS 32 CHUTHAIH Y
¢dopmari |IEEE-754, sxi popmyroTs 16 KOMIUTEKCHHX 3HA-
4yeHb. Moyl BUKOHY€ OOYHCIICHHS 3a OUH TakT. CKia-
JHICTb TaKOI CXeMH IOJIATAE Y BENUKHX 00UHCITIOBAIBHUX
pecypcax: aiasi MOAyJisi HEoOXiHO 64 KOMIUIEKCHUX I10-
MHOXYyBayiB, 128 KOMIIEKCHUX CyMaTopiB.

TMS320VC5505/TMS320C5505/TMS320C5515 — 11e
nporecopu [{OC, siki MicTATh BOYZIOBaHHUH CIIBIIPOIIECOP
s INTN® (HWAFFT). [ani npouecopu modynoBaHi Ha
aapi C55x, RISC apxirekTypH, i3 pO3psSOHICTIO JaHUX
16 6iriB. ITokazuuk MIPS cknanae 800 minbiioHiB omepa-
1iit 3a cekynay npu yactoti 400 MI' [12].

Cmienporiecop HWAFFT ckmamgaeTsest 3 0IHOTO Me-
TENMKa 32 OCHOBOIO 1B, KU BUKOHYE alTOPHUTM IPOpi-
JOKEHHS 3a 9acoM. AmMapaTHHIl MOAYJb HiATPUMYE IBO-
eTamHui pexuM, B skoMmy aBa spycu IIIID obumciro-
I0ThCS 32 OAMH NPOXiA. Y NaHOMY peXHMi, Kepyrouuin
MOJIyJIb HamlpaBisie Pe3yJbTaTd OOYKCICHb 3 MEpIIOro
eTary Ha BXiJl METeJIHMKa JUisi OOYUCIICHHS IPYroro eTaiy.
Ile 3abe3medyye NPUCKOPEHHS OOYUCICHBb JUIS BEIHUKOT
KUTBKOCTI TOYOK. Ha BXim Momyins Hagxoaats 16-tu pos-
psinHi yncna, popmar uucia — GpikcoBaHa Kparka. Anapa-
THa yacTtuHa cmiBnporecopa HWAFFT mictuts 1Bi crazii
KOHBeepy. KoMIuiekcHe MHOKEHHS 3 II0OBEPTal0YUM MHO-
JKHUKOM BUKOHYEThCS Ha Iepluiii cramii KoHBeepa, a
KOMIUTEKCHE JI0/IaBaHHS Ta BiTHIMaHHSA — Ha OpyTid. Pe-
3yJNbTaTH OTPUMYIOTHCS Yepe3 KiIbKa TaKTiB i3 MOMEHTY
HAJXO/DKEHHS BXIIHUX MAHUX. II'SITh TaKTiB 3aTPUMKH
JUISL OTHOETAIIHOTO PEXKHMMY, JIEB’SITh TaKTiB JUIsl JBOETAIl-
HOTO PEXUMY.

InTepdeiic Mixk MPoOLIECOPOM Ta CIIBIIPOLIECOPOM pea-
Ji30BaHM 4epe3 Haldip IHCTPYKUiH, SIKi JO3BOJSIIOTH BU-
KOHYBATH Omepallii iHimianisaiii, 3aBaHTaXeHHst/ YNTaHHS
pe3ynbTaTy Ta BHUKOHAHHS CaMOro alropuTMmy. BximHi
JIaH1 TOBMHHI HAIXOANUTH Y OiT-pEBEPCUBHOMY MOPSAKY.

[Ipomecop BHUKOHYe TmepeTBOpeHHS 512 Todok 3a
3740 Takris, a 1024 — 3a 7315 takTis [13].

3 MATEPIAJIU TA METOAU

Jlst oKparieHHsl MPOAYKTUBHOCTI Mpoiecopa Heoo-
XiIHO 3MEHINUTH KUIbKICTh TAKTIB HAa BHUKOHAHHS IPO-
rpaMi ab0 CKOPOTHUTH JOBXKHHY TAaKTOBOTO CHTHAIY.
KoHBeepHuii miaxia MpOEKTYBaHHs MPOLIECOpa T03BOJISE
3MEHIIIUTH KiJIBKiCTh TaKTiB HA BUKOHAHHS alITOPUTMY.

Po3pobunkn RISC-V apxitekTypu NMpomnoHyIOTb po3-
POOITIOBATH KOHBEEPHUIT POLIECOD, SIKMH CKIATAEThCS 3 5
craniii: Fetch (uuranns iHcTpykmii 3 mam’sTi mporpam),
Decode (mexomyBanHsi 3umTaHOi iHCTpyKINi), EXxecute
(BukoHaHHs 1ekomoBaHOi iHCTpyKii), Memory (uwmran-
Hsi/3anmc naHux 3 mam’saTi manux), WriteBack (samuc pe-

3ynmbTary B perictp) [1].
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[Tpu poboTi mpouecopiB i3 KOHBEEPHOI apXiTEKTy-
POI0 BUHMKAIOTh KOH(IIIKTHI CUTYyAii, SIKi TPU3BOASATH 110
HEMOJKJIMBOCTI BHUKOHAHHS 4eProBuX IHCTpyKuUii. Haumi-
YyIOTh TPU KJacH KOHQIIIKTIB. KOHQIIKT MDK JaHUMH,
KOH(JIIKT KepyBaHHs, CTPYKTYPHHUI KOHDIIKT.

KoHQmKT MiX TaHUMH BUHUKAE, KOJU JJIS BUKOHAH-
HS IHCTPYKIIil, HEOOXiqHI JaHI BiJl MOTEPETHBRO OTpPHMA-
HOTO pe3yibTary. ICHye IBa MeTOIM YCYHEHHS KOH(IIIK-
TY:

— BcraeienHs: NOP onepaunii B kouseep. [Ipu npomy
301LIBIITY€THCS YaC BUKOHAHHS 1HCTPYKIIii,

— BUKOPHUCTAHHS METOIB nepecuianus. [lepecunanus
BizOyBaeThes 3i craxii Memory ta WriteBack mo cranii
Execute.

KoH(uikT kepyBaHHSI BUHHKAE, KOJIH IIPOLECOP BUKO-
Hy€ KOMaH/y Iepexoy, a IHCTpYKIis, sKa Hae micis Hef,
— 3anumaersest B KouBeepi. 1106 BupimmTy qanuii KoHd-
nikr, HeoOximHo mepenatu NOP omepattito 3i crazii Fetch
1o crazii Decode Ko BUKOHYETBCS TIEpeXist.

CTpyKTypHUI KOHQIIKT BUHHKAE Y CYNEPCKAISPHUX
Ta 0araToTakTOBHX IPOIECOpax, KOJHM IHCTPYKIIi BHKO-
PHCTOBYIOTh OJIMH 1 TO¥ ke amapaTHuii pecypc (mam’sTh)
B OJHAKOBHH MOMEHT 4acy. €auHHH crocid YHHKHYTH
takoro koHQuikty — BukoHatu NOP omnepariiro Ta matu
MOXIJIMBICTh KOHBEEPY, 3 SIKHM BHHUKA€ KOHQIIIKT, 3aBe-
PIINTH CBOIO pOOOTY.

3rimxo pexomenmariiii [1] pospobuukis RISC-V apxi-
TEKTYpU pO3pO0JIeHO (QYHKIIOHAIBHY CXEMY KOHBEEPHO-
ro nporiecopa (puc. 1). 3rimHO cXeMH, KOHBEEP CKiaga-
€TBCS 3 I'SATH CTaliil Ta MICTUTh HACTYIHI KOMIIOHEHTH:
nporpamuuii  nmiunneHuk  (PC), mam’sTe iHCTpyKwUiit
(SRAM), monyne kepyeanus (Control Unit), perictpoa
nam’sith Uit minux gucen (GPRS), perictpoBa mam’siTh
qutst pidicanx uncen (FGPRS), Mmoxyins renepaiiii KOHCTaHT
(IMM.GEN), monynb ycyHEeHHs! KOHQIIIKTIB TIpH poOOTi 3
nam’strio (Hazard Detection Unit), AJIII BukoHaHHS
6azosux komanm (ALU), AJIII mis KoMaHJ MHOMXEH-
us/minenns (M Extension), AJIIT midicaux umcen (FPU),
mozaynb kepyBauus AJIIT (ALU Control Unit), 6ok Bu-
koHauHs nopiBusHHs (Branch Unit), moxyse nepecunan-
st manux (Forwarding Unit ALU), nam’ste maHux
(DRAM). Iporuecop BukoHye 37 6a30BUX IHCTPYKLiil Ta
BICIM IHCTPYKI[i#f MHOKEHHS/ TIJICHHSI.

[Tpn Bukonanni anropurmis HII1® BukopHCTOBYIOTH
AIITOPUTMHU TMPOPIIKEHHS 32 YaCTOTOK Ta MPOPiHKEHHS
3a yacoM. [ po3kiiany AMCKPETHHX IAHUX B CIIEKTpa-
JIpHUM psp 3a anropurMmoM IITID 3a ocHOBOMO /1Ba, BUKO-
PHCTOBYEThCSI HACTYIHU# BHpas [14-15]:

N, N,y
2 2
X(K) = 3 x@n)xW2 + § x(2n+nxwk@D - (4)
n=0 n=0
=0,

wm wmie

Ex=es mewwe

Pucynok 1 — ®ynkuionansHa cxema kouBeepaoro RISC-V sapa
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CkiagHicTh 000X QJITOPUTMIB OJHAKOBA, aJle € Pi3HH-
Il y HOPSJKY BXIHUX Ta BUXIIHUX naHux. [yist anropu-
TMY TPOPIIKEHHS 32 YaCOM BXIiJIHI JaHi PO3MIIlCHI B OiT-
pEeBEPCUBHOMY TOPSAKY, @ BUXIJHI — B MIPSIMOMY. 3BOpPO-
THIHM TiJXiJ] BUKOPUCTaHUH 1 JUIsl IPOPIPKEHHS 3a 4acTo-
TOIO.

OcuoBuumM enementom IIN® e merenuk (puc. 2). Ha
PHCYHKY 2 HaBEIE€HO CXEMH METelMKa 3a OCHOBOIO JIBa,
SIKI MICTATH IBI omeparlii JoJaBaHHS Ta OJHY OIEpaIliio
MHOKEHHS KOMIUTEKCHUX 3MiHHHX. CTpinka Ha pHUCYH-
Ky 2a O3Haya€ MHOXKCHHS ITOBEPTAIOYOro MHOXKHHKA Ha
PI3HHUIIIO ABOX KOMIUIEKCHHMX BEJIMYMH, & HA PUCYHKY 20 —

MHOXKEHHSI ITOBEPTAIOUOr0 MHOXXHUKA Ha KOMIUIEKCHY
BenmuunHy b.

Pesynbratom Bukonanust LLIII® € Bekrop oOumcieHnx
JIaHUX, SIKUA MICTUTh HOMEPH 4YacTOT 3 SKHX YTBOpEHa
¢ynkuis. 11{o6 3HalTH yacTOTy, Maro4Yl HOMEp YacCTOTH,
BUKOPHCTOBYIOTh HACTYITHUI BUpAa3:

_ fsxn

fn N

®)

a a+wy™b

W nk
b - q - “;Nnk b

0

Pucynok 2 — Cxema metenuka LITD:
a — 3 IPOPIHKEHHSIM 32 YaCTOTO0, O — 3 POPIHKECHHSIM 332 YaCOM

VY pamkax mocmimkerns cxemu moxayis [10], aBropa-
MU JaHOI CTaTTi MPOBEACHO aHai3, 3p00JCHO BUCHOBKH
CTOCOBHO HOrO MpaIe3aTHOCTI Ta BU3HAYCHO KOMIIOHECH-
TH, SKi MOXXHA MOKPAIIHUTH, 1[0 B PE3yJIbTATi JO3BOJIHUTH
MPHUINBUAIIATH IIPOIIEC OOYUCIICHb.

Mopnysp [10] cknamaeTbest 3 MPUCTPOIO TeHepallii aj-
pec AGU (Address Generation Unit); Tabmuii noBepraro-
yux MHOxHUKIB Twiddle factor ROM; oxHoro merenuka
32 OCHOBOIO JIBa; JBOX MOJIYIIB IaM’sTi U 30epiraHHs
JICHOT Ta ysIBHOI 4YacTHHM KOMIUIEKCHUX 3MIHHUX;
3’€IHaHHAMH, SKi 3’€AHYIOTH aHI KOMIIOHEHTH Ta yTBO-
PIOIOTH MPALIOIOUUN KOMIUIEKC.

[Mam’aTh I KOMIJICKCHUX 3HAYCHb Ta MaM’SITh IS
KOHCTAHT IMOBEPTAIOUMX MHOXXHHKIB Ma€ 3aTPHUMKY YH-
TaHHS OnuH TakT. Momyns AGU KOHTPOJIIOE TEeHEepaIlio
aJipec JUIS YNTAHHsI/3aMUCy BMICTY 1aM’sITi B3 METeInKa.

KinmpkicTh TakTiB, sika HEOOXiHA MOAYJIO, OO BUKO-
HATH OIEPAIliI0 Ha OJHOMY METEIUKY 1 3aIUCaTH Pe3yJib-
Tar B mam’sath, pisHa mecatu [10]. Ha ocHoBi BuIEe omm-
CaHNX MapaMeTpiB HABEICHO 3arallbHy KUIBKICTh TAKTiB
JUTSL BUKOHAHHS anroputMy (Tab. 1).

Ta6muus 1 — KinbkicTb TakTiB BUKOHaHHA anroputMy LITIO Ha
OJIHOTaKTHOMY METENIHKY 32 OCHOBOIO JIBA

KinbkicTs TOUOK KinbkicTp TakTiB
32 160
512 23040
1024 51200
2048 92160

CxemMa MeTeNUKa BHKOHYE AITOPHTM 3 YaCTOTHHM
MIPOPIHKECHHAM, IO HE € TIOBHUM (YHKIIIOHAJIOM, OCKiJIb-
KH MOXXYTh BUHUKHYTH BUIIQIKH, B SIKUX HEOOXiJHO came
ANTOPHUTM TPOPIIKEHHS 32 YaCOM.

s mepeBipku mpare3gaTHOCTI MOIYJIS 32 ONHCAHUM
npuaimnom [8—10] mo6GyaoBaHO MaTeMaTHYHY MOJEIb Y
cuctemi MathCAD, ska Bukonye mpsme IIID wHag
16 Toukamu. [laHa MOJIeNIb CKJIQIAETHCSI 3 MATPHIII IOBEP-

© Baspyk €. ., Maxpos B. B., T'eneon I'. O., 2024
DOI 10.15588/1607-3274-2024-1-18

TaFOYMX MHOXKHHKIB, MaTpHIL IIEPECTAHOBKU MOBEPTAIO-
YUX MHOXXHHUKIB, MaTpPUIl NEPECTaHOBKU TOYOK, (DyHKLIT
METeNMKa 32 OCHOBOIO ABa Ta ocHOBHOI (ynkuii LHIID.
OyHKIiS MeTennKa Mae MOXJIMBICTH BUKOHYBAaTH ajiro-
PHTM, SIK 32 IPOPIIKEHHM 32 9aCOM, TaK 1 3a 4aCTOTOIO.

Ha pucynky 3 HaBelneHO cXxeMy BUKOHAHHS aJlTOPUT-
My mpsimoro ta obepuenoro T (byukiis FFT16), e
mo3HaueHo: X — BXimHi quckpertHi mani; W — marpuns
MOBEPTAIOUMX MHOXXHUKIB; PermXI| — matpums mepecra-
HOBKHM TO4YOK; PermW — marpuis mepecTaHOBKH IMOBEp-
TAlOYNX MHOXXHUKIB; INPerm — o3naka mopsaxy BXiTHHX
nauux (GiT-peBepcuBHUiA a6o npsimuit); OutPerm — o3na-
Ka MOPSAAKY BUXIMHHUX JaHuX (OiT-peBepcuBHHI abo mps-
muii); Inverse — o3HaKa BHKOHAHHS ANTOPUTMY (IpOpi-
JOKEHHS 3@ 4acoM ab0 4acTOTOI0).

[epmmit kxpox ¢yHkuii FFT16 — Bu3HaueHHs mapame-
TpiB a (30inblIeHHs a00 3MeHIIeHHs iTepauiil) Ta
S (iTeparfiifHuii TYMILHKUK) 3a JOMOMOTOI0 BXIJHOTO Ma-
pametpy InPerm. OcHOBHHII anTOpPUTM BHKOHYETHCS B
JBOX OmepaTopax HUKIy. [lepiimii MUK onucye iTepaito
N0 YOTHPHOM spycaM, APYTrHid — OOYMCIICHHS JaHUX Ha
onHOoMy MeTenuKy. Ilicis 3aBeprueHHs 0O0YNCIeHb (HyHK-
IIisl TOBEPTA€ BEKTOP 3 €JIEMEHTaMH, PO3MIIICHUMH Yy OiT-
peBepcuBHOMY mopsaky mpu OutPerm piBHe oauHUIl, B
IHaKIIOMY BUITJIKy — [IOBEPTa€E 00UHCIICHUN BEKTOP.

Pesynbratn ¢ynkuii FFT16 nopiBHsHO i3 BOymoBa-
Hoto (ynkuiero MathCAD — fft, ska npuiimae oqun na-
paMeTp — BEKTOp JUCKPETHUX JaHuX. JlJIs mepeBipku BU-
KOpHUCTaHO (YHKIIIO CHHyCa 3 TaKUMH IapaMeTpaMu:
3HA4YCHHS aMIUTiTyau — 16, wactora — 5 ', modatkoBa
(aza — 0 pamian.

[ToOymoBaHO aMILTITYJHO-9ACTOTHHH Tpadik (yHKII
cunyca (puc. 4). 3rimHo rpadiky, HOMEp YaCTOTH CUTHATY
— OIWH, caMa 4YacToTa CHTHANy 3a II'SITUM BHpa3oM —
5T Otxe, obunciieHa 4acToTa piBHA 4acTOTi TUCKpET-
HOTO CHTHaly, WO MiATBEPXKYE IMPaBUIBHICTE 004YHMC-

JICHb.
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[Iporiec MOXKHA MPHUCKOPUTH, BUKOPUCTOBYIOUM KOH-
Beepuuid minxia. Moayns HITI® [10] Bukonye obunciieH-
Hs JIBOX KOMIUICKCHHX 3HAYCHb HAa OJHOMY MCTCIHKY 3a
JIeCSATh TAaKTiB. JIJisl MOKpAIEHHSI XapaKTEPUCTHK aBTOpa-
MU JTaHOI CTaTTi MPOIOHYETHCS MOOYMIYyBaTH MISCTH CTa-
niitHui koHBeep. Tojl 3arambHa KUTBKICTH TaKTiB IS
BUKOHAHHS JITOPUTMY 32 JAHUM MPHUHIUIIOM PiBHA:

+L [xlogk (N). (5)

QxK

3 BUpa3y 6 00YHCIICHO 3arajbHy KUTBKICTh TaKTiB, HE-
OOXiTHY JUII BUKOHAHHS aJITOPUTMY, BHKOPHCTOBYIOUH
onuH KoHBeepHuil Merenuk (Q = 1) 3a OCHOBOIO JBa
(K =2) (tabmn. 2).

Tabnuus 2 — KinbKicTh TaKTiB BAKOHAHHS aJTOPUTMY Ha KOHBE-
€PHOMY METEIHKY

KinbkicTs TOUOK KinbkicTh TakTiB
32 110
512 2358
1024 5180
2048 11330

FFT16(X. W PermXI PermW InPerm  OutPerm, Inverse) =

for i=0.3

X otherwise

for j =0.7
(A B)« Radjx_![}{

Ha pucynky 5 HaBeeHO (DyHKLIOHAJIBHY CXEMY KOH-
BEEPHOTO ILIECTH CTaliiiHOro Merenuka. B merenuky Bu-
KOHYETBCSI OOUYMCIICHHS, K 32 aJITOPUTMOM 3 IIPOPIKEH-
HS 32 YacoM, Tak i 3 MPOPI/KEHHs 3a 4acTOTO0. 3TiTHO
pucynky 5, X ta Y — BximHi mani, W — moBeprarounii
MHOKHUK, Ctrl — o3Haka HOpMamizaii BUXiHUX JaHUX,
Mode — o3Haka BUKOHaHHS anroOpUTMy (IIPOPIIKEHHS 3a
yacom abo uactotoro) CLK — TtakroBuit curHanm s
D-tpurepy.

OynkiioHanpHa cxema criBnporecopa IIIID nrase-
JieHa Ha pUcyHKy 6. JlaHuii cIiiBOpOLIECOp CKIIAAEThCS 3
momynst kepysauus (Control Unit), momynst reneparii
anpecu (Address Generation Unit), mam’sti manux (Data
Memory), mam’sti moBeprarounx MHOXHHKIB (EXponent
Memory), metenuka IIII® 3a ocHoBoro mBa (Radix-2).
OOMiH 1HpOPMALIEI MiXK MPOIECOPOM Ta CIIIBIIPOIECO-
pPOM BiOyBa€eThCs 3a AOTIOMOTOI0 BXITHHMX Ta BUXIIHUX
CUTHAJIIB MOJYJISI KEPyBaHHS.

g+ —1 if InPerm=1
2+ 1 otherwise
s+ 0 if InPerm=10

s« 3 otherwize

(PeruXly; L) (PermiXly 1., o) W (e ,| TP em Taverse]

A Permxtty; ) <A
A (Permxty ., ) < B
s4«— s+ 4
for k=0.13
Lo — l:‘erm}{[k_cI

X+ Permutation{X.r) if ODutPerm=1

Pucynok 3 — Cxema anroputMy HITIO

i=0.8

YacToTHWiA rpatik BAUKOHaHWA CTBOPEHO fYHKLIED
4 T T T T

[¥]

s
e
L

i
Yacrtora curdany ofuncneHa 3a YacToOTHUM rpadikom CTBOPEHOT fyHKLIT
[1
| dt
fe=—

\
1)

/s
<

J?

YacToTHui rpatik BAUKOHaHWA BOY,L0BaHOH dyHELIEND
40, T T T T

[

™
e
o

i
Yacrota curdany ofiuncneHa 3a yacToTHUM rpadikom By 0BaHOT dyHKLIT
10
Lae ),
J =3

fb=——
- N

Pucynok 4 — AMItiTy AHO-9acTOTHHH rpadik GyHKIIT cuHyca
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s . , N
ITam’ATH TIOBEPTAIOYMX MHOXHHUKIB Ma€e 00’ €M ?x 4

GaiiTu.

s xepyBannsa moxyinem IIIID BUKOpHUCTOBYIOTHCS
HacTynHi curtann: Command — niMHa KOMaH KepyBaHHS
moaynem; User Data WR — mwmna Bxigaux ganux; User
Data RD — mmna Buxigaux nanux; User Address — mmuna
anmpecu uutaHHs/3amucy, Enable — curnan akrusanii mo-
JyJIst.

Po3pobneHnii criiBmpornecop 3 OJHAM METETHKOM 3a
OCHOBOIO JBa Ta 00’emoM mam’sti 4 kb € HeBUTpaTHIM
pIIICHHAM JUIi TOKpAIIEeHHS mponecopa. 30iTbIIeHHS
nam’siTi criBnporecopa abo OCHOBH METENNKa 30UIbIINTh
CKJIaHICTh amapaTHOI po3pOOKHU Ta anapaTHUX MOJIYJIIB.

Moaynb MokHa MOJM(iKyBaTH 30UIBIICHHSIM PO3MIPY
nam’sti (Data Memory), o 103B0JHMTs 00pOOHUTH Oijib-

me To4ok. [Ipu 30inbmieHi po3mipy nam’sti Moaudiky-
€ThCst MOYJIb TeHepaii anpec (Address Generator Unit)
Ta kepyrounid moxyipe (Control Unit). [{ns 6iibin ontumi-
30BaHOTO pINICHHS BAapTO BHUKOPHUCTOBYBAaTH IaM’sITh
posmipaictio 2", n € N. KinbkicTh TOUOK, Ky MOXe 00-
pobuTtH criBmpoiecop, 00MeXeHa PO3MIPHICTEO IaM’ sITi.

BBeznenHst y cxemy I0AaTKOBOTO METENMKA 32 OCHO-
BOIO JIBa JIO3BOJIUTH 3MEHIIHMTH 4aC BUKOHAHHS aJrOpHUT-
My. [Ipu BOpoBaJKeHHI JOJATKOBOIO METEIHKA J0IA€Th-
Csl OJMH TOPT IO TaM’sITi, MOOU(IKYEThCSI MOIYIb TCHE-
partii agpec (Address Generator Unit) ta kepyrouwmii Mo-
ayis (Control Unit). KinbkicTs MeTENHKIB, SIKY MOKIHBO
BCTAHOBUTH y aBTOMAT, 3aJISKUTh BiJ KiJIBKOCTI MOPTIB
BXOIY/BHXO/Y, Ky MiITPUMYE MaM’sTh.

Mode

Radix-2

Ctrl

Pucynok 5 — @yHkiioHanbHa cxeMa KOHBEEPHOTO METENINKa

Command Control Unit User Data RD
User Data WR a —
x 8 =
User Address _ £ 5 = o
s €2 - 5 2
Enable FE] 2 £ 5 3
& 8= 5 8 3 2 & &
F s E
@ E 2 I X Data output ~ :
& 5 = B . 3
T .
fa T 4 ¥ Data output——— | Radix-2
Address Generator Unit 5 = E Y
= - X Data input —€— W B
—»— Sfage X Address
¢ Y Data input | —‘
X Read Address
Counfer Y Address
I—F Y Read Address )
Mode W Address X Write Address
Y Write Address
Data Memory
Exponent Memory
L W Address W Output

PucyHnok 6 — ®ynkiioHansHa cxema apromary HITID
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Ha pucynky 7 HaBeneHO (DyHKLIOHAJIBHY CXEMY MpO-
necopa RISC-V apxitekTypu 3 BIPOBaPKEHUM CITiBIIPO-
necopom II®. Cnimpouecop 3HaXOAUThCS Yy CTajii
BukoHanus (Execute). Ha Bxim MynpTUILIIEKCOpa
min’eqnani mmHa User Data RD pasom 3 immumu AJITT.
Iadopmauis mns wma Command, User Data RW, User
Address, Enable renepyerbcst MoaysieM KepyBaHHS siapa
npotecopa (Control Unit) Ta mocunaersest 10 BXOAy cTa-
HoBoro perictpa EX/IMEM (puc. 1).

dopmar iHCTPYKIIiH mpouecopa Ui poOOTH 3 MOIY-
nem LITID HaBexeHo Ha pucyHky 8. Komanan cxoxi 110
¢dbopmaty R-Tumy, OCKINBKM NPAIIOOTh 13 JJBOMA PETicT-
pamu i MaroTh MEBHUH ieHTH]IKaTOp IHCTPYKUIT y 1ol
func3 ta func7. CtBopennst HOBoro (GopMmary iHCTPYKIIii
mpu3Besio 6 10 4acTKOBOI Moau(ikalii apXiTeKTypu Ta 1l
YCKIIaHeHHSI.

Beeneno 11 iHcTpyKuill, YOTHPH 3 SIKUX J03BOJISIOTH
3YUTYBATH JiaHl 3 mam’sITi AIHCHOT abo ysIBHOT YacTHHU B
perictpu aificHux abo uiaux yucen. HacrymHi wotupu
IHCTPYKIIii JI03BOJIAIOTH 3alTUCYBATH JIaHi y 1maM’ siTh JIilc-
HOi abo YsIBHOI YaCTHHH 3 PEricTpiB JMiHCHUX abo IIHX
yrcest. OCTaHHI TPH KOMaH/IM JI03BOJISIIOTH KEPYBAaTH MO-
JyJieM, a caMe: CTapT BHKOHaHHs anropurmy (fftstart),
CKUJIaHHs aBTOMaTy B mouarkoBe 3uaueHus (fftreset),
otpumanns iHpopmariii mpo crismporuecop (fftstatus).

YuTaHHS JaHUX 3 T1aM’ATi Ta 3a1uc iX MpoLecopoM Y
crisnporiecop LITI®D BigOyBaeTbcsi OMMH pa3 Ui OAHOTO
BUKOHaHHSA TiepeTBopeHHs Dyp’e. Ingexcamis 3amu-
cy/uautaHHs JaHWX B/3 mam’sITi CHIiBIPOIlECOpa € MPSIMOI0
abo OIT-peBepCHBHOIO NP BKa3aHHI Mapamerpa iHCTPYyK-
Ii€10 CIIBIIPOIIECOPA 3aBAHTAKCHHS/IUTAHHS.

PC Unit

P qut fe] et

FHHHHT

FFT Control Unit

Pucynok 7 — @ynkiionansHa cxeMa koHBeepHOTO0 nponecopa RISC-V apxitexktypu 3 BpoBamkeHnM Moxyitem LITTD

FFT INSTRUCTION FORMAT

31 25 24 20 19 1514 1211 76 0
func? reserved rs1 func3 rd Opcode
Inst Name Opcode func3 func?
fitstoreRe. 1 Store data to FFT from FP register 1011011 000 0x0
fitstorelm.f Store Imaginary part to FFT from FP register 1011011 000 0x1
fitstoreRe.i Store data to FFT from Integer register 1011011 001 0x0
fitstorelm.i Store Imaginary part to FFT from Integer register 1011011 001 0x1
fitloadRe.T Load Real part from FFT to FP register 1011011 010 0x0
fitloadim f Load Imaginary part from FFT to FP register 1011011 010 0x1
fitloadRe.i Load Real part from FFT to Integer register 1011011 o1 0x0
fitloadim.i Load Imaginary part from FFT to Integer register 1011011 on 0x1
fitstart Start execution 1011011 100
fitreset Reset module 1011011 101
fitstatus Get module status 1011011 110

Pucynok 8 — ®opmar iHCTpyKIii mporecopa it podotu 3 Mmoxyiem HITTD
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4 EKCDIEPUMEHTH

Mozens 3amponoHOBAHOTO MpoLecopa po3podiicHa Ha
Mmikpocxemi nporpamosanoi soriku Xilinx SPARTAN 6.
Jana MikpocxeMa Mae JOCTaTHiI Halip IporpaMoBaHUX
noriunux enemeHtiB (LUT), onHOMOpTOBHX Ta Garatoro-
proBux enementiB nam’sti (RAMB16BWER), tpurepie,
moxaynie LIOC (DSP48A1) Ta iHmmx BOYIOBaHUX KOM-
noHeHTiB [16].

Juis po3poOKku amapaTHOTo 3a0e3leveHHsT Ha MiKpo-
cxemi Xilinx SPARTAN 6 BHKOPHCTOBYETBCS ITpOrpaM-
muii momatok Xilinx ISE Suite, sixuii mo3Bossie po3pob-
JIIOBATH JIOTIUHI CXeMH Pi3HOI CKJIATHOCTi, BUKOPHUCTOBY-
104M Bi MOBHU omucy amaparypu: VHDL Ta Verilog. [da-
HUM T[POrpaMHUN JIOJATOK A€ MOMKJIMBICTH OIIHUTU
CKJIQIHICTDb MOJIENi, BU3HAYUTH 1 MaKCUMaJIbHY 4acTOTY,
MeperIIHyTH TUQPOBY cXeMy po3pobieHoi Mozeni Ta Ha
il OCHOBI IpOBECTH yIOCKOHaNeHHS Mozeni. OOpaHo
MoBY onucy amapatypu — VHDL.

Jusa 3raxomkerns napamerpy CPI, sapa RISC-V ap-
XITEKTYpH, pO3pOOIICHO MporpaMmy MOBOK aceMoOuepa Juis
apxitektypu RISC-V, sika BUKOHY€E YOTHPH apu(dMETHUHI
orepaliii Ta oOiHy orepaiito nepexony. Bukonyrouu npo-
rpamy, HEOOXiHO 3HANTH KUIBKICTh IHCTPYKIIiH Ta 3ara-
JIbHY KUIBKICTh TaKTiB Ha 11 BUKOHAHHSI.

Hns 3naxomkenns mapamerpy MIPS, sapa RISC-V
apXiTEeKTypH, po3po0JieHO Iporpamy MOBOIO acemoiiepa
MHOXKEHHS JIBOX I[IJIOYUCENBHUX MaTPHLb 13 PO3PSIIHICTIO
enementa 32 Oitu. [lo 3aBepIICHHI0 BUKOHAHHS MPOTpa-
MU TIPOTSTOM OJIHI€T CEKYH/IM, HCOOXITHO BU3HAYUTH Ki-
JBKICTh IHCTPYKIIiH, SIKi BUKOHAJMCS 33 JaHWUH 4Jac.

Jnst BU3HAYCHHS MIBUAKONI] BHUKOHAHHS aJTrOPUTMY
II1®, manmcano acemOiepHYy HporpaMmy, sfKa Iepenae
JIICKPETHI JaHl CHHYyca aMILTITYI0l0 B 3 OJIMHHMII, YacTO-
toto 44100 I'y, mouatkoBoro (azoro — O pamian cmiBIIpoO-
necopy INI® Tta BukoHye mpsimuit poskmam 512/1024
TOYOK y 4acTOTHUH cnekTp. [Io 3aBepleHHI0O BUKOHAHHS
JIAaHOT MpOorpamMH HEOOXIJHO BHU3HAYUTH KIJIBKICTh TAKTIiB
JUISl BAKOHAHHSI MOJIYJIEM QJITOPUTMY Ta BUKOHATH IOPIB-
HSIHHS 13 TOTOBUMH PE3yJIbTaTaMU JIOCIPKEHb.

5 PE3YJIBTATHU

JTocmimkeHHs poBeieHi y cuMystopi 1Sim, sxwuit €
gactuHoro nomarky Xilinx ISE. B cumysnsaropi namamro-
BaHO TaKTOBY 4acTOTy mpoiecopa Ha 250 MI'u. 3HaiineHo
napametrp CPI siapa RISC-V Ta nopiBHsSHO #OTo 3 0HO-
TaKTHUM mporecopoM. [Iporpama Ha KOHBEEpPHOMY IIPO-
Lecopi BUKOHanach 3a 29 TakTiB, a Ha OJHOTAKTHOMY —
60. BignosinHo CPl konBeepHoro mpoiecopa — 1.6, a
OJTHOTaKTHOTO — 4.6.

AJITOPUTM MHOXKEHHSI JIBOX MATpHUllb PO3MipaMu
10 na 10 BukonaHo 3a yac 14.224 MKc 3 BUKOHAHOIO KiJb-
Kictio iHcrpykuid — 3456. 3maiimeno mapamerp MIPS
KOHBEEPHOTO Tporiecopa — 242, tobto 242 MinbHOHIB
IHCTPYKII 3a CEKYHAY.

Cxema MeTennKa BUKOPUCTOBYE BOYIOBaHHMII amapat-
Huit Mmoxyns DSP Ha sikomy crBopeHo 64-x OiTHuI mO-
MHOKyBad [17].

3HaliICHO KIBKICTh TaKTiB, HEOOXiAHY [UIT BUKOHAH-
ust anroputmy LITI® mis 512 ta 1024 touok (miarpa-

© Baspyk €. ., Maxpos B. B., T'eneon I'. O., 2024
DOI 10.15588/1607-3274-2024-1-18

Ma 3). st 512 Touok Moyio HeoOxigHo 2358 Takris, a
yac BUKOHaHHS npu 4actori 250 MI'm — 9.4 mkc. [ns
1024 Ttoyok KinbKicTh TakTiB ckiazac 5180, a yac Buxo-
HauHs — 20.7 MKc.

Ha niarpami 1 300paskeHO TOPIBHSUIBHY XapaKTepHc-
TuKy 4yacy BukoHaHHs LITI® s 1024 toyok st pospo-
omenoro cmiBnpomnecopa IIII® Ta icHyrOUHX pilieHb.
Po3zpobnenwmii criBiporiecop Bukonye anroput LITIO 3a
OCHOBOIO J[Ba TIPH TaKTOBii wactoTi pobdoTtu 250 Ml y
'ATh pa3iB MOBUIBHIIIE Y MOPIBHSIHHI 3 Momyiem [18]
npu gactoti 550 MI'1i; Moyns [10] mpu wactoti 50 MI't
Bukonye IITI® 3a 100 mkc, Toai sik po3poOsieHHi CIiB-
nporiecop — 3a 20.7 MKC MpU TaKTOBiIA 4acTOTI POOOTH
250 MTI'w.

Ha niarpami 2 HaBelleHO MOPIBHSUIBHY XapaKTePUCTH-
Ky uacy BHKOHaHHs anroputMmy III®D cnpoexroBaHNM
cmiBnpouecopom (Proposed decision) Ta iHmuMH pilieH-
wsimu  (Existing  decision) mpu wacrorax 50 MIm i
550 MTI'nt. Kinmekicts To9oK mist anroputmy LITID — 1024.
3rigHo miarpam#, CIIBIIPOILIECOP BHUKOHYE aNTOPUTM Ha
2 MKC TIOBUIBHIIIE y TTOPiBHSHHI 3 MoayieMm [18] mpu Tak-
TOBIi yacToTi podotn 50 MI'i Ta Ha 0.9 MKC moBiIbHIIIE
3a Moyiis [18] mpu gactori 550 MT'11.

150,0 100,0
100,0
50,0 20,7 3,9
0]0 [ ]

Execution Time (ls)
B HW/RV Pipelined/250MHz

HW[10]/50MHz
® HW[18]/550MHz

[Hiarpama 1 — IlopiBHsUTbHA XapaKTEPUCTHUKA YaCy BUKOHAHHS
(mkc) LITI® st 1024 Touok

o
150.0 e
o

100.0
50.0 ¥
0.0 —

Radix-2/50 MHz Radix-4/550 MHz

100,0

m Proposed decision Existing decision

MTiarpama 2 — ITopiBHsIIbHA XapaKTEPHCTUKA Yacy BUKOHAHHS
(mxc) anroputmy IITI® criBmporiecopom

VY Tabnuui 3 HaBeJCHO JaHI BUKOPUCTAHHUX PECYpCiB
mikpocxemu Xilinx SPARTAN 6.

Tabnmns 3 — BukopucraHi pecypcH CHCTEMH

LUT DSP48A1 RAMB16BWER DFF
723239112 24332 6332 9872 318224
6 OBTOBOPEHHS

AHanizyoun pe3ysbTaTé JIOCTIJDKEHb, 110 IPOBOJIH-
JMCsl JUI MIKPOCXEMHM NPOTPaMOBaHOI JIOTIiKH, 3aIporio-
HOBaHWH MeTon 3 amapaTHuM criBporecopom [[OC ne-
MOHCTPYE TIPHCKOPEHHS B OOYMCICHHSAX alrOpUTMY
II® y mopiBHAHHI 3 MPOTPAMHUMH pealizallisiMi IS
snep ARM Cortex-M4 ta ARM Cortex-M7 [6-7].
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Yac BMKOHaHHS 3alpPOIIOHOBAHOTO METOJY L0 I0-
CTYMAaeThCs ICHYIOUNM anapaTHuM pimeHasM [8-10] i3-3a
CKJIQJIHOCTI anapaTHUX MOJYJIB, SIKi CKJIaJaloThCs 3 JIOB-
rux saHiorie LUT enemeHTiB, amapatHux BOYIOBaHMIA
MozyniB DSP, mio 30inbm1yloTh Yac BUKOHAHHS 1HCTPYK-
il pO3MIMpPEHHS.

OCHOBHOIO TEPEBaror 3alpOIIOHOBAHOTO METOAY €
HOT0 MOIYIBHICTB, IO JO3BOJISE 30UIBITYBATH KiJIBKICTh
METENNKIB, 3MIHIOBATA OCHOBY METEINHKa, 30LIBITyBaTH
KIJTBKICTB TOYOK JUTS ONPALFOBAHHS AJIS 3MEHIIEHHS 4acy
BUKOHaHHs 0e3 Moaudikauii ctpykrypu. Bapro 3a3nauu-
TH, 1O JaHUH CIIBIPOLIECOP MPALIOE 3 YUCIAMH 3 PyXO-
MOIO0 KOMOIO OJJMHApHOI TOYHOCTI, 5IKi 3a0€3MeUyI0Th TO-
YHICTh 00YHCIICHB.

Takum uuHOM, ymockoHaneHo mporecop RISC-V ap-
XITEKTYpH, BIPOBaPKeHHsM criBrporecopa LTI, Ge3
Moudikarii caMmoi apXiTeKTypH.

BHUCHOBKHA

Po3rnsHyTO BIAKPUTY apXiTEeKTypy HAOOpY KOMaHJ
RISC-V, 1o 103BoJjIsi€e OCBITHIM, HayKOBO-AOCIIIHUM Ta
MIPOMUCIIOBHM OPTaHi3allisiM HPaIfOBaTH HAJ PO3pOOKaMHU
Ha OCHOBI JAaHUX IMPOIIECOPIB.

Ha ocHOBI mporpaMoBaHoOi JIOTiKH, BUKOPHUCTOBYIOUH
po3po0iieHy Mojeib, po3poliieHa cXeMa KOHBEEPHOTO
npouecopa RISC-V apxitekrypu. BukopucroByrouu cu-
MynsaTop ISim, mpoBeneHO NOCTIMMKEHHS Mpane3aaTHOCTI
Ta MPOAYKTUBHOCTI mpouecopa. CHiBIIpolecop BUKOHYE
anroput™ IO posmipricTio 512/1024 touku. Yac Bu-
KOHAHHS CIIBIPOLIECOPOM alrOPUTMY Ha OJHOMY MeTe-
JUKY 32 OCHOBOIO 1Ba it 512 todok ckmaB 9.4 Mkc, a
s 1024 Towok — 20.7 MKC TIpU TaKTOBil 9acTOTi pOOOTH
250 MTI'.

[IpoBeneHo nOCTIHKEHHS Yacy BUKOHAHHS aJTOPUTMY
IIT® po3pobieHHM  CIIBIIPOIIECOPOM HAa YacTOTaxX
50 MTI'ny i 550 MTI'. 3rigHo pe3ysbTaTiB, Yac BUKOHAHHS
QITOPUTMY CITIBIIPOIIECOPOM 3 METEIMKOM 32 OCHOBOIO
JBa € ONM3bKUM 10 3HAueHHs, HABEICHOTO y JDKepe-
i [18], Tozi Sk 3 METEIMKOM 3a OCHOBOIO YOTHPH, — PO3-
pobnennii criiBnponiecop BukoHye LIID na 0.9 Mkc mo-
BiJIbHIIIIE.

Mopanpmi mocaimzkeHHsT Po3poOICHOrO MpoIecopa
CHIPSIMOBaHI Ha BU3HAYEHHS IIPOIYKTUBHOCTI IPOIecopa 3
BHUKOPHCTaHHsIM TecToBOi mporpamu Dhrystone. Ile
nop’si3aHo 3 TuM, o mapamerp MIPS He nosBosse
00’€KTHBHO OIIIHUTH MPOAYKTUBHOCTH IPOIIECOPIB pi3-
HUX apxiTekTyp, ToAi sik DMIPS € cranpapruzoBaHuM Ta
BUKOPHCTOBYETHCSI BUPOOHMKAMHU OOYHCIIIOBAIBHUX Ma-
muH. [ mpaBHIBHOCTI PO3PaxyHKIB HPOJYKTHBHOCTI
HEOOXi/IHO NpH TECTyBaHHI BUKOPHCTOBYBATH iAEHTHYHI
Bepcii CHHTETHYHOTO TECTYy.

HaykoBo10 HOBM3HOI0 POOOTH € TOKpAIIEeHHS apXi-
tektypu RISC-V, posmmpeHHAM cHCTEeMH KOMaH] Ta
BIIPOBAKEHHIM amapaTHOro criBmporecopa [ITID.

IIpakTHyHe 3HAYeHHsI PO3pOOIICHOrO Mpouecopa 3
anapatauM moxyieMm LITI® momsrae y 3MeHIICHHI Yacy
BuKoHaHHA anroputmy lITID, mokpameHHIM apXiTeKTy-
pu RISC-V Ta MOXJIMBICTIO BUKOPHCTAHHS amapaTHUX
MOJIyJ1iB BUKOHaHHSI iHMX anroputMis L{OC.
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NOJAsAKHU

Po0oTy BUKOHAHO B paMKax HAyKOBO-IOCHIIHOI TEMU
Kadenpu KOMIT IOTEPHUX CHCTEM Ta MEPEX YIKropoJcCh-
KOT0 HaIllOHAJIBHOTO YyHiBepcuTeTy «Metoan 1 3acodu
amaparHoi Ta MpOTrpaMHOI peaiizanii BUCOKOIPOIYKTHB-
HHUX KOMIT FOTEPHUX CHCTEM Ta Mepex» (HoMep Jepias-
Hoi peectpamii 0121U110031). Astopu Basuni ['opBaty
Herpy IlerpoBudy, nomeHTy Kadenpd KOMIT FOTEPHUX
cucteM ta Mepex JIBH3 «YxHY» 3a miHHI Ta KOHCTPYK-
TUBHI TIOPaJH Mif] Yac HAaIMCaHHSI poOoTH.
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ABSTRACT

Context. The digital signal processing is applied in many fields of science, technology and human activity. One of the ways of
implementing algorithms of digital signal processing is the development of coprocessors as an integral part of well-known architec-
tures.

In the case of developing a pipelined device, the presented approach will allow to use software and hardware tools of the appro-
priate architecture, provide the faster execution of signal processing algorithms, reduce the number of cycles and memory accesses.

Objective. Objectives are design and characterization study of a pipelined RISC-V processor and coprocessor of digital signal
processing which performs fast Fourier transform.

Method. Analyzing technical literature and existing decisions allow to assess advantages and disadvantages of modern develop-
ments and on the basis of which to form the relevance of the selected topic. Model designing and simulation results allow to examine
a model efficiency, to determine weak components’ parts and to improve model parameters.

Results. The pipelined RISC-V processor has been designed which executes a basic set of instructions. Execution time of assem-
bly program on the single-cycled and the pipelined processors have been analyzed. According to the results, the test program on the
pipelined processor is executed in 29 cycles, while on the single-cycle processor it takes 60 cycles. The structure of the coprocessor
for the fast Fourier transform algorithm and a set of processor instructions that allow working with the coprocessor have been devel-
oped. The number of cycles of the coprocessor based on Radix-2 fast Fourier transform algorithm for 512 points is 2358 cycles, and
for 1024 points is 5180 cycles.

Conclusions. Conducted researches and calculations have showed that the application of the developed hardware coprocessor re-
duces the fast Fourier transform algorithm execution time and the load of the pipelined processor during calculations.

KEYWORDS: RISC-V, processor, digital signal processing, fast Fourier transform, pipelined, coprocessor, FPGA.
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ABSTRACT

Context. The problem of the image impainting in computer graphic and computer vision systems is considered. The subject of
the research is deep learning convolutional neural networks for image inpainting.

Objective. The objective of the research is to improve the image inpainting performance in computer vision and computer
graphics systems by applying wavelet transform in the LaMa-Fourier network architecture.

Method. The basic LaMa-Fourier network decomposes the image into global and local texture. Then it is proposed to improve
the network block, processing the global context of the image, namely, the spectral transform block. To improve the block of spectral
transform, instead of Fourier Unit Structure the Simple Wavelet Convolution Block elaborated by the authors is used. In this block,
3D wavelet transform of the image on two levels was initially performed using the Daubechies wavelet db4. The obtained
coefficients of 3D wavelet transform are splitted so that each subband represents a separate feature of the image. Convolutional layer,
batch normalization and ReLU activation function are sequentially applied to the results of splitting of coefficients on each level of
wavelet transform. The obtained subbands of wavelet coefficients are concatenated and the inverse wavelet transform is applied to
them, the result of which is the output of the block. Note that the wavelet coefficients at different levels were processed separately.
This reduces the computational complexity of calculating the network outputs while preserving the influence of the context of each
level on image inpainting. The obtained neural network is named LaMa-Wavelet. The FID, PSNR, SSIM indexes and visual analysis
were used to estimate the quality of images inpainted with LaMa-Wavelet network.

Results. The proposed LaMa-Wavelet network has been implemented in software and researched for solving the problem of
image inpainting. The PSNR of images inpainted using the LaMa-Wavelet exceeds the results obtained using the LaMa-Fourier
network for narrow and medium masks in average by 4.5%, for large masks in average by 6%. The LaMa-Wavelet applying can
enhance SSIM by 2-4% depending on a mask size. But it takes 3 times longer to inpaint one image with LaMa-Wavelet than with
LaMa-Fourier network. Analysis of specific images demonstrates that both networks show similar results of inpainting of a
homogeneous background. On complex backgrounds with repeating elements the LaMa-Wavelet is often more effective in restoring
textures.

Conclusions. The obtained LaMa-Wavelet network allows to improve the image inpainting with large masks due to applying
wavelet transform in the LaMa network architecture. Namely, the quality of reconstruction of image edges and fine details is
increased.

KEYWORDS: image inpainting, wavelet transform, LaMa network, Daubechies wavelet, Fréchet inception distance, wavelet
convolution.

ABBREVIATIONS

CNN is a convolutional neural network;

MSNPS is Muli-Scale Neural Patch Synthesis;

GLCIC is Globally and Locally Consistent Image
Completion;

CoModGAN is co-modulated generative adversarial
network;

LaMa-Fourier is Large Mask Inpainting with Fourier
Convolutions;

LaMa-Wavelet is Large Mask Inpainting with wavelet
transform;

FFC is a fast Fourier convolution;

FFT is a fast Fourier transform;

iFFT is an inverse fast Fourier transform;

LLL, LLH, LHL, HLL, LHH, HLH, HHL, HHH are
wavelet coefficient subbands;

DWT is a discrete wavelet transform;

iDWT is an inverse discrete wavelet transform;

BN is a batch normalization layer;

ReLU is a rectified linear unit;

LPIPS is Learned Perceptual Image Patch Similarity;

FID is Fréchet inception distance;

PSNR is a peak signal-to-noise ratio;
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MSE is a mean square error;
SSIM is a structural similarity index measure.

NOMENCLATURE

n, m is the number of image rows and columns;

(x,y) are coordinates of the image pixel,

I(x,y) is a vector function representing an image by
color channels;

IR(xy), le(xy), ls(x,y) are the red, green, blue color
channels of an image;

° is an element-by-element product of matrixes;

fo is an inpainting network;

structy, is the architecture of the fy network;

paramy, is the set of parameters of the fy network;

lin(X,y) is an inpainted three-channel color image;

L, is a pixel loss;

Lp is a perceptual loss;

Lp is a competitive loss;

k, a, b are the coefficients controling the impact of
each of the losses;

m, and mg are vectors of mean feature values for real
and generated image sets, respectively;

Rr and Ry are the covariance matrices of the features of
the real and generated sets of images;
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tr is the trace of the matrix;

L is the number of intensity levels on the image;

I(v, w), ¢ (v, w), s (v, w) are the luminance, contrast,
and structure between images vand w ;

m,, m,, are the local means of images v andw ;

oy, Gy are the standard deviations of images;

o IS the cross-covariance for images v and w.

Cy, Cy, Cs, a, B and v are the positive constants.

INTRODUCTION

In computer vision and computer graphics systems,
there is a need to inpaint missing areas of the image. This
problem arises in the case of faded colors or physical
damage of the surface on which the image was located. In
another case, there is a need for removing unwanted
objects from the image in such a way that the resulted
image looks realistic and fits the context. For example,
when photographing, distracting objects in a scene such
as strangers and objects that get in the way are usually
unavoidable but at the same time undesirable for users.
Before sharing a photo, users may want to make some
changes, such as removing distracting elements from the
scene or adjusting the position of objects in the image for
a better composition. Image inpainting techniques provide
automatic filling of missing regions of an image with a
plausible hypothesis. These techniques are used in many
real-world tasks, such as removing distracting objects,
restoring damaged parts, and filling the missing areas of
images [1, 2].

The object of research is inpainting of real scene
images in computer vision and computer graphics
systems.

Due to the development of modern technologies and
the increase in computing power, a number of image
inpainting methods based on deep learning CNNs have
been elaborated, which can generate missing regions of
the image with good global consistency and local fine
textures. Thus, CNNs Context Encoder, MSNPS, GLCIC,
DeepFill v1-2 differ in such characteristics as speed, the
size of the processed image, and the quality of filling of
image regions [3]. The disadvantage of the listed
methods is that when using large masks, the result
becomes unsatisfactory in terms of generating both image
context and texture.

The subject of the research is methods of image
inpainting using CNNs of deep learning.

Unlike the Context Encoder, MSNPS, GLCIC,
DeepFill v1-2 methods, the LaMa-Fourier [4] is able to
obtain a good result even when the missing areas occupy
most of the image. In general, CNNSs for image inpainting
usually achieve better results by complicating the network
architecture or by dividing it into sub-networks with
separate tasks. LaMa-Fourier, on the contrary, uses a
single network and a fewer variables [4].

The advantages of the LaMa-Fourier method are a
higher speed of image processing and network training;
better quality than other neural network methods when
using narrow masks; better quality of large mask
inpainting of spectral textures. The disadvantage of the
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LaMa-Fourier network is the insufficient quality of
inpainting of fine details of images and edges of objects.
To eliminate this shortcoming, it is appropriate to use a
wavelet transform representing both global and local
features of images.

The aim of the paper is to improve the quality of
image inpainting in computer vision and computer
graphics systems with applying wavelet transform in the
LaMa-Fourier network architecture.

1 PROBLEM STATEMENT

The color natural image is represented as
106Y)=(Ir(X,Y), lc(X,y), ls(x,y)}, where x=1, ..., n; y=1, ...,
m. Then each pixel of the image is described by three
features Ir(x,y), lc(X,y), Is(X,y) which take values from the
interval [0, 255]. A mask is introduced to represent the
missing areas of the image. This is a binary image M(x, y)
of the same size as each channel of the original image.
The mask is element-by-element producted by image
features. Then, using a mask, the image with missing
areas is represented as 1y, (X,y)=(Ir(X,y)-M(X, V),
Is(GY)-M(X, y), Is(Xy)-M(x, y)). It is necessary to
transform the image 1,,(x,y) so as to fill missing areas. In
this case, the resulting image should approximate the
original one in the sense of some criterion [4].

Let the CNN fe={structs, paramg} was preliminarily
designed to inpaint the images. The set structs includes
blocks with layers of the designed network. Taking
1,/(x,y) the inpainting network processes the input in a
fully-convolutional manner, and produces Il (x,y) =
fa(11/(X,y)) which approximates the original image 1(x,y).

The problem of the refining CNN architecture is as
follows. It is necessary to make structural changes to the
existing architecture structs of the network fy(¢). These
changes should improve the image inpainting
performance compared to the initial fo(*) network after
training the parameters of the resulting network [5, 6].
The training is performed on a dataset of (image 1(x,y),
mask M(x, y)) pairs obtained from natural images and
synthetically generated masks.

2 REVIEW OF THE LITERATURE

The analysis of CNNs for image inpainting showed
that such methods are primarily focused on the properties
of processed images. Also, the architectures of the used
CNNs are determined by the computing power available
to the researcher and the quality requirements for the
inpainted images.

Thus, the methods [7, 8] are recommended for the
filling localized missing areas of small-sized images with
not very high quality of the result. These methods use one
CNN, which is quite easy to train on another class of
images. It is not require relatively significant time and
computing power. For example, in [7] the Context
Encoder was designed on the basis of a generative-
competitive network. This CNN includes a fully
connected layer. Due to convolutional layers, all locations
of spatial objects on the previous layer contribute to the
location of spatial objects on the current layer. Thus, the
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network can learn the relationship between the locations
of objects. Also, the Context Encoder can be trained to
understand the overall context of the entire image.

A significant number of image inpainting methods [7,
9-11] require the correct shape of the missing area.
However, the PartialConv algorithm [8] is able to fill
several areas of arbitrary shape at once. PartialConv is a
Unet type network which differs by the applying of partial
convolutions in the convolutional layers. When partial
convolution is used, the processing image fragment is first
multipled by a binary matrix element by element, and
then only a filter mask is applied. The disadvantage of the
PartialConv is the reducing of the quality of filling
missing regions with few details lagging behind each
other.

In contrast to CNNs that use one subnet, the MSNPS
[9] fills the missing regions of images with the help of
two CNNs applied sequentially. The first CNN is used to
generate the global context, the second CNN is used to
further add local texture. This approach improves the
quality of the inpainted images, but significantly increases
the training time. MSNPS is a further developing of [7],
but differs in higher details of local textures due to the use
of a separate CNN for their generation.

Methods [10-14] use ensembles of three or more
CNN to achieve high-quality image inpainting. But they
require the significant computing power and much
training time.

In [10] the GLCIC consist of three CNNs to inpaint
the images. One CNN is applied to fill missing regions of
the image and two auxiliary networks is used as local and
global discriminators. The latter networks are used only
while training. Their role is to assess the realism of the
resulting image by comparing the original image areas
with the inpainted ones. At the same time, the generative
network is learned to deceive the discriminators, and the
discriminators are learned to better identify unrealistic
images.

The GLCIC fills missing regions not only based on
the current image, but also based on the images used
while training. A fully connected layer is not used, which
significantly reduces the time to inpaint an image as
compared with [7, 9] and practically removes the
limitation on the size of the input image. The
disadvantage of GLCIC is that, in addition to the
generative network, discriminators must also be trained.

In [11], the DeepFill v1 network was proposed as a
sequential combination of the networks from [9, 10]. The
peculiarity of the DeepFill v1 is that when searching for
suitable areas for copying, not only similar areas are
determined, but also the contribution of all visible objects
to the missing area is estimated. As a result, a
combination of the most significant visible objects is used
to fill the missing region. This enhances the quality of the
obtained result. However, for correct inpainting the
missing area of the image must be square.

Instead of the filling of missing regions by global
context generation and local texture generation
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EdgeConnect [12] is proposed to generate edge map and
to inpaint an image based on the obtained edges. A
discriminator is used while training of each of the two
subnets of the EdgeConnect [12]. The EdgeConnect can
fill missing regions of arbitrary shape and shows better
results than previous methods when generating objects of
complex shape. But the EdgeConnect is needed to train
discriminators in addition to generative networks.

The DeepFill v2 network [13] is based on the DeepFill
v1, EdgeConnect, and PartialConv networks. DeepFill v2
sequentially applies three CNNs. First network is
designed to generate the global context. Second network
generates a local texture based on the global context of
the image. Third network is a discriminator assessing the
realism of the resulting image. After training the DeepFill
v2 network is able to fill missing regions not only on the
basis of other parts of the image, but also to evaluate the
contribution of surrounding objects to the content of the
missing area. This network can process regions of
arbitrary shape, and use an edge map when generating
objects. The DeepFill v2 shows better performance in
terms of inpainted image quality and processing time
compared to [7-12]. However, the training of an
ensemble of three CNNs with more than 4 million
parameters requires significant time and computer
resources.

The CoModGAN network [14] architecture is similar
to DeepFill v2, but greatly enhanced. The connectivity of
filled regions to the context is better compared to
DeepFill v2, but visible artifacts are possible in the center
of the inpainted region. The CoModGAN network on
average shows better results than DeepFill v2, but due to
increasing the number of parameters to 108 million. Then,
the time of network training and image inpainting
increases several times.

The considered CNNs improves of the quality of
image inpainting by complicating the network
architecture and/or by processing taking into account, in
addition to the color components, other features of the
images. In particular, the texture or the edges of objects
are processed. The main feature of the LaMa-Fourier
network compared to considered networks is the use of a
new type of a convolutional layer which is FFC [4]. It
allows to significantly increase the logical connectivity of
the filling missing regions with known image regions and
at the same time to reduce the number of network
parameters several times.

The LaMa-Fourier uses the FFC, learning mask
generator, and loss function different from previously
proposed methods. Its architecture is simpler compared to
DeepFill v2 and CoModGAN. LaMa-Fourier has 27
million parameters, and is faster than CoModGAN due to
fewer layers. At the same time, it shows better results, the
absence of visible artifacts and variations of the texture
structure, especially when restoring large areas and
spectral textures. However, the LaMa-Fourier requires
more computational resources for the implementation of
FFC compared to convolution. In addition, there is
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sometimes a slight blurring of the areas inpainted by the
LaMa-Fourier, which is a side effect of applying the
Fourier transform [15].

Therefore, in the paper it is proposed to enhance the
LaMa-Fourier network by applying of wavelet transform
which can be considered as a generalization of the Fourier
transform [16]. Wavelet decomposition is performed with
the help of functions with a limited extension to get
information about image details.

3 MATERIALS AND METHODS

The architecture of the LaMa-Fourier network is
shown in Fig. 1 [4]. The network is inputted an image
with missing areas and a mask with pixels need to be
inpainted. Next, the image is reduced by a factor of 3 and
passes through nine residual blocks (Fig. 1, a). After that,
the image is enlarged to its original size and outputted [4].

In the residual block, the FFC is applied twice to the
image and the result is added to the original image. FFC
decomposes the image into local and global textures,
which are further processed by convolution layers
(Fig. 1, b). The global texture additionally passes through
the spectral transform block. The outputs of the
convolution layers are summed “cross over cross”. Then
BN and the ReLU activation function are applied to them.
The results of local and global texture processing are
concatenated (Fig. 1, b) [4].

In the spectral transform block the image is Fourier
transformed into the frequency domain, the real and
imaginary parts are concatenated. Then the convolutional
layer, BN and the ReLU activation function are applied
sequentially (Fig. 1, c). The obtained result is splitted on
the real and imaginary parts. Finally, the iFFT is applied,
the result of which is the output of the block [4].

The LaMa-Fourier network is able to represent the
general structure of images. But difficulties arise with the
inpainting of fine high-frequency details and with the
generation of the image edges. There may also be
problems when reproducing complex textures, such as
small leaves, thin fabric fibers, or detailed patterns
(Fig. 1, d-f). Difficulties in ensuring similarity between
the inpainted region and the existing texture may be
related to the fact that the Fourier transform traditionally
works better with low and medium frequencies than with
very high ones [15].

As an alternative to the Fourier transform, to
overcome the mentioned shortcomings, it is appropriate to
use the wavelet transform [17, 18]. Then, it is necessary
to define the block of the network to which changes will
be made. Since the FFC decomposes the image into
global and local texture, it was decided to improve only
the network block, processing the global context of the
image, namely, the spectral transform block. Applying the
wavelet transform to the local context can increase the
noise level in the image.
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Figure 1 — LaMa-Fourier network architecture: a — Residual
Block; b — FFC; ¢ — Fourier Unit Structure [4]. LaMa-Fourier
inpainting example: d — original image; e — original image
and mask; f —inpainted image

To improve the block of spectral transform the Simple
Wavelet Convolution Block elaborated by the authors is
used instead of Fourier Unit Structure (Fig. 2). In this
block, 3D wavelet transform of the image on two levels
using the Daubechies wavelet db4 (Fig. 3, a) was initially
performed.

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, inbpopmaTrka, ynpasminss. 2024. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 1

- m  m mm mm mm o mm mm m mm mm mm o m mm mm Em mm mm e mw

Simple Wavelet Convolution Block (2 levels)

b4 Leven.y[ Conv 3x3 }{ BN RelLU J\LeveH
Coefs ~B

Split l: Coefs

——— o mm m— m m— wm — ———

Level 2
Cosfs \s[ Conv 3x3 }{ BN ReLU Jf Cosfs

Concat
Level 2 -y

—— e o o o ——

e

Figure 2 — Simple Wavelet Convolution Block

As a result of this transform, the eight subbands of
coefficients at each level were obtained [19]. These are
LLL, LLH, LHL, HLL, LHH, HLH, HHL, HHH
subbands (Fig. 3, b). The main advantage of using a 3D
wavelet transform, as opposed to applying a 2D transform
separately for each image channel, is its ability to analyze
inter-channel image correlation. This allowing to take into
account color details on an inpainted image.

The obtained coefficients of 3D wavelet transform are
splitted so that each subband represents a separate feature
of the image. Convolutional layer, BN, and ReLU
activation function are sequentially applied to the results
of splitting of coefficients on each level of wavelet
transform (Fig. 2). The number of convolutions in the
convolutional layer was equal to the number of subbands
at the corresponding level of the wavelet transform. After
applying the ReLU activation function, the obtained
subbands of wavelet coefficients are concatenated and the
iDWT is applied to them, the result of which is the output
of the block. Note that the wavelet coefficients at different
levels were processed separately. This made it possible to
reduce the computational complexity of calculating the
network outputs while preserving the impact of each level
to image inpainting.

The LaMa network uses the loss function, which is
specially designed to solve the problem of filling large
missing regions. This loss function Lgna combines Ly, Lp
and Lp to ensure the realism, semantic integrity and
structural continuity of the inpainted regions, which
corresponds to the human perception of image [4]:

Lfinas = kLo + aLp + bLp.

The gradient penalty [4] is not used to reduce amount
of computation. The MSE between the original and
restored images was used to estimate L, pixel loss [20].
For perceptual loss of Lp, LPIPS is used, which evaluates
the perceptual similarity between the inpainted and
original images using a pre-trained neural network [21].

The discriminator is used to estimate competition loss
Lp. This additional CNN is trained in parallel with the
basic network to distinguish between real and generated
images. Based on this evaluation, the discriminator tunes
the basic network coefficients to improve the realism of
the generated images. Then, the Lp are estimation of the
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error in the global and local textures computed from the
discriminator output [22].

3Dinput
image
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LHHZ 7

3Dinput || | Ly LHL | HHL
image — L H HLH

LL | HL LLL HLL
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alongthe columns  alongtherows alongthe slices

b

Figure 3 — Elements of LaMa-Wavelet network architecture:
a — Daubechies db4 scaling function (blue) and wavelet (red)
[16]; b — subbands of 3D wavelet transform coefficients [19]

4 EXPERIMENTS
At the first stage of the experiment, the LaMa-Wavelet
network was trained to inpaint test database images. The
Google Colab environment with a pre-configured
NVIDIA Tesla T4 GPU, which has 16 GB of GDDR6
memory and 2,560 CUDA cores, was used. The T4 is
optimized for machine learning computing and supports
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NVIDIA Turing Tensor Cores to accelerate tensor
operations. The Google Colab environment uses
processors to process data and to interact with the GPU.
The Google Colab environment provides about 60 GB of
RAM. But no more than 4 GB was used for training,
because the system is more demanding of video memory
and most of the RAM is used only for mask generation.
Google Drive data storage was used to store the training
and testing datasets to easy access to them.

The LaMa-Wavelet was trained using the Adam
optimizer with the following parameters of the Lgjna 10SS
function: k=10, a=100, b=30.

While network training, an initial image and a mask
are selected. A mask is a binary image on which black
pixels correspond to pixels of the missing region of the
initial image, and white pixels correspond to known
pixels. Pixels, which will be inpainted later, were
removed from the input image according to the mask.
Next, the obtained image and the mask were fed to the
input of the trained network. The image with filled
missing regions was outputted by the network. The
original image was superimposed on this generated image
according to the mask. Thus, the result was an image in
which the known pixels were copied from the original
image, and the pixels of the missing regions were
generated by the network.

The 16,000 images from databases [23, 24] were used
to train the LaMa-Wavelet network. These images were
scaled to a size of 256x256 pixels and randomly splitted
into training and testing sets in the ratio of 95% to 5%.
For each image, with a probability of 0.5, either a mask of
1-4 rectangles with sides of 30-150 pixels, or a mask of
1-5 straight lines 10-200 pixels long, 1-100 pixels wide
and with a slope from 0 to 2r was generated. The sizes of
the masks were variable, from narrow (10% of the image
pixels) to large (80% of the image pixels). This ensured
that the network was trained at different levels of
inpainting complexity. Masks were generated with a
random uniform distribution over the entire area to ensure
uniform coverage of different image areas.

Evaluation of the results of the first stage of the
experiment was performed by the FID score [25]. It was
calculated using the Inception v3 network for two sets of
images, specifically, real image set and set of images with
generated regions. When this network obtained the
features from the real and generated image sets, the FID is
calculated as

FID=|| m, — mg|* + tr(R, + Ry—2(R;Ry)*?).

FID measures the distance between the feature
distributions of real images and images inpainted by the
network. Lower FID value means that the feature
distributions are closer, indicating more similarity
between the generated and real images. This metric takes
into account both the variability and the quality of the
generated images [25].
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The original LaMa-Fourier network is balanced in
terms of image inpainting quality and processing time.
Training of this model was completed according to a
standard protocol, providing a reliable baseline for
comparison [26]. After 128 epochs the training of the
LaMa-Fourier network was completed. But the
dependence of loss function from epoch for the LaMa-
Wavelet still showed a downward trend. This indicated
the possibility of further improvement of the loss
provided the training is continued.

Continued training of the LaMa-Wavelet to 212
epochs was intended to approach or even exceed the FID
value of the trained LaMa-Fourier network. Training
throughout 212 epochs reduced the FID of the LaMa-
Wavelet to about 8 on the training set and to 24 on the
validation set. This equalizes it with the FID of the LaMa-
Fourier network. The similarity of the FID for the LaMa-
Fourier and LaMa-Wavelet networks indicates that the
improvement in image inpainting by the LaMa-Wavelet
can only be achieved through long training.

At the second stage of the experiment, the images of
testing set are inpainted using the LaMa-Fourier and
LaMa-Wavelet networks. Then the inpainted images were
compared with the original images. For this, three
separate categories of masks were formed, namely,
narrow, medium, and large, covering 15%, 40%, 65% of
the image area, respectively. Each of these mask
categories represented a different level of image
inpainting complexity. The test set included 2000 images
from the Places2 dataset [23]. One mask from each
category was generated for each image. After element-by-
element multiplication of images on masks, the inpainting
was performed using LaMa-Fourier and LaMa-Wavelet
networks.

To compare the inpainted images with the original
images, the FID was first calculated. It has been observed
that the FID evaluates the overall similarity of the
generated and original images, but does not focus on the
recovering of edges or details. To solve this problem, two
additional indexes, PSNR and SSIM, are applied [20].

PSNR compares the original and reconstructed image
in terms of differences between them at the pixel level. In
the context of image inpainting, PSNR indicates how well
edges and fine details are reconstructed. It is estimated as
the ratio between the maximum possible power of an
original image and the MSE between original and
inpainted images if minimum intensity level supposes to
be 0 [20]:

PSNR = 10logso((L — 1)*/MSE).

SSIM provides a perceptually relevant estimation of
image quality considering the differences in image
structure, texture, and contrast. This is critical for
preserving the natural appearance of image edges and
textures. The SSIM is calculated based on the luminance
term, contrast term and structural or correlation term as

[20]:
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SSIM(v, w)=I (v, w)* ¢ (v, w) s (v, w),

I (v, w) = (2m, m,, + C1)/(m,* + m,>+Cy),

¢ (v, W) = (20,6, +Co)/(6,” + 6,2+ Cy),
s (X, ¥)=(ow +Cs)/(cy 0w +Ca),

If a=p=y=1, then the index is in normalized scale with
values between 0 to 1.

The PSNR and SSIM allowed a more detailed
estimation of the inpainting performance, especially in
terms of edge quality and structural integrity.

At the third stage of the experiment, the results of the
inpainting of specific images by LaMa-Fourier and
LaMa-Wavelet networks were compared. 3-5 images
were selected with different complexity of background,
namely, uniform background, background with structural
texture (with repeating patterns) [26], complex
background with repeating objects. To demonstrate how
well the networks performed in texture, color, and edge
recovery, each image was processed using the original
LaMa-Fourier and LaMa-Wavelet network trained on 212
epochs. Inpainted images were evaluated visually and
using PSNR and SSIM.

5 RESULTS

At the first stage of the experiment, the results of
training of LaMa-Fourier and LaMa-Wavelet networks
were evaluated using the FID score on training and
validation sets. In addition, the training epoch time and
image inpainting time were estimated. Image inpainting
time is averaged for a set of 25 images of size 1024x1024
pixels (Table 1).

Table 1 — The LaMa-Fourier and LaMa-Wavelet training results

CNN FID on FID on Epoch Image
training validatio time, inpain-
set n set minutes ting time,
seconds
LaMa-Fourier 8.2 25 40 2.2
LaMa-Wavelet 9.2 32 150 6.6
At the second stage of the experiment, the

dependencies of the FID, PSNR, and SSIM from the size
of the missing areas were researched (Table 2).

The PSNR of the CelebA-HQ [27] and Plases2 [23]
datasets images inpainted by the methods known from the
literature are given in Table 3 [28]. Note, however, that
the results of Table 3 were obtained under significantly
different experimental conditions and are used as
collating data.
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Table 2 — The LaMa-Fourier and LaMa-Wavelet testing results

CNN Epochs | FID [ PSNR | SSIM
Narrow masks

LaMa-Fourier 128 21.8 25.68 0.7811

LaMa-Wavelet 128 24.7 26.58 0.8066

LaMa-Wavelet 212 21.3 26.82 0.8088
Medium masks

LaMa-Fourier 128 24.3 25.04 0.8232

LaMa-Wavelet 128 31.1 25.88 0.8367

LaMa-Wavelet 212 24.8 26.19 0.8394
Large masks

LaMa-Fourier 128 32.7 22.16 0.7857

LaMa-Wavelet 128 39.7 22.96 0.7973

LaMa-Wavelet 212 321 23.48 0.7999

Table 3 — The PSNR of images from the CelebA-HQ [27] and
Plases2 [23] datasets inpainted by the methods known from the
literature [28]

CNN, reference, CelebA-HQ imag(_es 256x256 pixels
publication year Narrow Medium Large
masks masks masks
LaMa-Fourier [4], 2021 22.7 34.1 27.8
CoModGAN [14], 2021 35.9 48.4 64.4
DeepFill v2 [13], 2019 37.0 45.3 43.0
EdgeConnect [12], 2019 29.2 40.5 34.7
Places images 512x512 pixels
LaMa-Fourier [4], 2021 12.7 11.7 12.0
CoModGAN [14], 2021 16.3 12.4 10.4
DeepFill v2 [13], 2019 17.9 18.3 22.1
EdgeConnect [12], 2019 18.9 21.9 30.5

At the third stage of the experiment, the results of the
inpainting of specific images by the LaMa-Fourier and
LaMa-Wavelet networks were obtained (Fig. 4-9). The
corresponding values of the SSIM and PSNR are shown
in Table 4.

Table 4 — The PSNR and SSIM of specific images inpainted by
LaMa-Fourier and LaMa-Wavelet

Image LaMa-Fourier LaMa-Wavelet
PSNR SSIM PSNR SSIM
Fig. 4, a 35.04 0.90 35.30 0.90
Fig. 4,d 34.58 0.87 35.82 0.89
Fig. 4,9 24.54 0.90 35.10 0.90
Fig. 4, j 38.20 0.98 40.01 0.99
Fig. 4, m 2291 0.92 22.52 0.91
Fig. 4, p 32.88 0.97 33.19 0.96
Fig. 5,a 28.84 0.96 28.96 0.95
Fig. 5,d 24.89 0.94 24.78 0.93
Fig. 6, a 23.67 0.88 22.96 0.88
Fig. 6,d 19.43 0.78 22.07 0.72
Fig.7,a 20.39 0.88 22.39 0.87
Fig.7,d 19.59 0.88 19.47 0.87
Fig. 13.61 0.84 15.03 0.85

6 DISCUSSIONS

Analysing Table 1 it should be noted the follow. The
LaMa-Wavelet network requires more time for training
and image inpainting after training. Namely, the LaMa-
Wavelet network requires 3.75 times more time per
training epoch as compared with LaMa-Fourier. After
training it takes 3 times longer to inpaint one image with
LaMa-Wavelet than with LaMa-Fourier network. It is
noticed that a significant part of the training time is spent
on calculating the wavelet transform.
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p r
Figure 4 — Images with random masks: a, d, g, j, m, p — original image and mask; b, e, h, k, n, g — image inpainted with LaMa-
Fourier; ¢, f, i, I, 0, r — image inpainted with LaMa-Wavelet

d
Figure 5 — Images with homogeneous background: a, d — original image and mask; b, e — image inpainted with LaMa-Fourier; c, f —
image inpainted with LaMa-Wavelet
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Figure 6 — Images with periodical background: a, d — original image and mask; b, e — image inpainted with LaMa-Fourier; c, f -
image inpainted with LaMa-Wavelet

Figure 7 — Images with complex background: a, d — original image and mask; b, e — image inpainted with LaMa-Fourier; c, f — image
inpainted with LaMa-Wavelet

© Kolodochka D. O., Polyakova M. V., 2024
DOI 10.15588/1607-3274-2024-1-19 OPEN (o ) ACCESS

216



p-ISSN 1607-3274 PanioenexTponika, inbpopmatrka, ynpasninss. 2024. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 1

Figure 8 — Image with generation artifacts: a — original image and mask; b — image inpainted with LaMa-Fourier; ¢ —
image inpainted with LaMa-Wavelet

The LaMa-Wavelet network is worse in terms of the
training quality than LaMa-Fourier. Specifically, the FID
on training and validation sets of images has increased by
12% and 28% respectively.

The analysis of the Table 2 showed that FID values
obtained by the LaMa-Fourier and LaMa-Wavelet
networks on test set of images are similar for narrow,
medium, and large masks. Thus LaMa-Wavelet shows
higher generalization ability than LaMa-Fourier. The
PSNR of images inpainted using the LaMa-Wavelet
exceeds the results obtained using the LaMa-Fourier
network for narrow and medium masks in average by 1.15
dB (4.5%), for large masks in average by 1.3 dB (6%).
The LaMa-Wavelet can enhance SSIM in average by 2—
4% depending on a mask size.

In addition, it was noted that the quality improvement
of inpainted images is largely determined by their content
and properties. Thus, for structural textures [26] or
objects against the background of such textures, the
PSNR of images inpainted using the LaMa-Wavelet
exceeds the results obtained using the LaMa-Fourier by
1.2-2.7 dB (3.5-14%). For objects on uniform
background, the PSNR of images reconstructed with the
LaMa-Wavelet is improved by 1.8-9.6 dB (9.8-41%)
compared to the results obtained using the LaMa-Fourier.
The improvement range of SSIM is less. This may mean
that the LaMa-Wavelet is more capable of restoring fine
details and edges of objects than inpainted the image
structure.

Analysing of the LaMa-Wavelet network performance
for different mask sizes it was noticed that there is a
tendency for higher quality of inpainting of images with a
low number of details and straight lines, especially with
narrow masks. The inpainting of complex textures such as
grass, leaves, branches or large numbers of people is
difficult for both LaMa-Fourier and LaMa-Wavelet
networks. The deformation of the image color in the large
filled regions appears more frequently if the LaMa-
Wavelet network has been used.

In the case of narrow masks, both networks show
similar quality. However the LaMa-Wavelet shows a
significant improvement in the inpainting of large missing
areas relative to the LaMa-Fourier.
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Let compares the results of the inpainting of specific
images by the LaMa-Fourier and LaMa-Wavelet
networks. At first several images with randomly selected
narrow and medium masks were visually analyzed (Fig.
4). It was once again confirmed that, in general, LaMa-
Wavelet shows better texture inpainting than LaMa-
Fourier, but when the size of the masks increases, color
deformation begins to appear. Also, the LaMa-Wavelet
combines parallel lines less if they are close, and better
preserves the bends of curved lines.

For images with a uniform background (Fig. 5) the
numeric estimates are similar. There is a more
pronounced background color defect at the place of the
tomato and cup if the LaMa-Wavelet is applied.

The repeating background in the images (Fig. 6) is
well reproduced by both networks. But when using larger
masks, you can see, both visually and numerically, that
LaMa-Wavelet generates better edges of texture elements,
but loses in the generation of image color.

As the complexity of the image background increases,
it can be seen that the LaMa-Wavelet network begins to
lack context for the correct estimation of the expected
generation (Fig. 7). In this regard, the quality of the edges
of the inpainted regions reduces. However, under
conditions of high complexity of the texture, the
possibility of visual assessment is lost, since objects
become, in principle, difficult to distinguish even for a
person. Also, in such a scenario, the ability of the LaMa-
Wavelet network to continue repeating textures becomes
more of a problem than an advantage. This network starts
mixing different textures in an attempt to continue them.
This is seen in the example in Figure 8, where large
duplicate objects need to be removed from an image.
Instead of removing objects, the LaMa-Wavelet network
generates an average between the background and the
original texture in an attempt to restore the texture. It can
also be seen that the LaMa-Wavelet network is more seek
to forced inpainting of textures than the LaMa-Fourier.

Thus, analysis of specific image inpainting confirmed
the practical effectiveness of LaMa-Wavelet network as
compared with LaMa-Fourier. In particular, when
removing objects on a homogeneous background, both
networks show similar results. However, on complex
backgrounds with repeating elements, the LaMa-Wavelet
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is often more effective in restoring textures, despite some
cases of texture mixing.

CONCLUSIONS

The actual scientific and applied problem of an
inpainting of the fine details and object edges has been
solved when missing regions of images are filled by
CNN.

The scientific novelty is the proposed method of
natural image inpainting with LaMa-Wavelet network.
Due to applying wavelet transform, the image inpainting
with large masks based on the LaMa network is
improved. Specifically, the quality of reconstruction of
image edges and fine details is increased.

The practical significance of obtained results is that
the software realizing the proposed LaMa-Wavelet
network is developed, as well as experiments to research
its image inpainting performance are conducted. The
experimental results allow to recommend the proposed
LaMa-Wavelet for use in practice, as well as to determine
effective conditions for the application of this network.

Prospects for further research is reducing the
computing time by using fast transforms. It is also
nessesary to identify classes of images for the inpainting
of which it is advisable to use LaMa-Wavelet.
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LAMA-WAVELET: PEKOHCTPYKIIISI 30BPAXKEHD 3 BUCOKOIO SIKICTIO BITHOBJIEHHSI IETAJIEN I KPAIB
OB’€EKTIB

Kosonouka JI. O. — cryzent lncturyty koMm'1oTepHux cucteM HarioHansHoro yHiBepcurety «Onecbka nomitexsika», Oneca,
VYkpaiHa.

MoasikoBa M. B. — 1-p TexH. Hayk, JOLEHT, mpodecop kadeapu MPHKIAAHOT MAaTeMaTHKH Ta IHGOpPMaUiiiHUX TEXHOJIOTiH
HaunionansHoro yHiBepcutety «Opecbka nojitexHika», Oneca, YkpaiHa.

AHOTALIS

AKTyalbHicTBh. PO3risiHyTO TIpo06ieMy peKOHCTPYKIiT 300paXkeHb B CUCTEMaX KOMIT IOTEpHOI rpadiku Ta KOMIT FOTEPHOTO 30Dy .
IIpeaMeToM IOCIIKEHHS € 3rOPTKOBI HEHPOHHI Mepexi IITMO0KOro HaBYaHHS TS PEKOHCTPYKIIT 300pakeHb.

Meta po6oru. [lokpameHHs SKOCTI PEKOHCTPYHOBaHHX 300pakeHb B CHCTEMaxX KOMII'IOTEPHOTO 30pYy Ta KOMIT FOTEPHOL
rpadiky IUISIXOM 3aCTOCYBaHHS BEHBIICT-IIEPETBOPEHHS B apXiTeKTypi HelipoHHoi Mepexi LaMa-Fourier.

Meron. basosa mepexa LaMa-Fourier okpemo 06po6isie riaobaibHuil Ta JOKaJbHHUIT KOHTEKCT 300paxeHHs. IIponoHyeThCs
BIIOCKOHAJIUTHU JUIsl 1i€l Mepexi 6JIOK 00poOKH TI00aIbBHOTO0 KOHTEKCTY 300pakeHHs, a caMe OJOK CIIEKTPalIbHOIO MEepeTBOPEHHSI.
s uporo 3amicts Fourier Unit Structure BukopucroByerses po3pobiieHuii aBropamu Simple Wavelet Convolution Block, y sikomy
CIOYaTKy BHKOHYEThCS TPUBHMIpHE BEHBIET-IEPETBOPEHHS 300pakeHHsT HAa ABOX piBHAX. OTpuMani KoedillieHTH po30HBaIOTHCS
Tak, IMI0 KOXKHA CyOmorioca NPeACTaBIsIe€ OKpeMy O3HaKy 300pakeHHs. 3rOpTKOBHM IIap, MakeTHa HopMmaiizawis Ta (yHKIisS
aktuBalii ReLU mocninoBHO 3acTOCOBYIOTBCSA 10 CyOmosioc Koe(illieHTiB Ha KOXKHOMY piBHI BelBieT-mepeTBopeHHs. OTprmMaHi
cyOnonocu BeWBIeT-KOSQIli€HTIB KOHKATCHYIOTBCS 1 10 HUX 3aCTOCOBYETHCS 3BOPOTHE BEHBIICT-IEPETBOPEHHS, PE3YJbTAaT SIKOTO
nepenaeTbess Ha BUXig Omoky. Okpema oOpoOka BeifBneT-Koe(illieHTiB Ha Pi3HUX PIBHAX 3MEHIIyE OOUHCIIOBANBHY CKIAIHICTB,
30epirarous NpH NEOMY BIDIMB KOHTEKCTY KOXKHOTO PIiBHS Ha PEKOHCTPYKIiI0 300paxkeHHs. OTpuMaHy HEHPOHHY MepeXy Ha3BaHO
LaMa-Wavelet. TTokasuuku FID, PSNR, SSIM ta BisyanbHuil aHaiiz OyjaM BHKOPUCTaHI ISl OLHKH SIKOCTI 300paXeHb,
pekoHcTpyioBanux Mepexero LaMa-Wavelet.

PesyabTaTu. 3anpornoHoBaHy Mepexy LaMa-Wavelet nporpamMHo peaiizoBaHO Ta JOCHTIZXKEHO Ul BHPILICHHS HPOOIEMH
pekoHCTpyKIii 300paxenb. PSNR 300paxeHb, BiIHOBICHHX 3a aomomoror Mepexi LaMa-Wavelet, mepesumiye pesynbrary,
oTpuMaHi 3a gornomoror mepexi LaMa-Fourier s manux i cepennix Macok y cepeanbomy Ha 4,5%, 17 BETMKAX MAacok — y
cepenrboMy Ha 6%. 3acrocyBamns LaMa-Wavelet moxe 36inpumti SSIM mHa 2-4% 3anexHo Big po3mipy Macku. Aue
PEKOHCTPYKIList OMHOTO 300paxkeHHs 3a nonomoroio LaMa-Wavelet 3aiimae B 3 pasu 6inblie gacy, Hix 3a Jormomoroi mepexi LaMa-
Fourier. Anaii3z KOHKpeTHHX 300paKeHb IEMOHCTPYE, IO OOUIIBI MEPEkKi MOKA3YIOTh CX0XKI PE3yJIbTATH PEKOHCTPYKIIii OHOPIJHOTO
¢ony. Ha cxnagnux (oHax i3 noproproBaHumu enemeHtamu LaMa-Wavelet yacto eexriBHiLIe BiTHOBIIOE TEKCTYPH.

BucnoBku. Orpumana Mepexa LaMa-Wavelet 103Bosisie OKpalnTH BiTHOBICHHS BEIUKHUX 00iacTell 300paykeHb 3a paXxyHOK
3aCTOCYBaHHS BEHBIICT-TIEPETBOPEHHS B apXiTeKTypi Mepexi LaMa. A came, miIBHILY€ThCS IKICTh PEKOHCTPYKLIT KpaiB 300pakeHHs
Ta ApiOHMX JeTasei.

KJIIOYOBI CJIOBA: pexoHCTpyKLisi 300paXkeHHs, BeHBIET-IiepeTBOpeHHs, mepexka LaMa, seiimer [oGeuri, mouatkoBa
Bincrans Pperre, BeHBIET-3rOpTKA.
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ABSTRACT
Context. The problem of minimizing redundant resource reservation while maintaining QoS at an agreed level is crucial for
modern information systems. Modern information systems can include a large number of applications, each of which uses computing
resources and has its own unique features, which require a high level of automation to increase the efficiency of computing resource

management processes.

Obijective. The purpose of this paper is to ensure the quality of IT services at an agreed level in the face of significant dynamics
of user requests by developing and using a method of proactive automatic application scaling in Kubernetes.

Method. This paper proposes a proactive horizontal scaling method based on the Prophet time series prediction algorithm. Pro-
metheus metrics storage is used as a data source for training and validating forecasting models. Based on the historical metrics, a
model is trained to predict the future utilization of computation resources using Prophet. The obtained time series is validated and
used to calculate the required number of application replicas, considering deployment delays.

Results. The experiments have shown the effectiveness of the proposed proactive automated application scaling method in com-
parison with existing solutions based on the reactive approach in the selected scenarios. This method made it possible to reduce the
reservation of computing resources by 47% without loss of service quality compared to the configuration without scaling.

Conclusions. A method for automating the horizontal scaling of applications in Kubernetes is proposed. Although the experi-
ments have shown the effectiveness of this solution, this method can be significantly improved. In particular, it is necessary to con-
sider the possibility of integrating a reactive component for atypical load patterns.

KEYWORDS: dynamic resource provisioning, Kubernetes, autoscaling, horizontal scaling, proactive scaling, Prophet, Horizon-

tal Pod Autoscaler.

ABBREVIATIONS
CPU is central processor unit;
HPA is horizontal pod autoscaler;
HTTP is hypertext transfer protocol;
LSTM is namely long-term short-term memory;
MAPE is mean average percentage error;
QoS is quality of service;
RAM is random access memory.

NOMENCLATURE

Cy is a x-th type of computing resource, such as CPU
time or RAM,;

Rex is a deployment request for computing resource
Cx.

Imax(t) is a a function of the number of deployment in-

stances with regard to all requested computational re-
sources;

Iex(t) is a a function of the number of deployment in-
stances in the context of the computing resource Cy;

We(t) is a a function of the total workload (actual us-
age) of the resource Cy;

Dyp is an upscaling delay for a deployment;

Dpown is a downscaling delay for a deployment.

INTRODUCTION

The emergence and use of orchestrators such as
Kubernetes, Nomad, EC2, and others for managing IT
infrastructure resources has dramatically simplified many
aspects of deploying and managing computing resources
in cloud environments. These tools take developers to the
next level of abstraction with new challenges, including
compute resource management. Under-provisioning of
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computing resources can lead to a deterioration in QoS.
Meanwhile, over-provisioning wastes both computing and
financial resources that could be used to solve other com-
puting tasks. Balancing these two aspects is the task of
dynamic resource allocation [1]. Modern information sys-
tems can include thousands of different applications, each
with its own unique features and resource requirements,
which makes this task much more difficult. The reactive
scaling approach, when resources are added after QoS
constraints are violated, is an essential part of any IT in-
frastructure management system. Nevertheless, the reac-
tive approach has a number of disadvantages associated
with the irrational use of computing resources and sys-
tematic violation of QoS requirements. These problems
are solved by using proactive management methods, when
the amounts of computing resources required for the op-
eration of applications in accordance with the defined
QoS constraints are managed in advance, taking into ac-
count the dynamics of changes in the values of QoS indi-
cators [2].

The object of study is the management of computing
resources in information systems to maintain the quality
of services provided by applications deployed in the IT
infrastructure at an agreed level.

The subject of study is a method of proactive hori-
zontal scaling of computing resources allocated to appli-
cations.

The purpose of the work is to develop a method and
technical solution for automating proactive horizontal
scaling in the Kubernetes environment to maintain QoS at
an agreed level. This solution should be universal,
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namely, without the need for significant manual configu-
ration, without the requirement for significant prior
knowledge of the features of the applications and their
resource requirements, and with the ability to adapt to the
features of each application in an automatic mode.

1 PROBLEM STATEMENT

Suppose that for some application, the R¢, requests for
computing resources are set to constant values. This ap-
plication can be horizontally scalable, and the number of
application instances is determined by the function I(t).

Then, to minimize the use of the computing resource
C, while maintaining a given level of service quality, the
following equality must be satisfied at any time t:

We, (t))
Re.

X

Ic, (t) = ceil(

Since for the application to work correctly, it must be
provided with all types of necessary computing resources,
we obtain the following equality:

We, ® x=1..X }).
R

Cy

Imax (t)=cei|(max{

In real-world IT infrastructures, there is always a de-
lay between determining the need to allocate additional
resources after a decrease in QoS and the actual allocation
of additional computing resources or application in-
stances. Accordingly, to ensure the correct operation of
the application and, therefore, ensure the specified QoS
indicators, it is necessary to take into account this delay in
D,y scaling up. However, when scaling down, resources
should not be reduced in advance:

We, (t+Dyp)
ma><{*RC ix=1.X 1 We, (1) <Wc (t+Dyp),

X

).

Imax (1) = ceil (

We, (t+ Dyown)
max s —*————
Re

x=1.X },WCX (t) >We, (t+ Dgown)

X

Accordingly, to obtain accurate values for the number
of instances, it is necessary to obtain accurate predictions
for the workload function We,(t), which includes collect-
ing metrics, aggregating and processing them, evaluating
the accuracy of the resulting prediction models, and se-
lecting the best one. In addition, it is necessary to decide
when and how to apply the obtained lyax(t) values.

2 REVIEW OF THE LITERATURE

Proactive scaling methods can be divided into the fol-
lowing groups: threshold-based rules, reinforcement
learning, queuing theory, control theory, and time series
analysis [3]. The methods discussed in this paper are
based on time series analysis, so this section compares the
methods of this group.

One of the concepts for predictive scaling is based on
finding the most similar load pattern in the past and ex-
trapolating it to the current state. For example, in the work
[4], the authors propose a solution in which the historical
time series is analyzed for patterns and, based on them,
the most similar load pattern to the current one is searched
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for. The identified patterns may differ in scale, but the
correlation between the elements of the identified pattern
and the current pattern should be similar. The resulting
patterns are interpolated using weighted interpolation.
The most similar patterns will have the highest weight in
the resulting time series. The main idea is to find the most
similar load situation in the past and adapt it to the current
load. Among the advantages of this method is the ability
to predict non-trivial time series, in which there is no sea-
sonality, but typical load segments can occur at random
moments. The paper also compares it with other methods
such as RightScale, linear regression, and autoregression.
On different data, the accuracy rates were both signifi-
cantly better than the alternatives and significantly worse,
depending on the testing application and experimental
conditions.

The next paper considers predictive scaling based on
ARMA/ARIMA [5]. The authors propose an approach in
which there are several levels of confidence that are se-
lected depending on the application features. The authors
also evaluate the accuracy of the resulting model and as-
sess the impact on service quality indicators. In particular,
the best obtained accuracy of MAPE is 0.09, which is
approximately equal to the accuracy level of such algo-
rithms as Prophet [6] and GreyKite [7]. In addition, in the
worst-case scenario, the share of rejected requests was
5%, which is acceptable. The data used to evaluate the
accuracy were taken from open sources, namely historical
load data for Wikipedia. It is worth noting that the histori-
cal data does not contain complex seasonality, so the
evaluation is based on a simple time series. The article
also notes that finding the coefficients p and g, which
specify the order of the ARIMA model, requires quite
significant computing resources for this approach.

In the paper [8], the authors proposed a two-
component PRESS design for predictive scaling. The first
component, signature-driven, is used for load patterns that
contain examples of repeating loads. Fast Fourier Trans-
form is used to process this type of pattern, and Pearson’s
criterion is used to compare the similarity of current and
past examples. If the criterion does not provide the re-
quired similarity index, the second component, state-
driven, is used. This component is based on Markov
chains, where all possible variants are evenly distributed
among a given number of baskets. After that, a graph of
possible states and a probability matrix are built. The au-
thors suggest that this solution can be easily scaled and is
suitable for massive systems.

In [9], neural networks, namely LSTM are used to
manage the quality of services. LSTM networks are a
particular type of recurrent neural networks capable of
learning long-term dependencies. The main feature of
LSTM networks is their ability to find and store informa-
tion over long sequences or periods of time, which makes
LSTM networks good at solving time series forecasting
tasks. In addition, this algorithm is supplemented with
Reinforcement Learning to obtain more accurate predic-
tions. The proposed solution is tested on NASA datasets
and shows better accuracy compared to linear approaches
and LSTM-based approaches without augmentation.

The solution proposed in this paper does not require
significant computing resources for its operation, which
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allows it to handle a large number of loads in a cluster. It
also supports working with time series containing com-
plex seasonality, trends, and anomalies. The developed
solution is integrated into the Kubernetes ecosystem,
which allows to test its effectiveness in a real environ-
ment and compare it with existing solutions.

3 MATERIALS AND METHODS

Modern IT infrastructure management systems use
various platforms for orchestrating containerized applica-
tions. The most common orchestration platform is Kuber-
netes, which provides tools for flexible management of
computing resources. A Kubernetes cluster operates on
nodes, each of which has its own set amount of comput-
ing resources {C; C,, ..., Cn}, including CPU time and
memory. Applications in the form of deployments contain
information about requests {Rc1, Reo, ..., Rex} for the re-
sources required for their correct operation. The specifica-
tion of each deployment also contains the required num-
ber of application instances. Kubernetes places applica-
tion instances in the form of pods on the cluster nodes in
such a way that the sum of all requests of the placed in-
stances does not exceed the total volume of the nodes.
This ensures that each instance of the application will
have enough resources to operate and ensure the specified
QoS indicators. Suppose an instance uses more of a spe-
cific C, resource than specified in the R¢, specification. In
that case, it will either crash or be artificially slowed
down, depending on the type of resource.

Horizontal scaling is the adaptation of the number of
deployment instances depending on the current demand
for computing resources. By increasing the number of
instances, the overall capacity to process web requests or
tasks from the queue increases. Adding a new instance of
an application can require significant Dy, time, which
includes network latency, image look-up and download-
ing, scaling the Kubernetes cluster itself, and application
initialization. A proactive approach to QoS management,
with predictions for the workload functions W(t), has
the ability to scale deployments in advance to maintain
the required QoS level.

Without losing the meaning of the research and to
simplify the experiments and presentation of the results,
this paper considers only the management of the CPU
time of computing resources. In general, this solution has
the ability to work with any metric, such as memory and
network bandwidth.

Figure 1 shows a structural simplified diagram of the
integration of the proposed solution into a Kubernetes
cluster. This diagram shows a user sending a request to an
application hosted in the cluster. A header-based network
proxy redirects the request to the target application’s bal-
ancer, which distributes all incoming requests among the
deployment instances. When a new application instance is
added, this balancer ensures that it is included in the load
balancing processing without additional network settings.

© Rolik O. I., Omelchenko V. V., 2024
DOI 10.15588/1607-3274-2024-1-20

Customer
Routes request to ¢ Routes request to
target service target service
» Network Proxy [€
A 4 Y
Application A Application B

Load Balancer Load Balancer

:_Deploymenthpplication A : r

: | Application A Pod 1 | :

>
|

: | Application BPod 1 |

Application A Pod 2 | | | Application BPod 2 |

|
[ — | I
I | Application A Pod M | | I | Application B Pod N |

Push usage
metrics

Metrics Storage

Data Module

A Load requests and
A J usages

Trigger training
and validation

Forecasting Module

Controller

Pass best model
predictions

Applier Module

Applies new deployment
Spec: j configuration
replicas: 4
Propagates new

configuration

Propagates new
configuration

| Deployment Application B |

|
|
|
H_
|

Kubernetes APl Server

Figure 1 — Structure diagram of integration in Kubernetes

Processing a request requires the use of computing re-
sources, such as CPU time, memory, or disk. At regular
intervals, a monitoring system in Kubernetes, such as
Prometheus, collects data on the total usage of computing
resources from the pods. After aggregation, this informa-
tion is stored in a special storage — metrics storage — for
time series and is available for analysis.

The solution proposed in this paper relies on Prome-
theus as a source of historical data. Prometheus is a de
facto standard in Kubernetes and offers long-term data
storage and a specialized language for querying and ag-
gregating data.

Having historical data about the application workload,
it is necessary to calculate future values of the workload
in order to set the required number of application replicas.
Therefore, a crucial part of the proposed solution is a pre-
diction algorithm. The modern generation of prediction
algorithms, such as Prophet, Greykite, and TBATS, are
accurate and capable of detecting seasonality, trends, and
anomalies in an automatic mode. For this work, Prophet
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was chosen, but any other method from the list can be
used in the future.

Prophet is a time series prediction library developed
by Facebook [7]. The main goal of the development was
to create a simple, transparent, and understandable model
generation algorithm that would simplify getting reliable
predictions quickly. Prophet provides convenient tools for
analyzing time-series and cross-validating the resulting
model and has a user-friendly API.

The Forecasting module is responsible for the work
with predictions and provides a unified API regardless of
which prediction algorithms are used. This module re-
quires the history of computing resource usage for previ-
ous periods of operation as input. In the current imple-
mentation, historical data is divided into training and
validation data. On the training data, a set of models is
trained, each with different input parameters. Then, the
accuracy of the predictions is checked on the validation
data. First, this allows us to choose the model with the
best parameters and, accordingly, with the best accuracy.
Secondly, this approach allows us to assess the accuracy
of the final model as a whole and the appropriateness of
its application.

When the proposed solution is initialized to automate
the scaling of the target application, there may be no pre-
vious usage metrics. In this case, the proposed solution
sets the number of defaul tReplicas replicas set by the
administrator until a reliable prediction can be obtained.
Reliability of resource utilization prediction is calculated
using the mean absolute percentage error. If the model
error is less than the confidence parameter, then the pro-
posed solution, relying on the obtained values, sets the
calculated optimal number of replicas by changing the
replicas field in the Kubernetes deployment manifest [10].

Historical data is obtained through requests to the
Prometheus server, which is the data module’s responsi-
bility. To get historical CPU usage metrics, the query of
the form sum(rate(container_cpu_usage total
{container!=""}[60s])) by (pod) is used. To get
the current specified requests, the Kubernetes API is used,
namely the spec.container[0].requests.cpu field
in the deployment manifest. The selected Prophet predic-
tion algorithm is capable of automatically detecting sea-
sonality, trends, and anomalies in time series, so it does
not require additional configuration. However, the admin-
istrator can specify base seasonalities with dedicated con-
figuration parameters to improve the accuracy of predic-
tions. The model is trained and evaluated with a specified
trainEvaluatePeriod period. When the model’s accu-
racy drops, this solution sets the number of replicas to
defaultReplicas until the required accuracy is ob-
tained. Internal or external load anomalies, incorrect op-
eration of the monitoring subsystem, or network problems
in the cluster can cause accuracy drops. This approach
ensures the correct operation of the application until it is
possible to get accurate predictions of resource utilization
again.

When designing a horizontal scaling solution, it is
necessary to take into account that applications need some
time to initialize. For example, in the case of a Redis da-
tabase, the application needs to read the last snapshot into
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memory and establish connections to other cluster com-
ponents. In addition, after the command to increase the
number of application replicas, it takes some time to ini-
tialize the pod, namely, to deploy it on an available node,
download the image, and connect the volumes. Therefore,
the proposed solution has an additional parameter, ap-
plicationTimeToStart, to accurately calculate the
moment when it is necessary to increase the number of
application replicas. In addition, the process of determin-
ing the applicationTimeToStart parameter for an
application in a cluster can be automated.

Accordingly, the proposed solution checks the need to
scale the application at short intervals. When scaling up,
the Applier Module component checks the predicted utili-
zation values at the currentTime + applicationTi-
meToStart time to set the required number of replicas in
advance and not affect the QoS performance. When scal-
ing down, only the value at the current time is checked so
as not to reduce the number of replicas ahead of time.
Therefore, we have a simplified formula for calculating

the required number of replicas based on the forecast —
max((forecastedUsage[currentTime + time-

ToStart], actualUsage[currentTime]).

This solution is placed in a Kubernetes cluster as a de-
ployment and has direct access to the Prometheus server
and the Kubernetes API using the Data Module.

4 EXPERIMENTS

The proposed solution is compared with two other
configurations for resource management.

The first configuration uses HPA to compare a proac-
tive and reactive approach. In order for the comparison to
be valid, it is necessary to minimize the delays related to
collecting system metrics.

The second configuration is to provide the test appli-
cation with the required amount of resources and compare
whether the developed solution affects the QoS indicators.

To test the resulting solution and compare it with
other configurations, we use a Kubernetes cluster based
on minikube [11]. This cluster includes a single node that
has six processor cores with a clock frequency of 3.6GHz
and 16 gigabytes of RAM. Any network communication
does not go beyond a single machine. This cluster con-
tains an installed Prometheus for monitoring using the
kube-prometheus stack.

A scenario with a periodic load was chosen for testing.
The load period is 300 seconds. The total minimum load
is 100 millicores or 100m, the maximum is 550m.

Load testing is performed using the specialized locust
utility [12] for sending HTTP requests, an instance of
which is also deployed in the cluster. The load pattern of
requests consists of periodic oscillations. The oscillation
period is 300s, the minimum request frequency is ten re-
quests per second, and the maximum is 50.

The selected test application can be scaled both hori-
zontally and vertically. The test application is a web
server that performs some CPU-intensive work for each
request. The number of application replicas or the amount
of allocated resources does not affect the application’s
performance. The application is initialized for a specified
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time before becoming available for requests and before
the readiness probe is considered successful. In our ex-
periments, this time is 5s.

In this work, scaling is performed only for the CPU
resource. The request for this resource for the test applica-
tion is 200m. If this value is exceeded, trotting will be
applied to the application, which may affect the test re-
sults. A limit of 250m was also set for this resource. The
initial number of replicas is five.

HPA is a built-in solution for automating horizontal
scaling in Kubernetes. HPA is a representative of the re-
active approach, so it does not contain any prediction al-
gorithms. The concept is to maintain the value of the av-
erage load per instance — targetAverageUtilization
— set by the administrator by adjusting the number of rep-
licas. The main difference is that the decision to scale is
made based on the current values of computing resource
utilization.

Since the reactive approach is highly dependent on de-
lays in obtaining current data, it is necessary to minimize
this impact on the results of the experiment. HPA uses
metrics-server as a data source, so the resolution setting
for metrics-server is set to the lowest possible value — 15s.
Also, the sync-period, cpu-initialization-period, initial-
readiness-delay settings were set to the minimum value to
speed up the HPA'’s response time to changes. In addition,
the limits for downscaling and upscaling rates were re-
moved in the behavior scaling policies.

5 RESULTS

Figure 2 shows the results of the test scenario without
using automatic scaling. This pair of graphs contains data
on the actual total utilization, CPU time reservation, and
the resulting request processing time. In this case, the
application has enough instances to process the received
requests. At the maximum load, the total actual CPU time
usage is 570m. At the same time, the response time at
peak times increases from 12 to 90 milliseconds, which is
actually a QoS indicator in this experiment.
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Figure 2 — No-autoscaling result

Figure 3 shows the results of testing the developed so-
lution. This graph shows that the response time of the test
application is similar to the first experiment — from 12 to
90 milliseconds so that this behavior can be interpreted as
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a feature of the application. Upscaling occurred ahead of
time, and downscaling occurred after the peak load was
passed.

-]
(=]
o

e = Usage
Requests

&
=1

400 4

= N
(=]
o o

Request and usage, millicore
&
[=]

0 200 400 600 800
Time, seconds

80

60

20 1

Response time, 95%, milliseconds

] 200 400 600 800
Time, seconds

Figure 3 — Proactive scaling results

Figure 4 shows the results of HPA testing with the
configuration described earlier. It should be noted that the
metric for reserved resources is the sum of the requests of
all pods that are in the Ready status. Therefore, in this
figure, you can see that there is a slight delay between the
increase in actual resource utilization and the resource
provided. Because of this, there is a short-term deteriora-
tion in QoS at the time of this delay, namely an increase
in response time from 90 in previous experiments to 1700
milliseconds.
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Response time, 95%, milliseconds

Figure 5 compares response times for all three con-
figurations.
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Table 1 shows the average response time and the 95th
and 99th percentiles. In particular, on average, all re-
sponse times for the proactive and reactive configurations
differ by a factor of 8 in favor of the former but reserve
26% more resources. Also, the response times for this
solution and management without autoscaling are similar,
but the resource reservation is reduced by 47%. It is worth
noting that this experiment’s conditions aim to demon-
strate the advantage of the proactive approach under fast-
growing load patterns, which is a significant problem with
the reactive approach.

Table 1 — Response time comparison

Response time
Approach
Average, ms 95%, ms 99%, ms
Proactive 23 87 190
No autoscaling 22 88 188
Reactive 160 770 1350
6 DISCUSSION

The results obtained indicate the efficiency and effec-
tiveness of the developed solution. However, the experi-
ments were conducted for one type of load — processor
time. Future studies should also take into account more
complex patterns, such as those containing several sea-
sonalities or trends.

Also, this solution has not been tested for another es-
sential computing resource, memory. This type has its
own specifics of resource allocation since if the set re-
quests or limits are exceeded, the application may crash.
In addition, unlike CPU time, some part of the memory is
used to store the code and initial data for work regardless
of the load. This means that the calculation of the total
amount of memory during horizontal scaling should in-
clude the constant component described above.

In the above architecture, the Dyp and Dpown delays
are set by the user, but these parameters can also be de-
termined from historical data.

Vertical and hybrid scaling can also be built based on
this architecture since the main components — data mod-
ules, prediction, and application — are similar.
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CONCLUSIONS

In this paper, we have developed a solution for
predictive horizontal scaling in Kubernetes. The obtained
experimental results allow us to conclude that in the
selected scenarios, the developed architecture allows to
significantly reduce the reservation of computing
resources while maintaining a high level of QoS
compared to HPA. That is, the proposed method uses
computing resources more efficiently.

The scientific novelty. We have proposed a relatively
simple architecture for horizontal scaling in Kubernetes,
which can be easily adapted to different types of loads or
types of scaling. In addition, the use of new time series
prediction methods for processing workloads was
proposed.

The practical orientation of the study. The main
part of this research is the development of an automated
subsystem for horizontal scaling in Kubernetes. The
resulting solution is a ready-to-use component that is fully
integrated into the orchestrator ecosystem.

Prospects for further research. In future research, it
makes sense to consider integrating the proposed method
with a reactive component. In addition, this architecture
can be used for vertical and hybrid scaling.
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AHOTALIA

AKTyansHicTb. [HhOpMaLiiiHI CHCTEMH MOXKYTb BKJIFOYATH BEJIMKY MHOXKHHY JIOAATKiB, KOXKEH 3 SIKUX BUKOPHCTOBYE O0UHCIIIO-
BaJIbHI pecypcH Ta Ma€ CBOi YHIKalbHi 0COOIMBOCTI pOOOTH, III0 BUMAara€ BUCOKOTO PiBHS aBTOMATH3allii 3371 MiABUIIECHHS edek-
TUBHOCTI BHKOHAHHS IPOLECIB YIPABIiHHSI OOYHCITIOBAIFHUMHU pecypcamu. [Ipobiema miHiMI3aIii 30HTKOBOTO pe3epBYBaHHS pe-
CypcCiB IIpU MiATPUMAHHI TOKa3HUKIB QOS Ha y3romKkeHOMY piBHI € BaXKIIMBOIO IJIS Cy9acCHUX 1H(OPMaNiifHUX CHCTEM.

Meta po6orn. MeToro naHoi pobotu € 3abe3neueHHs sskocTi IT-cepBiciB Ha y3rofKeHOMY pIiBHI B yMOBaX CyTTE€BOI JMHaMIII
3aIUTIB KOPUCTYBauiB LUIIXOM PO3POOKHM Ta BHKOPHCTaHHS METOAY NPOAKTHBHOIO aBTOMAaTHYHOIO MacIiTaOyBaHHsS NOJATKiB B
Kubernetes.

Mertoa. B naniii po6oTi mponoHyeThCst METOJI IPOAKTUBHOTO FOPU3OHTAILHOTO MacITabyBaHHs Ha OCHOBI aJIrOpUTMY nepenba-
YeHHs YacoBHX psaiB Prophet. SIk mkepeno JaHUX HNPOMOHYEThCSA BUKOPUCTOBYBATH CXOBHIIE MeTpuk Prometheus. Ha ocHogi icto-
PUYHEX METPUK BHKOPHUCTaHHS OOYHCITIOBAIBHUX PECYPCIB OTPUMYETHCS MOAENTD AJs MepeadadeHHs MaiOyTHIX 00’€MiB BHKOpPHC-
TaHHsI 3a gornoMororo Prophet. Otpumani 3Ha4Y€HHS BaIiIyIOTHCS, MICISI Y0T0 3aCTOCOBYIOTHCS TS 00PaxyHKy HEOOXiqHOT KiTbKOCTI
PeIuTiK JOaTKy 3 BpaxXyBaHHSIM 3aTPUMOK PO3TOPTAHHS ITOJIB.

PesyasTaTn. [IpoBeseni nociiny nokazanu eeKTHBHICTD 3alIPOIIOHOBAHOTO METOMY JUISl IPOAKTHBHOTO ABTOMAaTHYHOTO MAcCI-
TaOyBaHHS AOJATKIB y IOPIBHSHHI 3 ICHYIOUMMH PINIEHHSIMH 3 BUKOPUCTaHHIM PEaKTHBHOIO METOAY B 00paHMX cueHapisx. JlaHuit
METO]] 103BOJIMB 3MEHIIUTH pe3epBYyBaHHs OOUMCIIOBAILHUX pecypciB Ha 47% 6e3 BTpaTH B IKOCTI 0OCIIyTrOBYBaHHS y MOPIBHSIHHI 3
koHOirypauiero 06e3 MacuITabyBaHHSI.

BucHoBKH. 3anpOIIOHOBAHO METO] aBTOMATH3AIlil TOPU30HTAIBHOTO MaciTabyBanHs noxarkis B Kubernetes. Xoua nposeneni
JOCIHIN TOKa3aal ¢(peKTUBHICTh AaHOTO PIillICHHS, TaHWH METOJ MOXe OyTH 3HaYHO JOMOBHEHHUI. 30KpeMa, HeOOXiTHO PO3TIISHYTH
MOJKJIUBICT iHTETpallii peakTHBHOI CKJIa0BO1 /Ul HETUIIOBHX IIAa0IOHIB HAaBAHTa)KECHHS.

KJIFOUYOBI CJIOBA: nunamiyHe BuiineHHs pecypcis, Kubernetes, aBromaciitaOyBaHHs, TOPH30HTAIbHE MacliTa0yBaHHS,
npoakTHBHE MacutabysanHs, Prophet, Horizontal Pod Autoscaler.
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ABSTRACT

Context. Consideration of a set of examples of practical application of the procedure for identifying overflow of the bit grid of a
computer system operating in a non-positional number system in residual classes. The object of the study is the process of processing
data represented in the residual class system.

Obijective. The goal of the work is to consider and analyze examples of the bit grid overflow definition of a computer system
when implementing the operation of adding two numbers in a system of residual classes based on the application of a method for
determining the bit grid overflow, based on the use of the concept of number rank.

Method. The specificity of the functioning of a computer system in a system of residual classes requires the implementation of
not only modular operations, but also requires the implementation of additional, so-called non-modular operations. Non-modular
operations include the operation of determining the overflow of the bit grid of a computer system in the system of residual classes. In
a non-positional number system in residual classes, implementing the process of detecting overflow of the bit grid of a computer
system is a difficult task to implement. The method considered in the work for determining the overflow of the bit grid is based on
the use of positional features of a non-positional code of numbers in the system of residual classes, namely the true and calculated
ranks of a number. The process of determining the overflow of the result of the operation of adding two numbers in the system of
residual classes has been studied, since this arithmetic operation is the main, basic operation performed by a computer system.

Results. The developed methods are justified theoretically and studied when performing arithmetic modular operations of addi-
tion, subtraction and multiplication using tabular procedures.

Conclusions. The main advantage of the presented method is that the process of determining the overflow of the bit grid can be
carried out in the dynamics of the computing process of the computer system, i.e. without stopping the solution of the problem. This
circumstance makes it possible to reduce the unproductive expenditure of the computer system in the system of residual classes. In
addition, this method can be used to control the operation of adding two numbers in the residual class system. This increases the reli-
ability of obtaining the true result of the operation of adding two numbers in the system of residual classes.

KEYWORDS: arithmetic operation of modular addition, bit grid overflow, comparison operation, computer system, non-
positional code, rank of the number, system of residual classes, zeroing procedure.

] ABBREVIATIONS R&C) is a calculated rank of number X;
CS is a computer system;

MDBGO is method for determining bit grid overflow; Bj is a orthogonal basis of the SRC;

PFENC is a positional feature of a non-positional code; e, is aweight of the i-th orthogonal basis B;;

PNSisa p05|t|c:naldnumber system; P is a numerical range of CS in the SRC;

SCS is a specialized computer system; ©) .

SRC is a system in residual classes: Ry /y is a calculated rank of the sum of two numbers
ZC is a zeroing constant. Xand;

2® is a minimum ZC for module Pi;

X, is a zeroing number X (the value of number X as a
result of the zeroing procedure);

g; is a number of additions of type X +z(";

d; is a known quantity that is determined sequentially

NOMENCLATURE
p; is a base (module) SRC, (i =1, n);
X is a number in the SRC, represented by a set of
residues x, modulo p;;
Y is a number in the SRC, represented by a set of res-

idues y;, modulo p;; in the process of transformation (in the process of zero-
Ry is a rank of number X; ing) of the original number X into the number X,
. i=1n).
R§<T) is a true rank of number X; (i=1n)
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INTRODUCTION

Solving a wide class of computational problems by the
CS operating in a non-positional number system in the
SRC requires additional implementation of non-modular
(positional) operations. Positional operations the SRC are
those operations that require knowledge of the magni-
tudes of numbers in the binary PNS [1].Such operations
primarily include the following operations: arithmetic and
algebraic comparison of numbers, determining the sign of
a number, determining the location of a number on the
number axis, dividing numbers, operations with the frac-
tional part of numbers, rounding numbers, determining
whether the digit grid is overflowed, diagnostics, control
and correction of data in the SRC, etc [2]. Accounting for
grid overflow is one of the most common problems in the
field of computer science and programming. An overflow
occurs when the result of a calculation cannot be repre-
sented in the current bit grid size, resulting in loss of pre-
cision and incorrect values. The consequences of over-
flowing the bit grid can be catastrophic. Incorrect values
can lead to software crashes, data loss, unpredictable be-
havior, and other problems [3].

Knowledge of the fact that the bit grid is overflowed is
also important when implementing in the SRC not only
modular, but also various positional operations, since in
the SRC the number of bits used to represent numbers is
limited. For example, when adding two numbers with the
same signs, its sum modulo may be greater in modulus
than the maximum number that can be written with a
given number of digits and the result of the addition will
be incorrect. Also, the availability of information about
the overflow of the bit grid is important when determining
the true value of the number in the PNS [4-6].

The unsolved problem of effectively determining the
overflow of the bit grid in the SRC requires the develop-
ment and study of MDBGO. Therefore, the scientific task
of determining the overflow of the CS bit grid in the SRC
is important and relevant. The solution to this problem
will contribute to the further theoretical and practical de-
velopment of machine arithmetic in the non-positional
number system in the SRC. This will make it possible to
widely use SRC to create ultra-fast, reliable and fault-
tolerant specialized CS [7].

The object of study is the process of determining the
overflow of the result of the operation of adding two
numbers in the SRC. The process of determining the over-
flow of the bit grid when implementing various opera-
tions, especially the addition operation in the CS operat-
ing in the SRC, affects various aspects of the calculations
(implementation complexity, calculation accuracy).

The subject of study is the MDBGO. The method
consists of a set of the following operations. The values of
the calculated ranks Rg(c) and R&C) of the summands X
and Y are determined, and the calculated value of the rank
R§(C+)Y of the result X+Y of the operation of adding two
numbers is also determined. By means of orthogonal
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bases B, SRC, the true value of the rank RQY of the

result X+Y of the operation of adding two numbers is de-
termined. A comparison is made between the calculated
and true ranks of numbers. A conclusion is made about
the presence or absence of overflow of the result of the
addition operation.

The purpose of the work is to consider and analyze
examples of determining the overflow of the bit grid of
the CS when implementing the operation of adding two
numbers in the SRC based on the use of a method based
on the use of the concept of rank of the number. To
achieve the goal of the work, the following tasks are for-
mulated and solved: to formulate the problem, to formu-
late a criterion for assessing the fact of overflow of the CS
bit grid based on the analysis of the ranks of the sum-
mands of numbers X and Y in the SRC, to give general
and specific (for a given SRC) examples of solving the
problem of determining the overflow, to carry out analyze
the results obtained and draw conclusions.

1 PROBLEM STATEMENT
To implement positional operations in the SRC, in-
cluding determining the fact of overflow of the bit grid of
the CS, various PENC can be used [1, 8]. The rank Ry of
number X =(x || X, |||l x,) in the SRC, represented by

the set of residues x, from dividing number X itself by

the set of bases p; (i :1,_n) in the SRC, will be used as
the PFNC. The SRC defines two types of rank of the
number: the true Rg) and the calculated Rg(c) ranks of

number X. The true rank R&T) is a natural number that
n

shows how many times the numerical range P =[] p; of
i=1

the CS in the SRC was exceeded during the transition

from the representation of the number X in the SRC to its

representation in the PNS through a system of orthogonal

bases of the form B; = &P (i =1, n), where the value of
i

e; determines the weight of the i-th orthogonal basis B;
SRC [1, 9].

Let the SRC be given by its bases p; (i :1,_n). This
SRC uniquely corresponds to a system of orthogonal
bases B, (i=1n), for which the equality

i=1

Xons ={2xi -Bi}modP holds. This ratio can also be

n
represented as Xpys = DX - Bj —Rg)-P. The rank of
i=1
the number, which is the result of an arithmetic operation,
obtained from the ranks of numbers, is called the calcu-
lated rank of the number.
To achieve the result of the study, it is necessary to
consider specific examples of identifying the fact of over-
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flow of the CS bit grid based on the ranks of numbers X
and Y in the SRC. In turn, the task of determining the
overflow of the CS bit grid in the SRC is implemented by

determining and comparing the calculated R§(C+)Y and true

RQ)Y ranks of the number X+Y in the SRC. If the condi-

i
tion R&CBY = RQY , is satisfied then it is considered that
there is no overflow. Otherwise, i.e. when
R§(C+)Y #* RQY , there is an overflow of the CS bit grid in
the SRC.

2 REVIEW OF THE LITERATURE

One of the reasons for overflowing the bit grid is the
use of large numerical values in the implemented opera-
tions. For example, when adding two numbers, if the re-
sult exceeds the maximum allowed value, an overflow
occurs. Overflow can also occur when implementing
other arithmetic operations. To solve the problem of
eliminating the negative influence of the bit grid overflow
process, there are various approaches [10-12].

At the same time, the problem of overflow of the bit
grid has not yet been completely solved, since most meth-
ods for determining overflow lead to an increase in the
amount of memory and slow down the calculation process
in the CS [13]. Depending on the specific requirements
and characteristics of the problem, the choice of method
for solving the scientific problem of bit grid overflow
may vary. It is important to consider both accuracy and
performance and find a balance between them to achieve
optimal results. Due to the relevance and unsolved nature
of this problem, computer scientists are in search of effec-
tive methods and procedures for determining and elimi-
nating the consequences of the process of overflowing the
CS bit grid.

Modern publications increasingly contain various in-
novative methods for determining overflow when imple-
menting various operations in a CS. Software-based archi-
tectural bound-checking based on boundary bits (bounds
checking bits) that detects and prevents buffer overflows
[14] results in increased memory requests to dynamically
check object bindings using a boundary bit. This leads to
an increase in the amount of allocated memory and affects
the performance of the computer system, since one of the
key aspects of increasing the performance of any software
system is the efficient allocation of memory and the re-
lease of resources.

Also, to solve the problem of overflowing the bit grid,
a method based on the use of modified codes is widely
used [16-17]. Modification of codes consists in introduc-
ing an additional digit, which is located before the sign
one. This bit is often called an overflow bit. When using
various algorithms, modified codes may contain two sign
bits. Article [18] presents a bidirectional overflow digital
correction algorithm with a single bit redundancy used in
the pipeline A/D converters. The disadvantage of all
methods based on various modified codes is the expan-
sion of the bit grid by at least one bit.
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The possibility of using hardware methods to solve the
overflow problem is being widely explored. In [19] con-
siders using an N bit result integer multiplier with over-
flow detector indicating an N bit multiplication result and
overflow status with an N bit multiplier and multiplicand
input. The overflow is determined by the lower N bit re-
sult of multiplication and the number of leading sign bits
of the multiplier and the multiplicand. The proposed
method to prevent the bit grid from overflowing when
implementing a multiplication (exponentiation) operation,
with a slight decrease in performance during this opera-
tion.

To prevent overflow of the bit grid, it is necessary to
take measures to optimize existing methods and develop
new ones [20]. An analysis of publications in this area has
shown that it is necessary to develop methods and proce-
dures aimed at identifying and eliminating the negative
consequences of overflows when implementing various
operations in a computer system, which does not reduce
the overall performance of the computer system, which
depends on the speed of execution of these operations.
This task also applies to the CS in the SRC.

3 MATERIALS AND METHODS
Since in this work the rank of a number as a PFNC
was used, therefore, in the process of identifying overflow
of the bit grid of the CS, it is very important to calculate
the ranks of humbers X and Y. Based on this, an important
task is to consider specific examples of identifying facts
of overflow of the CS bit grid based on the use of the cal-

culated ranks R&C) and R\((C) of numbers X and Y.

Let’s consider the procedure for determining the cal-
culated rank of the sum of two numbers in the SRC [1]. If
two numbers Xo=x 1 % 111 %) and

Y=(yillY2ll.-Il'y,) are given in the SRC with the corre-

sponding calculated ranks R&C) and R\((C) of numbers,

then the calculated rank R&CJZY of the sum of two num-

bers X+Y is determined as follows:

LLx+Y;
SR L
1= |

Let’s show the correctness of expression (1). Let’s
write expressions for determining the numbers X and Y in
the PNS using true ranks:

< M)

Xpns =% -Bi =Ry’ -P, (2
i=1
¢ M)

Ypns =2 Yi-Bi—Ry 7 -P. (3)

i=1

Let’s add two expressions (2) and (3) and get:
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3 M pyS ()
Xpns +Ypns =2 % B —Ry ' -P+ 3y ‘B —Ry-P,
i=1 i=1

or
n

Xpns +Ypns = 206 +) B — (R +RID)- P (4)
i1

On the other hand, based on the rule for calculating
the sum of two numbers in the SRC for each correspond-
ing SRC base can be written that:

X+Y {(X1+ yl{%]elj’
(Xeryz{Xeryz]ez]w-- ®)
P2
“ [Xn +Yn _{M]enJ}
Pn

Expression (5) when using expression (2) can be rep-

resented as:
{—X‘;y} H B-RT, P (6)

Let’s transform expression (6), taking into account the
fact that the orthogonal basis SRC is represented as

B, =ﬂ. As a result, the following expression can be

Lop
obtained:

n DX +Yi
X+Y =2 (x+Yi) B _Z{IT_I]ei B RY) P, (7)
i=1 i=1 i

or

XY =3 (% +yi)-B Z{“y'} ¢ p_P RT), -P. (8)

i=1 =1 i

Let’s compare the right-hand sides of expressions (4)
and (8) to check the correctness of expression (1):

i(x,+y.) ~(RE+R{)P
DICEMEE L ST S

that is, we have that expression (1) is satisfied (fairly).

Expression (1) is the main analytical expression that
allows us to determine the calculated rank of the sum of
two numbers X and Y from the values of the calculated
ranks of the summands X and Y.

© Yanko A. S., Krasnobayev V. A., Nikolsky S. B., Kruk O. O., 2024
DOI 10.15588/1607-3274-2024-1-21

It’s obvious that:
if x.+y, > p; then the integer part of the expression is

equal to u =1
Y

if x + y, <p then the integer part of the expression is
% +y, |
L B

The procedure for determining the calculated rank
R of number X = (x, ||, ||...|lx,) is as follows. First, it

equal to =0.

needs to present the original number X = (x || %, ||...|| X,)
to a zeroable number of the form X, =(0|/0]..]|0). To
do this, to the initial number X =(x || %, |...]| x,) in the

SRC, the rank R of which must be determined, the so-
called ZC, in the form of minimum numbers of the form
20 =©I0[]..1011z |z, I lz,) (i=Ln), are se-
quentially added. In this case, this value in the PNS is
equal to the value z8c = P, P, -ov P, ;.

In particular, we find that the ZC has the following
form:

2% =min(z® || 2 ||...11 20) = @ll 1| 11D,
22 =min©|| 2 ||...11 z) = Ol p, | P, Il 1| Pi_y),
2% =min(0[| 0| 8 [| 8 | -1 287) = {(O[| 0| p, - p,(mod p,) |
Il .- p,(mod p,)||..II P, - p,(mod p,)},

etc., where 2™ =(0]|0]|...|| 0| z,).

Let’s show the procedure for obtaining the value of
X, =(0]]0]|...]| 0) . At the beginning of the procedure, let’s

add the ZC z® = (z® ||z’ ||...|| z) to the initial number
X as many times as necessary to satisfy the condition
x, =0. Let this require g, additions of type X +z®. In
this case, we get that X, = X +q,-z%. As a result, the
resulting number X, has an intermediate calculated rank
R’ (the intermediate calculated rank is the calculated

rank of the number, which is sequentially formed in the
process of obtaining the value X, = (0| 0]...]|0)).

Then, we obtain that R{” =R{® +3,, where 5, is a
known value. Next, we add g, times the value of the ZC
29 =022 ||...|| ") with the number X, until we ob-
tain a zero residue to the base p,, i.e. we obtain x, =0.
So we have a number X, = X, +@, -z with an interme-
diate rank R{" = R{” +35,, where 5,

The algorithm for obtaining the number X_=(0]/0]|...|| 0)
can be represented by the following expressions:

is a known value.
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X, =X+q,-29, Rif’ =R +5,;

X, =X, +0,-2%,RY =R +35,;

)

X=X+, -2V, R =R +3;;

X=X, ,+q,-2", Ricn) = Ricni +3,.

Continuing the procedure for all remainders of the
number X, the result is the number X, =(0|0]...||0)=P.

In accordance with expression (2) we have that:
Xons = 2. % B —=RY-P,
i=1

X, =>.%-B-R{.P,
i=1

©110].10)=3 % B ~R( P,

i=1
P=0-R{ P,

R{ =-1. (10)

Thus, the true rank R{’ of the zeroable number
X, =(0]/0]...]|0) is equal to — 1. On the other hand, it
was shown in expression (9) that the calculated rank R§f)

of the zeroable number X, is equal to R{” +3,. Since
the value of the calculated rank R{’ must coincide with

the true rank RQH) , then the last expression of the ratio (9)
and (10) must coincide:

R =R =R =1 (1)
or expression (11) can be written as:
RO +8, =-1=R{ =-1-3,. (12)

4 EXPERIMENTS

The theoretical basis for creating an experimental re-
search base is scientific material, which is presented in the
relevant sections of number theory and is also presented
as the result of the proof of the Chinese remainder theo-
rem [21]. In this case, the initial data for conducting the
experiment are presented in the form of a set of bases
(modules) of the SRC. SRC bases are a set of mutually
prime numbers. As an experiment, this work presents the
content and discusses the description of the structure of
the method for determining the overflow of the CS bit
grid in the SRC.

The general scheme of the experiment to determine
the overflow of the bit grid of the CS, when implementing
the operation of adding two numbers in the SRC [22], is
presented in the following form:
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1.  Using the zeroing procedure based on the mini-
mum ZCs z® SRC, the values of the calculated ranks
R and R(® of numbers are determined. A comparison
is made between the calculated and true ranks of numbers.

2. Using the minimum ZCs z® SRC and calcu-
lated ranks values R{® and R{® of numbers X and Y,

according to expression (1), the calculated value R(), of

the rank of the result X+Y of the operation of adding two
numbers is determined.
3. By means of orthogonal bases B, SRC, the true

value of the rank R{, of the result of the operation of

adding two numbers X+Y is determined.

4. A comparison is made between the calculated
and true ranks of numbers. A conclusion is made about
the fact of the bit grid overflow of the result of the addi-
tion operation according to the rank comparison criterion.

The work, as an experiment, provides a set of specific
examples of the use of MDBGO. The results of the ex-
periment showed the practical significance of the method
under consideration. In addition, based on the use of the
main results of the experiments, the State Patent of
Ukraine for a utility model No. 129125, GO6F 11/08 “De-
vice for monitoring the result A+B of the addition of two
numbers A and B in the system of residual classes” (pub-
lished 10.25.2018, Bull. No. 20) was obtained, authors:
Krasnobayev V. A., Yanko A. S. et al. This device con-
tains blocks for determining the calculated and true values
of the ranks of the result of the operation of adding two
numbers. Also this device also contains a block for com-
paring the calculated and true ranks of numbers in the
SRC. The invention is based on the use of MDBGO. The
purpose of this invention is to reduce the control time of
the modular operation of addition of two numbers pre-
sented in the SRC. The goal is achieved by combining in
time data processing operations in blocks for determining
the calculated and true values of the ranks of numbers.
This increases the efficiency of monitoring the implemen-
tation of the modular operation of adding of numbers.
Thus, the above described allows, in addition to imple-
menting the main function, to additionally use MDBGO
to control the procedure for adding humbers in the SRC.
This indicates the versatility of using the method dis-
cussed in the article. The presence of a patent confirms
the global novelty and practical significance of some of
the scientific results obtained in the article. Some results
obtained in the article are an undoubted contribution to
the theory and practice of non-positional machine arith-
metic. The results obtained in the article can be used
when creating a CS in the SRC.

5 RESULTS
In accordance with the procedure for determining the
rank of a number, let’s consider examples of determining

the calculated rank R of number X =(x ||, |...]I x,)
presented in a specific SRC. To the initial number
X =(x || % ||...]lx,) in the SRC, the calculated rank R’
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of which must be determined, let’s successively add the

minimum ZCs z® until we ultimately obtain the zeroable
number X, =(0]0]...]|0), the intermediate calculated

rank R{”, which from expression (11) is equal to

R{ = —1. Next, using orthogonal bases, the true rank of

the number is determined.
Let’s give examples of determining the calculated
rank R{") of a number X. Table 1 presents the SRC bases

{p;}, =13, orthogonal bases B, of the bases and its
weights e, . In Table 2, for a given SRC, the minimum
ZCs z" and its ranks R, are given. For the SRC under
consideration, the volume of the range of representable

3
numbers is equal to P =] [ p; =3-5-7 =105.

i=1

Table 1 — Values of the SRC bases and orthogonal bases

p=3 p,=5 p, =7
e =2 e, =1 g =1
B, =70 B,=21 B, =15

Table 2 — Values of minimum ZCs and its ranks
@ =1y 7® =(0I3]13) @ =(0l0]l1)
Ry=1 R, =1 Ra&=0

z z

z!

The ranks R, of the minimum ZCs z® are calcu-
lated in advance using expression (2). Let’s determine the
values of the minimum constants for the SRC specified in
Table 1:

79 =(1)|1]|1) =1-B, +1-B, +1-B, =1-70+1-21+1-15=
=(70+21+15)mod105 =106 mod105 =

=Yz -B-R, -P=106-R,, -P =106-1-105.

i=1

to comply with the above equality, it comes out to
R =1(Table 2).

z® =(0]13]|3)=0-B,+3-B,+3-B, =

to comply with the above equality, it comes out to
R =0 (Table 2).

Example 1. Determine the calculated rank R{" of the
number X =(2]|1]|2) =71.

First stage. Determination of the calculated rank of the
number in the SRC.

Let’s reset the residue x, =2 to zero according to the
first module p, =3. Let’s add the number X and mini-
mum ZC z® =(1]|1]|1) and get:

Xy =X+29 = (2[|11)+@lI211) = (0[1 2| 2).
The rank of the sum will be determined by expres-

sion (1), where instead of the rank of the number Y the
value of the rank of the minimum ZC z® will be used:

3 | x +z0
R =R§‘?1+RZM—Z{ = }e (13)

i1 pi
where [k] is the integer part of the number k, not less
than it; R, is the calculated rank of minimum zZC z®
(Table 2); z{" is the value of the j-th residue, j=1n (in
this case j =1,3) of the i-th minimum ZC.

Based on expression (13), the following calculated
value of the rank of the number X, can be obtained:

i1 Pi

(] 1) 1)
~ |:X1+Zl ]el{xznz }-ez{xﬁ% }.eg _
P, P, Ps
:(Rf)+1)—{{%]2+{%]1+[#]1}:

= R;C) +1_(12+01+01) = R;C) 4+1-2= R)((C) ~1.

(€) (©) : X+ 251) (€)
R =R +R, — D & =R¥+R, -

In this case, there was one transition through the first
base p, (expression (9)).

Let’s reset the residue x, =2 to zero according to the

=0-70+3-21+3-15=(0+63+45)mod105 =108 m0od105 = ¢econd module p,=5 of the number X, =(0]|2]/2).

=Y'7,-B-R,, -P=108-R , -P =108-1-105.

i=1

to comply with the above equality, it comes out to
R =1(Table 2).

z® =(0]|0]|))=0-B,+0-B, +1-B, =
=0-70+0-21+1-15= (0+0+15)mod105 = 15mod105 =
=>7-B-R -P=15-R, -105=15-0-105,
i=1
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Let’s add the number X, and minimum ZC

z® =(0]3]|3) and get:

1

X, =X, +2% =(0]12]12)+(01I3]13) = (0[] 01| 5).

The calculated rank of the number X, is determined
as:
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3 | x +2?
RO =R +R,, = | = > Lle =(RE-1)+
i=1 i

@ @ @
+RZ(Z)_{{X1+21 :|.e1+|:X2+ZZ ]%{M}.%}:
P, P, Ps
~ (RO 1)1 [0+0}.2+[2+3}.1+{2+3}.1 _

3 5 7

=R®-1+1-0.2-1.1-0-1=R® -1,

In this case, there was one transition through the sec-
ond base p,.

Let’s reset the residue x, =5 to zero according to the
third module p, =7 of the number X, =(0]|0]|5). Let’s
add the number X, and minimum zC z® =(0|0]|2)
and get:

Xy =X, +29=(0[10]5)+(0|0[|1)=(0|0]| 6).

The calculated rank of the number X, is determined
as:

3 X + Z(_3)
R =R +Re _Z{ — :l'ei =(R§c) —1)+
i=1 Pi

(3) (3) (3
+RZ(3)_ |:X1+Zl :|'el+|:xz+zz :|'ez+|:ﬁ:|'es =
pl pZ p3
S(RE 1) 40| L0 o4 (220 q 1L

3 5 7

—R® -140-0-0-0=R® -1,

Since the residue x,=6 of the number
X, =(0]|0]|6) has not been reset to zero, let’s add the
value z® again:

X, =X, +2%=(0]10]16)+(0[10]|2) = (0]|0]|0).

The calculated rank of the zeroable number X is de-
termined as:

3 | x +2%
R;C):R;C)+R(3)_Z|: N ]ei :(R;C)_l)-’-
n 3 4 — pi

(3) (3) ®
+Rz(3)— |:X1+Zl :|.el+|:X2+ZZ :|.e2+|:X3+23 :|'e3 _
P, P, Ps
(R0 )0 [[00] 5, [00] [T 1

3 5 7

=R®-1+40-0-0-1.1=R® -2.

In this case, there was one transition through the third
base p,.
In accordance with expression (11) we have that:
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RO =-15R®-2=-15RE =1,

Second stage. Determination of the true rank of the
number in the SRC.

The true rank RY” of number X is determined using
orthogonal bases B, (Table 1) and expression (2):

X =(2[[112) =% B +X,-B, +%;-B; =
=2-B+1-B,+1:B, =2-70+1-21+1-15=
=(2-70+1-21+1-15) mod105 =176 mod 105 =
= Xpns :in ‘B _R>(<T)'P:

i-1
=176mod105=176-R{’ -P =
=176-1-105=176-105="71.

Thus, the true of the number X =(2]||1]|) =71 is
RV =1
N .

Third stage. Checking the reliability of obtaining the
rank of the number in the SRC.

Let’s compare the calculated R(" and true R{" ranks
of the number X. Obviously, R{” =R =1.

Conclusions. So, since the calculated R’ and true
R{"” ranks of the number X are equal, then the calculated
rank R is determined correctly.

Example 2. Determine the calculated rank R of the
number X = (1||1]|5) =61.

First stage. Determination of the calculated rank of the
number in the SRC.

Let’s reset the residue x, =1 to zero according to the
first module p, =3. Let’s add the number X and mini-
mum ZC z® =(1]|1]|1) and get:

X, =X +2% = I1)15)+ Ll1l1) = 2]l 2] 6).

The calculated rank of the number X, will be deter-
mined by expression (13):

© _ p© 3| %+ 2] ©
R =R +R =D . ¢ =R¥+R, -
i=1 i

(€] (@) @
_ |:X1+21 :|'el+|:X2+Zz :|.e2+|:u:|.es =
pl p2 p3
e [123] 2, 1], o)
3 5 7

= R)((c) +1-0-2-0-1-0-1= R)((C) i1
Since the residue x, of the number has not been reset

to zero, let’s add the value z® again:

X, =X, +2% =(2]12]6)+ @II1]12) = (0| 31| 0).
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The calculated rank of the number X, is determined
as:

i-1 P

® 1 (1)
~ {xl+zl ]eﬁ[x2+z2 ]EZJ{Xs+23 ]% _
P, P, s
=(R§C>+1)+1—{[2;’1]2+[2;1}-1{6;1}-1}:

=R® +1+1-1.2-0-1-1.1=R® -1,

© _ p(© 3 X +2)) ©
RO =R +R, -> e =(RY+1)+R, -

In this case, two transitions took place through the
first base p, and through the third base p,.

Let’s reset the residue x, =2 to zero according to the
second module p, =5 of the number X, =(0]3]0).
Let’s add the number X, and minimum ZC
z® =(0]3]13) and get:

Xy =X, +2? =(0113[10)+(0I3]I3) = (O|11|3).

The calculated rank of the number X, is determined
as:

3 | x +2?
RO =R§i>+Rzm—Z{ ra } (R 1)+
i=1 i

@ @ @
R |:X1+Zl ]GIJ{XZHZ ]ez{ﬁ]% _
pl pZ p3
=(R;°) _1)+1_ [O+0]2+[3+3]1+[0+3]1 _
3 5 7

=R®-1+1-0-2-1.1-0-1=R® -1

So, since the residue x, of the number X, =(0]1]|3)

has not been reset to zero, then let’s add the value z?
again:

Xy =X, +2% = (0]11[13)+(01I3[13) = (0 41/ 6).

The calculated rank of the number X, is determined
as:

€) _ p©)
RE =R +R —Z

(2) (2) (2)
R, - [x1+z1 j|.el+|:X2+22 }.e2+{x3+z3 }.% _
pl pz p3
= (R ~1)+1- [0+0}.2+[1+3}.1+[3+3}~1 =
3 5 7

=R®-1+41-0.2-0-1-0-1=R{.
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There are no transitions along the bases. Since the
residue X, of the number X, =(0| 4| 6) has not been

reset to zero, let’s add the value z'? again:
X=X, +2% =(0]|4]16)+(0I3]13)= (0| 2]/ 2).

The calculated rank of the number X, is determined
as:

3 | x +2z?
©) _ p(©) i T4 _
Ry, =Rx; +R, _Z{ 0 6 =
i=1 i

_RO 1o {0+0]2+[4+3}_1J{6+3]1 _
3 5 7

= R;C) +1-0-2-11-1-1= R)(((:) +1-2= R;C) 1

Since the residue x, has not been reset to zero, the

operation of adding two numbers X, and z® is imple-
mented again:

Xs = Xs+2? =(0112112)+(0I3]13) = (0 0] 5).

The calculated rank of the number X, is determined
as:

e

=(R -1)+

i=1 i

{2 [

= R;C) -1+1-0-2-1-1-01= R)((C) 1

3 | x +2¢?
c c z i i
R>((6) = R;S) + RZ(Z) N { '
p

In this case, there was one transition through the sec-
ond base p,.

Let’s reset the residue x, =5 to zero according to the
third module p, =7 of the number X, =(0]/0]|5). Let’s
add the number X, and minimum ZC z® =(0/0||2)
and get:

X; = Xe+2% =(0]10]15)+(0]10[|2) = (0] O] 6).

The calculated rank of the number X, is determined
as:

(€) (C) : %+ Z§3) (€)
RO =RO +R =Y | =(R -1)+
i=1 i

(3) (3) @3)
+RZ(3)_{|:M:|.QI+|:X2+ZZ :|.ez+|:X3+Z3 :|.e3 =
Py P, P;
=(R§C)—l)+0— [0+0]2+[0+0]1+[5+1]1 _

3 5 7

=R®-1+0-0-2-0-1-0-1=R© —1.
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Since the residue X, has not been reset to zero, the
operation of adding two numbers is implemented again:

X, =X, +2%=(0]/0]|6)+(0[|0]|1) = (0]|0]/ 0).
The calculated rank of the zeroable number X is de-
termined as:
R(C)

3 | x +2z¢
R Z{ =

i=1 |

~(RY —1)+0—([O;°]2+ [020]1{6;1]1] -

= R)((C) ~1+40-0-2-01-11= R;C) _92

In this case, there was one transition through the third
base p,.

In accordance with expression (11) we have that:

RO =-15R® -2=

Xn

1R =1,

Second stage. Determination of the true rank of the
number in the SRC.

The true rank R{” of number X is determined using
orthogonal bases B, (Table 1) and expression (2):

X =@[1]5) =% B +X B, +X%-B; =
=1-B,+1-B,+5-B, =1.70+1-21+5-15=
=(1-70+1-21+5-15)mod105 =
=166mod105=166-R{’ -P =
=166-1-105 = 61.

Thus, the true of the number X =(1]|1||5)=71 is
R =1
N :

Third stage. Checking the reliability of obtaining the
rank of the number in the SRC.

Let’s compare the calculated R{” and true R{"” ranks
of the number X. Obviously, R{” =R{" =1.
Conclusions. So, since the calculated R{®) and true

R{" ranks of the number X are equal, then the calculated
rank R is determined correctly.

Example 3. Carry out control of the arithmetic opera-
tion of addition of two numbers X =(x ||, | %)=
=249 =74 and Y =(y,lly,[lys)=(21I3]1)=8
presented in the SRC.

In accordance with the procedure described above for
determining the rank of a number in the SRC, it is ini-

tially necessary to determine the calculated ranks R{” and
R() of the summands of the numbers X and Y.
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First, in accordance with the control method, let’s de-
termine the calculated rank R{” of the number

X =(2]4]4)="74.
Let’s zero the number X to the first base by adding the
value of minimum zC z®
X, =X+2% =(2|14]|4)+ @111 =©[I5]5).

Using expression (13), we obtain:

@
X; +Z:
Z|:—I ! :lel = R>(<C) + Rz(l)

i=1 i

® & ®
B |:X1+Zl :|'el+|:X2+Zz ]ef{u}% _
p1 pz p3
_RO 41— [2+1]2+[4+1]1+[4+1]1 _
3 5 7

= R;C) +1-1-2-1-1-01= R)((C) +1-3= R;C) _2

RO =R 4R,

So, since the residue x, =5 has not been reset to zero,
then let’s add the value z® = (01| 0]|1):

X, =X, +2% =(0]|5]5)+(0110]|1) = (0[O | 6).

Using expression (13) let’s determine the calculated
rank of the number X, =(0]|0]|6):

3 | x +2z?
© i _
R +R —Z{ g =

i=1 P

=(R® ~2)+R, —{0;0]2{0;0}-1{5;1}-1}:

R(C)

So, since the residue X, =6 has not been reset to zero,

then let’s add the value z® again:
X, =X, +2% =(0]/0(/6)+(0[|0]|2) = (0| 0]| 0).

For the zeroable number X, = (0| 0]/ 0) according to
expression (13) we have the calculated rank equal to:

3 | x +2z®
© ~RE i L _
RO =R 4R, —Z{ e =

i-1 P

=(R® -2)+Ry, —{[020]2{0;0]1{6;1]1}=

= R)((C)—2+0—0~2—0.1_1_1= R)((C) _3

Based on expression (11), we can determine the calcu-
lated rank R(" of the number X = (2]|4|/4) =74:
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©) _
Ry’ =

n

-15>R® -3=-15>R® =2,

Checking. Let’s calculate the true rank R’ of num-
ber X =(2]14]/4) =74 using orthogonal bases B, SRC
(Table 1). We have that in the PNS:

Xons =X -B +%,-B,+%,-B,—R{.P =
=2-70+4-21+4.15-2-105="74.

So the true rank of the number X =(2|/4]4)=74 is
R =2.

Conclusions. So, as the calculated rank R{ of the
number X is equal to the true rank R{" of the number X,
ie. RO =RD =2
mined correctly.

Let’s determine the calculated rank R(® of the second

summand Y =(2]|3]|1) =8. First, as for the first sum-
mand X, let’s reduce the number Y to the form
Y, =(0]|0]|0), i.e. let’s zero the number Y according to
the first base p, =3, adding the minimum ZC z® to the
original number Y :

, then the calculated rank is deter-

Y =Y +29 = 21I1311D+ @lILID = (01411 2).

Using expression (13) we determine the calculated
rank of the number Y, = (0| 4| 2):

R(C)
i-1 P

0] (1) @
_{Liiﬁ {w }eﬂ{%+%}e3:
p]_ pZ p3
= R¢c)+1_ [E:l2+|:ﬂ:|l+[ﬁ:|l =
3 5 7

= Ry(C) +1-1-2-0-1-01= Ry(C) +1-2= Réc) _1

3 |y +2z0
R +R, —z{—y' ' }ei =R +1-

So, since the residue y, =4 has not been reset to
zero, then let’s add the value of the minimum ZC
29 =(011313):

Y, =Y, +2% =(0]14112)+(01I3]13) = (0| 2| 5).

R(C)

(2)

Pz, 5 ]|

= (RI?-1)+1- {[0+0} [4+3 [2+3} }‘

=R -1+1-0.-2-1.1-0-2=R! -
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After carrying out the stage of zeroing the residue
modulo p, =5, we obtain the value y, =2. Thus, it is

necessary to carry out one more time zeroing the residue
y, =2 of the number Y, =(0]|2]|5) modulo p,=5.

Let’s add the minimum ZC z* again:

- @
Y, =Y, +z2

sy, +2?
R(°)+R(Z)—Z{—y' J}ei:

=(0[12[15)+(0I3][3) = (0[| O} D).

R(C)
i-1 P

o[

= RY(C) -1+1-0-2-1-1-11= RY(C) _9

Let’s reset the residue y, =1 to zero according to the
third module p, =7 of the number Y, =(0||0]|1). Let’s
add the number Y, and minimum ZC z® =(0]|0}|2) and
get:

Y, =Y, +29 =(0[01D+(0]|0]|2) = (01| 0]| 2).

sy 4+2®
R(C) R(C) +R _Z{y'—l]ei :(Rﬁc’ —2)+ R —
i=1 pi

©) (3) (3
. {yﬁzl ]el{yﬁzz ]ez{yﬁzg ]es _
pl pz p3
=(RY(°)—2)+0— [M}Z{M}“[ﬂ}l =
3 5 7

=R -24+0-0-2-0-1-0-1=R{® -2.

After adding four more times with minimum zZC z®
we get the number Y, = (0| 0|| 6). Add to this number the

value of ZC z® :
Y, =Y, +2% =(0]|0]|6)+(0]|0]|2) = (0| 0] 0).

Let’s determine the calculate rank for the zeroable
number Y, = (0|0 0):

3 +Z(3)
R(C)+RZ(3)—ZP ]ei:

i1 Pi

[P o T

=R -2+0-0-2-0-2-11
=R -3.

R(C)

According to expression (11) we have that:

~15R® -3=
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Thus, the calculated rank of the number
Y =(2]|3||)=8is RY‘C’ =2.
Checking. In the PNS, the value of the second sum-

mand Y = (2| 3||1) =8 is equal to the value:

3
Yous = 2. ¥;-B, =2:70+3-21+1.15=

i=1

=218-R{".105=218-2-105=8.

So the true rank of the number Y =(2(|3]|1) =8 is
RM =2,

Conclusions. Since the calculated rank of the number
Y is equal to the true rank of the number Y, i.e.
R =R =2, then the calculated rank is determined
correctly.

Let’s determine the sum of two numbers X+Y:

X+Y = (2414 +I3111) =@l 215).

According to expression (1), the calculated rank R{),
of the sum of two numbers X+Y is equal to:

3%+,
R, RO+ R -3 0g

i-1 P

e [ [

=2+2-1.2-1.1-0-1=1.

Checking. (X +Y)ge =@]12]15) and (X +Y)pys =
=1.70+2-21+5-15-R{), -P =187 -1-105 = 82.
R of the number

equal to the calculated

Conclusion. The true rank
X+Y =(@)2[5) s
RT, =R, =1. Therefore, there was no overflow when

performing the addition operation.

Example 4. Check for overflow when adding two
numbers X =Y = (2| 4] 4) =74.

Let’s determine the sum of two numbers X+Y:

X+Y =(2[|4]|4)+2[14]14) = QI3

Considering that in example 3, the calculated rank
R of the number X =(2||4]|4) =74 was calculated,
since the numbers X and Y are the same, its calculated
ranks are also the same: R{® =R{®) = 2.

According to expression (1), the calculated rank R{,
of the sum X+Y of two numbers in the SRC is equal to:

3
R§(C+)Y _ R)((C) + RY(C) _Z{%}-e} =
i=1 i

=2+2_ & .2+ ﬂ .1+ ﬂ 1 —
3 5 7
=2+2-1.2-1.1-1-1=0.
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Thus, the calculated rank of the sum of two numbers
X+Y is equal to the value R{, =0.

Checking. (X +Y)ge =@|I3|1D) and (X +Y)pys =
=1.70+3-21+1.15-R{", -P =148-R{", -105=148—

X+Y

—-1.105=43. Thus, R{". =1.

X+Y

Conclusion. It is obvious that the true rank R{), =1

doesn’t coincide with the calculated rank R{, =0. The

inequality R(?, = R{"), of the rank values of the number

X+Y shows that there was an overflow during the opera-
tion. Therefore, the sum of two numbers X+Y has the
wrong value: 43, not 148.

6 DISCUSSION

When solving CS computational problems, it becomes
necessary to take into account the overflow of the bit grid
that occurs during data processing. Analysis of these
processes showed the following. To solve the problem
associated with overflow of the CS bit grid, there are
various approaches. One of them is the use of a wider bit
grid to represent the meanings of numbers, i.e. Data proc-
essing is carried out on computers with a relatively large
bit grid [23]. This allows you to increase the range of val-
ues of processed numbers that can be represented in the
CS without taking into account the consequences of the
overflow factor. However, this requires more memory and
can increase the time it takes to solve a calculation prob-
lem, which is especially critical for real-time CS [24, 25].
The MDBGO proposed in the article is intended for use in
a CS that operates in the SRC. The properties of the SRC
(independence, equality and low-bit residues, the totality
of which determines the non-positional code structure)
and their use in creating the structure of the CS determine
the interpretation of the CS in the SRC as a set of individ-
ual low-bit computers [7, 26]. Each computer operates
using a specific SRC module [27, 28]. In this case, elimi-
nating the consequences of overflowing the bit grid is
carried out without interrupting the computational proc-
ess, i.e. during the operation of the CS, without stopping
the calculations.

The reliability and significance of the results obtained
are due to the following factors:

— the research was carried out using the modern
proven mathematical apparatus of number theory and the
basic theoretical principles of machine arithmetic in the
residual classes;

— the consistency of the results obtained with both the
scientific provisions of the general theory of constructing
the structures of positional CSs, and the theoretical provi-
sions of the creation of CSs operating in the SRC;

— the coincidence of some theoretical conclusions with
existing modern provisions on the prospects for the de-
velopment of real-time CS;

— the results of the analysis of the given specific ex-
amples of the use of MDBGO for various initial data of

the SRC.
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This problem, solved in the article, was directly or indi-
rectly considered in the monographs: Aksushskyi 1. Ya.
and Yuditskyi D.l. “Machine arithmetic in residual
classes” [1] and Torgashov V. A. “System of residual
classes and reliability of digital computers” [8]. These
monographs provide directions for further research in the
direction of improving real-time CS structures in the SRC.
In particular, some theoretical further research is presented.

CONCLUSIONS

The current scientific problem of using MDBGO in
the CS operating in the SRC has been solved. The use of
MDBGO to detect the fact of overflow of the CS bit grid
is shown using specific examples of the implementation
of the operation of adding two numbers in the SRC. The
MDBGO considered in the article is based on the use of
positional feature of a non-positional code of numbers in
the SRC, namely on the calculation and use of the true
and calculated ranks of numbers.

The scientific novelty of the results obtained lies in
the fact that when implementing MDBGO, the procedure
for determining the rank of a number is carried out di-
rectly in the process of performing the operation of add-
ing two numbers, being an essential part of it. This cir-
cumstance makes it possible to reduce the time it takes to
detect the fact of overflow of the CS bit grid in the SRC.
In addition, a feature of the presented method for detect-
ing the fact of overflow of the CS bit grid in the SRC is
that MDBGO can simultaneously be used to organize the
process of monitoring the operation of adding numbers
modulo. This expands the functionality of the MDBGO.

Practical significance of the results. To confirm the
practical feasibility of the procedure, examples are given
of determining the overflow of the result of the operation
of adding two numbers in the SRC. A set of examples is
given of the specific implementation of the operation of
overflowing the bit grid using the MDBGO method, while
simultaneously implementing control of the addition of
two numbers for a given SRC, which confirm the effec-
tiveness of using the considered method.

Prospects for further research are as follows. In the
SRC, using the basic properties of the class of residues,
control of arithmetic operations can be carried out in the
dynamics of the computational process, i.e. without stop-
ping the calculation process. This makes it possible,
firstly, to fully use the main property of the SRC - the
high speed of the CS execution of arithmetic modular
operations. Secondly, it is possible to reduce the amount
of the CS equipment required to implement positional
operations in the SRC. The research results obtained in
the article are recommended for use in on-board digital
computers of ballistic missiles, in the use of unmanned
aerial vehicle computers and in the use of specialized
computers for a wide class of various non-recoverable
disposable aircraft operating in the SRC. The feasibility
of further research in the field of using non-positional
code structures in the SRC, in particular, expanding the
area of practical use of MDBGO, is due to the fact that
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positive research results will make it possible to create
ultra-fast and fault-tolerant real-time specialized CS.
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METO/J BUSHAUYEHH NEPENIOBHEHHSA PO3PS/IHOI CITKA KOMIT'FOTEPHOI CUCTEMM, 1110
OYHKIIOHYE€ B CUCTEMI 3AJIMIIKOBHUX KJIACIB

SIuko A. C. — KaHA. TeXH. HayK, JIOLEHT, JOUEHT KadeaApn KOMII IOTEPHHX Ta iH(GopMamiiHIX TEXHONOTIH i cucteM HamioHnanb-
Horo yHiBepcutety «[lonTaBchka nosnitexnika imeni Opis Konnpatioka», [Tonrasa, Ykpaina.

Kpacno6aeB B. A. — 1-p Texn. Hayk, nmpodecop, npodecop kaeapu eIeKTPOHIKH Ta yIPaBIIOUNX CUCTeM XapKiBCHKOTO Harli-
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Hikxoabcbknii C. B. — kaH1. TexH. HayK, JOLEHT, JOLEHT Kadeapy iHPOPMATUKH KOMYHAIILHOTO 3aKJIaly «XapKiBCbKOI r'yMaHi-
TapHO-Mearori4Hoi akagemii» XapkiBcbkoi obnacHoi paau, Xapkis, YkpaiHa.

Kpyk O. O. — acmipanT kadeapyu aBTOMaTHKH, €ISKTPOHIKM Ta TelekomyHikaliid HamioHanssHoro yHiBepcurery «IlonTaBchbka
noniTexnika imeHi FOpis Konnpatroka», [lonrasa, Ykpaina.

AHOTAIIA

AKTyasnbHicTh. PO3riIsHYTO MeTOx BH3HAYEHHS NEPENOBHEHHS PO3PSIHOI CITKH, a TAaKOX KOMIUIEKC NPUKIAAIB IPAKTUIHOTO
3aCTOCYBaHHS IPOLENYPH imeHTU(IKALI] TepeNOBHEHHS PO3PSAHOI CITKH KOMIT IOTEPHOI CUCTEMH, 10 (PyHKITIOHY€e B HEMO3HIiiHIi
CHCTEMI YHCJICHHS B 3aJMIIKOBHX KilacaX. O0’€KTOM JOCIIPKEHHs € Tpolec 00pOoOKH JaHMX, MPEICTABICHUX Y CHCTEMI 3aJIUILIKO-
BUX KJaciB. MeTa poOOTH — PO3IJISIHYTH Ta NMPOAaHAJIi3yBaTh NPHUKIAIH BU3HAUCHHS IEPEHOBHEHHS PO3PSAHOI CITKH KOMIT IOTEPHOT
CHCTEMH IIpHU peajizalil onepauii Jo1aBaHHs ABOX YHCEI Y CHCTEMI 3aJIMIIKOBUX KJIAaciB HA OCHOBI 3aCTOCYBAaHHS METOJy BU3HAUCH-
Hs IIEPEIIOBHEHHS PO3PSIIHOI CITKU, 3aCHOBAHOTO Ha BUKOPHUCTAaHHI IIOHATTS PaHTy YucIia.

Merton. Crienndika GyHKIIOHYBaHHS KOMIT FOTEPHOI CHCTEMH y CHCTEMi 3aJIMIIKOBUX KJIAaciB BUMAara€ BUKOHAHHS SIK MOYJBbHHX
oreparii, Tak i peanizalii J0JaTKOBO, TaK 3BAHMX, HEMOIYJIBHHUX orepamiil. Jlo HeMOIyIFHHX olepaliil HaJIeKHUTh OTepallis BH3HA-
YeHHs TePENOBHEHHS PO3PSIHOI CITKM KOMIT FOTEPHOI CHCTEMH Yy CHCTEMi 3aJIMIIKOBHX KJaciB. Y HEMO3WIIHHIA CHCTEMi YMCIICHHS B
3aJIMIIKOBUX KJIACaX peaisamis MpOIecy BUSBICHHS MEPEIOBHEHHS PO3PSIHOI CITKH KOMIT IOTEPHOI CHCTEMH € BAKKO Pealli30BaHHM
3aBJaHHAM. PO3MISHYTHI y CTATTi METOJ BH3HAUCHHS IEPEIIOBHEHHS PO3PSIHOI CITKHM IPYHTYETHCS Ha BHKOPHUCTAaHHI ITO3HIIHHUX
O3HaK HENO3MLIHHOro KoMy YMCeNl y CHCTEMi 3aJIMIIKOBHX KJACIB, a caMe iCTHHHOIO Ta PO3PaxyHKOBOTO paHriB uucia. JlociimkeHo
TPOLIEC BU3HAUCHHS NEePEIIOBHEHHS PO3PSAHOI CITKU pe3y IbTaTy OIepanii JoJaBaHHs JIBOX YHCE] y CUCTEMI 3aUIMIIKOBUX KJIACIB, OCKi-
JIbKH CaMe BUKOHAHHS apu(METHUHOT onepalii 101aBaHHs € OCHOBHOIO, 6a30BOIO ONEPALli€l0 KOMIT FOTEPHOT CHCTEMHU.

PesyabTaT. HaBeneHo npukiagy BUKOPUCTaHHS METOly BU3HAUCHHS IIEPEIIOBHEHHS PE3yJIbTaTy Olepallii 101aBaHHs J[BOX YH-
Cell y CHCTEMIi 3aIMIIKOBHUX KJIaciB, B OCHOBY SIKOTO MOKJIAaJI€HO MOAYJIBHI omepalii BU3SHa4eHHs pO3paXyHKOBOTO Ta ICTHHHOTO PaH-
riB Oe3mocepeHbO JOJAHKIB Ta PaHTy CyMH JABOX NOAAHKIB. AHAJ3 OTPHMAaHHX PE3yJIbTATiB MOKAa3aB MPAKTHYHY 3aCTOCOBHICTH
PO3TIISIHYTOTO METOY.

BucnoBkn. OCHOBHHM IIepeBarolo IpeCcTaBICHOr0 METOMY € Te, [0 BU3HAYCHHS NEPETIOBHEHHS PO3PSIHOI CITKH MOXHA 3MiH-
CHIOBATH y JMHAMIIll OOYMCITIOBAILHOTO MPOLIECY KOMIT IOTEPHOI CHCTEMH, TOOTO 0e3 3ynHHKH po3B’s3aHHs 3aaadi. L[ oOcraBuHa
JIO3BOJISIE 3HU3UTH HETIPOLYKTHBHI BUTPATH KOMII IOTEPHOI CHCTEMH B CHCTEMI 3JIMIIKOBUX KiaciB. KpiM 1boro, ieif MeTox MoxHa
BHUKOPUCTOBYBATH /I KOHTPOJIIO Orepalii JoAaBaHHsS JBOX YHCEN B CHCTEMi 3aiHIIKOBHX KiaciB. Lle miaBuIye TOCTOBIpHICTH
OTPHMAaHHS ICTUHHOTO Pe3yJIbTaTy Onepalii 10JaBaHHs JBOX YHMCEN B CUCTEMI 3aJIMILIKOBHX KJIACIB.
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ABSTRACT

Context. At the present stage, with the current demands for the accuracy of motion control processes for a moving object on a
specified or programmable trajectory, it is necessary to synthesize the optimal structure and parameters of the stabilization system
(controller) of the object, taking into account both real controlled and uncontrolled stochastic disturbing factors. Also, in the process
of synthesizing the optimal controller structure, it is necessary to assess and consider multidimensional dynamic models, including
those of the object itself, its basic components, controlled and uncontrolled disturbing factors that affect the object in its actual mo-
tion.

Obijective. The aim of the research, the results of which are presented in this article, is to obtain and assess the accuracy of the
Stewart platform dynamic model using a justified algorithm for the multidimensional moving object dynamics identification.

Method. The article employs a frequency-domain identification method for multidimensional stochastic stabilization systems of
moving objects with arbitrary dynamics. The proposed algorithm for multidimensional moving object dynamics model identification
is constructed using operations of polynomial and fractional-rational matrices addition, multiplication, Wiener factorization, Wiener
separation, and determination of dispersion integrals.

Results. As a result of the conducted research, the problem of identifying the dynamic model of a multidimensional moving ob-
ject is formalized, illustrated by the example of a test stand based on the Stewart platform. The outcomes encompass the identifica-
tion of the dynamic model of the Stewart platform, its transfer function, and the transfer function of the shaping filter. The verifica-
tion of the identification results confirms the sufficient accuracy of the obtained models.

Conclusions. The justified identification algorithm allows determining the order and parameters of the linearized system of ordi-
nary differential equations for a multidimensional object and the matrix of spectral densities of disturbances acting on it under operat-
ing conditions approximating the real functioning mode of the object prototype. The analysis of the identification results of the dy-
namic models of the Stewart platform indicates that the primary influence on the displacement of the center of mass of the moving
platform is the variation in control inputs. However, neglecting the impact of disturbances reduces the accuracy of platform position-
ing. Therefore, for the synthesis of the control system, methods should be applied that enable determining the structure and parame-
ters of a multidimensional controller, considering such influences.

KEYWORDS: Identification, transfer function matrix, spectral density, quality functional, Stewart platform.

ABBREVIATIONS
AHRS is an attitude and heading reference systems;
IKP is an inverse kinematics problem;
IMU is an inertial measurement unit;
LMS is a linear movement system;
ONS are sensors of orientation and navigation;
RT is a target Real-Time;
SLM are sensors of linear movements;
TIG is a trajectory and interpolation generator;
WS is a working surface.

NOMENCLATURE
D is a result of the Wiener factorization of the trans-

posed matrix Sy ;

© Zozulia V. A., Osadchyi S. 1., 2024
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E, is a nxn unit matrix;

J is a quality functional;

M is a matrix of dimension mxn, the elements of
which are polynomials from the differentiation operator s;

m is a number of signals at the output of the control
system;

n is a local system inputs number;

Omsn IS @ zero matrix of size mxn;

P is a polynomial matrix of dimension mxm;

R is an additionally defined weight matrix;

ro is a vector of program signals;

Sr/Oro is a transposed spectral density matrix of the

OPEN a ACCESS
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/ - - -
SXlxl is a transposed spectral density matrix of the

vector Xy;
S};X is a transposed matrix of mutual spectral densities
between the generalised input vector ¢ and the vector xy;
S)'(C is a transposed matrix of mutual spectral densi-

ties between the vectors x; and ¢;

S isa transposed matrix of spectral densities of un-
correlated white noise of single intensity;

S'.. is a transposed matrix of spectral densities of the
vector of identification errors g;

Sygva, 158 transposedmatrix of spectral densities of

the disturbing influence;

S'cc is a transposed spectral density matrix of the gen-
eralized input vector;

To is a matrix of results of dividing the polynomials of
the numerators by the polynomials of the denominator of
the product on the right side of the expression;

T, is a matrix of fractional rational functions whose
poles are located in the left half-plane of the complex
plane;

T_ is a matrix of fractional rational functions with
poles in the right half-plane;

Wi; are controllers;

W, is an optimal structure of the matrix is the transfer
function of the identification object;

W, is an optimal structure of the matrix is the transfer
function of the shaping filter \¥;

Xo is a vector of movement of the working surface in
the working space;

X1 is a vector of signals at the output of the control
system;

Xiq IS an estimate of the vector of the WS movement,
obtained through the identification process;

A is an uncorrelated white noise of single intensity;

@ is a block matrix of transfer functions of size
nx(n+m);

g is a vector of identification errors;

i is a vector of measurement noise;

Y is a transfer function of the shaping filter;

Yop IS @ vector of centred stationary random distur-
bances in the control object;

yws IS a vector of centred stationary random distur-
bances in the working surface;

¢ is a generalised vector of input influences.

INTRODUCTION

At the present stage of creating and operating moving
objects of various purposes, spatial mechanisms with par-
allel structures, and a range of complex and responsible
controlled technological processes, the issues of ensuring
the competitiveness of products being created have be-
come crucial. Their competitiveness is mainly influenced
by the extent to which they achieve high quality and effi-
cient utilization, as well as the ultimate goals of function-
ing in responsible operating modes. As stated in refer-
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ences [1, 2], the operation of these products is affected by
a multitude of stochastic factors, both deterministic and
random, which considerably complicate the processes of
attaining set goals and the ultimate results in each specific
responsible operating mode of moving objects. Determin-
ing the dynamics models of input-output stochastic signal
vectors of a control object or its prototype in respective
operating modes allows for structural identification of the
dynamics models of such an object. The practical meth-
ods and algorithms for structural identification should
enable the determination of dynamic models for both the
control object itself in the mode of interest and the uncon-
trolled stochastic disturbances acting on the object under
these conditions.

This relevance is driven by the practical requirements
to align identification procedures with the conditions of
designing closed-loop control systems. Modern methods
and algorithms should be based on new approaches in
creating computational procedures that exhibit enhanced
accuracy and reliability in computation, reducing the
growth of orders in the results. This enables the determi-
nation of the order and parameters of the linearized sys-
tem of ordinary differential equations for a multidimen-
sional object and the matrix of spectral densities of dis-
turbances acting on it in conditions approximating the real
operating mode of the experimental object.

The object of study in this paper is the Stewart plat-
form working surface motion closed-loop control system.
The Stewart platform is a spatial mechanism with a paral-
lel kinematic structure, consisting of six identical kine-
matic chains (actuators) [3]. Such mechanisms can be
used as machining centers (machines), coordination-
measuring centers, vibration platforms (test stands), mo-
tion simulators, and stabilization platforms. The Stewart
platform has six degrees of freedom for the motion of the
mobile platform. By programmatically adjusting the
Stewart platform drives lengths, it is possible to control
the moving base position, move it in vertical and horizon-
tal directions, as well as rotate it in three planes.

The subject of study is the algorithm for identifying
the Stewart platform dynamic model, its transfer function,
and the shaping filter transfer function.

The purpose of the work is to obtain the Stewart
platform dynamic model using a justified algorithm for
the multidimensional moving object dynamics identifica-
tion.

1 PROBLEM STATEMENT

The basis of the theory of constructing mathematical
models (identification) is the information-algorithmic
approach. Under conditions of a priori uncertainty, the
information component begins to play a dominant role, as
its analysis largely determines the application of certain
algorithmic procedures and formalization methods that
allow the object under study mathematical description
synthesis [4].

Structural identification allows establishing the inter-
action of system individual components in the process of
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forming reactions. In this case, the system configuration is
considered known, or assumptions are made about the
class of the functional description relative to it, while the
parameters that characterize the system are treated as un-
known. The identification task boils down to search for
solutions in the space of the sought parameters of the sys-
tem [1, 5].

The analysis carried out made it possible to propose a
structural diagram of the Stewart platform motion control
system, which is built according to the principle of two-
loop tracking systems (Fig. 1).

TG = Wi

:Qg):\ W .:“ =k

Figure 1 — Structural diagram of the motion control system of the working surface of Stewart platform

The programme signal vector ry is received from the
trajectory and interpolation generator block, i.e. the set
trajectory of movement of the working surface:

=& Mo % wo S 7ol.

where &g, 1o, {o — given coordinates of the rotation center
of the working surface relative to the coordinate system
associated with the base of Stewart platform; vy is a spec-
ified yaw angle, 3y is a specified pitch angle, vo is a speci-
fied roll angle of the working surface; index ’ is a transpo-
sition sign.

The position of the working surface relative to the
base characterizes the vector of movement of the working
surface X, in the working space, of the form:

on[gout Nout Gout Wout Jout Yout]/’

where Euu, Mou Cout — the output coordinates of the rota-
tion center of the working surface relative to the coordi-
nate system associated with the base of Stewart platform;
Wout IS @ Yaw output angle, 3 is an output pitch angle,
Yout 1S @nd output roll angle of the working surface.

Vector of real values of the movement of the working
surface Xo:

X =Xo+WYws,

where wyyws is the vector of disturbances affecting the
working surface, or

w=[ m G v 9wl

As a result of the structural transformation of the WS
motion control scheme of Stewart platform in Fig. 1 and
considering that we can measure the m-dimensional vec-
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tor of control signals ry and the vector of actual values of
the motion of the working surface x;, the scheme can
transform to the form depicted in Fig. 2 in cases where
feedback cannot be established.

Furthermore, it is common for the origin of distur-
bances A and the vector of control signals rq to have dis-
tinct physical natures. Therefore, the assumption of their
independence is typically adopted.

Forming filter

| Registration system |

Figure 2 — Structural diagram of the identification object

Fig. 2 shows P, M — polynomial matrices from the dif-
ferentiation operator s of the appropriate size, which char-
acterize the dynamics of a closed system, yy, is a vector
of centered stationary random disturbances, which charac-
terizes the action of all disturbances and noises in the con-
trol system (Fig. 1) and n is a measurable stationary ran-
dom process with zero mathematical expectation and the

unknown matrix of spectral densities SyeWa °

Reviewing the types of tasks addressed by mecha-
nisms utilizing the Stewart platform [3], one can affirm
that the working surface undergoes minor movements
around the center of rotation. Subsequently, in the first
approximation, it is possible to formulate an ordinary dif-
ferential equation representing the dynamics of the con-
trol object. This equation reflects the correlation between
the system inputs ro, o, and the output x; (Fig. 2):

OPEN a ACCESS




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminss. 2024. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 1

PXl = MI'O +Wop -

The output x; and one of the inputs ry can be meas-
ured, but the input y,, cannot be measured.

The vector y,, is formed from the noise vector A by a
linear stable filter with a matrix of transfer functions W
and can be represented as:

Yop =FA .

The task of obtaining dynamic characteristics of a
multidimensional moving object and the disturbance vec-
tor involves the following: based on the measured input
vector ry and output vector x, it is necessary to determine
the order and parameters of the matrices P, M, and ¥ that
minimize the following identification quality criterion.

-1 Tulstrks ®
~joo

where R is a symmetric positive definite weight matrix;
S'.. is the transposed matrix of spectral densities of the
vector of identification errors «.

The identification error vector, denoted as ¢, is defined
as the difference between the vector of measured actual
values of the movement of the WS x; and the estimate of
the vector of the WS movement, Xy, obtained through the
identification process:

€=X — X -

Similarly, the identification error vector ¢, can be ex-
pressed as:

e=X-PC. 2

where @ represents the block matrix comprising the trans-
fer functions of the identification object, defined as

O =[W;, Wy]; ¢ = {rﬂ extended vector of input signals.

Then the task of identifying the dynamics model of
the Stewart platform is simplified to minimizing either the
error vector ¢ (2) or the identification quality indicator (1)
by determining the two transfer function matrices W, and
W,

The solution to the task was found as a result of three
stages of work:

— development of the algorithm for structural identifi-
cation of a multidimensional dynamic object with sto-
chastic input signals;

— gathering and processing experimental data of vec-
tors rg and Xxy;

— assessing variations in the variance of the output co-
ordinates vector of the working surface of the Stewart
platform x; with random alterations in vectors ro and .
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2 REVIEW OF THE LITERATURE

Given the modern requirements for the accuracy of
motion control processes of a moving object along a spec-
ified or programmable trajectory, it is necessary to syn-
thesize optimal structures and parameters for the object
stabilization system (controller). This synthesis should
take into account the real controlled and uncontrollable
stochastic disturbing factors that act on the object in each
specific mode of its operation. In today’s demand for pre-
cise control processes of a moving object along a speci-
fied or programmable trajectory, there is a need to design
the optimal structure and parameters of the object’s stabi-
lization system (controller). This involves considering
real controllable and uncontrollable stochastic disturbing
factors, which operate on the object in each specific op-
erational mode. Furthermore, in the process of synthesiz-
ing the optimal controller structure, it is also necessary to
evaluate and consider multidimensional dynamic models
of the object itself, its basic components, as well as con-
trolled and uncontrollable disturbing factors that influence
the object in its actual motion [6].

As a rule, the mentioned dynamic models of moving
objects, corresponding to real operational modes of mo-
tion, are either unknown or known very imprecisely [7,
8]. Such situations in the modern stage of technological
development do not meet the requirements for the com-
petitiveness of motion control systems for existing or
newly created objects. Due to the lack of knowledge of
the required methods and algorithms for processing and
the target application of the results of processing stochas-
tic information that can be obtained during testing, con-
venient and necessary 'real' models of the dynamics of
objects, their parts, and disturbing factors are practically
absent at the present time. For instance, considering the
Stewart platform as an object controlled reveals several
peculiarities, the main of which is that, for many techno-
logical tasks, the parameters of disturbing influences ap-
plied to the working part, individual axes, are not prede-
termined, and there is complexity in constructing an ade-
guate analytical mathematical model [7, 9].

However, special full-scale (semi-full-scale) studies of
prototypes of future mobile objects allow solving prob-
lems of structural identification [1] of the dynamics mod-
els of complex objects.

Today, there is a fairly wide range of methods for
identifying dynamic models of control objects that oper-
ate under conditions of uncontrolled concentrated station-
ary random influences [1, 4, 5, 10], based on the ‘input-
output' data. The ‘input-output’ method [10] involves
combining signals acting at the input and output of the
system into a single signal vector. This vector is consid-
ered the output of an imaginary dynamic system, to the
input of which a virtual test signal with known dynamics,
such as “white noise”, is applied. However, almost all of
them are designed for use in conditions where there is no
mutual influence between external disturbance and con-
trol signal. At the same time, the presence of feedback
that cannot be unlocked during identification makes it
impossible to accept the hypothesis even for different
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sources of disturbances and control signals. In such cases,
specialized, sophisticated identification technologies are
required.

The method of identifying the dynamics of multidi-
mensional control objects, as described in sources [11,
12], overcomes these drawbacks but limits the class of
useful signals, disturbances, and interferences acting dur-
ing the experiment. All the mentioned signals must be-
long to centered stationary random processes or to the
additive mixture of a stationary random process and a
deterministic time function.

The article in [13] presents a method for identifying
multidimensional stochastic stabilization systems for
moving objects with arbitrary dynamics in the frequency
domain. Initial information about changes in the “input-
output” signals is obtained from passive experiments dur-
ing field trials, which is distorted by the imperfections of
measuring instruments and the recording system. This
method is employed with the requirement that the dy-
namic models of external influences on the system, which
come into play during the identification experiment, need
to be explicitly defined.

In such conditions, the range of identification methods
is significantly narrowed. For instance, in the article [14],
algorithms for identifying the dynamics of elements in a
multidimensional stabilization system are presented. It
asserts that under the conditions where the signals in the
control loop fall within the category of centered stationary
random processes and sensor noises stem from diverse
sources introducing disturbances to the system, it be-
comes feasible to distinctly identify the matrices of frac-
tional-rational functions associated with the disturbance
generator. Moreover, it allows determining a system of
ordinary differential equations of minimal order that char-
acterizes the dynamics of the controlled object. Neverthe-
less, there is no empirical verification for the application
of this identification algorithm through real-world ex-
periments on either a dynamic object or its prototype.

3 MATERIALS AND METHODS

To attain the objective, as outlined in reference [1], the
task of developing an identification algorithm for the dy-
namic model of the multi-dimensional moving object —
the Stewart platform — was formulated and solved.

Using expression (2) and the Wiener-Khinchin theo-
rem in vector form [15], it is possible to form the trans-
posed matrix of spectral densities of the vector of random
identification errors S';:

SSS = SX1X1 — qulq)* - ®SX1C + (I)SCC(D* ,

where S, is a transposed matrix of spectral densities of
the extended vector of input signals:

SI _ |:Sr0r0 06><6j| ’
O6><6

SAA
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where S;<1§ is a transposed matrix of mutual spectral den-

sities between vector random processes ¢ and x;:
SCX1 - (Sroxl SAXl) : (4)

To solve the task, it is necessary to express the matrix
of mutual spectral densities Sy, in terms of the output
data. For this purpose, taking into account matrices (3),

(4), and the system structure, and performing some trans-
formations, the relationship equation is obtained:

-1 -1
leASAASAxl = lex1 - Sxlrosrorosroxl . ®)

To find the function S, , it is necessary to factorize
the matrix (5), taking into account the specificity of the

vector A as a vector of unit “white” noises [16]. Knowing
the matrix S,y , We begin to solve the identification

problem, which is equivalent to minimizing the functional
(1) over the class of functions @ physically realizable and
having analytical variation 3® only in the right half-plane.

The task of finding the function ® that minimizes the
functional is solved using the Wiener-Kolmogorov meth-
od. The first variation of the identification quality func-
tional 8J is expressed as:

== j tr[Ro ( RoSex, D+ + ROCDD)D*SCD* +
s (6)
+ Ro( legRoD + SQQ(D*RO* D*k(DD}j
The condition of identical equality to zero of the varia-

tion (6) under the assumption of only stable variations of
the functions is as follows:

® =Ry [Ty +T, DL, ™

where Rgl is the result of Wiener factorization [16, 17]

of a positively definite polynomial matrix R, which can be
expressed as the product of Hermitian conjugate polyno-
mial matrices:

R =RoRo«, )

where the determinant of the matrix R, has only zeros
with negative real parts; To+T, are a matrix with poles

in the left half-plane of the complex variable, which is the
result of the separation [16] of the following product

T=To+T, +T_ =S, D', 9)

where D is the result of the Wiener factorization [17] of
the transposed matrix S :

DD = Sy (10)
D :{ du o6><6} . (11)
O6x6  E6x6
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Using algorithm (7), optimal structures of the transfer
function matrices of the identification object W; and the
filter W, which shapes the dynamic characteristics of the
disturbance brought to the system output, are determined
- W,

Determining the dynamic properties of matrix P by
applying the single-side pole removal operation to the
matrices Wy and W, [16, 18], after which the matrix M is
found:

M = PW,; (12)

Calculation of the matrix of spectral densities of dis-
turbing influence:
= PW)W,P.

S (13)

YobWob

To determine the value of the minimum identification
error variance, it is necessary to substitute the matrix D
from expression (11) and matrices (7) and R, from (8)
into the functional (6).

The algorithm for identifying the dynamics model of a
multidimensional moving object mentioned above is de-
veloped through addition operations, multiplication of
polynomial and fractional-rational matrices, Wiener fac-
torization, Wiener separation of fractional-rational matri-
ces, and determination of variance integrals.

4 EXPERIMENTS
The authors in [19] developed a research prototype of
a machine tool based on the Stewart platform (Fig. 3),
applicable for the physical modeling of the movement of

MIGE servomotor
AC BOSTMO04025

Real-time operating system
Venturcom Phar Lap |
Embedded Tool Suite

MIGE servo
controller AC EP2

Host PC
LabVIEW Windows
GUI, Trajectory input,
Data view

Connector Blocks: Spring-
Serew_Terminals - SCB-68

Ethrnet

NI PCI-7833R
R Series Multifunction RIO
with Virtex-11 3M Gate FPGA

various technical objects in space. During the research, a
software and hardware system was developed to collect
experimental data for identifying the dynamics model of
the Stewart platform.

The software and technical components of the experi-
mental data collection system were developed using Lab-
VIEW, utilizing FPGA, SoftMotion, and Real-Time mod-
ules. To ensure determinism, the time-critical task is off-
loaded from Windows and transferred to the real-time
kernel or the target Real-Time (RT) system. Therefore,
two systems are in use. The first system with the Win-
dows OS is called the Host. Application development
takes place on the Host system. The developed applica-
tion is loaded into the processor of the second system,
referred to as the Target RT system. The Target RT sys-
tem executes the software code, manages input/output
devices, and exchanges data with the Host system. The
Host PC and the Target Real-Time platform are connected
via an Ethernet network but operate independently. The
hardware chosen for the target RT system includes a per-
sonal computer with a multifunctional reconfigurable 1/O
device based on the NI PCI-7833R with Virtex-11 3M
Gate FPGA. On this personal computer, the Venturcom
Phar Lap Embedded Tool Suite was installed to create the
target Real-Time platform. It is a 32-bit real-time operat-
ing system based on x86 architecture and built upon the
Win32 API by Microsoft. The PCI-7833R board enables
the creation of comprehensive measurement or control
systems, featuring up to 8 channels of analog input (Al), 8
channels of analog output (AO), and 96 digital channels
(DIO) (Fig. 3).

The mechanism of a
parallel structure on
the basis of the Stewart
platform (6 DOF)

| Inertial Measurement Unit
(IMU) with 3D MEMS
—— sensors: L3G4200D,
hi’ LIS302DLH, LSM303DLH
and microcontroller
MSP430F55281RGCR

Figure 3 — Technical implementation of the motion control system for the working surface of the Stewart platform using National
Instruments technology
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To determine the current coordinates, velocity, and
acceleration of the working surface of the Stewart plat-
form, an orientation and navigation sensor (ONS) was
developed based on an inertial measurement unit (IMU)
with MEMS sensors. The unit includes the following set
of primary information sources: a three-axis microelec-
tromechanical gyroscope L3G4200D, a three-axis micro-
electromechanical accelerometer LIS302DLH, a three-
axis magnetic field sensor (magnetic compass)
LSM303DLH, and a computational block based on the
MSP430F5528IRGCR microcontroller (Fig. 4). The in-
formation obtained from the primary information sources
is processed using the Attitude and Heading Reference
Systems (AHRS) position determination algorithm im-
plemented in LabView.

Figure 4 — Technical implementation of te iertial measure-
ment unit based on 3D MEMS sensors

The electric drive and IMU were connected to the NI
PCI-7833R board using Spring-Screw Terminals — SCB-
68. A multifunctional AC servo drive from the EP2 series
with an 80ST-M04025 servo motor from HANGZHOU
MIGE ELECTRIC CO., LTD is used as the electric drive
(Fig. 3).

To conduct an active experiment, with such identifica-
tion, the formation of a vector of programmed control
signal for moving the center of rotation of the Stewart
platform WP is possible with a multidimensional filter
based on the standard Dryden model as a universal tool
for forming a stochastic external influence [20]. Based on
this, a vector of the programmed signal r,, was generated
(Fig. 5) using the Dryden model implemented in Mat-
lab/Simulink [21]. The range of this signal was con-
strained by the size of the working zone of the physical
prototype of the Stewart platform [17].

a =t 1® 2w ® = .
time, 5
Figure 5 — Input program signal ry values
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The experiment was constructed as follows: a realiza-
tion of the vector of program signals ry, simulating the
change in the position of the center of rotation of the
Stewart platform, was applied to the inputs of the control
system of the physical prototype. The acquisition of the
displacement vector of the Stewart platform’s working
surface, based on a full-scale experiment, was performed
using a physical prototype of the Stewart platform with an
IMU installed at the center of rotation. Before this, the
transfer function matrix and spectral densities of meas-
urement disturbances of the developed IMU were esti-
mated using structural identification methods [22]. This
contributed to improved accuracy through optimal sto-
chastic signal filtration [23]. After the preliminary proc-
essing using the AHRS algorithm, an array of records of
the displacement vector signal for the center of rotation of
the working surface of the Stewart platform x;, was ob-
tained, the graph of which is depicted in Fig. 6.

om-

moving, m

s 5 2w 15 @ 3 W ® 4
time, 8
Figure 6 — Output signal x; values

As a result of the full-scale experiment, two arrays of
points were obtained: one for the input signal ry and the
other for the reaction of the Stewart platform to this signal
X1. These arrays were input into the Matlab program for
calculating the dynamic model.

5 RESULTS

As a result of the conducted research, the task of iden-
tifying the dynamics model of a multidimensional moving
object was formalized, illustrated by the example of a test
specimen of a mechanism based on the Stewart platform
(Fig. 3). Vectors of useful signals and interference are
multidimensional stationary random processes with zero
mathematical expectations and fractional-rational matri-

ces of spectral and mutual spectral densities Sy, . Spr

Syr. s Sy, Which have already been obtained as a result
1'0 0™

of experimental processing. Measurement disturbances
are uncorrelated with each other and with the useful sig-
nal, while the disturbance o, is uncorrelated with the
control signal ro. As an example, here are some of the
fractional-rational matrices of spectral and mutual spectral
densities:

— spectral density of the input signal SIS
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0.049 0.03 ~0.01(s+2)

|(S+0_6)(S+0_7)|2 (-s+0.6)s+0.7fs+1.7)s+2) (s+0.6)s+0.7)(s—0.68)s—0.85)

s 0.03 0.68 0.005 _

oo 1 (—5+2)-5+1.7(-5+0.7)5+0.6) |(S+2)(S+1.7)|2 (s+1.7f-5+0.68)-5+0.85) |
~0.01(-5+2) 0.005 ~0.008]s + 2
(s—0.7fs—0.6)(s+0.68)s+0.85)  (~s+1.7)s+0.68)s+0.85) |(5+0.68)(5+0_85]2

— mutual spectral density of the signal Sy :
97°(s-1.37)s + 0.16)(52 +7.95+ 54.14)
|(5+0.7)s+0.6)*(s-L.7)z
~4.8%(s+2.22)(s-16.75)s +l.365+0.93i32 ~2.02s +1.84)
|(5+0.7)s+0.6)(s —1.7)65 -2)y
~29.9°(s+0.95)s—3.22)(s—8.92)|s% +0.045 +0.25
(s+0.7)s+0.6)?(s—2)ls2 + 0.115+0.04)s? + 25 +1.09)

SrOXl =

3.467°(5+0.14)s +0.02)(s —331.8)
ls+1.7]%(s+2)(s? +0.115+0.04)s? +0.635+ 0.15)
~1.847%(s+8.36)(s +142.1)
(s+1.7)s+2)?(s? + 0,63 +0.15)
~11.487%(5+1.1)(5+0.87)(s +3.08)(s —28.41)(52 +0.615+0.09s? +1.37s +1.37)
(5+1.7)s+2) (s +0.7)z,
3.997°(s+ 0.16)(52 +3.385+ 2.96st ~2.08s+ 31.39)
(s+0.6)s+1.7)s—0.85)(s—0.68)7
~2.127%(s+1.42)s - 6.81)s? +1.365+0.89 |s2 +3.87s +4.77)
|s+0.85[°(s+0.6)s+1.7)s-0.68)7
~13.247(s+1.78)(s —6.87)|s% + 0.55 +0.14 |52 +0.005s +o.2)
(s+0.6)(s—0.85)(5—0.68)s2 +0.115 +0.04}s% + 25 +1.09)

Accordingly, with the expression (5), we obtained the

2= (5% +0635+0.15)s? + 25.+1.09)
matrices leASgiSAxl, and by performing its factoriza-

2= (52 +0.115+0.04 ;.
Matrices Sy y . Spr, .+ Sxr, o+ Spx, Were subjected to

where

tion, we obtained:

reduction using the method of typical logarithmic fre-

e : [ 0.03
quency characteristics [8]. As a result, estimates of these —_— 0 0
densities were determined. Z3
The transposed matrix of spectral densities of the ex- SIACxl _| 0018 0.0245 0o |,
tended vector of input signals S'QQ is obtained according 028 1 0282 0,054
to the expression (3) of the identification algorithm, using 2_3 Z 2

Wiener factorization of polynomial matrices, substituting
the spectral density of the input signal Story and assum-

ing SAA :1.
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where z = (s+0.45)(s+0.55).
Subsequently, by inserting Sy, and S, , into equa-
tion (4), we derive the matrix containing mutual spectral
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densities S'Cxl . Using the expression (10) of the identifica-
tion algorithm and executing the factorization of the ma-
trix Sy, we have achieved:

dU
Os3.3 Eza

03,3

where

o.zz(s2 +3.495 + 3.28) 0.24819(s+0.78)  0.008(s+1.14)
(s+0.7)z4 (s+0.7)z4 (s+0.7)z4
d = ~0.15(s +0.29) 0.81(s+0.61) -0.027
! 7, 24 2, '
~0.054(s ~1.92) 0.005 ~0.005s + 2
(s+0.68)s+0.85)  (s+0.68)s+0.85) (s+0.68)s+0.85)

where 4 = (s+0.6)s +1.7)s +2).

Next, in accordance with expression (9) of the identi-
fication algorithm, by multiplying the fractional-rational

matrices Séxl and D and performing the Wiener separa-
tion, the resulting matrix is obtained:

0.012(s+1.15)(s2 +4.03s + 4.12) 0.013(s + 2.27)(52 + 2.56s+1.7) 0.015(s +1)(52 + 4.095+4.4)
(s+0.7)z4 (s+0.7)z4 (s+0.7;(z4
To+T, = 0.0079(s +0.73)(s +2.23) —0.0034(s +0.45)s +3.52) 0.01(s+0.67)s+2.9)
" 2, 7, 2
0.004(s —1.96) 0.0075(s —1.34) 0.004(s - 2.47)
(s+0.68)s+0.85) (s+0.68)(s+0.85) (s+0.68)s+0.85)
000
000
000

Entering the notation Ry=1 and following expression
(7) of the identification algorithm, multiplying the frac-

of the matrix of the transfer function of the identification
object:

tional-rational matrices (To+T,) and D™, the matrix
®=[W,; W,] is obtained, where W; is the optimal structure

,[13(s+5.4)s+0.83)s+0.15)s? +0.35+0.067) —1.6(s—2.12)(s +0.14)(s—0.029)s? +1.89s +1.04
(s+2.1)s%+0.225+0.03|s% +1.355+0.83)  —0.4(s+9.3)[s? +1.955+0.99st +0.0665+0.09)

Wy
?2 1 4.9(s+0.96)(s2 +0.55+0.14)s2 ~0.0185+0.2)  0.6(s+0.19)s? +1.435+0.54 )52 +1.235 + 4.00

~0.8(s—2.1)(s+0.76)(s+0.19)\s% +0.255 +0.08
0.4(s +1.96)(s2 +0.225+0.055 |52 +1.065+0.67
2.5(s +o.94)(s2 ~0.25+0.068 |s% +0.595+0.17

W; is the optimal structure of the matrix of transfer func- [ 0.03
tion of the filter, which forms the dynamic characteristics . 0 0
: ) 3
of the disturbance brought to the output of the system: 0018 00245
W, = 0
Z3 Z3
001 002 0.054
Z3 Z3 Z3 |

© Zozulia V. A., Osadchyi S. 1., 2024
DOI 10.15588/1607-3274-2024-1-22

250



p-ISSN 1607-3274 PanioenexrpoHnika, indpopmatrka, ynpasminns. 2024, Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024. Ne 1

Further, applying the operation of one-sided removal
of the poles of matrices W1 and W2, a polynomial matrix
P is obtained which is equal to:

M =| 0.01(s+2.1)s®+0.225+0.03)s% +1.355+0.83

iy 0 0
P=|0 Zy 0
0 0 Zy

After that, there is matrix M according to (12):

~0.004(s+9.3)[s? +1.955 +1]s? +0.0675 +0.09

0.013(s +5.4)((s +0.83)(s +0.15)(52 +o.3s+o.067) ~0.016(s — 2.1))%3 +0.14)(s —0.027)(52 +1.89s+1

0.05(s+0.96)\s% + 0.55+0.14 s> —0.0185+ 0.2

0.006(s+0.19)\s% +1.45 +0.54s? +1.235 + 4.09

~0.008(s—2.1)(s +0.76)(s +0.19 s2+0.24s+o.085)
0.004(s+1.95)(s? +0.225+0.055 |s® +1.065 +0.67) |.
0.025(s+0.94)s% —0.25+0.067 |s2 +0.59s +0.17

According to expression (13) of the identification al-
gorithm, applying the operation of entering zeros to the
left, the matrix of spectral densities of the disturbing in-
fluence was obtained:

9 53 32
' _10-4
Syovy 107253 9 67,
32 67 344
where
2
) (52 +0.15+ 0.04)s2 + 0.65 + 0.15s2 + 25 + 1]
5= :

Z3

Thus, the research goal has been achieved. The results
include the identification of the dynamic model of the
Stewart platform, its transfer function and the transfer
function of the shaping filter.

6 DISCUSSION

To validate the identification results, simulations were
conducted to assess the accuracy of the dynamic model
identification of the Stewart platform. It was done using
the Simulink simulation tool in the Matlab 6.5 environ-
ment.

The principle of checking the accuracy of identifica-
tion consists of comparing the vector of the change in the
coordinates of the rotation center of WS of Stewart plat-
form x; (Fig. 6) measured during the full-scale experiment
with the sum of the vector formed when the software con-
trol signal vector ry (Fig. 5) passes through the transfer
function of the identification object W, and vector of sta-
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tionary random disturbances wq,, Which is formed when
“white noise” signals pass through the transfer function of
the forming disturbance filter W..

A number of relevant blocks are presented on the dia-
gram of the simulation model (Fig. 7), which implements
this principle. Block r; is designed to form a set of chang-
es in the control signal ro. At the output of block x;, the
vector x; of the values of the coordinates of the center of
rotation WS of the Stewart platform recorded during the
live experiment is formed. To generate the vector of sta-
tionary random disturbances o, blocks of "white noise"
generators with unit intensity were used. These generators
are combined into the w,, block. All data necessary for
the operation of these blocks are presented in the work-
space of the Matlab engineering calculation system in the
format of iddata structures. Also, all components of these
vectors were centred using the Constant block. Blocks W1
and W2 are designed to store matrices of transfer func-
tions W; and W,.

The diagram of the simulation model (Fig. 7) also pre-
sents demultiplexers for extracting vector components and
multiplexers for combining data into vectors, as well as
Scope oscilloscopes used to display simulation results for
viewing and in the workspace.

As a result of the simulation to assess the accuracy of
the identification of the dynamic model of the Stewart
platform, in the ksi_delta, ita_delta, sigma_delta blocks
comparison plots were obtained. These plots depict the
vector formed at the output of the identification object x;q
compared to the output vector x; in linear coordinates &,
n, ¢ (Fig. 8). Also, graphs in the delta block illustrating
the change in the identification error were obtained

(Fig. 9).
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Figure 7 — Schematic of a simulation model for verifying the accuracy of mechanism identification based on Stewart platform
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Figure 8 — Graphs of change in the coordinates of the rotation center of WS according to the results of the full-scale experiment X3
and the estimates obtained as a result of the identification X;4, according to linear coordinates: a— &, b—mn,c—-C
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Figure 9 — Graphs of change in the identification error by linear
coordinates &, 1, G

On the basis of the analysis of the graphs of the identi-
fication error (Fig. 9), it is possible to estimate the root
mean square deviation of the error relative to its mathe-
matical expectation based on the unbiased estimate of its
dispersion along the linear coordinates &, n, ¢, which are

respectively equal to: cigd:0.00SG, 61?20.0085,

c‘g’ -0.00188 and Dig’ ~7.485-107°,

D} =7.3389-10°, D} =3.5458-107".

As a result, the analysis of simulation results confirms
the sufficient accuracy of identifying dynamic models of
mechanisms based on the Stewart platform. Additionally,
the main influence on the movement of the center of mass
of the moving platform has changes in control actions.
However, neglecting the influence of disturbances re-
duces the precision of platform positioning. Therefore, for
the synthesis of the control system, methods should be
applied that allow determining the structure and parame-
ters of a multi-dimensional controller, taking into account
such influences.

CONCLUSIONS

In the paper, an algorithm for identifying the dynam-
ics model of a Stewart platform is substantiated based on
known frequency algorithms of structural identification. It
allows finding the order and parameters of the linearized
system of ordinary differential equations for a multidi-
mensional object and the matrix of spectral densities of
disturbances acting on it under operating conditions close
to the real mode of operation of the experimental object.

The scientific novelty of the obtained results lies in
the fact that the above-justified algorithm for identifying
the dynamics model of a multidimensional moving object
demonstrates enhanced accuracy and reliability in compu-
tational performance. These improvements were achieved
through the introduction of a novel approach to the proc-
esses of polynomial matrix factorization. At its core is the
improvement of algorithms for multiplying polynomial
matrices to minimize the loss of significant digits. This
was achieved through the appropriate ordering and rank-
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ing of elementary operands, and the multiplication of
fractional-rational matrices to mitigate the increase in
order within the results.

The practical significance of the obtained results lies
in the fact that the verification of the identification results
confirms sufficient accuracy in identifying dynamic mod-
els of the mechanism based on the Stewart platform and
the forming filter. Root-mean-square deviations of the
error relative to its mathematical expectation were ob-
tained based on an unbiased estimate of its variance along
linear coordinates. Additionally, it was determined that
the primary influence on the displacement of the center of
mass of the moving platform is the variation in control
inputs.

Prospects for further research involve the develop-
ment of a method and algorithm for synthesizing the con-
trol system of the motion of the WS of the Stewart plat-
form. These should allow for determining the structure
and parameters of a multidimensional controller, taking
into account that the primary influence on the displace-
ment of the center of mass of the moving platform is the
variation in control inputs.
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V]JIK 62.505:629.524
INEHTUOIKAIIA MOAEJIL JTMHAMIKHA INIAT®OPMHU CTIOAPTA

303yast B. A. — kaHA. TexH. HayK JOUECHT Kadeapu HU(PPOBOi EKOHOMIKHM Ta CHCTEMHOTrO aHamizy Jlep:kaBHOrO TOProOBENbHO-
eKoHOMIuHOTO yHiBepcuteTy, KpomuHuukuii, Ykpaina.

Ocaguuii C. I. — 0-p TexH. Hayk, npodecop Kadeapu KOHCTPYKIIi MOBITPSHUX CyleH, aBiaJBUTYHIB Ta MiATPUMAHHS JHOTHOT
npunatHocTi JIboTHOT akagemii HarionansHoro aBiamiifHoro yHiBepcurery, KponuBauikuii, Yxpaina.

Heninbko C. M. — 1-p TexH. HayK, Ipodecop, BUKOHYI0Unii 000B’13ku tupekropa JIroTHOT akanemii HamionansHoro aBiariiHo-
ro yHiBepcurery, Kponusauikuii, Ykpaina.

AHOTAIIA

AKTyaJIbHICTB. 32 CydacHHX BUMOT J0 TOYHOCTI MPOLIECIB KEPyBaHHs PyXOM PyXOMOro 00'ekTa Ha 3a/aHiif abo mporpamMoBaHiit
TPAeKTOPil pyXy HEOOXiJHO CHHTE3yBaTH ONTHMANbHI CTPYKTYpY Ta MapameTpu cucteMu crabimizaunii (peryistopa) 06’ekra 3 ypa-
XYBaHHSM SIK pealbHUX KOHTPOJIbOBAHUX, TAK 1 HEKOHTPOJIHOBAHUX CTOXACTHYHHX 30yprorounx (akTopiB. Takox y mporeci CHHTE3Y
ONTUMAJIBHOT CTPYKTYPH PETYIATOpa HEOOXIJTHO OI[IHIOBATH i BPaxOBYBAaTH 0araTOBUMIpHI MOJENi JHHAMIKH SIK CaMOTO 00’ €KTa,
Horo 6a30BHX YaCTHH, KOHTPOJIBEOBAHUX 1 HEKOHTPOJIbOBAHUX 30ypIOIOUNX (haKTOpiB, IO BIUIUBAIOTH HA 00’€KT y HOro peatbHOMY
pyci.

Meta po6oTH. MeTor0 JOCITIPKEHHS, Pe3yJIbTaTH SKOr0 MPEACTABIIeH] y Iii CTaTTi, € OTPUMAaHHS Ta OL[iHKA TOYHOCTI MOAENi
quHaMiky ratdopmu CTroapTa 3a JJONOMOIOI OOIPYHTOBAHOIO aIrOPUTMY ifeHTH]IKAil IMHAMIKH 0araTOBUMIPHOTO PyXOMOTO
00’€exTa.

Meton. Y crarTi BUKOpPHUCTaHO METOA ifeHTH(]iKalli B 4acTOTHIH 06nacTi 6araTOBUMIpHHX CTOXaCTHMYHUX CHUCTeM crabimizamii
pyxoMux 00’€KTiB 3 TOBINBbHOIO TuUHAMiKOI0. OOIpYHTOBaHH adropuT™ ieHTUdIKALT MOei IMHAMIKH 6araTOBUMIPHOTO PYyXOMO-
ro 00’ekra, MoOYJOBAaHHUH 3a TOTIOMOTOIO OTEpalliif T0JaBaHHs, MHOKEHHS MOJIIHOMIaJIbHUX Ta APOOOBO — pamiOHaIbHUX MaTpPHUIb,
BiHEPOBCHKOI (pakTOpH3alii, BIHEPOBCHKOI cenapaii JpoOoBo — palioHANFHIX MaTPHUIlb, 3HAXOPKEHHS AUCIEPCIHHUX 1HTETrpaIiB.

Pe3yabsTaTn. B pesynbraTi npoBeneHNX KOCTIIKEHs (HOpMalIi3oBaHO 3a1ady ineHTudikamii Moaeni quHaMiKn 6araToBUMipHOTO
pyxomoro o0’ekTa Ha MPUKJIAJI JOCIIIHOTO 3pa3oKa BepcTaTa Ha ocHOBI mnatdopmu Crioapra. PesynpraT BKIIOUArOTH ineHTUI-
Kanito auHamiuHol Moneni miatdopmu Crioapra, 11 nepenatHoi GyHKil Ta nepeaaTHoi ¢yHKUIT popMyrodoro ¢inbTpa Ta Bepudika-
List pe3yIbTaTiB ineHTHdikaii sika miaTBepIKYe JOCTAaTHIO TOYHICTh OTPUMAHHUX MOZEIEH.
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10.

11.

12.

BucnoBku. OOGrpyHTOBaHHH aNTOPUTM iAEeHTU(IKALIT TO3BOJSE 3HAXOMUTH MOPSIOK Ta IapaMeTpH JIiHeapu30BaHOI CHCTEMH
3BHYAHUX quepeHIia]bHUX PIBHSIHb 0araTOBUMIPHOrO 00’€KTa Ta MATpPUIll CIEKTPAIBHHUX INUIBHOCTEH 30ypeHb, sKi AIIOTh Ha
HBOTO B YMOBax poOOTH HaOIMKEHHX JI0 PEaTbHOTO PeKMMY (DyHKIIOHYBaHHS IOCIHIZHOTO 3pa3ka 00’€KTy. AHaii3 pe3yNbTaTiB
inenTudikauii AuHamMivHuX Mozeineil miarhopmu CTioapTa IMOKasye, 10 OCHOBHHMM BIUIMB HA MEPEMIIICHHS LEHTPY Mac pyXxomoil
wiatpopMu Mae 3MiHa Kepylouux BIUIMBIB. OJJHAK HEXTYBaHHS BIUIMBOM 30YPEHb 3HIDKY€ TOYHICTb MO3MI[IOHYBaHHA IUIaTGOPMHU.
ToMy JUIsl CHHTE3y CHCTEMH KepyBaHHS CJIiJ 3aCTOCOBYBAaTH METOAH, SKi JO3BOJAIOTH BUSHAYMTH CTPYKTYpPY Ta ImapamerpH OaraTo-
BUMIPHOTO peryJsiTopa 3 ypaxyBaHHSIM TaKHX BILUIMBIB.
KJIIOYOBI CJIOBA: inentudixarist, MaTpuLs nepegaBatbHUX (YHKIIH, CIIEKTpaibHA MIIIBHICTh, (YHKIIOHAN SKOCTI, IUIat-
¢dopma Crroapra.
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